Coherent Frequency Mdul ated Conti nuous Wave Radar. The present invention
rel ates to Frequency Mdul ated Conti nuous Wave (FMCW radar and in

parti cul avotoocaiosher ent FMCW radar devi ce and a net hod poft/dBADM/qvexsar
operation. FMCWradar systens are well known and have been widely used in a
variety of applications for many years. In such systens the range to a
target is nmeasured by systematically varying the frequency of a transmtted
radio frequency (RF) signal. Typically, the radar is arranged so that the
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Lanbda Wreless Inc, Freenont, California, USA i ich a fine-tuning coil
produces a f rizeguencyysvespeffectively places a “time stamp” on the transmitted signal at every

instant and the frequency difference between the transmitted signal and the signal
returned from a target (i.e. the reflected or received signal) can be used to provide a

measure of target range.

It is also well known to those skilled in the art that the accuracj/ of range
measurements made using an FMCW radar depend on the linearity of the frequency
sweep. In a typical FMCW radar, a voltage controlled oscillator (VCO) is used to
convert a voltage variation ingo a oorresponding frequency variation. Although it is
trivial to produce a high q’ua}{ity linear voltage variation (e.g. a triangular or saw-
tooth waveform), conversion %o the corresponding frequency variation by the VCO
often results in the introduction of significant non-linearities that seriously degrade
the range resolution of the FMCW radar. A number of different approaches have
thus been adopted over the years with the aim of improving the frequency sweep

linearity of FMCW radar systems.

For example, attempts have been made to produce VCOs that are inherently linear.
In particular, YIG oscillators are now produced by Micro Lambda Wireless Inc,
Frqeﬁlont, California, USA in which a fine-tuning coil produces a frequency sweep
linearity of, at best, 0.1%. It is also known to modify or pre-distort the voltage
tuning signal applied to a standard VCO to compensate for any non-linearity in the



linearity of, at best, 0.1% It is also knowm to nodify or pre-distort the
vol tage tuning signal applied to a standard VCO to conpensate for any

non- | i neawot2god/10339meVCO r esponse characteristics. A nuniper/gBoeambsgue and
digitial pre-distortion techniques have been proposed which can i nprove VCO
linearity to better than about 1% This |evel of linearity has been found
to be sufficient for certain | ow cost F radar applications. It has also
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non-linearities in the frequency sweep of the transmitted signal.

15
To date, the most commonly used technique for improving the linearity of FMCW
radars is closed loop feedback. Closed loop feedback techniques have been
implemented in a variety of ways but they are all based upon creating an artificial
target which generates a “beat” frequency when mixed with a reference signal. Ina

20  perfectly linearised FMCW radar a fixed range target would produce a constant
“heat” frequency. Therefore, in a practical FMCW radar, if the “beat” frequency
drifts from the desired constant frequency value an error signal can be generated to
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-

25  converted, frequency. Waveforms having a linearity better than 0.05% have been
demonstrated with a bandwidth of around 600MHz. An example of a closed loop
feedback loop arrangement is described in the paper “Novel 24 GHz FMCW Front
End with 2.45GHz SAW Reference Path for High-Precision Distance
Measurements” by M Nalezinski, M Vossiek, P Heide, (Siemens AG, Munich),

30- IEEE MTT-S International Microwave Symposium, Prague, June 1997.



End with 2.45GHz SAW Reference Path for Hi gh-Precision D stance

Measur enment s" by M Nal ezi nski, M Vossiek, P Heide, (Sienmens AG Minich),

| EEE MTT-\8Ol2ndcerosstii onal M crowave Synposi um Prague, Jeoe/GE806/dovsshoul d
be noted that FMCWradar systens of the type descri bed above operate

i ncoherently. In other words, the radars only output information related to
the frequency shift between the transmtted and returned signals; the
radars are not able to nmeasure the difference in phase between transnmtted

and returned si 1g(glal s. Al'though an incoherent radar systemis suitable for
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| oop circuit. The up-conversion technique involves a |local oscillator which
will drift with frequency and does' not lend itself to coherent operation.
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15  operating frequencies less than around 20GHz, VCOs have been produced that have
sufficient frequency stability to enable coherent operation. Attempts have also been
made to implement coherent FMCW radar using direct digital synthesis (DDS).
Although DDS allows the production of repeatable waveforms, it can only provide
such waveforms at frequencies up to around 1GHz. The DDS waveform must then

20 be up-converted or multiplied to the final RF frequency or be included in a phase
locked loop circuit. The up-conversion technique involves a local oscillator which
will drift with frequency and does not lend itself to coherent operation. The phase
locked loop technique can provide coherent operation at frequencies below 20GHz
but the phase noise of the transmitted signal is very poor resulting in poor radar

25  sensitivity. To date, the benefits of coherent FMCW radar operation have thus been
restricted to DDS radars operating at frequencies less than 20GHz. .

Accordingly, it is an object of the present invention to provide a coherent FMCW
radar, and a method of coherent radar operation, that mitigates at least some of
30  above described disadvantages. It is a further object of the invention to provide a
coherent FMCW radar having improved range sensitivity and/or that can operate at

frequencies greater than around 20GHz.



restricted to DDS radars operating at frequencies |l ess than 20GHz. .
Accordingly, it is an object of the present invention to provide a coherent
FMCW r adaw 2a0wdioasomet hod of coherent radar operation, tirat/GE2006g@0B3 at

| east some of above described di sadvantages. It is a further object of the
invention to provide a coherent FMCW radar having i nproved range
sensitivity and/or that can operate at frequencies greater than around
20GHz. According to a first aspect of the present invention, a frequency
nodul at ed conti nuous wave (FMCW radar device conprises; a frequency sweep
generator for producing a swept frequency signal; a transceiver for
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a saw-t oot h oerget idaffigedcarfrequency signal at a rate derived from the frequency of the
15 reference difference-frequency signal; and a processor for determining frequency
components of the digitised target difference-frequency signal, characterised in that
the processor is afranged to determine for at least one frequency component of the
digitised target differénce—frequency signal any phase difference between frequency
sweeps of said swept frequency signal.
20
An FMCW radar is thus provided having a frequency sweep generator for producing
a swept frequency signal. The swept frequency signal is formed from a suc‘cession of
frequency sweeps and may comprise, for example, a saw-tooth or- triangular
frequency varying signal. The radar also comprises a transceiver that is arranged to
25  receive a portion of the swept fréquency signal and to produce therefrom an FMCW
signal for transmission by the radar. The transceiver also generates a target
difference-frequency signal by mixing a portion of the swept frequency signal that is
transmitted by the radar (the transmit signal) with the signal returned to the radar
from a remote target or targets (the return signal). The target difference-frequency
30 - signal is then sampled by an ADC to produce a digitised target difference-frequency
signal that is fed to a processor which determines (e.g. using a complex fast Fourier

transform) the frequency components of the digitised target difference-frequency



frequency varying signal. The radar also conprises a transceiver that is
arranged to receive a portion of the swept frequency signal and to produce
t her ef r orwerzodedds¥9si gnal for transm ssion by the radar. PCH&GE20EGN®OBTVer

al so generates a target difference-frequency signal by mxing a portion of
the swept frequency signal that is transmtted by the radar (the transmt
signal) with the signal returned to the radar froma renote target or
targets (the return signal). The target éifference-frequency signal is then
sanpl ed by an ADC to produce a digitised target difference-frequency signal
that is fed tsigemlpPesesaomsdvqumesepmpoiantssarg essgcialgd with rgtusesnire farges t
Fourier transfoy. the frequency conponents of the digitised target
difference-fr@d@@%@9§W8ﬁﬁ1 These various frequency conponents are
associated with returns fromtargets at different ranges. The rate at which
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produced by a frequency sweep generator has been outlined previously in
GB2083966, i sdiffesmre-frequdnoy signalc bpthiminagneBrthe ASIC petpetnts digigbddediffersnce-
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previously i Nfequency signal. The use of non-linear sampling of this type to compensate for any

15  non-linearity in the swept frequency signal produced by a frequency sweep
generator has been outlined previously in GB2083966, is described in our co-
pending British patent application 0421520.8 (Agent’s Ref: IP/P7395/F1GB) and is

also summarised in more detail below.

20  Although the use of non-linear sampling has been described previously in
GB2083966, such a technique has only been used previously to provide incoherent
FMCW radars. In accordance with the present invention, it has been realised that the
technique can also be applied to provide coherent operation. In other words, it has
been found that providing a processor that also measures the phase of at least one

25  frequency component of the digitised target difference-frequency signal over
successive sweeps of the swept frequency signal can, rather unexpectedly, allow

coherent radar operation.

At this point, it should be noted that the differences between coherent and incoherent
30 FMCW radars are well known to those skilled in the art. In a non-coherent radar
system the frequency and amplitude of the various frequency components of the

target difference-frequency signal are measured for each successive frequency



GB2083966, such a techni que has only been used previously to provide

i ncoherent FMCWradars. I n accordance with the present invention, it has
been realweeadod10aoit he t echni que can al so be applied toprpTmB20&/@0I3er ent
operation. In other words, it has been found that providing a processor

t hat al so neasures the phase of at |east one frequency conponent of the
digitised target difference-frequency signal over successive sweeps of the
swept frequency signal can, rather unexpectedly, allow coherent radar
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factor of N whereas non-coherent |ntegrat|on only roves the SNR by a
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Nal ezi nski et al (| bid) the first point at which DC sanpl es the target

di f f er ence- f riedgdsieymnisiegnal i s synchronised with the start of each
frequency sweep and all subsequent sanpling point are separated by a fixed
time interval. Consequently, any variation in the initial

In a closed feedback loop radar of the type described by Nalezinski et al (ibid) the

15 first point at which the ADC samples the target difference-frequency signal is
- synchronised with the start of each frequency sweep and all subsequent sampling
point are separated by a fixed time interval. Consequently, any variation in the initial
frequency of successive frequency sweeps will alter the absolute frequencies of the
swept frequency signal at which the target difference-frequency signal is sampled.
20  This variation in the start frequency of each frequency sweep thus introduces an
unknown phase shift between the various frequency components of the target
difference-frequency signal preventing coherent integration. It is thus generally
accepted by those skilled in the art that coherent FMCW radar operation requires a
frequency sweep generator capable of producing a swept frequency éignal in which
25  successive frequency sweeps have near identical absolute frequency characteristics. -
Although DDS based frequency sweep generators producing suitably stable swept
frequency signals have been demonstrated at low frequencies, it has not been
possible to provide sufficiently stable frequency sweep generators that can operate at
frequencies greater than around 20GHz.
30 |
As outlined above, the ADC of the present invention is clocked at intervals derived

from the frequency of the reference difference-frequency signal producéd by the first



frequency of successive frequency sweeps will alter the absolute
frequenci es of the swept frequency signal at which the target
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frequency (e.g. > 20GHz) operation. Those skilled in the art would not previously
have considered such operation possible without also providing control over the
initial frequency of the swept frequency signal produced by the frequency sweep
generator. ‘
20
It should be noted that significant variations in the start frequency of sweeps of the
swept frequency signal may alter the first absolute frequency sample point of
successive sweeps. Taking the example given above, a frequency sweep may have a
start frequency between F1 and F2 in which case the ADC sampling point
25  corresponding to F1 is omitted; i.e. a first frequency sweep may be sampled at F1,
F2, F3 ... Fn whilst the subsequent sweep is sampled at F2, F3, F4 ...Fn. A number
of techniques for signalling the presence of this effect and/or for correcting the

associated phase jump are described in more detail below.

30 A frequency component of the digitised target difference-frequency signal from a
fixed range (i.e. non-moving) target should have a phase that is substantially

constant from frequency sweep to frequency sweep. If the phase of a frequencyA



of the present invention allows coherent radar operation. Furthernore, such
coherent operation is not frequency dependent and can thus be used to
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15
The phase of the frequency components of two or more fixed range targets may be
monitored by the processor. Preferably, the two or more targets are located at
different ranges. The target(s) may be any real target (e.g. a building, fence post etc)
located within the field of view of the radar or it may be added to the scene as

20  required.

The at least one fixed range target of opportunity may be located at a range of less
than 100% and more than 90% of the maximum instrumented range of the radar. In
other words, the target of opportunity is preferably located just short of the full
25  range of the radar. A target of opportunity that is located near the maximum range of
the radar is preferred as it maximises the phase change that would be associated with

a change in the first ADC sampling point of a frequency sweep.

Instead of, or in addition to, measuring the phase of the frequency component of a
30 fixed range target of opportunity, the radar may advantageously comprise an
artificial target signal generator. The artificial target signal generator preferably

comprises a second discriminator for producing a fixed range artificial target



digitised target difference-frequency signal fromthe fixed range target of
opportunity over successive frequency sweeps thus provides an indication of
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15
Advantageously, the first discriminator comprises a first delay line to generate the
time displaced swept frequency signal from the swept frequency signal. The first
delay line is preferably an optical delay line. The optical delay line may
conveniently comprise at least one light source, such as a laser diode, to convert a

20 portion of the electrical swept frequency signal to a corresponding intensity
modulated optical signal. The modulated optical signal may then be passed along an
optical path or Waveguide, such as a length of optical fibre, before being converted
back to an electrical signal preferably using at least one optical detector. The
electrical signal output by the optical detector (i.e. the time displaced swept

25  frequency signal) is thus delayed (i.e. time displaced) relative to the swept frequency
signal output by the frequency sweep generator. The first discriminator conveniently
comprises a first mixer to mix the time displaced swept frequency signal with a
portion of the undelayed swept frequency signal to generate the reference difference-
frequency signal.

30



di fference-frequency signal equivalent to that produced by a target |ocated
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generate the reference difference-frequency signal.

15 |
The provision of optical delay lines is advantageous for a number of reasons. For
example, long lengths (e.g. many tens or hundreds of metres or even several
kilometres) of low loss optical fibre can be readily, and cheaply, provided. This
enables long delays to be imparted to the time displaced swept frequency signal

20  without any appreciable signal loss thereby allowing radar apparatus to be provided
having a long maximum range of operation. Furthermore, an optical fibre based
delay line provides very low levels of dispersion and has waveguide properties that
are stable over a wide temperature range and do not vary significantly over time.
This prevents unwanted, and unpredictable, variations in the duration of the delay

25  being introduced when the operating environment of the radar is altered or as the

equipment ages.

Optical fibre delay lines can readily provide a delay equivalent to the delay imparted
by a free space path length of more than 100m, more than 500m, more than lkm,
30 more than 2km, more than Skm, more than 10km, more than 20km or more than
40km. Tt should be noted that the physical length of the optical fibre waveguide will
typically be shorter than the equivalent free space path length that the delay is



equivalent to the delay that would be inparted to a signal returned froma
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undel ayed swept frequency signal to generate the reference

di fference-frequency signal. The provi S|ﬁn of optical delay lines is
advant ageous for a nunber of reasons. exanple, long lengths (e.g. many
tens or hundreds of netres or even several kilonmetres) of |ow | oss optical

fibre can be ipiaged ip Slawéﬁt@ Haagsher, werds, the edtectrys weliapian Bdey shihedantitps to be
inparted to t I u

appreci abl e sjlﬂg%gi) I oss ?ﬁ@?g eﬁééf %nfﬂ%g%?a‘g% 113%68(263"36‘5‘3@%&% %h % SS%/Clahed
having a | ondemgikofithm opangievayhgmpersahumlecadrtb Ipesdvoe en equivaipititinad ddlasor e
based del ay | | ery low |l evels of dis ion and h vegui de
properties t H4d eat?l e <815?Q5t13ﬁ/‘éflara?n9ﬁgéfé° FéYFﬁ@raa‘fe&tg &%ﬁ@éced??gﬂgﬁgmt vary
significagtly over time. This prevents unwanted, and unpredictable,

variations in the duration of the delay being introduced when the operating
envi ronment cofhet hee ot dmropiisaladdlayr Eue @lsoaiscrehres eﬂqmiﬂmﬁﬁﬁyaﬁe&e ctébatyi bed fibre

del ay lines can readll rOVI el.a val ent t he .de nparted by

a free space PEPBTEN dlr%e Wlﬂféﬁaléllﬁaﬁ‘fall S Cﬂﬁﬁ %?)d’ﬁ?wfir%lry Ahdh | km

nmore than 2KrBoniBiagioh hﬁﬂﬂ] piiRE Qi hnd QK BecHRAE skitas 20 Rks Rl t han

40km It should be noted that the physical length of the optical fibre

wavegui de wi |3llovytpe smparipdisislayiiobe @anetdwarﬁequnr@debmuvlaa amltl-tapeeéragg@n@t,pm h

| ength that t y. i e ate. fective
h@ g}fé(éjﬁ%& c}]&f inlﬁf'lgj ﬁjﬁeﬁ % %ngr %rqodu Pelg eqplac%l 031%1&&&; {1

refractlveln ptica han t he

refractive i naewptidal fibee Iﬁplae: €ase OTelq2hial @ﬁitcﬂ%%@l&fﬁ&&iﬁw%ﬁdc&ﬂ'may
wavegui de is thus sel ected to produce an equivalent tine delay to the tine

taken for theéh$hpapraviisdd cpeh, 1o #) dgaslesomes of 1l AptigebBpspriets M@Fﬁctr&abt h.
The use of an.Qphica tc}gﬁ{g,théﬂ F€u Id358 rﬁl}{é Irtﬁ %fé%trfc??o& *)ﬁxdibdn It (Pe%%édge

delay Iine arrangenent exanple I cal fibres co
provi ded t hatelecim-optic detector for mixing with the frequency swept signal to produce the

15  reference difference-frequency signal. Alternatively, a laser diode may be provided
at each, or at least some, of the optical tap points and a single detector provided
which will receive radiation coupled into the optical fibre. Routing the frequency
swept signal to the appropriate laser diode, or powering only the required laser
diode, will then determine the delay that is imparted to the signal received by the

20  detector.

In the case of optical switching, the output intensity of a laser diode could be
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

25 the tap points fed to an optical selector switch. The optical selector switch will then
route the optical signal that imparts the required delay to the electro-optic detector

for conversion to an electrical signal and for subsequent mixing with the non-
delayed swept frequency signal. Again, an alternative arrangement would comprise

using an optical selector switch to route the laser output to any one of the multi-tap

30 points and having the electro-optic detector optically coupled to a single tap point
along the fibre. As noted above, a combination of electrical and optical switching

would also be possible.



conbination with appropriate optical and/or electrical sw tches techni ques
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15 radar to be readily varied as required during use. In other word, the maximum range
of the radar (which 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 number of different

20  applications. It should also be noted that an élteration to the delay that is imparted by
the first optical delay line may result in the need to alter other radar parameters to
maintain optimum performance; for example, the bandwidth of the frequency s§veep
and/or the duration of the frequency sweep may need to be altered. A more detailed
explanation of the relationship between the delay imparted to the frequency swept

25  signal within the first discriminator, frequency sweep bandwidth and sweep duration

is given below.

Advantageously, said first discriminator and said second discriminator share a
common delay line. Preferably the common delay line is an optical delay line. It
30  should be noted that whilst the first discriminator preferably imparts a delay
equivalent to the maximum range of the radar, the second discriminator preferably

imparts a delay slightly less than the delay equivalent to a return from the maximum
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t he second di'scrimnator preferably inparts a delay slightly less than the
del ay equivalent to a return fromthe maxi munrange. The common delay |ine

may thus be aAdwmhtagedusly, thetpre@bsol idireingbdd wpfor@ahe steps of (a) measuring the
15  phase of at least one frequency component of the digitised target difference-
frequency signal corresponding to the return from at least one fixed range target over
a plurality of successive frequency sweeps and (b) using the phase measurements of

step (a) to maintain the phase alignment of other frequency components of the
digitised target difference-frequency signal over said plurality of successive
20 frequency sweeps. In other words, the processor is arranged to use any variations in
phase associated with at least one frequency component of the digitised target
differencg-frequency signal that corresponds to the return from a fixed range target
to correct the phase of the other frequency component of the digitised target
difference-frequency signal. As outlined in more detail below, the phase

25  compensation required is related to the range of each particular target.

As noted above, the ADC samples the target difference-frequency signal at fixed
absolute frequency points during each frequency sweep. The phase of frequency
components of the digitised target difference-frequency signal arising from fixed
30 range targets\will thus only change when the first absolute frequency point used to
clock the ADC alters. For example, the phase of a fixed range target would alter if
the ADC is clocked at frequencies F1, F2 ... Fn during a first frequency sweep and



signal being appropriately tapped fromports along the length of the
optical fibre to provide the delays required by the first and second
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measured, it is possible to predict the phase jump that would occur if the first sample

15  point of the ADC was to change between successive frequency (e.g. if the ADC was
clocked at frequencies F1, F2 ... Fn during a first sweep and F2, F3 ..... Fn during a
subsequent frequency sweep). The processor may thus be arranged to calculate
threshold windows corresponding to such predicted step changes in phase and to
detect if the phase of the monitored frequency component(s) exhibits such a step

20  change during successive sweeps. If a step change is observed, the phase of the other
frequency components can be corrected as necessary. In other words, monitoring the
phase of the frequency component from a fixed range target allows the phase of
other (e.g range varying) targets to be aligned over successive frequency sweeps.
This allows coherent integration even if a phase jump is observed.

25
Preferably, the processor is arranged to coherently integrate the phase aligned
frequency components of the digitised target difference-frequency signal over a
plurality of successive frequency sweeps. In other words, the phase alignment of
frequency components over successive frequency sweeps makes coherent

30 integration by the processor possible even if the first sampling point alters.



clock the ADC alters. For exanple, the phase of a fixed range target would
alter if the ADC is clocked at frequencies FI, F2 ... Fn during a first
frequencywewe@pioasydF2, F3 Fn during a subsequent frequeRrCYy/GRre@0043y can

t hus be seen that any change in the first absolute frequency val ue used to
clock the ADC will be observed as a step change in the phase of each

frequency conponent. For a target at maxigrum range, the step change in
phase woul d be 180 and for targets closer”than maxi numrange the phase
change woul d decrease by an anmount proportional to the target range. The
processor is terrsnisgilanthegdevies worDEaHga doletle PUisE agenstaies, (tgf) C(I,inppiﬂé%s t he
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measured, 1t I's poss edict t ase junp that would occur if the
first sanpl e thos nonvefts tihesiADCidwdly taoyinh safgendzedifieencs freqessy venilristpuancy

(e.g. if the ADC scl%%ged at . frequenci F1, F2 . .. Fn during a first
sweep and F2,SESS rilgihRe; eéf%ﬁﬁgﬂggﬁ%ﬁzquency sweep). The processor may
thus be arranged to calculate threshold w ndows corresponding to such

predicted step changes in phase and to detect if the phase of the nonitored
frequency conbuwfeesily,sthe eldvkiiviss gnetita comppseshanee aessinggletartwe s dinvag

sweeps. |f, a step. change | bserved, th h of. t he other fr.equency
conponent LO ca%‘h%%sgg?} %%eéarsﬂe‘gg’ﬁﬂéeé’ 8%@5%9& en&(s)tﬁﬁé?fe%?edglfﬁ%%ﬁﬁ&(%&‘iwﬁléﬁt he
phase of the {igeaupisss spsPDReRnpbrdemrdtionest har@ient puBed isadelafetstotthe phase
of other (e.g range‘varé: ng) targets to be aligned over successive

frequency sweBpBendhiod Hiel skerenesh diffsrencerfreayenelyi signely and j onseqyaHbe 3linp i s
observed. Pre I t r r i Ly 4. ate the
phase ali gnedi'a?{agigrﬂér}lghf hi%% e%‘%ﬁ%f@leg% f%feﬁéé gﬂ%?%"égﬁﬁﬁ%r%gg&% al abd ol
di f f er ence- f riggHagnic yf sh@nalepo\i@quéncy signal will alter the timing pulse separation.
15 Furthermore, the occurrence of each timing pulse can be seen to be directly related
to a feature of the reference difference-frequency signal (i.e. the zero crossing point)

and is hence directly related to an absolute frequency of the swept frequency signal.

As noted above, the zero crossing detector could be arranged to produce a timing
20  pulse on every zero crossing of the signal or only when zero is crossed from the
positive or negative direction. The clock pulse‘ generator may also comprise a
frequency doubler for doubling the frequency of the signal that is applied to the zero
crossing detector. The clock pulse generator may alternatively be arranged to detect
other features of the reference difference-frequency waveform; for example, minima
25  and/or maxima in the waveform amplitude may be detected or the point where the
signal crosses a non-zero threshold may be detected. It should be noted that, rather
than providing a clock pulse generator, an ADC could be used that can be clocked

directly by the sine wave of the reference difference-frequency waveform.

30  Advantageously, the radar has a frequency up-conversion architecture. In other
words, the swept frequency signal produced by the frequency sweep generator

conveniently has a frequency range within a first frequency band and the signal



plurality of successive frequency sweeps. In other words, the phase

al i gnnent of frequency conponents over successive frequency sweeps nakes
coherent wotegv@msison by the processor possible even if trhe/dBstoossnpl i ng
poi nt alters. Conveniently, the device conprises a clock pul se generator,
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15 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
low frequency band is up-converted to the radar transmission frequency band by an
appropriate up-converter. It should also be npted that although the signal returned to
the radar from a remote target is obviously within the same frequency band as the

20 tgansmitted signal, when the transmit and receive signal are homodyne mixed they
produce a target difference-frequency signal at baseband frequencies. This
architecture thus allows the frequency sweep generator, first discriminator, second
discriminator, ADC etc to operate in the lower frequency, UHF, band. This reduces -
both the cost and complexity of the radar and inherently lends itself to better phase

25  noise performance. This leads to improved radar sensitivity compared with designs
such as those described in GB2083966 in which the frequency sweep is generated
directly at the final radar operating frequency.

A further advantage of an up-conversion architecture of this type is that the maj ority
30 of the linearisation circuitry (i.e. the frequency sweep generator, first discriminator,
ADC) is independent of the radar transmission frequency. The same linearisation

circuitry can thus be used for different radar applications at different RF frequencies; '



than providing a clock pul se generator, an ADC coul d be used that can be

cl ocked directly by the sine wave of the reference difference-frequency
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15 radar and a time displaced version of that RF signal.

Advantageously, the base-band drift monitor artificial target difference-frequency
signal is combined with said target difference-frequency signal prior to being
sampled by the ADC. The processor will thus receive a frequency component from

20 the artificial target difference-frequency signal.

The STALO frequency drift monitor operates at the-final RF frequency of the radar
and hence an RF delay line may be provided to produce the time displaced RF signal
from the RF signal transmitted by the radar. ’

25
Preferably, the RF delay line comprises a length of waveguide having a substantially
circular cross section. Circular cross-section waveguide (e.g. metal piping) can be
readily procured and can be easily bent into a compact coil. It should be noted that

circular cross-section waveguide is particularly suited to carrying circularly

30  polarised RF radiation.



noi se performance. This leads to inproved radar sensitivity conpared with
desi gns such as those described in GB2083966 in which the frequency sweep
i s gener avecoaimamtly at the final radar operating freqremsGB200s/000937her .
advant age of an up-conversion architecture of this type is that the
majority of the linearisation circuitry (i.e. the frequency sweep
generator, first discrimnator, ADC) is J’Sggdependent of the radar

transm ssion frequency. The sane lineariSation circuitry can thus be used
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the RF signal transmitted by the radar. An artificial target signal is thus
generated using a portion of the up-converted RF signal to be transmtted
by the radar EmdRE delaydirdimpt thuedomprisi arleast ondRF delarsatipyatanverter. More
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polarised RF radiation can then be transmitted down a long (e.g. 30 metre) length of
15  circular cross-section waveguide before being converted back to linearly polarised
RF radiation that is carried in rectangular cross-section waveguide to an RF mixer.

In this manner, a compact and easy to fabricate RF delay line can be provided.

Advantageously, the transceiver comprises an In-phase Quadrature (IQ) mixer such
20  that said target difference-frequency signal comprises In-phase (I) and Quadrature
phase (Q) components. In-phase Quadrature (IQ) mixing is well known to those
skilled in the art and enables not only the absolute frequency difference between two
mixed signals to be determined but also provides the sign of the frequency
difference. In other words, the use of in-phase (I) and quadrature phase (Q)
25  components allows the processor to also determine whether the frequency of the
return signal is greater than or less than the frequency of the transmitted signal.
Frequency components can thus be assigned a sign of frequency; i.e. a negative
frequency could indicate the return signal frgquency 1s, say, less than the transmit
frequency whilst a positive frequency would then indicate the return signal

30  frequency is greater than the transmitted frequency.
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frequency whether the return signal has a higher or lower frequency than the transmitted signal

15 using such a complex FFT processing scheme.

Preferably, the artificial target difference-frequency signal produced by the artificial
target generator comprises in-phase (I) and quadrature phase (Q) components. In
such a case, the artificial target difference-frequency signal may conveniently be

20 arranged to have a different sign of frequency to frequency components of the target
difference-frequency signal that correspond to real targets. In other words, the
artificial target may have, say, a negative frequency whereas real targets have a
positive frequency. This ensures that the artificial target difference-frequency signal
does not interfere with returns from real targets and vice versa.

25
Conveniently, the drift monitor artificial target difference-frequency signal
comprises in-phase (I) and quadrature phase (Q) components. In such a case, the
drift monitor artificial target difference-frequency signal is conveniently arranged fo
have a different sign of frequency to frequency components of the target difference-

30  -frequency signal that correspond to real targets. Again, this allows separation of the

artificial and real frequency components when analysed by the processor.



difference. In other words, the use of in-phase (1) and quadrature phase
(Q conmponents allows the processor to al so determ ne whether the frequency
of the rewvornoaiogval is greater than or |ess than the fPeuquso96/0H9307he
transmtted signal. Frequency conponents can thus be assigned a sign of
frequency; i.e. a negative frequency could indicate the return signal
frequency is, say, less than the transmt frequency whilst a positive
frequency woul d then indicate the return28ignal frequency is greater than
the transmtted frequency. The ADC preferably conprises at |east first and
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voltage controlled oscillator. In this manner, the linearity of the VCO can be
15 improved. Although the radar 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 swept frequency signal having a linearity of better
thani 10%, especially in cases when the radar also includes an anti-alias filter. The
inclusion of such an anti-alias filter improves performance of the radar by cutting off
20 any frequencies higher than the Nyquist frequency, but may lead to loss of signal
detection sensitivity near maximum range if the linearity of the swept frequency

signal is greater than around 10%.

Herein, the term “linearity” shall mean the percentage deviation of the frequency
25  gradient away from linear. This may be expressed as a “+x%” value to refer to the

minimum and maximum variations, or simply as an average deviation of “x%”. A

small percentage linearity value thus means a highly linear signal (zero being

perfectly linear), whereas a high percentage linearity value means a signal of poor

linearity. Describing linearity in this manner is commonly used by those skilled in
30 theart.



positive frequency. This ensures that the artificial target
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characteristi ch as, for _ exa e used
in the nobil e%[,u b%E§%§?581g |§’ﬁ iﬁﬁ%&e}g&gnﬁ%@éﬂﬁﬁ%% P’%EY C%r &%%/;P Sweep
gener at or comflaﬁﬁphﬁe\bﬁhﬁ%%ﬁlﬂeme@ﬂ@Weﬂﬁﬁﬁét%ﬁfd ﬁeolhdﬁﬂﬁ\@%ﬂt'aﬂ%t RodbAtdal |y
pre- dlstoréed tunin to the voltage controlled oscillator. In this

manner, tH ﬁl@&ﬂgl% Jares mﬁ@m@@cwﬂ@euéenufwdnvea noAmsdugrﬁo mivesura dengeiof the

present inven nonl i near not.oni c
swept f requenzvlgggllt%mﬁ{aclu I'S pr @%g %?FPEOCFS%% %/0 b({es gﬁﬁfﬂ@frp@bo
osci |l ator outtipmt ﬁlllaDsmﬂ@tprbcﬁqng,nw ch gpsiballiald nﬁplamhmte@&f Idvwer Gostodt er
t han 10% espem ry Cgeg es when the radar. al so includes an anti-alias
filter. The i AAYUSHE f?r%?e ERblg forsitan #pplicatipRs. t er i nproves perf or mance of
the radar by cutting off any frequencies higher than the Nyquist frequency,
but nmay |lead to | oss of signal

15 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
frequency around 77GHz or 94.5GHz; these frequencies are advantageous as they
fall within windows in atmospheric absorption.
20
Any commercial radar system would preferably be arranged to operate at
frequencies that also lie within the international frequency allocations as governed
by the International Telecommunications Union (ITU). In the United Kingdom,
frequency allocations are governed by the communications regulatory body,
25  OFCOM. It would thus be convenient to provide a radar that transmits a signal
having a frequency within one of the ranges 76-81GHz, 92-95 GHz or 95-100 GHz.

At frequencies above approximately 40GHz, it is typically necessary to guide
signals using microwave waveguides. The radar is thus conveniently arranged to

30  transmit a signal having a frequency greater than 40GHz.



detection sensitivity near maximumrange if the linearity of the swept
frequency signal is greater than around 10% Herein, the term"linearity"
shal | nmeawmotb@/pa3veent age devi ati on of the frequency gradraR20@w@yIsir om
linear. This nmay be expressed as a "x% value to refer to the m ni nrum and
maxi mum vari ations, or sinply as an average deviation of "x%. A snmall
percentage linearity value thus nmeans a highly linear signal (zero being
perfectly linear), whereas a high percen?dge linearity value nmeans a signal
of poor linearity. Describing linearity in this manner is commonly used by
t hose ski | | edFinthdrinered the. rdhrdnprafpeaitp hyanged & fpamsmitsssignal baving afigeerney
perform Doppl er processing. Thi.s enaples target vel oci,t ) i shed.
Perform ng anSiEetr! J8pysd Biiqra to ABRi SRt SFY ey f %@%&\Eﬁéﬁc\:&g%%l ve
sweeps may al f j ' iR BalaY thog gl steinomi t y
anbiguity. Cb%@g%?gggﬁi?S?ﬁgag%%gggggvﬁfgxg??gnged toaggovide novi ng target
i ndi cation (Miitt). MIl techniques assign weightings to the anplitude of the
time domaip data for a nunmber of successive sweeps. The wei ghtings are
selected to provide an indication of any phase changes between sweeps that

coul d be indi @t i-xfr ﬁfaytfﬁftﬁﬁtcoﬂ?ﬁw&mepﬁdatﬁ@uﬂaaﬁtaamahayrwxemtsemﬁebe
identified, it is not possible to neasure target velocity etc using MrI

techni ques. Miknpnib eed eonive huismer domads Ineatbern WeBslsmat bicatic aenng 3o ppl er
0529110, Dul 30 LS R LSBT o 6k ey

therefore be § applications. l'y, 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- 1Q00GHz. The
radar may 1@onviemdenof yhe)preseitdAGEHoR Y Anded It ASHERRET 9 APP ba“&n?'r];é{ﬁuency

around 771G QL. gh SiiEaad P! LEAUBERRE 4218iRHYRA! ROGOL TR abal |

Wi thin w ndows P &t mospheric absorption. Any ‘conmercial radar System woul d

preferably be campsseg&seicn et alebriafFOD) and the surface may comprise an airport
runway. The radar may also be used for perimeter security applications. For
example, it may be used to detect and/or track objects (e.g. vehicles or persons)

15  entering or moving across a defined area.

According to a second aspect of the invention, a coherent frequency modulated
continuous wave (FMCW) radar is provided fhat has an operating frequency greater
than 20GHz.

20
According to a third aspect of the invention, a method of radar operation comprises
the steps of; (i) generating a swept frequency signal; (ii) producing a reference
difference-frequency signal of frequency equal to the difference between the
frequency of the swept frequency signal and the frequency of a time displaced swept

25  frequency signal derived from the swept frequency signal; (iii) generating a signal to
be transmitted by the radar from the swept frequency signal, (iv) producing a target
difference-frequency signal from the signal transmitted by the radar and the signal
returned to the radar from a remote target(s); (v) using an analogue-to-digital
converter (ADC) to sample the target difference-frequency signal to provide a

30 digitised target difference-frequency signal, the sampling rate of the ADC being
derived from the frequency of the reference difference-frequency signal, and (vi)

determining one or more frequency components of the digitised target difference-



frequencies that also lie within the international frequency allocations as
governed by the International Tel ecomrunications Union (ITU). In the United
Ki ngdom wWoegesmns3dpial | ocati ons are governed by the conmeoTeGHR20@NH0937

regul atory body, OFCOM It would thus be convenient to provide a radar that
transnmts a signal having a frequency within one of the ranges 76-81GHz,
92-95 GHz or 95-100 GHz. At frequenci es above approximately 40GHz, it is
typically necessary to guide signals usi#y nmicrowave wavegui des. The radar
is thus conveniently arranged to transmt a signal having a frequenc
greater than #Qf@ecyFsighile charnaerisetian rthaathei method fatteh opmarisesnihe FieroO
transmt a signal having a frequency greater th 200GH7 rlQrs. e
present i nvendsteAunig gy aieas ‘?Oélﬁ%‘g'scoé‘f}’é)%‘?ti O%Sh%%lgwese% E’% e?éh e(rilee%%ency
wer e thought eﬂ%ﬁ '51%351 %ﬁr gﬂﬁ%%iﬁgﬂehéeegeﬂv@eﬂ fRqadnty shivepy aflasidnewept urt her
conpri se an antenna and t ntenna may conpri se separate transmt and
recei ve ant enfrequehenegiad, ha ot her words, a bi-static antenna array coul d
be provided. A nono-static antenna could alternatively be used. A radar of
t he preserﬁ invention may be used in a nunber of applications. For exanple,

the radar mayaRE3REudP HELREofaRIARIEEE a®Npitase diffaese offsaidoljlest oney
conprise foreign object”  debris (FOD) and the surface naytggﬁggri se.an

ai rport runwafrequBhey cadaenenhybetivesn fsequgaad sveaps prfr theete ¢y ysignal
applications. For.exanple, it nmay.be t jogCt s
(e.g. vehicl e%o%?mﬁ%ﬁ?osﬁ?) O#e%ef(e’é‘inly o tcl)ltéiﬁrrlgs\'/el ﬁgaqg%:argtg&élg a &gﬁciytr\%grﬁ)g?ée_}g.&
According to @eSRE@BSH BsRRchiff@EndehRequandNtipen corregohédingrtd the egumnggnal

nodul at ed conti nuous wave (FMCW radar is provided that has an operating

f r equencyl@r efowrat {assirpnediseg ranke 66RUIFHE! M 6 a third aspect of the invention,
a nmethod of radar operation conprises the steps of; (i) generating a swept
frequency signal; (ii) producing a reference difference-frequency signal of
frequency equabntedidnklg, i ffielahcmpratswheradtiitional step of generating a fixed range

artificial target difference-frequency signal from said swept frequency signal and a
time displaced swept frequency signal derived from the swept frequency signal.
15
Preferably, the method also comprises the steps of (a) measuring the phase of at
least one frequency component of the digitised target difference-frequency signal
corresponding to the return from at least one fixed range target over a plurality of
successive frequency sweeps and (b) using the phase measurements of step (a) to
20 maintain the phase alignment of other frequency components of the digitised target
difference-frequency signal over said plurality of successive frequency sweeps.
Conveniently, step (a) comprises the step of monitoring the phase of said at least one

frequency component for a jump in phase.

25  Advantageously, the method also includes the step of coherently integrating the
phase aligned frequency components of the digitised target difference-frequency

signal over a plurality of successive frequency sweeps.

Conveniently, the step of (iii) generating a signal to be transmitted by the radar from
30 the swept frequency signal comprises the step of increasing the frequency of the
swept frequency signal to a radio frequency (RF) signal for transmission by the
radar. In such a case, the method may further comprise the step of producing a drift



frequency of the swept frequency signal and the frequency of a tine

di spl aced swept frequency signal derived fromthe swept frequency signal;
(i) gernwoabien®3misi gnal to be transmitted by the radarcCrraBmedm®osnept
frequency signal, (iv) producing a target difference-frequency signal from
the signal transmtted by the radar and the signal returned to the radar
froma renote target(s); (v) using an anal ogue-to-digital converter (ADC)
to sanple the target difference-f requenc%4 signal to provide a digitised
target difference-frequency signal, the sanpling rate f the ADC being
derived from mbeitdrradficacyrgef diffeencefrequence sightlfharmgefisquentyessey! ©ithnal |

and (vi) determ ni ng, one or re fre ncy co i.ghtised

tar get - di ffer@%}?’é@PP%aWﬁﬁ% t}ar%wpﬁlcycﬁgtﬁggggppé%%ﬁﬁﬁ ?1%121{1 t{aﬂgmﬂnfggr?gﬁ ?urt her
conpri ses t hey3bepOfne dRly8EATy N MOtime displacb@RF! sige dbiieguenathe Rifpdgeint of
the digitised target differencefrequency signal any phase difference

bet ween frequenspigeuenpbevddasai d swept frequency signal Advant ageously, the
step of determ ning any phase difference of said at | east one frequency
conponent between frequency sweeps of the swept frequency signal conprises
the step of dpicesablyi e sfehf PRRERAIEInGE tdrgastiffasscd fremerrycsigmed npopeses  of
the digitised target difference-frequency signal correspondi to.th
return signal therssen of proda@ng eriargei diderongergeqicney Sienglhaydisg md%%t?‘éﬁ@ @ﬂ&l Y,

t he net hod conpr. h 1L step of generating a fixed range
artificial ta§§%¥§§§#%%§@g§gb%*@%%%hcy signal from said swept frequency
signal -and a tine displaced swept frequency signal derived fromthe swept

frequency signal. Preferably, the nethod al so conprises the steps (a)
measur i ngl9 heAgkasegcarsint theeden Oér&Sf delemenes tﬁ%%&ﬁ%‘?ﬁ’ Wﬁq]i‘gmgiogf%’lesed
target differ 8%&?5’(35 rtﬁgéteﬁﬁ%reﬁ&egﬂéﬁueﬁ&’* Eigﬁ:ﬂ%?ﬂlﬁﬂest fhelshd selsiiaNa bPleat
| east one fixed range~target over a plurality of successive frequency
sweeps and ( bFasiFomgertTrengiras@Figasurenents of step (a) to maintain the
phase alignment of other frequency conponents of the digitised target
di fference-frequency signal over said plurality of successive frequency
SWeeps. The invention will now be described, by way of example only, with reference to the

15  following drawings in which;

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

20
Figure 2 shows (a) the transmitted and received frequency signals of a FMCW radar,
(b) the difference frequency comiponents of the received signals and (c) resolved

frequency components of the signal;

25  Figure 3 illustrates the effect of a non-linear frequency sweep on the output of an

FMCW radar;

Figure 4 is a block diagram illustrating a coherent FMCW radar of the present
-invention;

30
Figure 5 shows a RF delay line suitable for inclusion in the device of figure 4,



Conveniently, step (a) conprises the step of nonitoring the phase of said
at | east one frequency conponent for ajunp in phase. Advantageously, the
met hod alwo 20ewclosades t he step of coherently integrati ngPChsGERh@Ea®Bli gned
frequency conponents of the digitised target difference-frequency signal
over a plurality of successive frequency sweeps. Conveniently, the step of
(iii) generating a signal to be transnltkgd by the radar fromthe swept
frequency signal conprlses the step of reasi ng the frequency of the

swept frequenfg nal to a radio frequency (KF) signal for transm ssion by
t he radar dllegiznées thaprineipliad opesptiow pf therlinpengatios dechhigue tegsl iof
produci ng a dr, r target difference-frequency signa
havi ng a freqﬁ%%%ggeghé%n§°%?ﬁh%égfference bet ween the frequency of the
up-converted RF signal transmtted by the radar and the frequency of a tine
di spl aced RF signal .derived fromthe RF S|gnal transmtted by the radar.
Preferably, t H*“égl%% é pllystrates {he sifestrica ignge indhquert Gequeary At IPqUEREeA¥EEDs| gnal
conprises the ng a target difference-frequency signal having
i n-phase (1) O%E gﬁﬁgpgﬁgggq%hase (Q conponents. Advantageously, the step
of (vi) deternlnlng the frequency conponents of the digitised target

di fference-frequencgy..s naI rises t step of using a conpl ex Fast
Fourier TransfF&rHe ? t%@e R%%ntwow%q Suﬁ‘“cﬁﬁﬁ%% figaudey s8EePshioRay tof
exanpl e only,ﬁgﬁgyreference to the follow ng drawings in which; Figure 1
shows (a) the intensity of a received tinme domain signal after
domnconver3|on and (b) the frequency of the transnltter out put signal of a

typi cal dar t|o of time ure a) the
t r ansni tt %3]?%%&? ﬁmgfe&?@?%tlzﬁgucﬁesﬁ Hﬂ“zig’ 2"?"335 t he
di fference frequency conponents of the received signals and (c) resol ved

frequency congpnents of the signal;
1gure 10 shows the phases of a single target for successive frequency sweeps when

the compensation technique of the present invention is employed,

15 Figure 11 illustrates a modification to the FMCW radar design of figure 4 to allow
an artificial target signal to be provided, and

Figure 12 illustrates how artificial target signal can be separated from real targets to

aid processing of the radar data.

20
Referring to figure 1, the underlying principle of an FMCW radar that is linearly
swept in frequency is illustrated. Figure 1a illustrates the amplitude of the received
signal (after down-conversion) as a function of time for an FMCW radar whilst
figure 1b illustrates the variation in frequency of the radar output as a function of
25  time.

Figure 2 illustrates how range information can be determined using an FMCW radar.
Line 2 of figure 2a shows the saw-tooth frequency variation of the transmitted signal
of the radar, line 4 shows the frequency variation with time of a signal returned from
-30 atargetat 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



Figure 3 illustrates the effect of a non-linear frequency sweep on the

out put of an FMCWradar; Figure 4 is a block diagramillustrating a
coherent WbhRWomamn of the present invention; Figure 5 fhougB200dR600e] ay
line suitable for inclusion in the device of figure 4, Figure 6 illustrates
the principle of operation of the linearization technique used in the radar
apparatus of figure 4; Figure 7 illustra (ﬁs the effect of a change in the
start frequency of a frequency sweep of e radar of figure 4, Figure 8
illustrates the phase junp of the successive frequency sweeps shown in
figure 7, Fi gtader. dndhisweset the taykeisé dois approximitady tvice the disiance dogpidisrgdar
frequency svveesotﬁ Fiequag 10 shows the phases of a single target for
successi ve fr%q Sﬁag% & ps when the conpensation techni que of the present
invention is enployed, Figure 11 illustrates a nodification to the FMCW

radar design of figure 4 to allow an artificial tar g{et si gnal t'f he
provi ded, andlicpghe scenthat(ling s time shifisd(iee delpyed) rmi linegely Ahgiilst 8850 be

ted .. t id i f t ! i
S0 T aure A" Pt bR BF % hitnriof o SRE MR e ds ob Hlime R A8 '
swept in fr e%&%ﬁﬁﬁliérﬁl td {rihedl k@ R0re] ohStUhBet atl bddkUsldrig RS fnbiRat@repdd thude of

the received signal (after down-conversion) as a function of tinme for an
FMCW r adar whidnge td thguangett fn this theoneticad sxarhplenthe ivaration dfffeipayeriytivng t he

radar output as a.function of. tinme. Fiqure 2 il]ystr

i nf or mati on anp%@"ﬂ%ﬁg?%%@&ndé? Hy2ahn IP%%%: &i(?a%lgtﬁﬂygﬁgvs‘%e?l&%gtem a

shows the sawdn@atfforh HROtAERE Yt MATs Rédduercyodhiftddefrém ahs Mahdngitted kignall byothet he

radar, line 4 shows the frequency variation with time of a signal returned

from a tat@et fraqueacy iAfs widins thenwhold dfrmoeastismenhwindosnd. Pinpidarly, difotirahe

frequency variatign . . . .
Fom Tt target at d, is frequency shifted from the transmitted signal by the

frequency Af,.

In an FMCW radar, the return signal received by the radar is mixed with the
15  transmitted signal. In an incoherent radar, this simply produces a difference or beat
signal of a frequency (or containing a number of frequency components) equal to the
difference in frequency between the transmitted and received signal. Figure 2b
illustrates the frequency component 14 that that would be produced by mixing the
transmitted signal with the signal returned from the target at d; and the frequency
20  component 16 that would be produced by mixing the transmitted signal with the
signal returned from the target at d;. A Fast Fourier Transform (FFT) technique
provides a frequency analysis of these mixed signals over time within the
measurement window 8 and provides the radar return intensity as a function of
frequency as shown in figure 2c. The observed frequency shift (or target beat
25  frequency f) is related to the range (R) of the target by the expression;

_2RAF

f
P ¢ AT

1)

where ¢ is the speed of light, AF is the frequency bandwidth (i.e. maximum

30  frequency minus minimum frequency) and AT is the sweep duration. The gradient of



with tine of a signal returned froma second target at a second di stance d2
fromtheradar. In this case, the target at d2 is approxinmately tw ce the

di st ance woamdatesaadar as the target at dl. It can be seercEbh@toobdsne 4 is
time shifted (i.e. delayed) fromline 2 by t1, whilst line 6 is time
shifted by At2 fromline 2. This time shift depends on the time taken for
the return signal to travel to the relevant target and back and is thus
indicative of the range to the target hi 4his theoretical exanple, the
variation of frequency with tinme is perfectly |linear wthin the neasurenent
wi ndow 8. |t cthalihbarsrdyeermgawetihéite. mgmei lmnc?wﬂt; rtlm?lﬁﬁfﬂlokxaﬁg&fe raf]ggfcto !ﬂfeh'
frequency shifted fromthe transmtted signa y the frequency W thin
theqvvhoI)e/ of niBEsHPdARcalgRiae Wom thempasuaed Yeat firguepat.urn from the target at
d2 is frequency shifted fromthe transnmtted signal by the frequency Df .
In an FMCWradar, the return signal received by the radar is mxed with the
transmtted sigmadted bbown aitritplineae ftequadaswetthissdifficofliy opladdince seabradar

di fference or beat signal of a frequency (or caontaining a nunber of
f Ir eqﬁrency ConpSREt ?f%&&&'aﬁw & {Flﬁ gﬁr fcap é‘ﬁ Eeenihov the 45 Ay noystneas sWese

transmtted arlgeqtﬁlgﬂc%li déﬁ%eﬁb%ﬁ%hegrﬁ&ﬁlé SccPady! dfUd fg&%ﬁ ﬁlfﬁﬂ&tifoﬁ%g#lggﬁgll)ygnal

conponent 14 that that woul e produced by "m xing the transmt _
wi th the signdhe rastauringrirtioudan fiperetar ghotvs at tratbmatied ¢iprel thee diae nmondorponent

| d d db 1, X h itted si i th . the, signal
fo that uoul pe Brsouced by rgribe Learem i slanel Wi the 210
provi des a fregiRaGorR R Yaissitel s‘i%?ﬁﬁ(%uﬂ’e)g@g b5 2 FBRSnt QYR IAI[ﬂy ke f%cfu?f&ﬁrct he

measur enent wi ndow 8 and provi des e radar return 1 nten as a tion
of frequendy abffetauearbetwedn theitwo gignalTsenodbsger cabtdnt edtheainey This dah begeerd ar get

oxpr essi on: sk s’ B hish [ R et tikehepdb BF BRRgRPdueB P tine
frequency bandiﬂn@ﬁlﬁteﬁian@ reddPxl '314ikh]) is shown as a function of time. Non-linearity of the
frequency sweep thus introduces a large error iﬁto the range measurement and it can
be seen why providing a radar having a linear frequency sweep is desirable.
15
For coherent and incoherent operation, the linearity of the frequency sweep is an
important factor. However, if coherent radar operation is required it is also necessary
to ensure that the times at which the return signal is sampled correspond to the same
absolute frequencies from sweep to sweep. Consequently, sampling the radar returns
20  at intervals that are determined relative to the start of a frequency sweep will not
provide coherent operation if the frequency sweep signal drifts in absolute frequency
from sweep to sweep. However, in accordance with the present invention, it has
been recognised that so long as it is ensured that the received signal is sampled at the
same absolute frequency points during each sweep, it is possible to obtain coherent
25  operation even if the initial absolute frequency of the frequency sweep varies from

sweep to sweep.

Referring now to figure 4, an FMCW radar 40 of the present invention is illustrated.
The radar 40 comprises a frequency sweep generator 42 for outputting a saw-tooth
30 frequency sweep signal at UHF frequencies. The frequency sweep generator 42
includes a voltage controlled oscillator (VCO) 44 arranged to receive a voltage

control signal from a tuning signal generator 46.



frequency m nus mninmum frequency) and DT is the sweep duration. The
gradient ofthe linear frequency sweep (i.e. DF7DT) is known, thereby

al | owi ng wbeoscarg®ito the target(s) to be cal cul at ed frecTidB2omamewsred beat
frequency. As noted above, a truly linear frequency sweep is difficult to
obtain in a real radar system Referring nowto figure 3, it can be seen
how t he use of a non-linear sweep frequency can seriously degrade the
accuracy of the range information acquir@@ by the radar. In particular,
figure 3a shows a transmtted signal that has a non-linear frequency sweep
signal (curve 30). Although the return signal (curve 32) is tine shifted

fromthe transm i.gnal (curve 30) by, .a constant del h
frequency. d f AQPQICD 440 e Y 2hfin ol Hufhe PERRER o5kt 50 SHBRIe, 1
time. This canvd®s seedmni@dlly geHiRbiBRt idw Whkit Hont heuibadsengstitikarsace
(i.e. the beat frequency of the transmtted and received si nalﬁ i s shown

as a functi on 26T cemmenlyNsted | inrfaabile flesprpnaicntien applicptioseaysl theulke. nkheoduces
a |arge ergor VCFtS 9 40¢ ]arn"i‘&%‘?onri‘@ﬁﬁ Lo teggﬁlc, 'bh%ﬁ%%ﬁ@g ﬁﬁgaﬁit 4 )Eh%r@%bd' ng a
% ep s e. co an

radar having a Tinear frequency s esrra en

i ncoher ent opéy adticaiticall Tiee tunfigatigray g@ferdidreld digralBNE@yeawe @Ruhise ignhlngadr t ant
factor. However, jf coherent radar operation is required it is also,
necessary to SHayfesadiigr (noh shawnhia regtoviigiiel awratisaonmetssi Briarllovs dighyl ed

correspond to,th I j1e .
Consequent |y, pgﬂﬁﬁ‘??t%%l ?ﬁg%rm%@%?%gmaﬁefeﬁgg@a: g %}ﬁg}/@gg@% (lalF & ned
rel ative to t lieqsinaytswebp avifir @djueanty of bettqy thad 10¥0Thpfequdeycedvefant is
operation_jf the frequency sweep signal drjfts_in ab frequency from
sveep o LhecBroHBM - 100 18 CAtFGaKC AP %atg?aég-ﬁdoﬁﬁém%wpﬁﬁ% has
been recognjsggl@ggﬁmggn%gmgoﬁgﬂg&mﬁgmgﬂﬁgmgg that the received signal is
sanpl ed at the same aBsolute frequency points during each sweep, it is

possi ble to obtain coherent operation even if the initial absolute
frequency of t f requency, sweep varies frgom swee 0, S Ref erring now
Lo Tigure 4. ANRRESH HERGY Rt ETenbheerpra s iveiien he FaRd priser wpud® The
rad a: 4? hC ONPEdcdEFsd tat ERURCOYuAMR AP PG @bREmse chPhe QbtePittd bPA sBmple
saw-t 0o

15  analogue integrator circuit. Similarly, the frequency sweep generator could be

arranged to produce alternative linear waveforms (e.g. triangular waveforms etc).

The output of the frequency sweep generator 42 is passed to a frequency up-

converter 51 and a delay line discriminator 52. The frequency up-converter 51
20  comprises a stable local oscillator (STALO) 54 and a first frequency mixer 56 which

up-converts the low frequency signal received from the frequency sweep generator

42 to the desired RF operating frequency (typically around 94.5GHz). A sideband

reject filter 59 is provided to remove the lower sideband from the RF frequency

signal; it should be noted that the upper side band could alternatively be removed
25  from the RF signal. |

The up-converted RF signal (which now contains only the upper side band) is then
amplified by an RF power amplifier 58 and passed through a circulator 60 to the
antenna 62. The return signal received by the éntenna 62 is passed, via the circulator
30 60, to a low noise amplifier 64. The amplified return signal output by the low noise
amplifier 64 is then mixed, using the In-phase Quadrature (IQ) frequency mixer 66,
with an extract of the RF signal output. In other words, the radar returns from the



frequency sweep signal at UHF frequencies. The frequency sweep generator 42
i ncludes a voltage controlled oscillator (VCO 44 arranged to receive a

vol t age cwotzo@l1033sgnal from a tuning signal generator 4@CTHB20EM0d9B7i s a
very | ow phase noi se voltage controlled oscillator (VCO. Suitable VCOs are
commercially available at | ow cost froma nunber of manufacturers and are
comonly used in nobile tel ecomunicatio & applications and the like. The
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up- converter 1 conprises a stable Iocal oscillator ALO) 54 and a first
frequency nmi xmytlﬁﬁghmlmafrpqtmquglreaisrthhethed\?wfqlmse@@elrﬂBWSl gnal received from
the frequency sweep generator 42 to the desired RF operating frequency
(typically around 94.5GHz). A sideband reject filter 59 is provided to

remove the | opghyRa #ehsikRd tﬁa&%@ 1% J2h bk CORRUBRGY ciflicH Bk smFFe agkeans gysken not ed
that the upper side band could alternatively be removed fromthe RF signal.
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arrangement). Although a monostatic antenna arrangement is shown in figure 4 for
15  simplicity, the bistatic arrangement is generally preferred as it has the advantage of

providing better isolation of transmitter phase noise from the receiver.

As outlined above, a portion of the signal output by the frequency ramp generator 42
is also fed to the delay line discriminator 52. The delay line discriminator 52
20  comprises a further divider 68, a further frequency mixer 70 and a delay line 72. The
further divider 68 of the delay line discriminator 52 splits the received VCO signal
into two paths. The first path passes the signal straight to the local oscillator port of
the further frequency mixer 70. The second path passes the VCO signal to the RF
input port of the frequency mixer 70 via the delay line .72. '
25 ‘
The delay line 72 is implemented optically. The electrical VCO signal received by
the delay line 72 is used to modulate the current supply to a solid state
semiconductor laser (not shown), such as a distributed feedback (DFB) or
distributed Bragg reflector (DBR) laser. Modulation of the laser current supply
- 30 causes intensity modulation of 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. The



antenna 62. The return signal received by the antenna 62 is passed, via the
circulator 60, to a low noise anplifier 64. The anplified return signal

out put bywoheod0ssomoi se anplifier 64 is then m xed, usi RgTIdB200aMOPI3ASE
Quadrature (1Q frequency m xer 66, with an extract of the RF signal

output. In other words, the radar returns fromthetarget(s) are converted
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currently being transmtted. The | and Q-aseband return signals are
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above, a portion of the signal output requency enerator 42 is
al so fed to tlptickélfdye linmengilschigd batieddth of Therd efigahetts ne bdi deliybdribyat or
52 conpri s$gs furt.her divider 68, a further_frequency m xer 70 and a del ay
Vine 72 e %bﬁfﬁlﬁégle RFAPIY SfUTEECR o fpRnY fansgf Flmaetss S VirHahoRo fss.dplits
the received W@ish,oMaé ot GlhyBnddatals vertNBwl AdBbn R RS G L gnal
straight to the |ocal o_si():i | 1 at%\ﬁnport g!gr-l}!['lh\éf flﬁt%@?&%reequeﬁgyhﬁ%gégm.
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m xer 70 via : line 72, . The.delay lipe 72 is..inplenented optically.
The el ectri caF{%&g ?%Irl?g © ‘?%%ﬁ??}%‘& %??q%h B‘Le{ﬁﬁfpﬁ?ﬂzibﬁng?lgynﬁg"eﬁ Sls}%c?‘?édul ate
the current supipiparttadetaysthhtii6legdiddlént to the delay that would be produced by a target at
15 the maximum instrumented range of the radar, or is twice that length. More °
information about such optical delay lines can be found in our co-pending patent

application GB 0421520.8 (Agent’s Ref: IP/P7395/F1GB).

The use of an optical fibre delay line thus removes the range limitations associated
20 with the use of coaxial delay lines. Switchable optical delay lines or multi-tapped
optical delay lines can alsq be readily provided to allow radars to be produced that
have switchable maximum instrumented ranges. Furthermore, and unlike systems
which employ surface acoustic wave (SAW) delay lines, there is no trade off
between the length of delay and the maximum achievable bandwidth. Tt should be
25 noted that the delay imparted by the optical fibre delay line could subsequently be
increased electronically, for example using a phase locked loop. It should also be
noted that non-optical (e.g. co-axial) delay lines could be used in devices that have a

relatively short maximum range such as fluid level measurement radars etc.

30 The output of the delay line discriminator 52 is passed to a zero crossing detector 78
via a selectable frequency doubler 77. The zero crossing detector 78 is arranged to

generate a clocking pulse whenever the voltage of the signél output by the delay line
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15  which extracts the frequency components of the returned radar signal. These
frequency components are, because of the linearisation technique, directly related to
range. The operation of the DSP to provide coherent operation is described in more

detail below.

20 It should be noted that the sweep linearity of the final RF signal will also depend on
the stability of the STALO. In some FMCW radar systems, typically operating
below 20GHz, the STALO is sufficiently stable in frequency that compensation
before up-conversion is sufficient and compensation at the final RF is not required.
However at higher frequencies (e.g. millimetre frequencies such as 94GHz) the

25  STALO frequency can drift from sweep to sweep. In such cases, radar performance
can be improved by implementing compensation at the final RF frequency. Ideally,
this compensation would be carried out using a reference target equivalent to the
radar’s maximum range allowing the low frequency circuitry (i.e. delay line
discriminator 52) to be omitted. The ADC clocking signal could then be generated

30  using a delay line discriminator operating at the final RF frequency. However, it is
typically impractical to provide a delay line at the final RF frequency that imparts a

delay anywhere near to that provided by a target near the maximum range of the
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15  The reference signal produced by the RF delay line discriminator 90 is at a known
range (i.e. the delay imparted by the RF delay line 94 is fixed) and its phase can thus
be measured by the DSP 88 from sweep to sweep. The difference in phase from one
sweep to the next is calculated and the phase of each of the other range cells can be
adjusted using the scaling factor;

n

20 @)

nref

where n is the range cell number to be adjusted and ny is the range cell number of
the reference cell. Despite the fact that the delay imparted by the RF delay line 94 is
typically much less (e.g. <5%) than the delay associated with a target at maximum
25  range, variations in the phase of the baseband signal output by the RF frequency
mixer 96 are indicative of any frequency variation of the STALO 54. Analysis of the
I and Q baseband signals of the RF delay line discriminator 90 by the DSP 88 thus
allows for any variation in the frequency of the STALO to be corrected. It should be
noted that the addition of the RF delay line discriminator 90 allows for the

30  correction of any mean frequency variation in the output RF signal from sweep to



before up-conversion is sufficient and conpensation at the final RF is not
requi red. However at higher frequencies (e.g. mllinetre frequencies such
as 94GHz)woheocAD3d9D frequency can drift from sweep to sweemB22os/®sh cases,
radar performance can be inproved by inplenenting conpensation at the final
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frequency circuitry (i.e. delay |line di imnator 52) to be omtted. The
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100a and 100b with the | and.Q signal rovi.ded jn- ature
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impossible, to implement. However, it is desirable to provide as long a length of RF

15 delay line as possible. Presently, waveguides suitable for carrying 94GHz radiation
are only available as “off the shelf” components in lengths of up to around three
metres. A mumber of such RF waveguides can thus be joined to make lengths of up

to around thirty metres.

20 Referring to figure 5, an RF delay line 102 is illustrated that could be provided n
place of an “off the shelf” waveguide. The RF delay line 102 is particularly suitable
for use as the RF delay line 94 of the FMCW radar 40 described with reference to
figure 4. The RF delay line 102 comprises a length of tubing 104 of circular cross-
section located between an input waveguide 106 and a output waveguide 108 of

25  rectangular cross-section. A linear to circular polarisaﬁon converter 110 is located
between the input waveguide 106 and the tubing 104. A circular to linear
polarisation converter 112 is located between the tubing 104 and the output

waveguide 108.

30 In use, the input waveguide 106 carries linearly polarised RF radiation which is
converted to circularly polarised radiation by the linear to circular polarisation

converter 110. The circularly polarised RF radiation is coupled into the tubing 104.



- (2) where nis the range cell nunber to be adjusted and nref is the range
cell nunber of the reference cell. Despite the fact that the delay inparted
by the RAvOebayioBisme 94 is typically much [ ess (e.g. <5PCTidBRnocidoesdel ay
associated wth a target at maxi numrange, variations in the phase of the
baseband signal output by the RF frequency m xer 96 are indicative of any
frequency variation of the STALO 54. Analysis of the I and Q baseband
signals of the RF delay line discrimnat 90 by the DSP 88 thus allows for
any variation in the frequency of the STALOto be corrected. It should be
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drift in frequedieortychiife@info@8RutphhRa knggi on of the delay line
discrimnator 52 with the RF delay line discrimnator 90 has thus been

found to renpbve non-linearities associated wth both the VCO and any

frequency drif ovi.sion .of the RF del a i ne .
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i npl ement . HoWewweyeguidei slonke it daiptteandalivvayihdaubiag lome ralldengs b RmpRt del ay
line as pqgsi ble. Pr egent |y, wavegui des suitable for carrying 94GHz

radi ati on ar e *BATST 4 P4i | abl e as "of f the shel f conponents in | engths of up
to around three netres. A nunber of such RF wavegui des can thus be joined
to make lengths of up to around thirty netres. Referring to figure 5 an RF
del ay |ine 10Refaring hewte figwd 6t hhtiefsouinthrpwilpbegiveedf tha operation of the non-

linear sampling technique that can be implemented using the apparatus of figure 4. It
should be noted that the basic concept of using non-linear sampling to dynamically
15 change the interval at which the return signal is sampled to compensate for the non-

linearity of the frequency sweep generator has been described previously in
GB2083966 and GB1589047.

Referring to figure 6a, the frequency difference (Af) between the frequency sweep
20  signal and the delayed frequency sweep signal produced by delay line discriminator
52 is shown. It can be seen that although the delay introduced by delay line 72 is
fixed, the non-linearity of the frequency sweep produces a variation in the frequency
difference (Af) between the frequency sweep signal and the delayed frequency

sweep signal over a sweep period. This is the same effect described with reference to
25  figure 3.

It is well known that mixing two signal produces a signal having a frequency equal
to the frequency difference between those two signals. Mixing the frequency sweep
signal and the delayed frequency sweep signal thus produces a resultant “beat”
30  signal that has a frequency that varies with time in the manner illustrated in figure
6b. A signal of the type illustrated in figure 6b will thus be generated by the delay

line discriminator 52 on receipt of a highly non-linear frequency sweep signal.
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zero crossing detector to generate clock pulses on both negative and positive zero-
15  crossings. These clock pulses determine the points in time at which the ADC 80
samples the I and Q baseband return signals and are illustrated by dashed lines S; to

Sz in figure 6.

Figure 6d shows an example of an I baseband return signal that is fed to the ADC
20  element 80a. As described above, the baseband return signal of figure 6d is
generated by mixing the return radar signal with a portion of the signal being
transmitted. The return signal can be seen to have a frequency that varies with time
in a manner analogous with the signal of figure 6b; this again arises from the non-
linearity of the frequency sweep causing the frequency difference between the return
25  and transmitted signal to vary over the sweep period. The waveform of figure 6d is
sampled by the ADC 80 at the interval times S; to Sy that are generated by the zero

crossing detector 78.

Figure 6e shows the sampled waveform of figure 6d re-plotted assuming a fixed

30  sampling interval. In other words, the signal is replotted as a function of sampling

[11 ”

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

time. It can be seen that the non-linearity of the frequency response has been



signal and the del ayed frequency sweep signal produced by delay line
discrimnator 52 is shown. It can be seen that although the del ay

i nt roducestolgocdeBay |ine 72 is fixed, the non-IlinearityPafi/dBre0da0essaency
sweep produces a variation in the frequency difference (Df) between the
frequency sweep signal and the del ayed frequency sweep signal over a sweep
period. This is the sane effect described with reference to figure 3. It is
wel | known that m xing two signal produce3s6 a signal having a frequency
equal to the frequency difference between those two signals. MXxing the
frequency sweepmevefhby thisdrachss ahel ayigoalfis ersed ty theviBED 88i thataiastahemmstanioduces
a resultant "heat" sigpal.that has re ncy, t hat .vari.es w i in the
manner illustr ?qé%an‘iyngﬁlﬁél}%s _ra%eg? bﬁﬁﬁ%@f mil%‘g‘ b@of‘flp'ﬁw?cg‘{be’%oﬁefi gure
6b will thus hesGenesp&RE teyndibEtHAERY bdsbhid el isiPhRlebOfighd RNhiem8hPt of
a highly non-linear frequency sweep signal.The zero-crossing detector 78

t akes the si grigfunsHown aitereel gurengdoraagel ipreditic meny Hidfesdnco mangh sompoisting

I h i ' .4 n.thi t I ' th i .
Baui val ont Sto e M SrRco Bt ERER roreed Py e RRBrt O B huing
range and t he lineated Ripyaldauiltk thie/ADE ¢t i vat ed t hereby doubling the

frequency that is output by the discrimnator. The zero-crossing detector
is arranged to generate clock pul ses on both negative and positive

Z€r 0- Cr 0SSI NG S inléntﬁ@flecf Q%o&'f}nm R ?arﬁ € of acﬁf.[sséép%?at&??s W&ukh%t fig’lra{étl%{ei a,

i.e. so that sanmpling occurs’at a fredquency th IS"tw ce the trequency of

t he hi ghest f rdesprieninatorcirpanespriast o fentsi gfiaitbieblgogiapticay lihds ddderdel ay

is equi val_}snt %@{.tm ce.tpg maxi mum.i nst runment ed range and the frequency
is

doubl er it PRiral felay lige it glogba raday & bepravidediinyguch the delay
- i ' i iyl Twice th
Zer 0- Cr ossi NY§mphied 1BAHE 'bgﬁlcal HBWQilégiy’bhrfeQ:En ?% gﬁérgﬂ' g[h%ﬂ‘%'edaégt l?{)}&é%\ygf’, (1¥ mgﬁfﬂ e

maxi mum i nstrunented ‘range 1t wou e preferre
bypass) the fhbequeet yhadaltstation7df thedimmmeed felayewill alsosisivagardeffedtt@r theo

generate cl ock | ses on both negatjve and pqsjtive zerocrossings. These
cl ock pul ses ggﬁﬁgﬁnﬁgpfwgle OF PRSI PERese aFﬁ AL ﬁtem%@ué%_eé‘g?ﬁ?a&: the |
and Q basebandep@idipgorsihg Aadifedane o iR rhdak Us ltat SRerYoslashiest thd R8s wient ©

15 the imparted delay to the swept frequency signal is changed.

As an example, the following equations (3) to (6) can be used to define various

properties of the radar where Rpax is the maximum radar instrumented range, the

delay line length is Ripax of 2Rmax, AF is the sweep bandwidth and AT is the duration
20 of sweep.

The range resolution (AR) can be described by:

C

AR = 3
AR €)
25
The number (N) of time samples, which is related to the required FFT length, will be
given by;
4R__AF
N = max (4)
c
30

The sample rate (S) can be expressed as:



S29 in figure 6. Figure 6d shows an exanple of an | baseband return signa
that is fed to the ADC el enent 80a. As descri bed above, the baseband return
si gnal ofwbi2gaw@3®d i s generated by mi xing the return radarGeRignmab3m t h a
portion of the signal being transmtted. The return signal can be seen to
have a frequency that varies with tinme in a manner anal ogous with the
signal of figure 6b; this again arises fromthe nonlinearity of the
frequency sweep causing the frequency dif¥erence between the return and
transmtted signal to vary over the sweep period. The waveform of figure 6d
is sanpled by the ADC 80 at the intervil “RPAFS1 to S2 that are generated
by the zero crossing detector 78. Figure B6e ows t he sanpl ed viavef or m of
figure 6d re-plotted assunmng a fixed sanpling interval. Li other words,
the signal is replotted as a function of sanpling tine "s" as determ ned by
t he zero crossj,ng detector 7 d not fynction of real tinme. It can be
seen t hat hesﬁ%%@ﬁﬁhéﬁﬁﬁﬁvmgpﬁﬁﬁ@“@%@g@&:kvﬁﬁgéponse has beenrenpved by
this process and a signal is passed to the DSP 88 that has a constant
frequency. This allows the range to be xeadi2R, a#d unanbi guously extracted
fromthe signal. It should be noted that¥the pggeband return sﬁéhal of
figure 6d has radar returns froma target at a single range; in reality
many difference range conponents nay be present each of which.can be

Aoc 80 s, meneonEs SasasAnlE CATEDL B8 gD RE BT e o el

del ay |ing0di ske fequited BFT Sengfiathé esplred Sandb18 it ahe odquirtll bshablennatd.cal
delay lines an(g or. a nmulti-tap optical delay |ine. "Ighls allows a radar to

be provided iR dhe masinEn eapee mhen halvingylelayidine fanigth(i. e ffiom 8RaaltaRakdne can
b | t d durg T l.d t t al ti.on of th
Crar  od_del ag oY SrebPHES e dula B UEnRERCRYES v BlviBe MRt g

syst em set t i ngis gybtetrhecamdanblidgttheBiye bhtsrddge-agiepsisadl, dependi ng on the
desired use of the radar, to alter other properties of the radar when

15
Resolution FFTlength Samplerate Filter cut-  Maximum
. off range

Delay line No change  Halves Halves Halves Halves’
length
Frequency Halves Halves Halves Halves No change
sweep
Sweep Nochange Nochange Doubles Doubles No change
duration

Table 1: Result of halving specified parameter

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

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
-25 - of the radar is fixed at 3.2768ms, the FFT length is fixed at 16k points, the sampling
frequency is !ﬁxed at 5Msps and 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



the inparted delay to the swept frequency signal is changed. As an exanpl e,
the followi ng equations (3) to (6) can be used to define various properties
of the rasenwhes®iIRMax i s the maxi mum radar i nstrunment e¢TGBg®,/00093¢ del ay
line length is Rmax or 2Rmax, DF is the sweep bandw dth and DT is the
duration of sweep. The range resolution (DR) can be described by: R - (3)
2DF The nunber (N) of tinme sanples, whi CB Is related to the required FFT

|l ength, will be given by, N=. (4) The §mp|e rate (S) can be expressed
as:s _ 4 A (5) cAT The anti-alias filter cut-off frequency (Ffjiter) wll
be: filter cATeaddy clwigeahif hy rénregrrmming thervelige®) tuning sepal anphped tothen t he
effect on the | t he i F , r I.r.ed
carpl e rate. (het P n sttty e alof i b e ioeky FOGh i NESHECHRARE e

when hal vi ng @gkséig dbeot nglobkd i zero dréssitigBrrayclé or Rawwo)crodsingg pencyclgweep
or sweep duration. It should be noted that halving the resolution of the
syst em means @8ubPi HgngNeby asivatingidaectivaiinge the fraqrency dppller Résdherefosh FFT

| engt h Sanpl e ' r - ' Of f ' haRge
Hal ves Halnges aﬁé‘%@oelg bt:_gxﬁ \fréagu%ngxg%%%ﬁl dela3"18 lg@tl"f‘)in& Lid6k MR td:
seen to provide a radar that can operate with a maximum range of around 0.5km,
1km, 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 / MHz 2400 1200 600 300
Delay line length / m 1024 1024  2048° 4096

Clock factor 1 2 2 2
Range resolution / m 0.0625 0125 025 0.5
Maximum range / m 512 1024 2048 4096

10 Table 2: Multi-tap optical fibre device configurations.

In addition to the above advantages, the inventors have also appreciated that the
ADC sampling technique described with reference to figures 4 and 6 ensures that
each swept waveform is always sampled at the same absolute frequency points. In
15  other words, the zero crossing points used to clock the ADC must always occur at

the same absolute frequency points within the frequency sweep.

This can be explained by considering a signal of the form Asin(wt) at the input of
the delay line discriminator 52. The signal is delayed by the delay line 72 by the

20  delay time, A. At the mixer 70 the signals Asin(ot) and Asin(w(t-A)) are multiplied
together to give;

4 cos(mA) P cos(m (2t — A)
2 2

(7)

25  The higher frequency term is rejected at the output of the mixer leaving;



Frequency Hal ves Hal ves Hal ves Hal ves No change sweep Sweep No change No
change Doubl es Doubl es No change duration Table 1. Result of hal ving

speci fi edwparemes®i It can be seen that the various radacTaBecwowti on and
performance criteria are governed by a conplex interrelationship and that a
radar system of the present invention could be configured in nunerous
different ways. Table 2 gives an exanple of how a nulti-tap optical delay
line could be used to inplenment a radar t¥at is switchabl e between four
different ranges. The sweep tinme of the radar is fixed at 3.2768nms, the FFT
length is fixed at 16k points, the, sasfdd)ng frequency is fixed at,,5Msps and
the anti-alias filter cut-off is F?xedzat 2.5Mz. As noted above The del ay
line length can be easily altered, the frequency sweep isreadily changeabl e
by reprogramm ng the voltage tuning signal applied to the VCO 44 of the
frequency swe enerator(fﬁ c ocﬁ fa & gther_the

Zer ocr ossi ng 8{0 FOSFEIES e(? cge%‘?ri’)gé?‘}l%g&;)g Clé?‘élrs%w P %ero

crossi ngs per cycle) can be changed by activating/deactivating the
frequency doubler 77. Therefore, alteration of the frequency sweep, optical
delay Iinesl ength and clock factgg Gan be seen to provide a radar9zhat can
operate wi th a maxi num range of arognd .5km | km 2km or 4km A(} dar that
has a range which can be easily altered durlng use is thus provided. 1 2 3
4 Frequency sweep / MHz 2400 1200 600 300 Delay line length / m 1024 1024
2048 ' 4096 dock factor 1 2 2 2 Rang%_resolutlon / mO0.0625 0.125 0.25 0.5
Maxi mum range / m 512 1024 2048, 4Q9§_n5+n (10)

This means that clock pulses are generated every time the frequency changes by;
10 "

1
ETN (11)

It can thus be seen that the delay line discriminator 52 when combined with the zero
crossing detector 78 not only generate pulses at regular, fixed frequency intervals

15 but also provides ADC sample points at fixed absoluté frequencies (e.g. F1, F2, F3
etc.). This technique, rather unexpectedly, lends itself to coherent sampling from

sweep to sweep.

Although the above described technique samples the frequency swept waveform at
20  consistent absolute frequencies from sweep to sweep, the first frequency sample
point may still vary from sweep to sweep. This is caused, for example, if the start
frequency of the frequency sweep produced by the VCO drifts with time and/or

temperature.

25  Referring to figure 7, the effect of variations in the start frequency of successive
frequency sweeps is shown. In particular, figure 7 shows a first frequency sweep
120 and a second frequency sweep 122 of a saw-tooth waveform. During the first

frequency sweep 120, the ADC will be clocked to sample frequencies F1, F2, F3, F4



Table 2: Multi-tap opticalfibre device configurations. In addition to the
above advantages, the inventors have al so appreciated that the ADC sanpling
t echni quewodeasaviokad with reference to figures 4 and 6 emrsuGEROMdMADI3EACh
swept waveformis always sanpled at the same absolute frequency points. In
ot her words, the zero crossing points used to clock the ADC nust al ways
occur at the same absol ute frequency poipts wthin the frequency sweep.

This can be expl ai ned by considering a zP)gnaI of the form Asi n(vvt) at the

i nput of the delay line discrimnator 52. The n el a db

del ay |ine 7xthyHaweyersluspg themext pveeg;th ?ﬁ@%%&i‘?& 8“1 Prart ?ﬁrﬁ ‘ﬁgle(wt)
and Asin(w(t P?é e multiplied together to give; 2 cos(wD) 2 cos(W2t - D)
Al - (V) The hr ﬁg “frequency termis rejected at the output of the m xer

| eaving; A COs( wD) (8) The zero crossi ng detector will thus generate an
ADC cl ock pul se whenever; wA =-p + Thi s rreans

that clock pufiges Saflastepdssdiont b V%@W hep{’@%tth%ﬁﬁfmﬁﬁﬁ %?F&%g%'swﬁeﬁps
2D It can 4 hug be ﬁ?gﬂr e @edid e 3@ Bulp hf‘ﬁ)IQ'r&ﬁfﬂ .‘g%rgﬂ“ﬁ%fn Dty ana Geedi ned

with the Zero Cross detector not “only gener pul ses at regul ar,
fixed frequenaygd.t ehmﬂdi dettedatimb fignoy 8 dbewsxm s | sBgnsbian tas uaption Qkd’

AL T M ENTHE R X EN PPN L
Q'tthough the ghove fesfifd Batect&ChiiAYyaonamRhey e fFaturycavespant aavef orm
therefore analogous to the waveform shown in figure 6e.
10
Figure 8a shows the sampled baseband return signal from a fixed position target
when the first frequency sweep 120 of figure 6 is transmitted. Figure 8b shows the
sampled baseband return signal from the same target when the second frequency
sweep 122 of figure 6 is transmitted. It can(clearly be seen from figures 8a and 8b
15  that the omission of frequency F1 fro_m‘ the second frequency sweep 122 results in
the sine waves of the successive frequency sweeps being out of phase. In other
words, the sine wave of figure 8b is shifted in phase relative to the sine wave of
figure 8a by a phase difference of ¢s. For each frequency step (e.g. from F1 to F2)
the associated phase jump is: V
nT

20 | nm 12
N | (12)

where n is the target range cell number and N is the total number of range cells. So,
for a target at maximum range, a phase jump of n radians would be expected if
measurements were made using the successive waveforms shown in figure 7. At
25  ranges less than the maximum range, the phase change is less than 7 radians by an

amount that is directly proportional to target range.

The introduction of a phase shift in the ADC output between successive frequency
sweeps prevents coherent integration of the sampled waveforms. However, because
30 the phase shifts appear as “jumps”, the effect can be overcome by recognising any

such phése jumps and applying an appropriate phase adjustment to bring the phases



consi stent absol ute frequencies fromsweep to sweep, the first frequency
sanple point may still vary fromsweep to sweep. This is caused, for
exanpl e, WO 20dve10339art frequency of the frequency sweep prodB2ees/ doysthe VCO
drifts with tine and/or tenperature. Referring to figure 7, the effect of
variations in the start frequency of successive frequency sweeps i s shown.
In particular, figure 7 shows a first freﬂuency sweep 120 and a second
frequency sweep 122 of a sawtooth wavef ditm During the first frequency
sweep 120, the ADC will be clocked to sanple frequencies FI, F2, F3, F4etc.
However, duri 9§ Stefessiescsweamsein ke N tha thisoiskendy psackiasiphesatseciaehdlCes F2,

Cocond fr equeteyP IRt SRk AR PRS-t b S e IBEh st AR ool

return signal sicessive frajgaty @treeps tix@dvatiatigs inlthe ﬁﬂo&le%heh@y it Batnpadd
figure 8 shows fhe return signal as a function of sanpling tine "s" as
derived from 'l 2PRGH 2% Bisee Q’hB@tJé’élPor 78. The waveforns of fi gure 8 are
thus corregted for any non-linearity in the frequency sweep and are

t heref ore anal ogous to the waveform shown in figure 6e. Figure 8a shows the
sanpl ed baseb&eferrieg mﬁgmie@alhe phaeemﬂafrébaﬁﬂsigmiiftdrma thrgetoeta fkednrahifeeisf i r st

frequency sweep 12 is transmtted. Figure 8b shows the sanpl ed
baseband retuﬁﬁo g‘ﬁéjf’“ﬁ’r“ t%%%%sqaaﬁ eaf b peepfieat doare aee FeRSldrAnd sweep

122 of figure166ii8 the pREEI It Rbeesdile ‘E&QSLEEIE i %ngﬁ%sﬂjﬁ? vah Bk 118 Llﬁ@%taﬁa and

8b that the om ssion of frequency FI fromthe sec requency sweep 1
results i n t héregianey whthedregfientcyewsegcessi ve frequency sweeps being out of
phase. ther words, the sine wave of figure 8b is shifted in phase
relatlve go the sine wave of figure 8a by a phase difference of fs. For

((3?(23;1 ];\Ir equencynstway (Lidntify giasEluhes B2lo therrsersi 3oRMls HRAS Snb Wilnb® -
targets of opportunity. The range to each target of opportunity can be readily
determined from the frequency of the associated sampled signal and the phase jump
that would occur if the first sample point of the waveform altered can thus be

15 predicted. Suitable threshold windows (e.g. 128, 130, 132) can thus be provided to
detect any such phase jump. If a phase jump is detected in this manner, the scaled
phase jumps for all other target ranges are calculated. The phase jump corrections

are then applied so that all steady targets have a continuous phase.

20" Figure 10 shows the resultant phase of a single target after the phése jump correction
- has been applied. Note that the windowing prevents any residual phase noise
looking like a phase jump. The residual phase noise will be due to thermal noise in

the receiver and any movement of the target. The best tafgets to use for phase jump
prediction are the long range targets where the phase jump is largest and it

25  dominates the residual noise.

An alternative to using targets of opportunity is to provide additional, preferably low
frequency, circuitry that creates a false or artificial target. Figure 11 illustrates how
the delay line discriminator 52 of figure 4 could be modified to provide a delay
30  module 152 that not only provides the delay line discriminator function but also

generates an artificial target signal. Components of the delay module 152 shown in



where n is the target range cell nunber and N is the total nunber of range
cells. So, for a target at maxi numrange, a phase junp of p radians woul d
be expectwad 20d¢/mwemsur enents were nade using the successiPce/aBo@09s8 shown
in figure 7. At ranges |ess than the maxi mumrange, the phase change is

| ess than p radians by an anmobunt that is directly proportional to target
range. The introduction of a phase shift jn the ADC out put between
successi ve frequency sweeps prevents cohé¥ent i nt egrati on of the. sanpled
wavef orms. However, because the phase shifts appear as "junps", the effect
can be over corfgubﬁyll tebgniaghlogousty thase lof freatedny lmcpiasmdnapxpﬂ/ﬂ]mgmtcd in

appropriate phas nt.to hasesof successive sweeps in
IPne Not e t hat f%?gévesbeg?\flsflgﬁ%ﬁi?Eegffrelbcgd@ ?he ADC sanpl i ng poi nts have

a fixed absolute frequency and hence any phase shift between successive
frequency swelps due to variations in the first frequency that i's sanpled
wi || appear hg dglayenadule pRespanprisapa threstway sphigfer £68; aém&téreguemhmmﬁ)e of a

return sig al elss ortysseve
successi ve@scaﬁr}g%@ ?Ontdaﬂeqlglgnc enelﬁ(e{ ng(fdr[hﬁ% C AR Sgﬁg 6%5206%35 1%“?’?10% he
phase of successpivggmib st maﬂ‘bhaelﬁlylssﬂeé}g gérlepidrvaaiiAkde® BSid sTgnhiNG tBd Rchl
frequency of the frequen sweep. One way to identify phase junps is to use

the return si d’ﬁ%i lator posia @t%ﬁh%ﬁbandaw@mdsfr@quea@pwmw@ ynd TH A siggel t o f
requency o
each tar get of oﬂpﬁlglrtﬁxgg agrngﬁﬁ'erbl 8 1.%'9196 hé(ssgtfﬁ]?%%hﬁrts{ (Ee(le[}) 1%1'%61?0 gglgelnlt y

t he associ at e sanpl e ase occur
first sanple ppiitdr 16 anden vamued delay dint d72dThafirst ehylmepriodhpass a @iyt abI e

.g. , \ th b ded to detect an
such phasd] upv et e Gde b 5T abiBer i bhmE R Emee R hesedtied
phase junps f @R AhkinRtdGhall 8{sg8ke (BNGTANE s6R hé& R gqgle %ﬁgﬂ%%rﬁ P

corrections are then applied so that a y targets ave
phase. Fi gur e cq@valhgwe thhdinme of g tof rahagrml @Wexat}m melledisanege(A)afThe rfirsthe

phase junp correction has een_a i ed. Not that the ndowi n revents
any resi dual egg ey 6]i’11§8r 1s arralpggé to receive t e signal passed%rough bof% t%e first
and second delay lines 170 and 172, whereas the second frequency mixer 140
15 receives a signal that has passed only through the first delay line (i.e. a signal

extracted using the signal splitter 174).

The first frequency mixer 70 thus receives a local oscillator signal and a signal to
which a delay equivalent to twice the maximum range of the radar has been
20 imparted. The output of the first frequency mixer 70 is then passed to a zero
crossing detector 78 via a selectable frequency doubler 77. The zero crossing
detector 78 is arranged to output timing pulses that are used to clock the ADC 80. It
can thus be seen that the delay module 152 shown in figure 11 will provide a signal
to the zero crossing detector 78 that is equivalent to the signal produced by the delay

25  line discriminator 52 shown in figure 4.

The second frequency mixer 140 receives a local oscillator signal and a signal to
which a delay has been imparted that is equivalent to twice the maximum range of
the radar minus the small distance (A). The second frequency mixer 140 thus outputs
30 abeat signal equivalent to the signal that would be produced by a target at just less
than the maximum range of the radar (i.e. it would be equivalent to a signal that has

traversed a path length of 2Rmax-A).  If Ry i, say, 2000 meters the value of A



| ooking |i ke a phase junp. The residual phase noise will be due to thernal
noi se in the receiver and any novenent of the target. The best targets to
use for phaeoqduwsipredi ction are the |ong range target CrGB2006te3phase
junmp is largest and it dom nates the residual noise. An alternative to
using targets of opportunity is to provide additional, preferably | ow
frequency, circuitry that creates a false or artificial target. Figure 11
illustrates how the delay line di scri mi ndBor 52 of figure 4 could be

modi fied to provide a delay nodule 152 that not only provides the del ay

| i ne di scri m m@ubttybisaly bosclenied @l teoabguhkl metes Ga. eguivaldang it target decatedi gnal .

Conmponents of _the dela ule 152. shown infi.gure 11 that anal ggous to
thobe of & he. 8ctZp8F pdettth FrmASdre &Dep Vg el ot AR Sof cBPkIR Deen
assigned like reference nunerals. The delay nodul e 152 conprises a three

way splitter 168, a first frequency m xer 70 and. a second frequency m xer

140. The t hr ed WEBridpYe (-8 2 P5R9G ebiride Slivides by raimy of b Second AEIqUEYm t he
frequenc wee r.at or and ses sai d, Si | t.a.the | | -q9scil.| at or
R e G Sy e e AR D
from the thregeneywoRld dppficialdBal the ¥rathRAATEsAnt BideHed that §ilits4 sidediaytol | ne
170, a signal splitter 4 and a second delay line 172. The first del ay

line 170 i npaiW® parteendympaiis ¢arlerive peaseishilt befweet thasp gie ertsaTkesgrian to
twice th i . R, ni . ' whi | st
the second deP i pRAMGy Slad 35e 3986 of Bbndl AR ST Bder i AIARIS PG T 1

of a signal oveuirtdfaigbtémbinstkanes afd)78b. The cbinbiiedfsi@glsene yheri sitipled0 | s
arranged to recej vg thgosaiwgnal passed t hrough both the first_ and second
725

del ay |iné8 19p B Presaed by Bediase. rdguanes ohihz értifiag tigekisves a
signal that hﬁo@%sﬁﬁ%eﬁ Mlset Iogghm%)gﬁsnf ﬂl%_%éasg.%oﬁ\éséohﬂﬁlg(tb -tfrat rén 'c%}al

extracted using e signha plitter irst tTrequency m xer 70 thus
recei ves a | oex cansalijist fiir phaseijgmnpd asadederébediagonad. t 0 whi ch a del ay equi val ent
to twi ce the maxi numrange of the radar has been inparted. The out put of

the first frequency mxer 70 is then passed to a zero
It should be noted that although not essential, the radar preferably comprises both

15  the delay module 152 and the RF delay line discriminator 90. In such a case, the
DSP will receive I and Q signals that comprise (i) the radar return signal(s), (ii) a
return from an artificial target at a range of Rinay-A/2 and (iii) a signal from RF delay

line discriminator 90 that can be used to compensate for any variation in the mean

frequency of the STALO.

20
Referring to figure 12, it is shown how the radar can be adapted to allow the
artificial returns (e.g. the return from an artificial target at a range Ruux-A/2 and the
signal from RF delay line discriminator 90) to be separated from the return signal(s)
that are associated with real targets.

25

It should be noted that the radar 40 shown in figure 4 comprises an IQ quadrature
mixer 66 for mixing the RF radar return signals with the RF local oscillator signal.
The qﬁadrature -mixer arrangement thus outputs an In-phase (I) and a quadrature (Q)
signal; i.e. it has separate I and Q channels. The provision of separate I and Q
30 - channels allows both the frequency shift and the sign of the frequency shift to be

determined. In other words, it is possible to determine the magnitude of the



crossing detector 78 via a selectable frequency doubler 77. The zero
crossing detector 78 is arranged to output timng pul ses that are used to
cl ock t hewAR@6BIO3391t can t hus be seen that the del ay noadir&ERBG/@®MBAN | N
figure 11 will provide a signal to the zero crossing detector 78 that is
equi val ent to the signal produced by the delay line discrimnator 52 shown
in figure 4. The second frequency m xer }40 receives a local oscillator
signal and a signal to which a delay has ‘been inparted that is equival ent
to twice the maxi numrange of the radar mnus_the small di séagceh%@ . The
second f r equefieguentxéiffercage betwseroibe e ndesal ossilipier signglsiand RSAVIEECY he
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value of Dwould typically be selected to be ahqut 10 netres (i..e.
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artificial . ta i s kno and. hence the DSP ¢ ' p
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preferably conprises both the delay nodule 152 and the RF delay |ine

di scri m nat or ngUnterfaresvigihreal tergsbsighdivandSpc¥qrsa- r ecei ve | and Q signal s that
conprise (i) the radar return signal(s), (ii) a return froman artificial
target at a range of Rmax-D/2 and (iii) a signal fromRF delay |line

di scri mi nat or Ffrd Mt givdsemnus@thpicooftthapipnslaintenfioy vamy fraquendyi specirmmt he

mean 15 that is output by the DSP 88. The real radar returns 194a-194f (hereinafter
collectively referred to as real returns 194) relate to returns from actual targets

remote to the radar. Signal 190 is the artificial return from the artificial target close

to maximum range (i.e. the artificial signal produced by the delay module 152) and

. signal 192 is the artificial signal derived from the RF delay line discriminator 90.

20  Arranging the real and artificial signals in this manner ensures that the artificial and

real targets do not interfere with eacﬁ other. Furthermore, such an arrangement also

has the advantage of not requiring any additional ADC sampling channels or

additional FFT processing.

25  Separating real and artificial targets by the sign of frequency is advantageous, but it
is by no means essential and a numi)er of alternative arrangements would also be
possible. For example, the artificial target signal could be passed to an additional
ADC channel and a separate FFT operation could then be performed on the output
of the additional ADC. This would ensure no interference with the real returns and

30 may be useful when the real return signals are Doppler shifted in frequency by a

significant amount.



frequency of the STALO Referring to figure 12, it is shown how the radar
can be adapted to allow the artificial returns (e.g. the return from an
artifici avotassges3dat a range Rmax-D/ 2 and the signal frecrTkB2de/@ysi ne
discrimnator 90) to be separated fromthe return signal (s) that are
associated with real targets. It should be noted that the radar 40 shown in
figure 4 conprises an |1 Q quadrature m xer,_66 for mxing the RF radar return
signals with the RF | ocal oscillator si gﬁél . The quadrature m xer
arrangenment thus outputs an |a-phase (1) and_a quadrature (Q signal; i.e.
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"down- sweep" icndir-eoierant taddrs, fhe sighel to adie ratld tHsian bbebkairet kvithaf edefied t o
figure 4, the use of a sawtooth waveform (i.e. "up-sweep" only) neans that
real target WAPSBHPG®GEPdoccur in one side of the frequency. domain
(assum ng any Doppler shift in frequency is relatively Iow). The radar 40
is thus arranged so that the artificial return signals are in the other
hal f of the fAetuiencsystapextthenymodgaried whdve wndd rieaparticujady suitethter ieor e,
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and Concorde tragedy in July 2000, a sequence of events triggered by a 16 inch metal
15  strip on the runway, there has been considerable increased interest in improved
techniques for detecting FOD and removing it in a timely manner in all weathers
with minimal diéruption to airport operations. Currently, manual inspections are
carried out typically once every 4 hours by driving along the length of the runway.

The effectiveness is limited due to visibility and human error and the technique is

20  ineffective in the dark.

The key to the design of a radar dedicated to FOD detection is in minimising the
return from runway clutter whilst maintaining detection against FOD. This is
achieved through (i) minimising the azimuthal beamwidth; (ii) using very high range
25  resolution; (iii) siting the radar for optimal grazing angle and (iv) receiving
orthogonal polarisations. An FMCW radar of the type described herein, operating at
a centre frequency' at 94.5GHz, achieves the necessary range resolution and can also

meet all the other criteria.

30 - To implement FOD detection, a radar of the type described above could transmit
right hand circularly (RHC) polarised radiation and receive both left hand circularly
(LHC) polarised radiation and RHC polarised radiation. The receive diversity



signal 192 is the artificial signal derived fromthe RF delay |ine
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ensures twetoadesmitificial and real targets do not inteciraBowmmeach

ot her. Furthernore, such an arrangenment al so has the advantage of not
requiring any additional ADC sanpling channels or additional FFT
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alternative arrangenents would al so be possible. For exanple, the
artificial tarigerovss gwaietwbgm nrObeblbbfsageuls& FORrand @thotprovidds capdilityammin. and a

separate FFT era i on I for.ne nt out.p of the

addi ti onal Al ? Lﬂﬁg’eéﬂ%‘lﬁ %ﬁpeﬁ?@"%ﬁge ‘Rflag]ﬁ a[nrc}er faé% at adis and
by a si gni FLQS?QE%%EEJE’%%% ‘Mlﬁwi R P e B B O C"
can be used i rpromdy amplpﬂatealfﬂenaseryltake-df pardriding. d?hleysﬂsng bﬁt‘hefrradar is also
applications where high r 8Iut|onr dar data.is re | es of such
appl i cati ois |W8P]g fg p(li)s erestion: sRpHCOns ARG df ey E'/‘fent HE‘?W gport
security, cloushdoRgy and WiBlvhY SurfRk kha%h&éhﬁ\é@' ﬂa%n@ s@ﬁeys%y agkd evel

measur emrent . The coherent operation of the system I nproves, respect to
non- coher ent roadevenedtand m&ydrtagroovﬁdmpgﬁiemam}om thhe&qutramemtefonty'a’ar neofifi t hi n

a defined neasure t perio A.radar, system of t ri bed .above
woul d be part ﬁgﬁ (irﬁ%#]%ragﬁgtag tvﬂt})trﬁ%t’eﬁtet?ﬁﬁ? WWaXFurE%ﬁﬁégéﬁh%%g& &B? fs
(FOD) at air pakd sointshré RGhdd gRRs RNItRPIRGnWALRERES an i nappropriate
location that, as a result of being in that l'ocation, can damage equi pnent

or inj urelfn ai rpl ane or airport personnel. The resul ting damage is
estimated to e"o@phetrhé laéaroebﬁrcetypndi@sqribyd%om lchn (atsoabwewd toSinaasard He Al r

F Co 000 t d b
6 en ot ot TpbleR SERY pacheipli o P ARG T Al opistt e dong
interest in i RPsAViOthd ©8RIRted URSn fBY raliet ekl ITHRADIRAG K AP VibRGibEd abdved

timely manner 1n_all weathers
would thus be suited to tracking objects; for example, it could be employed for

15  perimeter security detection and tracking applications.



with mniml disruption to airport operations. Currently, manual

i nspections are carried out typically once every 4 hours by driving al ong

t he | engtwoahodtasomunway. The effectiveness is |imted aoe/adBR20/®DBT7] 0ty
and human error and the technique is ineffective in the dark. The key to

t he design of a radar dedicated to FOD detection is in mnimsing the
return fromrunway clutter whilst mai nt4 i ning detection agai nst FOD. This
is achieved through (i) mnimsing the "azirnmut hal beamm dth; (ii) using very
hi gh range resolution; (iii) siting the radar for optiml grazing angle and
(iv) recei%laiss ort hogonal pol arisations. An FMCWradar of the type

descri bed herein, operating at a centre frequency at 94.5CGHz, achieves the
necessary range resolution and can also neet all the other criteria. To
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between the frequency of the swept frequency signal and the frequency ‘of a time

displaced swept frequency signal derived from the swept frequency signal;

an analogue-to-digital converter (ADC) for sampling the target difference-frequency
signal to provide a digitised target difference-frequency signal, said ADC being arranged
to sample the target difference-frequency signal at a rate derived from the frequency of

the reference difference-frequency signal; and

a processor for determining frequency components of the digitised target difference-

frequency signal,

characterised in that the processor is arranged to determine for at least one frequency
component of the digitised target difference-frequency signal any phase difference

between frequency sweeps of said swept frequency signal.

2. A device according to claim 1 wherein said at least one frequency component of
- -the digitised target difference-frequency signal corresponds to the return signal from at

least one fixed range target.



perimeter security detection and tracking applications.Clainms 1. A
frequency nodul ated conti nuous wave (FMCW radar device conprising;, a

f requencywewe@pioggmer at or for produci ng a swept frequen®eg¢TERIE/000%7
transcei ver for generating a signal to be transnmitted by the radar fromthe
swept frequency signal, said transceiver also being arranged to produce a
target differencefrequency signal fromthe signal transmtted by the radar
and the signal returned to the radar fré&ma target(s); a first
discrimnator for receiving a portion of the swept frequency signal and for
produci ng &. ref ér dexdee dichfding e elafmn eqwhaein sdidnaleasf ofer frederanye eqgetl ist 0 t he
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frequency §gr%@@kfhquda@_nal ogue-to-digital converter (ADC) for sanpling the
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di fference-frequency signal, said ADC being arranged to sanple the target
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signal . 2.
frequency conponent of the digitised target difference-frequency signal
corresponds 'to the return signal fromat |east one fixed range target.3. A
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6. A device according to any one of claims 4 to 5 wherein said artificial target
signal generator produces an artificial target difference-frequency signal equivalent to
that produced by a target located at a fixed range of less than 100% and more than 90%

of the maximum range of the radar.

7. A device according to any one of claims 4 to 6 wherein said first discriminator

and said second discriminator share a common delay line.

8. A device according to claim 7 wherein said common delay line is an optical delay
line.
9. A device according to any one of claims 2 to 8 wherein the processor is arranged

to perform the steps of (a) measuring the phase of at least one frequency component of
the digitised target difference-frequency signal corresponding to the return from at least
one fixed range target over a plurality of successive frequency sweeps and (b) using the
phase measurements of step (a) to maintain the phase alignment of other frequency
components of the -digitised target difference-frequency signal over said plurality of

successive frequency sweeps.



said artificial target signal generator conprising a second discrimnator
for producing a fixed range artificial target difference-frequency signal
from sai dwewe@10839equency signal and a tine displaced swREpIGH220@&HOEIICY
signal derived fromthe swept frequency signal. 5. A device according to
claim4 wherein the artificial target difference-frequency signal is added
to the target difference-frequency sigggl produced by the transceiver prior
to sanpling by the ADC. 6. A device according to any one of clainms 4 to 5

wherein said artificial target signal generator produces an tific

t ar get difi%ren&émeQQﬁ@ﬁhygEVQﬁﬁl9éh@?ﬁ@h%ﬁ@cﬁﬁmﬂﬁéﬂmﬁﬁedW@é af péa?arget

| ocated at _a fixed ran . 9 Y Xi mum
range.of tFamprigia e PRYE o RE8 el ok M ARTIPER, AR g bR
wher ei n saj phody inSthagh, scri m nat or and sai d second discrimnator share a
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SWeeps. signal, wherein said timing pulses are used to clock the ADC.

13. A device according to any preceding claim wherein the swept frequency signal
produced by the frequency sweep generator has a frequency range within a first
frequency band and the signal transmitted by the radar has a frequency range within a
second frequency band, the frequencies contained in the first frequency band being lower

than the frequencies contained in the second frequency band.

14. A device according to claim 13 in which the transceiver 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 wherein said frequency up-converter

comprises a stable local oscillator (STALO).

15. A device according to claim 14 that comprises a STALO frequency drift monitor,

the STALO frequency drift monitor being arranged to produce a drift monitor artificial

target difference-frequency signal of frequency equal to the difference between the

frequency of the up-converted RF signal transmitted by the radar and the frequency of a
- time displaced RF signal derived from the RF signal transmitted by the radar.



12. A device according to any preceding claimand conprising a clock pul se
generator, the clock pul se generator being arranged to convert the
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into a series of timng pulses that are separated by intervals related to
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timng pul ses are used to clock the Al 13. A device according to any
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si gnal of ﬁ?@qmﬁl%a‘déﬁnsmtqdfbé’tﬁﬂa%@rence bet ween the frequency of the
up-converted RF signal transmtted by the radar and the frequency of a tine
di spl aced RF signal derived fromthe RF signal transmtted by the radar. 16.
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according to any one of clainms 15 to 16 wherein the STALO frequency drift
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20. A device according to any one of claims 17 to 19 wherein the RF delay line

comprises at least one RF polarisation converter.

21. A device according to any preceding claim wherein the transceiver comprises an
in-phase quadrature (IQ) mixer such that said target difference-frequency signal

comprises in-phase (I) and quadrature phase (Q) components.

22. A device according to claim 21 wherein the ADC comprises at least first and
second ADC elements, the first ADC element being arranged to sample the in-phase (I)
component of the target difference-frequency signal and the second ADC element being
arranged to sample the quadrature phase (Q) component of the target difference-

frequency signal.

23. A device according to any one of claims 21 to 22 wherein the processor is
arranged to determine the frequency components of the digitised target difference-

frequency signal using a complex Fast Fourier Transform (FFT).



19. A device according to any one of clainms 17 to 18 wherein the RF del ay
line conprises at | east one |length of wavegui de having a substantially
rect angulwo 2006093393ect i on. 20. A device accordi ng to anpCorgB20d6/mbesrns 17
to 19 wherein the RF delay line conprises at | east one RF pol arisation
converter. 21. A device according to any preceding claimwherein the
transcei ver conprises an in-phase quadr %ure (I1Q mxer such that said
target difference-frequency signal conprftses in-phase (I) and quadrature
phase (Q conponents. 22. A device according to claim?2 1 wherein the ADC
conprises &% | eastdeYice secoading $econ@napE cliirasrdhtte 23t Wienf dependeaDdiredtynemt
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processor “SURPREMHed to determ ne the frequency conponents of the
digitised target differencefrequency signal using a conplex Fast Fourier
Transform (FFT).24. A device according to any one of clainms 2 1 to 23 when
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signal is arranged to erent sign o reguency to frequency
conponents of the target difference-frequency signal that correspond to
real targetys. 26, .A.device,according t n e of clainms 2 1 to 25 when
dependent élﬁr ec% gevige pocdiding £9 ﬁn%ﬁg% ng’ﬁireil%g\[;:ﬁ%zéiweph%fpﬁlﬂqepﬁ dixestive &r
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the drift rsaRkempaised hinhiasd (It andgpiadrature phase (Q) components.

27. A device according to claim 26 wherein the drift monitor artificial target
difference-frequency signal is arranged to have a different sign of frequency to frequency

‘components of the target difference-frequency signal that correspond to real targets.

28. A device according to any preceding claim wherein the processor is arranged to

perform Doppler processing.

29. A device according to any one of claims 1 to 27 wherein the processor is

arranged to provide moving target indication (MTT).

30. A device according to any preceding that is arranged to transmit a signal having a

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

31. A device according to any preceding that is arranged to transmit a signal having a

frequency greater than 20GHz.

32. A device according to any preceding claim and further comprising an antenna.



di fference-frequency signal is arranged to have a different sign of
frequency to frequency conponents of the target difference-frequency signal
t hat corrwepoowdioszireal targets. 28. A device accordi ngPCo/GBryoqoessedi ng

cl ai mwherein the processor is arranged to perform Doppl er processing. 29.
A device according to any one of clains 1 to 27 wherein the processor is
arranged to provide noving target indication (MIl). 30. A device according
to any preceding that is arranged to tradsmit a si gnal having a frequency
within at | east one of the frequency bands of 70-80GH and 90-100GHz. 31. A
devi ce accotdi ngh teghemnt Frewndy myoduteied icenttmpen yade (BMCGVEN sadat havisggamal
having a fr reater than . 32. A device according to any

pr ecedi ng c(f%g%%ﬂg#ga?%lﬂI%]éerageégrf‘?ﬁél%g}%g an antenna. 33. A coherent frequency
nodul at ed conti nuous wave (FMCW radar having an operating frequency
greater than 20GHz. 34. A radar as substantially hereinbefore described
with refereifce tdradageswhstantiadly heregmhefose describerl with referancedp Sigates drio 12
conprising the steps of; (i) generating a swept frequency signal; (ii)
produci ng a reference difference-frequency signal of frequency equal to the
di f f er ence et weemettod off rey e yticaf cobdpeistigaln stégseguency signal and the
frequency of a tine displaced swept frequency signal derived fromthe swept
frequency signal; (iii) generating a signal to be transmtted by the radar
fromthe s i | .vy) producing a target

differ encey@%tggirg%%i@g? rtlgeq@gw{ghgl’si gnal transmtted by the radar and
the signal returned to the radar froma renote target(s); (v) using an

anal ogue-tg:.di gital converter (/ to, sanpl e the target ,
di ffer encegpgd’g%%?gs g Haf ere ‘V%‘EF«S‘ qHFRfYt Figay © rfg@évency equal to the
di f f er ence-diffQemRaty Snoid reqh &Ry SRR bt AGLB 8 rdgved
fromthe frequency of tnhe reefqere%’ce di f‘?%ren g???esg%‘glncy g?g}ﬁgﬁeﬂgnd 3
det er ni ni ndginerdspacedept fresgenycsigrabdgond itos e stvhgt frliqgendyseshal; ar get

di f f erencef requency

(vi)

(iii) generating a signal to be transmitted by the radar from the swept frequency signal,

(iv) producing a target difference-frequency signal from the signal transmitted by the

- radar and ‘the signal returned to the radar from a remote target(s);

. (v) using an analogue-to-digital converter (ADC) to sample the target difference-
frequency signal to provide a digitised target difference-frequency signal, the sampling
rate of the ADC being derived from the frequency of the reference difference-frequency

t

signal, and

(vi) determining one or more frequency components of the digitised target difference-

frequency signal,

characterised in that the method further comprises the step of determining for at least one
frequency component of the digitised target difference-frequency signal any phase

difference between frequency sweeps of said swept frequency signal



signal, characterised in that the nethod further conprises the step of
determ ning for at |east one frequency conponent of the digitised target
di f f er encwof2n@guasvey si gnal any phase di fference betweeRCraa@MOyI3gWeeps
of said swept frequency signal 36. A nethod according to claim35 wherein
said at | east one frequency conponent of the digitised target

di fference-frequency signal corresponds_to the return signal from at |east
one fixed range target. 37. A nethod acé%rding to any one of clainms 35 to
36 and conprising the additional step of generating a fixed range
artificial ¥arget mitliodeaceerdingtip etpimridywhirginshidf at deast ancifremwenty ¢angrpuentcy

Frequency StobefESst Rl TRrE AR A EG oY S RBrmtap F trre ek oS0
conpri si ng a hastsinefixedfangatarg@asuri ng the phase of at | east one frequency

conmponent of the digitised target difference-frequency signal corresponding
to the return fromat |east one fixed range target over a plurality of

successi ve qHr eq . usg se . neasur.engnt f step
(2 o mai ntarn s REboR BRI abind 5 Bt 135 AR08 TEARTECRE Baloedl e
digitised tstapgelt gabiefating enfieedf rargr enidliab tgpeal difvehcesaedhept it sighdl t iyor@fsaid
successi ve frquenc sweeps. 39.. A nethod according to claim38 wherein the

step (a) cOWEPY Leg %Sl&lglp‘inéfa HBYi denlacsd stist Berrsacy pigadl; deriyed fieastheone

frequency ggg@ggg@g(f Fo@junp in phase. 40. A nmethod according to any one
of clainms 38 to 3 %3@%??%ing the step of coherently integrating the phase

al i gned frequency conponents of the digitised target difference-frequency

si gnal over,,a plurality of successive frequency sweeps.,K 41. A nethqod
accordi ng £8 any* H’r?g’ogfacfi‘?rg}%to?@yt%eﬁ C%A%‘F gisﬁotﬁecoé%@ﬁm@fth% istepy of (a)

gener at i ng niasirfipathet phie & ansdust Lad ntgéﬁtu%ﬁg,%f F%ﬁqﬁheﬁf %@} fhb ﬁd@\fﬁé&p ttafrg&quency

signal -conprises the step of increasi ency of the“swe

frequency 9difgaencetfeequencadiignal cegemongding RF)ths regmal frérorattlemh ont Sskdmaipe t he
radar. target over a pIurality of successive frequency sweeps and (b) using the phase
measurements of step (a) to maintain the phase alignment of other frequency components
of the digitised target difference-frequency signal over said plurality of successive

frequency sweeps.

39. A method according to claim 38 wherein the step (a) comprises the step of

monitoring the phase of said at least one frequency component for a jump in phase.

40. A method according to any one of claims 38 to 39 comprising the step of
coherently integrating the phase aligned frequency components of the digitised target

difference-frequency signal over a plurality of successive frequency sweeps.

41. A method according to any one of claims 35 to 40 wherein the step of (iii)
generating a signal to be transmitted by the radar from the swept frequency signal
comprises the step of increasing the frequency of the swept frequency signal to a radio

frequency (RF) signal for transmission by the radar.

42. - - A method according to claim 41 and further comprising the step of producing a
drift monitor artificial target difference-frequency signal having a frequency equal to the
difference between the frequency of the up-converted RF signal transmitted by the radar



42. A nethod according to claim4 1 and further conprising the step of
producing a drift nonitor artificial target difference-frequency signal
havi ng a woegesersspiequal to the difference between the PreEgBamyoed37t he
up-converted RF signal transmtted by the radarand the frequency of a tine
di spl aced RF signal derived fromthe RF signal transmtted by the radar.
43. A nethod according to any one of clains 35 to 42 wherein the step of
(iv) producing a target di fference-freqééncy signal conprises the step of
producing a target difference-frequency signal having in-phase (1) and
quadr at ur e P¥dbe feqyener epe ot displaced BE signdl ddrivacbond ithgyRE ¢igml tramsmitdd
clains 35 t@,tﬁ? Eyéﬁprei n the step of (vi) determ ning the frequency
conmponent s of he digitised target difference-frequency signal conprises
the step of using a conplex Fast Fourier Transform (FFT). 45. A nethod of

radar operatjon as substantially hereinbefore described with reference to
figures 6-16an fpethod according t0 any one of claims 35 to 42 wherein the step of @iv)

producing a target difference-frequency signal comprises the step of producing a target

difference-frequency signal having in-phase (T) and quadrature phase (Q) components.

44. A method according to any one of claims 35 to 43 wherein the step of (vi)
determining the frequency components of the digitised target difference-frequency signal

comprises the step of using a complex Fast Fourier Transform (FFT).

45. A method of radar operation as substantially hereinbefore described with

reference to figures 6-10 and 12.



