
COHERENT FREQUENCY MODULATED CONTINUOUS WAVE RADAR Description  [0001] The
present invention relates to Frequency Modulated Continuous Wave (FMCW)
radar and in particular to a  coherent FMCW radar device and a method of
FMCW radar operation. [0002] FMCW radar systems are well known and have
been widely used in a variety of applications for many years.  In such
systemsthe range to a target is measured by systematically varying the
frequency of a transmitted radio frequency  (RF) signal. Typically, the
radar is arranged so that the transmitted frequency varies linearly with
time; for example a  triangular or saw-tooth frequency sweep is
implemented. This frequency sweep effectively 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. [0003] It is also well known to those skilled in the art that the
accuracy of range measurements made using an FMCW  radar depend on the
linearity of the frequency sweep. Ina typical FMCW radar, a voltage
controlled oscillator (VCO) is  used to convert a voltage variation into a
corresponding frequency variation. Although it is trivial to produce a high
quality  linear voltage variation (e.g. a triangular or saw-tooth
waveform), conversion to 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. [0004] 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, Freemont, 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 VCO response
characteristics. A number of analogue and  digltial pre-distortion
techniques have been proposed which can improve VCO linearity to better
than about 1%. This  level of linearity has been found to be sufficient for
certain low cost FMCW radar applications. [00051 it has also been described
previously in GB2083966 and G81 589047 how non-linearfrequency sweep
effects  can be reduced by sampling a return signal in a non-linear manner.
In particular, GB2083966 and 661589047 describe  how an artificial, fixed
range, target may be used to generate a 'beat" frequency from which a
stream of sampling pulses  can be derived. The interval between such
sampling pulses would be constant for a perfectly linear frequency sweep,
but will vary if the frequency sweep is non-linear. Use of a
sample-and-hold circuit to sample the returned signal (i.e.  the signal
returned by a real target) thus compensates for any non-linearitles in the
frequency sweep of the transmitted  signal. [0006] To date, the
mostcommonly used technique for improving the linearity ofFMCWradars 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. In a perfectly linearised FMCW  radara fixed range target would
produce a constant 'beat' 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  radarorat a lower, downconverted, frequency.
Waveforms having a linearity betterthan 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
Nalezlnski, M Vossiek, P Heide, (Siemens AG, Munich), IEEE MIT-S
International Microwave Symposium, Prague,  June 1997. [0007] EP1195888
describes a high range resolution radar through non-uniform sampling.
[0008] It should be noted that FMCW radar systems of the type described
above operate incoherently. In other words,  the radars only output
information related to the frequency shift between the transmitted and
retumedsignals; the radars  are not able to measure the difference in phase
between transmitted and returned signals. Although an incoherent radar
system is suitable formany applications, the provision of a coherent system
has manyadvantages. Forexample, coherent  systems allow Doppler processing
to determine information on the velocity of detected targets. Furthermore,
coherent  integration over N frequency sweeps improves the signal to noise
ratio (SNR) by afactor of N. This should be contrasted  to the SNR increase
of n typically obtained using incoherent integration of N frequency sweeps.



[00091 Despite
theclearbenefitsofcoherentoperation,therequirementtonotonlycontrolthelinear
ity of the frequency  sweep but to also control the absolute frequency of
each sweep has limited the development of coherent FMCW radar  systems. At
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, itcan onlyprovidesuchwavefomrs  atfrequencies up to around 1
GHz. The DDS waveform must then be up-converted or multiplied to the final
RFfrequency  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  1 0  at frequencies below
20GHz but the phase noise of the transmitted signal is very poor resulting
in poor radar sensitivity. To date, the benefits of coherent FMCW radar
operation havethus been restricted to DDS radars operating atfrequencies
less than 20GHz. [0010] 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 above described disadvantages.
It is further described a coherent FMCW  radar having improved range
sensitivity and/or that can operate at frequencies greater than around 20G
Hz_ [0011] According to the present invention, a frequency modulated
continuous wave (FMCW) radar device comprises;  a frequency sweep generator
for producing a swept frequency signal; a transceiver for generating
asignal to be transmitted  by the radar from the swept frequency signal,
said transceiver also being arranged to produce a target difference-
frequency signal from the signal transmitted by the radar and the signal
returned to the radar from a target(s); a first  discriminator for
receiving a portion of the swept frequency signal and for 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 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 a
frequency component of the  digitised target difference-frequency signal,
derived from a fixed range target or an artificial target generator, any
phase  difference over a plurality of successive freq uency sweeps of said
swept freq uency signal, and to use the phase difference  determined to
maintain the phase alignment of other frequency components of the digitised
target-difference frequency  over said plurality of successive frequency
sweeps. [0012] 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 succession 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 receive a portion  of the
swept frequency 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 signal is then sampled by an ADC
to produce a digitised target difference-frequency  signal that is fed to a
processorwhich determines (e.g. using a complexfast Founertransform) the
frequency components  of the digitised target difference-frequency signal.
These various frequency components are associated with returns  from
targets at different ranges. (0013] The rate at which the target
difference-frequency signal Is sampled by the ADC is varied dynamically in
a  mannerthatcompensates forany non-linearity in the sweptfrequencysignal
produced bythe frequency sweep generator.  The sampling rate of the ADC is
determined by providing a first discriminator that produces a reference
difference- frequency signal from an extract of the sweptfrequency signal
and atime delayed swept frequency signal. The frequency  variation of the
reference difference-frequency signal is related to the linearity of the
frequency sweep and the ADC is  thus clocked at a sampling rate
thatvarieswith thefrequencyof the reference difference-frequency signal. In
this manner,  the ADC outputs a digitised difference-frequency signal
equivalent to that which would be obtained using a linearswept  frequency
signal. The use of non-linear sampling of this type to compensate for any
non-linearity in the swept frequency  signal produced by a frequency sweep
generator has been outlined previously in 682083966, Is described in our  



copending British patent application 0421520.8 (Agents Ref: IP/P7395/Ft GB)
and is also summarised in more detail  below. (0014] Although the use of
non-linear sampling has been described previously in EP1 195888 and
082083966, such  a technique has been used previously to provide incoherent
FMGW radars. It has been realised that the technique can  also be applied
to provide coherent operation. In accordance with the present invention, it
has been found that providing  a processor that also determines any phase
difference of a frequency component of the digitised target difference-
frequency signal, derived from a fixed range target or an artificial target
generator, over successive sweeps of the swept  frequency signal can,
rather unexpectedly, allow coherent radar operation. [0015] At this point,
it should be noted that the differences between coherent and incoherent
FMCW radars are well  known to those stalled in the art. Ina 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 sweep of the radar.  The frequency and amplitude of
each frequency component are related to the range and scattering strength
of the  associated target respectively. In a coherent radar system, the
phase of each frequency component of the target differ- ence-frequency
signal is also measured for each frequency sweep. Measuring the phase of
frequency components  allows the coherent integration of multiple frequency
components over successive sweeps. Coherent operation has a  number of
advantages; for example coherent integration over a number of frequency
sweeps, N, improves the signal to  noise ratio (SNR) by a factor of N
whereas non-coherent integration only improves the SNR by a factor of
around 'N.  In addition, coherent operation reduces the effect of
backscattering from rain and also allows any Doppler shift of a  2 0
return signal to be measured thereby allowing the speed of moving targets
to be determined. [0016] In a closed feedback loop radar of the type
described by Nalezinski et of (ibld) the 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. 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
gen- erally accepted by those skilled in the art that coherent FMCW radar
operation requires a frequency sweep generator  capable of producing a
swept frequency signal in which successive frequency sweeps have near
identical absolute  frequency characteristics. Although DOS 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. [0017] As outlined above, the ADC is
clocked at intervals derived from the frequency of the reference
difference- frequency signal produced by the first discriminator. It has,
however, been found that this not only compensates for any  non-linearities
in the swept frequency signal but also results in the target
difference-frequency signal being sampled at  points that correspond to
absolute frequencies of the reference difference-frequency signal. In other
words, variations  in the initial frequency of the swept frequency signal
do not affect the points at which the target difference-frequency  signal
is sampled during each frequency sweep. The target difference-frequency
signal will thus be sampled during each  frequency sweep at times
corresponding to the absolute frequency of the swept frequency signal; e.g.
the ADC will be  clocked whenever the swept frequency signal has an
absolute frequency of F1, F2, F3 .... Fn. A radar can thus offer  coherent
operation that is unaffected by small changes in the initial frequency of
the swept frequency signal. Put another  way, determining the phase of at
least one frequency component of the digitised target difference-frequency
signal of  the radar of the present invention allows coherent
radaroperation. Furthermore, such coherent operation is notfrequency
dependent and can thus be used to implement high 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. [0018] It should be noted that significantvariationsin the start
frequency of sweeps of the swept frequency signal may  after the first
absolute frequency sample point of successive sweeps. Taking the example
given above, a frequency  sweep may have a start frequency between Fil and
F2 in which case the ADC sampling point 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/orfor correcting
the associated phase  jump are described in more detail below. [0019]
Afrequencycomponentofthedigitisedtargetdfference-frequencysignalfromafixedr
ange(i.e.non-moving)  target should have a phase that is substantially
constant from frequency sweep to frequency sweep. If the phase of a
frequency 05/10/200 component related to such a fixed range target varies
significantly between successive sweeps it  indicates that the initial
sampling point has altered (e.g. the first sampling point is F2 rather than
Ft). The processor is  thus advantageously arranged so that 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 In other words, the processor determines, for successive frequency
sweeps, the phase of at least one frequency com- ponent of the digitised
target difference-frequency signal that corresponds to the return signal
from at least one fixed  range target. The fixed range target may be a
target of opportunity or atarget deliberately placed in the scene.
Monitoring  the phase of the frequency component of the digitised target
difference-frequency signal from the fixed range target of  opportunity
over successive frequency sweeps thus provides an indication of any
variation in the start frequency of the  swept frequency signal that is
sufficient to alter the first ADC sampling point. [0020] The phase of the
frequency components of two or more fixed range targets maybe monitored
bythe processor.  Preferably, the two or more targets are located at
different ranges. The target(s) maybe 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 required. [0021] 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 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. [0022] Instead of, or in addition to, measuring the phase
of the frequency component of a fixed range target of oppor- tunity, 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
difference-frequency signal from  said swept frequency signal and a time
displaced swept frequency signal derived from the swept frequency signal.
Conveniently, the artificial target difference-frequency signal is added to
the target difference-frequency signal produced  3 0  by the transceiver
prior to sampling by the ADC. In other words, an artificial fixed range
target frequency-difference signal may be generated and added to the real
targetfrequency-difference signals that are produced by mixing the return
and transmitted radar signals. [0023] Preferably, said artificial target
signal generator produces an artificial target difference-frequency signal
equiv- alent to that produced by a target located at a fixed range of less
than 100% and/or more than 90% of the maximum  range of the radar. As noted
above in respect of targets of opportunity, a target near the maximum range
of the radar  is preferred as it maximises the phase change that is
associated with a change in the first ADC sampling point.  [0024]
Advantageously, the first discriminator comprises a first delay line to
generate the time displaced swept fre- quency 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 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 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. [0025] As described In more detail below, the
delay imparted by the first delay line is conveniently selected to be
equivalentto an integralmultiple of the time-of-flight of
atransmittedsignal to a targetatthe maximum required radarrange.  (0026]
The second discriminator preferably comprises a second delay line to
generate the time displaced swept  



frequency signal from the swept frequency signal. The second delay line may
comprise an optical delay line similar to  that described above in respect
of the first delay line. However, the time displaced swept frequency signal
generated  by the second delay line discriminator is preferably displaced
by a time equivalent to the delay that would be imparted  to a signal
returned from a target located near (e.g. Within 90-100%) of the maximum
range of the radar. The second  discriminator conveniently comprises a
second 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. [0027] 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 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 being introduced when the operating
environment of the radar is altered or as the  equipment ages. [0028]
Optical fibre delay lines can readily provide a delay equivalent to the
delay imparted by a free space path length  of more than t 00m, more than
500m, more than 1 km, more than 2km, more than 5km, more than 10km, more
than  20km or more than 40km. It 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 intended to simulate.
In other words, the effective refractive  index of the optical fibre core
is likely to be greater than the refractive index of free space. The
physical length of the  optical waveguide is thus selected to produce an
equivalent time delay to the time taken for the radar energy to traverse  a
certain free space path length. [0029] The use of an optical delay line
also increases the flexibility of the delay line arrangement. For example,
multi- tap optical fibres could be provided that, in combination with
appropriate optical and/or electrical switches techniques  would allow the
imparted delay to be varied as required. In such a multi-tap arrangement, a
single laser diode could be  used to couple a modulated optical signal into
the multi-tap optical fibre. In the case of electrical switching, an
electro- optic detector may then be provided at each, or at least some, of
the optical tap points. An electrical selector switch may  then be used to
direct the electrical output of only the desired electro-optic detector for
mixing with the frequency swept  signal to produce the reference
difference-frequency signal. Altematively, 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 detector. [0030] 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 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 nondelayed 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 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  4 0  possible. [0031]
Instead of a multi-tap optical fibre, the optical delay line could simply
comprise a plurality of optical fibres of  different lengths. In this case,
each optical fibre may have an electro-optic detector and laser diode
associated therewith  to allow electrical switching to be used to select
the required delay. Alternatively, the optical output of the laser may be
routed via a first optical switch to the selected fibre and the output of
thatfibre optically muted via a second optical switch  to the electro-optic
detector. A combination of electrical and optical switching would also be
possible in a similar manner to that described above in  respect of
multi-tap optical fibres. [0032] The provision of an optical delay means
that can impart any one of a plurality of delays to the time displaced
frequency swept signal offers a number of advantageous over a fixed delay
line radar. For example, providing a first  



discriminator having a first delay line that can impart a variable delay
allows the maximum range of the radarto 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 applications. It should also be noted that an alteration 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 sweep 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 signal
within the first  discriminator, frequency sweep bandwidth and sweep
duration Is given below. [0033) Advantageously, said first discriminator
and said second discriminator share a common delay line. Preferably  the
common delay line is an optical delay line. It 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
range. The common delay line may thus be a multi-tap optical  fibre; the
optical signal being appropriately tapped from ports along the length of
the optical fibre to provide the delays  required by the first and second
discriminators. Alternatively, the first discriminator may include an
additional (relatively  short) delay line to increase the delay provided by
the common delay line. [0034] Following the above, a skilled person would
appreciate the numerous ways in which the optical delay lines of  the first
and/or second discriminators could be arranged to impart the required
delay(s) to the time displaced swept  frequency signal. The skilled person
would also be aware of the various optical and electrical components, such
as  those used in telecommunication systems, that would be appropriate for
implementing such an arrangement. [0035] Advantageously, 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. In other words, the
processor Is arranged to use any variations in phase  associated with at
least one frequency component of the digitised target difference-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
compensation required is related to the range  of each particular target
[0036] 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 range targets will thus only change when the
first absolute frequency point used to clock the ADC  afters. For example,
the phase of a fixed range target would after if the ADC is clocked at
frequencies F1, F2 ... Fn during  a first frequency sweep and F2, F3 .....
Fn during a subsequent frequency sweep. It can thus be seen that any change
in the first absolute frequency value used to clock the ADC will be
observed as a step change in the phase of each  frequency component. For a
target at maximum range, the step change in phase would be 1800 and for
targets closer  than maximum range the phase change would decrease by an
amount proportional to the target range. The processor  is thus
advantageously arranged such that step (a) comprises the step of monitoring
the phase of said at least one  frequency component for ajump (i.e. a step)
in phase. [0037] It should also be noted that the range of a target can be
obtained from the frequency of the relevant frequency  component of the
target difference-frequency signal. At the same time, the phase of that
frequency component of the  target difference-frequency signal can be
established. As the range of the fixed range target has been measured, it
is  possible to predict the phase jump thatwould occur if the first sample
point of the ADC was to change between successive  frequency (e.g. if the
ADC was clocked at frequencies Ft, 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 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  5 0  



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. [0038] 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 integration by
the processor  possible even if the first sampling point alters. [0039]
Conveniently, the device comprises aclockpulse generator, theclockpulse
generatorbeing arrangedto convert  the reference difference-frequency
signal produced by the first discriminator into a series of timing pulses
that are  separated by intervals related to the frequency of the reference
difference-frequency signal, wherein said timing pulses  are used to clock
the ADC. The clock pulse generator thus converts the sinusoidally varying
reference difference- frequency signal into a series of timing pulses for
clocking the ADC. [0040) Preferably, the clock pulse generator comprises a
zero crossing detector, a timing pulse is then generated  whenever the
voltage of the reference difference-frequency signal crosses zero. The
temporal separation of the timing  pulses is related to the frequency of
the reference difference-frequency signal and consequently any variation in
the  frequency of the reference difference-frequency signal due to
non-linearity of the swept frequency signal will alter the  timing pulse
separation. 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. [0041] As noted above,
the zero crossing detector could be arranged to produce a timing 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 andfor 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.  [0042] 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  andthe signal transmitted bythe radar has afrequency 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. [0043] Preferably, 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. Advantageously,
said frequency up- converter comprises a stable local oscillator (STALO).
The phase noise of the STALO is ideally of the same order as  the phase
noise of the VCO of the frequency sweep generator. [0044] It is thus
preferred to use a so-called up-conversion architecture in which the
frequency sweep generator  operates at a lower frequency than the frequency
that is finally transmitted by the radar. For example, the frequency  sweep
generator may operate In the UHF band (e.g. several hundred MHz to a few
GHz) whilst the radar transmits a  signal having a frequency of anything
from 10 GHz to more than 100 GHz. The swept frequency signal generated in
the  low frequency band is up-converted to the radar transmission frequency
band by an appropriate up-converter. It should  also be noted that although
the signal returned to the radar from a remote target Is obviously within
the same frequency  band asthetransmitted signal, whenthetransmit and
receivesignal are homodyne mixedtheyproduce atargetdifference- frequency
signal at baseband frequencies. This architecture thus allows the frequency
sweep generator, first discrimi- nator, 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 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. (0045] A
further advantage of an up-conversion architecture of this type is that the
majority 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; although the
transceiver components such as the STALO must obviously be selected so as
to produce the required radar output  frequency. The linearisation
circuitry can thus be used, for example, in runway debris monitoring radars
operating at  



94.5GHz, perimetersecurity radars operating at 35GHz, level measurement
radar transmitting at24GHz, bird detection  radars working at 17GHz, marine
navigation radar operating at 9GHz etc. [0046] A device having an
up-conversion architecture may conveniently comprise 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. An artificial target
signal  is thus generated using a portion of the up-converted RF signal to
be transmitted by the radar and a time displaced  version of that RF
signal. 6 0  [0047] 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 the artificial
target difference-frequency signal. [0048] 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. [0049] 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 polarised RF radiation.  [0050] The RF front-end of the
radar is conveniently implemented using rectangular (which herein shall be
taken to  include square) cross-section waveguide that carries linearly
polarised RF radiation. The RF delay line thus conveniently  comprises at
least one length of waveguide having a substantially
rectangularcross-section to match the otherwaveguide  forming the RF
front-end of the radar. Although rectangular cross-section waveguide is
preferred to implement the RF  portion of the radar, it is difficult to
provide a sufficiently long length of such waveguide for a RF delay line.
[0051] The RF delay line may thus comprise at least one RF polarisation
converter. More preferably, the RF delay  line comprises a
linear-tocircular polarisation converter and a circular-to-linear
polarisation converter. This arrangement  allows the linearly polarised RF
radiation carried by rectangular cross-section waveguides of the RF front
end to be  converted to circularly polarised RF radiation. The circularly
polarised RF radiation can then be transmitted down a long  (e.g. 30 metre)
length of 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. [0052] Advantageously, the
transceiver comprises an In-phase Quadrature (IQ) mixersuch 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
(1) and  quadrature phase (Q) 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 frequency is, say, less than the transmit
frequency  whilst a positive frequency would then indicate the return
signal frequency is greater than the transmitted frequency.  [0053] The ADC
preferably 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. The ADC elements  are preferably driven by a
common clocking signal and arranged to separately sample the I and Q
channels. Further  ADC elements may be provided if required; for example to
allow any artificially created signals to be sampled separately  to the
real radar returns. [0054] The processor is advantageously arranged to
determine the frequency components of the digitised target
difference-frequency signal using a complex Fast Fourier Transform (FFT).
This allows, when I and Q channels are  present, the sign of the imparted
frequency shift to be determined. In other words, it can be determined
whether the  return signal has a higher or lowerfrequency than the
transmitted signal using such a complex FFT processing scheme.  [0055]
Preferably, the artificial target difference-frequency signal produced
bytheartifiicialtarget generator comprises  in-phase (I) and quadrature
phase (Q) components. In such a case, the artificial target
difference-frequency signal may  



conveniently be arangedto have a differentsign of frequencyto
frequencycomponentsofthetargetdifference-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. [0056]
Conveniently, the drift monitor artificialtarget 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 to have a different sign of frequency to frequency
components of the target difference-frequency signal that  correspond to
real targets. Again, this allows separation of the artificial and real
frequency components when analysed  by the processor. [0057] The frequency
sweep generator may advantageously be arranged to output a saw-tooth swept
frequency  signal. In such a case, the gradient of the frequency slope is
always positive (or always negative) and hence the frequency  difference of
a real signal (which is a time shifted version of the transmitted signal)
will always be the same sign (i.e. the  range is never negative)- In such a
case, the artificial target can be readily arranged to always have the
opposite sign  to the real targets thereby ensuring the artificial targets
do not interfere with real targets or vice versa. [0058) Conveniently, the
frequencysweep generatorcompirlses a voltage controlled oscillator. Because
the VCO does  not require an accurate tuning characteristic, it can be very
low cost such as, for example, the type used in the mobile
telecommunications industry. Preferably, the frequency sweep generator
comprises a voltage signal generator for out- putting a digitally
pre-distorted tuning signal to the voltage controlled oscillator. In this
manner, the linearity of the VCO  7 0  can be improved. Although the radar
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 than 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 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%.  [0059] Herein, the term
'linearity' shall mean the percentage deviation of the frequency 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 the art. [0060] Advantageously, the processor is
arranged to perform Doppler processing. This enables target velocity to be
established. Performing an FFT across the data acquired for a plurality of
successive sweeps may also be performed,  if required, to remove any
range/velocity ambiguity. [0061] Conveniently, the processor is arranged to
provide moving target indication (MITI). MTI techniques assign  weightings
to the amplitude of the time domain data for a number of successive sweeps.
The weightings are selected  to provide an indication of any phase changes
between sweeps that could be indicative of target movement. Although
target movement can be identified, it is not possible to measure target
velocity etc using MTI techniques. MTI processing  thus provides less
information than full Doppler processing, but can typically be implemented
at lower cost and may  therefore be desirable for certain applications.
[0062] 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. [0063] 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, OFCOM. It would thus be con- venient to
provide a radar that transmits a signal having a frequency within one of
the ranges 76-81 GHz, 92-95 GHz  or 95-100 GHz. [0064] At frequencies above
approximately 40GHz, it Is typically necessary to guide signals using
microwave  waveguides. The radar is thus conveniently arranged to transmit
a signal having a frequency greater than 40GHz.  



[0065] Furthermore, the radar is preferably arranged to transmit a signal
having a frequency greater than 20GHz.  Prior to the present invention,
coherent FMCW radars operating above such a frequency were thought
impractical by  those skilled in the art. [0066] The radar may further
comprise an antenna and the antenna may comprise separate transmit and
receive  antenna elements. In otherwords, a bi-static antenna array could
be provided. Amono-static antenna could alternatively  be used. [0067] A
radar of the present invention maybe used in a number of applications. For
example, the radar maybe used  to detect an object on a surface. The object
may comprise foreign object debris (FOD) 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  andlor track objects
(e.g. vehicles or persons) entering or moving across a defined area. [0068]
Furthermore acoherentfrequency modulated continuous wave (FMCW) radaris
provided that has an operating  frequency greater than 20GHz. [0069]
According to the invention, a method of radaroperation comprises the steps
of,(!) 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 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 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-frequency signal, characterised In that the method
further comprises the step of determining fora frequency  component of the
digitised target difference-frequency signal, derived from a fixed range
target or an artificial target  generator, any phase difference over a
plurality of successive frequency sweeps of said swept frequency signal,
and to  use the phase difference determined to maintain the phase alignment
of other frequency components of the digitised  target-difference frequency
over said plurality of successive frequency sweeps. [0070] Advantageously,
the step of determining any phase difference of said frequency component
between frequency  sweeps of the swept frequency signal comprises the step
of determining the phase of at least one frequency component  of the
digitised target difference-frequency signal corresponding to the return
signal from at least one fixed range (real)  8 0  target. [0071]
Conveniently, the method comprises the additional 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. Conveniently, step (a) comprises the step of
monitoring the phase of said at least one frequency  component for a jump
in phase. [0072] Advantageously, the method also includes the step of
coherently integrating the phase aligned frequency  components of the
digifised target difference-frequency signal over a plurality of successive
frequency sweeps. (0073] Conveniently, the step of (iii) generating a
signal to be transmitted bythe radarfrom the sweptfrequency 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
monitor artificial  target difference-frequency signal having a frequency
equal to the difference between the frequency of the up-converted  RFsignal
transmitted bythe radar and the frequency of a time displaced RF signal
derived from the RF signal transmitted  by the radar. [0074] Preferably,
the step of (iv) producing a target difference-frequency signal comprises
the step of producing a  target difference-frequency signal having in-phase
(I) and quadrature phase (0) components. [0075] Advantageously, the step of
(vi) determining the frequency components of the digitised target
difference-fre- quency signal comprises the step of using a complex Fast
Fourier Transform (FF1). [0076] The invention will now be described, byway
of example only, with reference to the 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; 



Figure 2 shows (a) the transmitted and received frequency signals of a FMCW
radar, (b) the difference frequency  components of the received signals and
(c) resolved frequency components of the signal; 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; Figure 5 shows a RF delay 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 illustrates the effect of a change in the start frequency of a
frequency sweep of the radar of figure 4,  Figure 8 illustrates the phase
jump of the successive frequency sweeps shown in figure 7, Figure 9 shows
the phase of a single target for successive frequency sweeps, Figure 10
shows the phases of a single target for successive frequency sweeps when
the compensation technique  of the present invention is employed, Figure 11
illustrates a modification to the FMGW 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 radardata.  [0077] Referring to figure 1, the underlying
principle of an FMCW radar that Is linearly swept infrequency is
illustrated.  Figure 1 a illustrates the amplitude of the received signal
(after down-conversion) as a function of time for an FMCW  radar whilst
figure 1 b illustrates the variation in frequency of the radar output as a
function of time. [0078] 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 a target at a
first distance dt from the radar and line 6 shows the frequency variation
with time  of a signal returned from a second target at a second distance
d2 from the radar. In this case, the target at d2 is  approximately twice
the distance from the radar as the target at di. [0079] It can be seen that
One 4 is time shifted (i.e. delayed) from line 2 by At,, whilst line 6 Is
time shifted by Ott from  line 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. In this theoretical example, the
variation of frequency with time is perfectly linear  9 0  within the
measurement window 8. It can thus be seen that the return from the target
at dt is frequency shifted from the transmitted signal by the frequency Oft
within the whole of measurement window 8. Similarly, the return from the
target  at d2 is frequency shifted from the transmitted signal by the
frequency Aft. [0080] In an FMCW radar, the return signal received by the
radar is mixed with the 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  d1 and the
frequency component 16 that would be produced by mixing the transmitted
signal with the signal returned  from the target at d2. A Fast Fourier
Transform (FFT) technique provides a frequency analysis of these mixed
signals  overtime 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 frequency fy) is related to the
range (R) of the target by the  expression; fb2R  c o (1) where c is the
speed of light, AF is the frequency bandwidth (i.e. maximum frequency minus
minimum frequency) and  AT is the sweep duration. The gradient of the
linear frequency sweep (i.e. AF/AT) is known, thereby allowing the range
to the target(s) to be calculated from the measured beat frequency. [0081]
As noted above, a truly linear frequency sweep is difficult to obtain in a
real radar system. Referring now to  figure 3, it can be seen how the use
of a non-linear sweep frequency can seriously degrade the accuracy of the
range  information acquired by the radar. In particular, figure 3a shows a
transmitted signal that has a non-linear frequency  sweep signal (curve
30). Although the return signal (curve 32) is time shifted from the
transmitted signal (curve 30) by  a constant delayAts, the frequency
difference between the two signals is no longer constant with time. This
can be seen  from figure 3b in which the frequency difference (i.e. the
beat frequency of the transmitted and received signal) is shown  



as a function of time. Non-linearity of the frequency sweep thus introduces
a large error into the range measurement  and it can be seen why providing
a radar having a linear frequency sweep is desirable. [0082] 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 necessaryto ensure that the times at which the return signal is
sampled  correspond to the same absolute frequencies from sweep tosweep.
Consequently, sampling the radar returns 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, 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 operation even
if the initial absolute frequency of the frequency sweep varies from sweep
to sweep. [0083] 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 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. 100841 The VCO 44 Is a very low phase
noise voltage controlled oscillator (VCO). Suitable VCOs are commercially
available at low cost from a number of manufacturers and are commonly used
in mobile telecommunication applications  and the like. The VCO 44 has a
monotonic tuning characteristic, but the tuning linearity of the VCO is not
critical. The  tuning signal generator46digitallygenerates atuningsignal
and includes afilter(notshown) to remove digital quantisation  noise. This
allows digital pre-distortion of the VCO tuning signal thereby enabling the
VCO to output a frequency sweep  with a linearity of betterthan 10%. The
frequency waveform is preferably saw-tooth in nature and bandwidths of at
least.  1500MHz, corresponding to 10cm range resolution, are readily
achievable [00851 Although a digital tuning signal generator 46 is
described, the skilled person would recognise that the VCO  tuning signal
could alternatively be generated by a simple analogue integrator circuit.
Similarly, the frequency sweep  generator could be arranged to produce
alternative linear waveforms (e.g. triangular waveforms etc). [0086] 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 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 filter59 is
provided to remove the lower sideband  fromthe RFfrequency signal; Itshould
be notedthatthe upperside bandcouldalternativelybe removedfromthe RFsignal.
[0087] 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 antenna
62 is  passed, via the circulator 60, to a low noise amplifier 64. The
amplified return signal output by the low noise amplifier  10 0  64 is then
mixed, using the In-phase Quadrature (10) frequency mixer 66, with an
extract of the RF signal output. In otherwords, the radar returns from the
target(s) are converted directly to baseband by IQ frequency mixing with a
sample  of the signal currently being transmitted. [0088] The I and Q
baseband return signals are separately amplified by amplifiers 82a and 82b
respectively and are  then passed to a pair of analogue to digital
converters (ADC) 80a and 80b. An anti-alias filter (not shown) may also be
provided to reject any frequency components of the signal (including noise)
that have a frequency greater than a pre- determined level. The anti-alias
filter is typically arranged to reject anything having a frequency greater
than the Nyquist  frequency. [0089] It should be noted that the radar can
be configured either as a single antenna system using the same antenna
fortransmit and receive (i.e. a monostatic arrangement) or as a dual
antenna system with separate antennas for transmit  and receive (i.e. a
bistatic arrangement). Although a monostatic antenna arrangement is shown
in figure 4 for simplicity,  the bistatic arrangement is generally
preferred as it has the advantage of providing better isolation of
transmitter phase  noise from the receiver. [0090] 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
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 furtherfrequency mixer 70. The
second path passes  



the VCO signal to the RF input port of the frequency mixer 70 via the delay
line 72. [0091] 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 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 modulated
laser light is then  passed along a length of single mode optical fibre
(not shown) before being converted back to an electrical signal by an
optical detector (not shown). Optical detectors that can operate at the
modulation rates of such solid state laser are also  commercially available
from a number of sources. [0092] A suitably long delay time is thus
achieved by modulating the electrical signal output by the VCO onto an
optical  carrier, passing it down a length of optical fibre and then
demodulating the optical signal back to an electrical signal.  The use of
an optical fibre line enables large bandwidths of several gigahertz to be
delayed by substantial periods  equivalent to many tens of kilometres with
virtually no loss. In addition, fibre optic delay lines have very low
frequency  dispersion which can be a limiting factor in RF coaxial lines,
particularly over large temperature variations. As explained  in more
detail below, the length of the optical fibre delay line is selected to
impart a delay that is equivalent to the delay  that would be produced by a
target at 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/F1
GB). [0093] The use of an optical fibre delay line thus removes the range
limitations associated with the use of coaxial  delay Fines. Switchable
optical delay lines ormulti-tapped optical delay lines can also 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. It should be 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.  [0094] 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 signal  output by the delay line
discriminator 52 crosses zero. These clocking pulses are used to define the
sampling times of  the analogue to digital converter (ADC) elements 80a and
80b (hereinafter collectively referred to as ADC 80) that are  used to
sample the radar returns. The zero-crossing detector 78 can be implemented
either by hard-limNng the output  of the delay line discriminator 52 and
using a comparator to generate the ADC clock signal. Alternatively, In
cases where  the ADC 80 accepts a sine-wave clock the output of the delay
line discriminator 52 can simply be amplified to the  required level for
the ADC. 80. In this manner, the non-linear effects of the frequency sweep
generator 42 (in particular  the VCO 44) will have been compensated for and
near-perfect frequency linearity is achieved. Furthermore, again due  to
the non-linear sampling of the ADC, spurious frequency spurs often
associated with ADCs are smeared out and  effectively eliminated. (0095]
The digitised output of the ADC 80 is fed to a digital signal processor
(DSP) 88 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.  [0096] 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
11 0  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 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 com-
pensation would be carried out using a reference target equivalent to the
radars maximum range allowing the low  frequency circuitry (i.e. delay tine
discriminator 52) to be omitted. The ADC clocking signal could then be
generated  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 radar; at millimetre wave frequencies both coaxial cable and
waveguide are extremely expensive and very lossy.  However, it has been
found that the addition of a further delay line discriminator at the final
RF frequency can provide  sufficient information, even when a relatively
short RF delay line is employed, to correct for frequency drift of the
STALO.  [0097] The FMCW radar 40 thus includes an RF delay line
discriminator 90. The RF delay line discriminator 90  comprises a divider
92, an RF delay line 94 and an RF frequency mixer 96. The baseband signal
output by the RF  frequency mixer 96 is split into two by the phase
shifting splitter 98. The two signals output by the phase shifting splitter
98 are arranged to have a phase difference of 90 and are separately
combined using signal combiners 100a and 100b  with the I and Q signals
provided by the in-phase Quadrature (IQ) frequency mixer 66. [0098] 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 (2)  n,cf where n is the range cell number to be adjusted and nmf 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. c5%) than the
delay associated with a target  at maximum 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 correction of any mean frequency variation in the output
RFsignalfrom sweepto sweep butitdoes notprovide information on any
instantaneous drift infrequency during asweep.  [0099] The combination of
the delay line discriminator 52 with the RF delay line discriminator 90 has
thus been found  to remove non-linearities associated with both the VCO and
any frequency drift of the STALO. The provision of the RF  delay line
discriminator 90 is thus preferred, although it should be noted that it is
by no means essential. 10100] As explained above, it is not practical to
provide an RF delay line 94 that Imparts a delay equivalent to a target  at
the maximum range of the radar. For example, the radar may be arranged to
have a maximum range of up to several  kilometres but providing a RF delay
line of an equivalent length would be extremely difficult, if not
impossible, to implement.  However, it is desirable to provide as long a
length of RF delay line as possible. Presently, waveguides suitable for
carrying 94GHz radiation are only available as 'off the shell' components
in lengths of up to around three metres. A  number of such RF waveguides
can thus be joined to make lengths of up to around thirty metres. [0101]
Referring to figure 5, an RF delay line 102 is illustrated that could be
provided in place of an 'off the shelf'  waveguide. The RF delay line 102
is particularly suitable for use as the RF delay fine 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
inputwaveguide 106 and a outputwaveguide 108 of rectangularcross-section. A
linearto circular polarisation  converter 1101s located between the input
waveguide 108 and the tubing 104. A circularto linear polarisation
converter  112 is located between the tubing 104 and the output waveguide
108. 10102] 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. [0103] On exiting the tubing
104, the circular to linear polarisation converter 112 converts the
polarisation of the  radiation that exits the tube back to linear and the
resulting radiation is coupled into the output waveguide 108. [0104] The RF
delay line 102 benefits from the relatively low cost of metal tubing having
the correct internal diameter  to propagate the required waveguide mode.
For example, metal micro-bore tubing could be used. Furthermore, the use
of tubing having a substantially circular cross-section removes any
requirement for aligning the waveguide along its  length and allows the
tubing to be rolled into a compact arrangement [0105] Referring now to
figure 6, a brief summary will be given of the 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  12 0
sampling to dynamically 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. [0106] Referring to figure 6a, the frequency difference (Af)
between the frequency sweep signal and the delayed  frequencysweep signal
produced by delay line discriminator52 is shown- Itcan beseen that although
the delay introduced  by delay fine 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
figure 3. [0107] 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' signal that has a frequency that
varies with time in the manner illustrated in figure 6b. A signal of the
type illustrated in figure eb will thus be generated by the delay line
discriminator 52 on receipt of a highly non-linear  frequency sweep signal.
[0108] The zero-crossing detector 78 takes the signal shown in figure 6b
and produces therefrom the clocking pulses  shown in figure 6c. In this
case, the delay line length is equivalent to the delay of a signal returned
from maximum  instrumented range and the frequency doubler 77 is activated
thereby doubling the frequency that is output by the  discriminator. The
zero-crossing detector is arranged to generate clock pulses on both
negative and positive zero- crossings so that the sampling rate satisfies
the Nyquist criteria; i.e. so that sampling occurs at a frequency that is
twice  the frequency of the highest frequency component of the signal being
sampled. If the delay is equivalent to twice the  maximum instrumented
range and the frequency doubler 77 Is activated, then only the positive, or
negative, zero- crossings are required. However, for a delay equivalent to
twice the maximum instrumented range itwould be preferred  to deactivate
(i.e. bypass) the frequency doubler 77 and use the zero crossing detector
to generate clock pulses on both  negative and positive zero-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 St
to S29 in figure 6. [0109] Figure 6d shows an example of an I baseband
return signal that is fed to the ADC 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 eb; this again arises from the non-linearity of
the frequency sweep causing the frequency difference  between the return
and transmitted signal to vary over the sweep period. The waveform of
figure 6d is sampled by the  ADO 80 at the interval times St to S29 that
are generated by the zero crossing detector 78. 10110] Figure 6a shows the
sampled waveform of figure 6d re-plotted assuming a fixed sampling
interval. In other  words, the signal is replotted as a function of
sampling time's' as determined by the zero crossing detector 78 and not  as
afunction of real time. It can be seen that the non-linearity of the
frequency response has been 05/10/2006 removed  by this process and a
signal is passed to the DSP 88 that has a constant frequency. This allows
the range to be readily  and unambiguously extracted from the signal. It
should be noted that the baseband return signal of figure 6d has radar
returns from a target at a single range; in reality many difference range
components may be present each of which can  be resolved by the DSP 88 from
the resulting linearised signal output by the ADO 80. [01111 As mentioned
above, an advantage of this apparatus is that the delay line discriminator
52 can comprise a  number of svvtchable optical delay lines and/or a
multi-tap optical delay line. This allows a radar to be provided in which
the delay imparted by the optical fibre delay line can be altered during
use. However, it should be noted that alteration  of the imparted delay
will also have an effect on the performance parameters and system settings
of the radar. It may  thus be necessary, depending on the desired use of
the radar, to alter other properties of the radar when the Imparted  delay
to the swept frequency signal is changed. [0112] As an example, the
following equations (3) to (6) can be used to define various properties of
the radar where  R. is the maximum radar instrumented range, the delay line
length is R,,,. or 2R,., AF is the sweep bandwidth and  AT is the duration
of sweep. [0113] The range resolution (AR) can be described by: OR = (3)
2SF 101141 The number (N) of time samples, which is related to the required
FFT length, will be given by: 4R,(r),rRF' (4)  13 



0  [0115] The sample rate (S) can be expressed as: S= 4R"AF (5)  c/T [0116]
The anti-alias fitter cut-off frequency (Ffiiter) will be: Ff,, = 2 AF (6)
[0117] Following from equations (3) to (6), table 1 shows the effect on the
radar resolution, the required FFT length,  the required sample rate, the
required anti-alias filter cut-off and the maximum range when halving delay
line length (i.e.  from 2R1 . to Rm,.), frequency sweep or sweep duration.
It should be noted that halving the resolution of the system  means
doubling the size of the range-azimuth cells. Table 1: Result of halving
specified parameter Resolution FFT length Sample rate Filter cut-off
Maximum range  Delay line length No change Halves Halves Halves Halves
Frequency sweep Halves Halves Halves Halves No change  Sweep duration No
change No change Doubles Doubles No change [0118] It can be seen that the
various radar configuration and performance criteria are governed by a
complex inter- relationship and that a radar system could be configured in
numerous different ways. [0119] Table 2 gives an example of how a multi-tap
optical delay line could be used to implement a radar that is  switchable
between four different ranges. The sweep time of the radar is fixed at
32768ms, the FFT length is fixed at  16k points, the sampling frequency is
fixed at SMsps and the anti-alias fitter cut-off is fixed at 2.5MHz. As
noted above  the delay line length can be easily altered, the frequency
sweep is readily changeable by reprogramming the voltage  tuning signal
applied to the VCO 44 of the frequency sweep generator 42 and the clock
factor (i.e. whether the zero- crossing detector 78 clocks 1 zero crossing
per cycle or 2 zero crossings per cycle) can be changed by activating(
deactivating the frequency doubler 77. Therefore, alteration of the
frequency sweep, optical delay line length and clock  factor can be seen to
provide a radar that can operate with a Maximum range of around 0.5km, 1
km, 2km or 4km. A  radar that has a range which can be easily altered
during use is thus provided. Table 2 Mufti-tap optical fibre device
configurations.  1 2 3 4  Frequency sweep/ MHz 2400 1200 600 300  Delay
line length / in 1024 1024 2048 4096  Clock factor 1 2 2 2  Range
resolution / m 0.0625 0.125 0.25 0.5  Maximum range / in 512 1024 2048 4096
[0120] 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 other words, the zero crossing points
used to clock the ADC must always occur at the same absolute  frequency
points within the frequency sweep. [0121] This can be explained by
considering a signal of the form Asin(oit) at the input of the delay line
discriminator  14 0  52. The signal is delayed by the delay fine 72 by the
delay time, d At the mixer 70 the signals Asin(wt) and Asin(w(t-a)) are
multiplied together to give; A2 COS(MA) - A2 cos(u) (21- A) (7)  2 2 [0122]
The higher frequency term is rejected at the output of the mixer leaving;
A2 COS(O)A) (8)  2 [0123] The zero crossing detector will thus generate an
ADC clock pulse whenever,  tr)0 = 2 + nit (9)  or, 2fA=1+n (10) 



[0124] This means that clock pulses are generated every time the frequency
changes by; 1 (11)  24 [0125] 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 but also provides ADC
sample points at fixed absolute fre- quencies (e.g. F1, F2, F3 etc.). This
technique, rather unexpectedly, lends itself to coherent sampling from
sweep to  sweep. [0126] Although the above described technique samples the
frequency swept waveform at consistent absolute fre- quencies 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.  [0127] 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 etc. However, during  the next sweep the ADC is
docked to sample frequencies F2, F3, F4 etc. [0128] Figure 8 illustrates
how the variation between the first and second frequency sweeps shown in
figure 7 effects  the ADC output for a return signal from a target at a
fixed range. It should be noted that figure 8 shows the return signal  as a
function of sampling time's' as derived from the zero crossing detector 78.
The waveforms of figure 8 are thus  corrected for any non-linearity in the
frequency sweep and are therefore analogous to the waveform shown in figure
6e.  [0129] 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. Itcan clearly be seen from figures Be and 8b that the omission
of frequency Ft from 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  15 0  by a phase difference of c5. For each frequency
step (e.g. from Ft to F2) the associated phase jump is: n1c (12)  N 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 it radians would be
expected if measurements were made using the successive waveforms shown in
figure 7. At ranges less than the maximum range, the phase change is less
than it radians by an amount that is directly  proportional to target
range. [0130] The introduction of a phase shift in the ADC output between
successive frequency sweeps prevents coherent  integration of the sampled
waveforms. However, because the phase shifts appear as 'jumps', the effect
can be overcome  by recognising any such phase jumps and applying an
appropriate phase adjustment to bring the phases of successive  sweeps in
line. Note that this is only practical because the ADC sampling points have
a fixed absolute frequency and  hence any phase shift between successive
frequency sweeps due to variations in the first frequency that is sampled
will  appear as a discrete phase jump. [0131) Referring to figure 9, the
phase of a return signal from a target at a fixed range is shown for
forty-seven  successive scans. It can be seen that there are steps 124 and
126 in the phase of successive measurements arising  from variations in the
start frequency of the frequency sweep. [0132) One wayto identify phase
jumps is to use the return signals from one or more 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
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. [0133] Figure 10 shows the resultant phase of a
single target after the phase 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 targets to use for phase jump
prediction are  



the long range targets where the phase jump is largest and it dominates the
residual noise. [0134] 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 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 figure 11 that are analogous to those of the delay line
discriminator 52 illustrated in figure 4 have been assigned like reference
numerals. [0135] The delay module 152 comprises a three way splitter 168, a
first frequency mixer 70 and a second frequency  mixer 140. The three way
splitter 168 receives a frequency swept signal from the frequency sweep
generator and passes  said signal to the local oscillator ports of both the
first and second frequency mixers 70 and 140. A signal from the three  way
splitter 168 is also passed through a first delay line 170, a signal
splitter 174 and a second delay line 172. The first  delay line 170 imparts
a delay equivalent to the time of flight of a signal to twice the maximum
range of the radar (2R)  minus a small distance (A) whilst the second delay
line 172 imparts a delay equivalent to the time of flight of a signal  over
the small distance (A). The first frequency mixer 70 is arranged to receive
the signal passed through both the first  and second delay lines 170 and
172, whereas the second frequency mixer 140 receives a signal that has
passed only  through the first delay line (i.e. a signal extracted using
the signal spatter 174). [0136] 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 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 line discriminator  52 shown in figure 4. [0137] 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 a beat signal equivalent to the signal that would be
produced by a target at just less than the  maximum range of the radar (.e.
it would be equivalent to a signal that has traversed a path length of
2Rs,mA). If Rm~  is, say, 2000 meters the value of A would typically be
selected to be about 10 metres (i.e. equivalent to a target located  at a
range 5m less than the maximum range) which equates to around 20 range
cells. [0138] A hybrid 176 (e.g. a 0/90 hybrid) divides the output of the
second frequency mixer 140 into two signals that  have a relative phase
difference of 90. The skilled person would appreciate that the term hybrid
means a device that  16 0  splits a signal into two parts and imparts a
relative phase shift between those two parts. These two signals are then
added to the I and Q channels carrying the radar return signals using a
pair of signal combiners 178a and 178b. The  combined signals are then
sampled by the ADC 80 and processed by the DSP 88. The range of the
artificial target is  known, and hence the DSP can monitor the phase
corresponding to that range cell and can adjust for phase jumps as
described above. [0139] It should be noted that although not essential, the
radar preferably comprises both the delay module 152 and  the RF delay line
discriminator 90. In such a case, the DSP will receive I and 0 signals that
comprise (I) the radar return  signal(s), (ii) a return from an artificial
target at a range of R.-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. [0140) 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 Rm5<-d/2 and the signal from RF delay
line discriminator 90) to be separated from the  return signal(s) that are
associated with real targets. [0141] 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 quadrature
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 0 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 frequency difference between the return and
local oscillator signals and also whether the return  signal has a higher
or lower frequency than the local oscillator signal. [0142] In an FMCW
radar, the returns from targets will thus appear In one side of the
frequency domain (i.e. at positive  



or negative frequency) depending on whether an "up-sweep" or 'down-sweep'
is transmitted. In the radar 40 described  with reference to figure 4, the
use of a saw-tooth waveform (i.e. 'up-sweep' only) means that real target
will only ever  occur in one side of the frequency domain (assuming any
Doppler shift in frequency is relatively low). The radar 40 is  thus
arranged so that the artificial return signals are in the other half of the
frequency spectrum compared with the real  signals. Therefore, the return
from an artificial target does not interfere with real target signals and
vice versa. [0143] Figure 12 thus gives an example of the signal intensity
versus frequency spectrum that is output by the DSP  88. The real radar
returns 194a-1 94f (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. Arranging the real and artificial signals in this manner ensures that
the artificial and real targets do not  interfere with each other.
Furthermore, such an arrangement also has the advantage of not requiring
any additional ADC  sampling channels or additional FFT processing. [0144]
Separating real and artificial targets by the sign of frequency is
advantageous, but it is by no means essential  and a number 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 may be useful
when the real return signals  are Doppler shifted in frequency by a
significant amount (0145] Although the coherent FMCW radar described above
can be used in many applications, it is particularly suited  for
applications where high resolution radar data is required. Examples of such
applications include debris detection on  airport runways, perimeter
security, cloud radar, automotive collision avoidance, surveying and level
measurement. The  coherent operation of the system improves, with respect
to non-coherent radars, the signal to noise ratio that can be  obtained
within a defined measurement period. [0146] A radar system of the type
described above would be particularly suited to the detection of Foreign
Object  Debris (FOD) at airports. FOD includes any object found in an
inappropriate location that, as a result of being in that  location, can
damage equipment or injure an airplane or airport personnel. The resulting
damage is estimated to cost  the aerospace industry $4 billion a year.
Since the Air France Concorde tragedy in July 2000, a sequence of events
triggered by a 16 inch metal strip on the runway, there has been
considerable increased interest in improved techniques  for detecting FOD
and removing it in a timely manner in all weathers with minimal disruption
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 ineffective in the dark. (0147] 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; (if) using  very high range
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. [0148] 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 RHO polarised radiation. The
receive diversity improves the detection probability against FOD and also
provides capability in rain. The radar would  be mounted on a 360 azimuthal
turntable and rotated at around 3/s. Such a rotation rate allows sufficient
"hits' per  17 0  dwell but is fast enough to provide an update after every
take-off or landing. The siting of the radar is also important for FOD
detection applications and is very dependent upon the airport topography
and the runway surface characteristics.  Runway surfaces may be sloped or
crowned and may be grooved dependent upon the requirement for water runoff.
The ideal grazing angle with respect to the runway surface is such that the
radar is at the point where it just starts to  detect the runway surface.
[0149] A coherent radar of the type described above can also be used to
measure the Doppler shift associated with  any moving objects. This allow
object position and speed to be extracted from the radar returns. The
coherent radar  described above would thus be suited to tracking objects;
for example, it could be employed for perimeter security  detection and
tracking applications. 



18 0  Claims 1. A coherent, frequency modulated continuous wave FMCW, radar
device comprising;  a frequency sweep generator (42) for producing a swept
frequency signal, a transceiver (40) for generating a signal to be
transmitted by the radar from the swept frequency signal, said  transceiver
also being arranged to produce a target difference-frequency signal from
the signal transmitted by the  radar and the signal returned to the radar
from a target(s); afirst discriminator (52) for receiving a portion of the
swept frequency signal and forproducing 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
frequency signal derived from the swept frequency signal; an
analogue-to-digital converter ADC (80), 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 d--rfference-frequency signal; and a processor (88) for
determining frequency components of the digitised target
difference-frequency signal,  characterised In that the processor is
arranged to determine for a frequency component of the digitised target
difference-frequency signal, derived from a fixed range target or an
artificial target generator (152), any phase  difference over a plurality
of successive frequency sweeps of said swept frequency signal, and to use
the phase  difference determined to maintain the phase alignment of other
frequency components of the digitised target-differ- ence frequency over
said plurality of successive frequency sweeps. 2. A device according to
claim I wherein said frequency component of the digitised target
difference-frequency signal  corresponds to the return signal from fixed
range target. 3. A device according to claim 2 wherein said fixed range
target is located at a range of less than 100% and more than  90% of the
maximum instrumented range of the radar 4. A device according to claim 1
comprising an artificial target signal generator, said artificial target
signal generator  comprising a second discriminator (152) for producing 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. 5. A device according to claim 4 wherein the
artificial target diff erence-frequency signal is added to the target
difference- frequency signal produced by the transceiver prior to sampling
by the ADC (80). 6. A device according to any one of claims 4 to 5 wherein
said artificial target signal generator (152) 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 (170). 8. A device according to claim 7 wherein said
common delay line (170) is an optical delay line. 9. A device according to
claim 1 wherein the processor (88) is arranged to monitor the phase of said
frequency  component fora jump in phase. 10. A device according to any of
the above claims wherein the processor (88) is arranged to coherently
integrate the  phase aligned frequencycomponents of the digitised target
difference-frequencysignal overa plurality of successive  frequency sweeps.
19 O  11. A device according to any preceding claim and comprising a clock
pulse generator (78), the clock pulse generator being arranged to convert
the reference difference-frequency signal produced by the first
discriminator into a series  of timing pulses that are separated by
intervals related to the frequency of the reference difference-frequency
signal,  wherein said timing pulses are used to clock the ADC. 12. A device
according to any preceding claim wherein the swept frequency signal
produced by the frequency sweep  generator (42) 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. 



13. A device according to claim 12 in which the transceiver comprises a
frequency up-converter (51) 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 (54). 14. A device according to claim 13 where in 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. 15. A device according to claim 14
wherein the drift monitor artificial target difference-frequency signal is
combined with  said target difference-frequency signal prior to being
sampled by the ADC (80). 16. A device according to any one of claims 14 to
15 wherein the STALO frequency drift monitor comprises an RF delay  line
for producing the time displaced RF signal from the RF signal transmitted
by the radar. 17. A device according to claim 16 wherein the RF delay line
comprises a length of waveguide having a substantially  circular cross
section. 18. A device according to any one of claims 16 to 17 wherein the
RF delay line comprises at least one length of waveguide  having a
substantially rectangular cross section. 19. A device according to any one
of claims 16 to 18 wherein the RF delay line comprises at least one RF
polarisation  converter. 20. 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 0, components. 21. A device according to claim 20 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-fre-
quency signal. 22. A device according to any one of claims 20 to 21 wherein
the processor is arranged to determine the frequency  components of the
digitised target difference-frequency signal using a complex Fast Fourier
Transform FFT. 23. A device
accordingtoanyoneofclaims20to22whendependentdirectlyorindirectlyonclaim4whe
reintheartificial  target difference-frequency signal produced by the
artificial target generator comprises in-phase I, and quadrature  phase, Q,
components. 24. A device according to claim 23 wherein the 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.  25. A device according to any one of
claims 20 to 24 when dependent directly or indirectly on claim 14 wherein
the drift monitor artificial target difference-frequency signal comprises
in-phase, I, and quadrature phase, Q, components.  26. A device according
to claim 25 wherein the drift monitor artificial target
difference-frequency signal is arranged to  20 0  have a different sign of
frequency to frequency components of the target difference-frequency signal
that correspond to real targets. 27. A device according to any preceding
claim wherein the processor (88) is arranged to perform Doppler processing.
28. A device according to any one of claims 1 to 26 wherein the processor
(88) is arranged to provide moving target  indication, MTI. 29. A device
according to any preceding claim that is arranged to transmit a signal
having a frequency within at least  one of the frequency bands of 70-80GHz
and 90-1 OOGHz. 30. Adevice according to any preceding claim thatis
arrangedtotransmita signal having afrequency greaterthan 20G Hz.  31. A
device according to any preceding claim and further comprising an antenna
(62). 32. A method of coherent radar operation comprising the steps of;
generating a swept frequency signal; 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 frequency signal derived from the swept  frequency signal;
generating a signal to be transmitted by the radar from the swept frequency
signal, 



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);
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 signal, and
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 a frequency component of the
digitised target difference-frequency signal, derived from a fixed range
target or an artificial target generator, any  phase difference over a
plurality of successive frequency sweeps of said swept frequency signal,
and to use the  phase difference determined to maintain the phase alignment
of other frequency components of the digitised target- difference frequency
over said plurality of successive frequency sweeps. 33. A method according
to claim 32 wherein said frequency component of the digitised target
difference-frequency  signal corresponds to the return signal from a fixed
range target 34. A method according to any one of claims 32 to 33 and
comprising the additional 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. 35. A method according to claim 32 comprising the step of
monitoring the phase of said frequency component for a  jump in phase. 36.
A method according to any one of claims 32 to 35 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. 37. A method according to any one of claims 32 to 36
wherein the step of generating a signal to be transmitted by the  radarfrom
the swept frequency signal comprises the step of increasing the frequency
of the swept frequency signal  to an upconverted radio frequency, RF,
signal for transmission by the radar. 38. A method according to claim 37
and furthercomprising the step of producing adriftmonitorartificialtarget
difference- frequency signal having a 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. 39. A method according to any one of
claims 32 to 38 wherein the step of producing atarget difference-frequency
signal  comprises the step of producing a target difference-frequency
signal having in-phase, I, and quadrature phase, Q,  21 0  components. 40.
A method according to any one of claims 32 to 39 wherein the step of
determining the frequency components of  the digitised target
difference-frequency signal comprises the step of using a complex Fast
FourierTransforn, FFT.  22 


