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used to determine azimuth as well as range.
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TIME DUPLEX APPARATUS AND METHOD FOR RADAR SENSOR
FRONT-ENDS

TECHNICAL FIELD

The present application relates to radar systems, and more particularly to

substantially continuous wave radar systems.

BACKGROUND

The principle of radar is well known. There exist a variety of
configurations of transmitters, receivers, antennas, transmitted waveforms and
signal processing techniques, which have been adapted to provide for systems for
detection of an aircraft, vehicle, or object, weather or other natural phenomenon,
and the like. Each of the configurations may take into account such factors as the
range to the target, target size and speed of motion, response time, and the desired
resolution in range, speed and direction.

FIG. 1 illustrates a frequency-modulated continuous-wave (FMCW) radar 1
having a transmitting antenna 2, a receiving antenna 3, and a power divider 4, or
other circuit to provide a sample of the transmitted signal to a mixer 5. A
waveform generator 6 provides the transmitted signal waveform. The transmitted
signal is reflected from a target 9. The reflected signal is received by the receiving
antenna 3 and mixed with the sample of the transmitted signal in the mixer 5. A
difference frequency between the generated waveform and the reflected signal is
formed by the mixer 5 and amplified and filtered in the remainder of the receiver
7. A receiver may include a mixer 5, and filters and amplifiers 8 to select and
amplify an appropriate mixer output. A signal processor 10 extracts a desired radar
response associated with a target.

FIG. 2 illustrates the relative relationship of a transmitted signal 11, and a
received signal 12, as a function of time vduring a linear FMCW transmitted signal
period. The linear FMCW transmission is repeated periodically, and, except for

the period of time associated with the transition from the upper frequency to the
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lower starting frequency of the transmitted waveform, a difference frequency

between the transmitted waveform and the received waveform is given by:

Af=K At + f (1)

The time rate of change of frequency or ramp rate, K, may be a positive or
negative quantity. The duration of a ramp, Tramp, and the ramp rate K, determine
the time-bandwidth product of the FMCW signal. The range resolution of the
radar is approximately 1/(TrampK), which is the inverse of the transmitted
bandwidth of the entire ramp, and {; is the target Doppler shift frequency.
Sequences of ramps may have the same ramp rate, K, and duration, Tramp, or
sequences may have values of K and Tg,py,, Which are different from ramp to ramp,
depending on the type of signal processing employed and the particular
information that is to be extracted from the received signal.

The receiver 7 may be of the homodyne or superheterodyne type, as is
known in the art, with a signal output spectrum having a frequency content given
by (1), with the receiver signal output as an input to the signal processor 10.
Frequency components associated with the transition between the upper and lower
frequency limits of the ramp at the end of a ramp period are usually substantially
greater that the maximum difference frequency expected for the radar design, and
are eliminated by filtering in the receiver 7 or signal processor 10.

The signal output of the receiver 7 is processed by a signal processor 10 to
derive the required output data. In a situation where the target and the radar are
stationary with respect to each other, the output of the receiver 7 is a frequency
whose value is a function of the distance to the target and the radar parameters in
accordance with the first term on the right hand side of (1). The signal processor
may include a spectrum analyzer, frequency counter, a computer executing a Fast
Fourier Transform (FFT) or the like. When there is relative motion between the
radar and the target, a Doppler frequency shift in accordance with the second term
on the right hand side of (1), and depending on the magnitude of the Doppler shift
and its relevance to the use of the radar, a number of means of separating the

2
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Doppler shift from the range-dependent frequency component are known in the
art.

One use of radar is in automotive applications relating to safety or operator
alerting, such as determining the distance to obstacles or other vehicles, or the
closing speed, and the direction of the closing object. It is desirable to perform
these functions with a minimum of expense, and in a manner compatible with the
installation constraints associated with vehicular applications. The FMCW
waveform has been used in this application, in configurations which use two
antennas: a transmitting antenna and a receiving antenna. Use of two antennas
increases the isolation between the transmitted waveform and the received
waveform to avoid such problems as receiver overload, transmitted noise
desensitization, or the like. In another configuration, a single antenna has been
used for transmitting and receiving, with the isolation between the transmitting
signal and the received receiver input being obtained by the use of a circulator.
However, in some circumstances, the isolation of the transmitted signal from the
receiver input may be inadequate, the dynamic range of the receiver may not be
sufficient to prevent overload by signal returns from nearby objects, or the
transmitted background noise coupled through the circulator may exceed the
desired signal amplitude.

An improved means of providing a radar for automotive and other uses is

desired.

SUMMARY

The solution is provided by a radar, including a waveform generator, a
transmit-receive switch and a mixer, and the transmit-receive switch is in a
transmit state for greater than half of a sum of a duration of the transmit state and a
receive state.

The solution is also provided by a method of detecting targets, including
the steps of: generating a radio frequency waveform; providing the radio

waveform to an antenna for a first period; receiving a signal from the antenna
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during a second period; and, processing the received signal to determine a target

range, where a ratio of the first period to the second period is greater than unity.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described by way of example with reference to
the accompanying drawings in which:

FIG. 1 is a block diagram of a conventional radar;

FIG. 2 is a graph of the time-frequency characteristics of a ramp of a
FMCW radar and the relationship to a target return signal;

FIG 3 is a block diagram of a radar having a single antenna aperture;

FIG. 4A is a time-frequency graph showing sampling of a received FMCW
waveform at periodic intervals;

FIG. 4B is a detail of FIG. 4A showing the relationship of the transmitted
waveform, the period of receiving a waveform and the periodic sampling of the
received waveform;

. FIG. 5 shows the amplitude of a continuous waveform at the output of a
receiver, and a stepwise representation of the continuous waveform obtained by
sampling the continuous waveform at intervals S;

FIG. 6 shows a time-frequency graph of a stepped FMCW waveform with
samples taken at intervals S;

FIG. 7 shows a single aperture radar configured to operate with a
monopulse antenna;

FIG. 8 is a block diagram of a single aperture radar configured to operate
with a frequency scanning antenna;

FIG. 9 shows the correspondence between antenna azimuth sectors and
segments of the FMCW waveform, where a target is shown in each sector; and

FIG. 10 is a block diagram of a single-aperture radar having a phase

modulator between the waveform generator and the antenna.
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DETAILED DESCRIPTION

Exemplary embodiments of the invention may be better understood with
reference to the drawings, but these embodiments are not intended to be of a
limiting nature. Rather, the invention is to cover all modifications, equivalents,
and alternatives falling within the spirit and scope of the invention which is set
forth by the claims.

A radar configuration is disclosed wherein a substantially continuous
waveform is transmitted and received by an antenna aperture, and samples of the
received signal obtained by gating the transmitter off, while gating the receiver on.
A variety of waveform types may be used, such as frequency- modulated
continuous-wave (FMCW), frequency shift keying (FSK), pseudo-noise phase
code (PN), random frequency hopping (RFH) and the like. In an aspect, the
period of time associated with the transmitted transmitting the signal may be
greater than or equal to the time that the receiver is enabled for receiving the
returned signal.

In another aspect, the transmitter and the receiver are connected to a
common antenna aperture through a transfer switch, such that the transmission of
the generated signal is interrupted for a period of time and the generated signal
waveform is also used as a local oscillator input to the receiver mixer to

demodulate the received signal during a time when the signal is not being

_transmitted. Alternatively, the transmitter and receiver may be connected to

separate antennas or connected together through a circulator, so that an antenna
transfer switch may not be used. In another aspect, a transfer switch may be used
to connect the generated waveform to the antenna during a transmit period and to
the receiver mixer during a receive period.

When a FMCW waveform is used, the received signal differs from the
transmitted signal by a frequency which is a function of the range to the reflecting
target and the radial velocity of the target, in accordance with equation (1). After

processing in the receiver, an output signal is obtained which represents a
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difference frequency between the generated waveform and the received signal
waveform.

The samples of the received signal obtained during the period when the
transmitter is turned off, and the receiver is configured to receive a signal, may be
processed to determine the value of the difference frequency. Where the sequence
of alternating transmitting and receiving periods is regular within a FMCW
waveform, the sampling is periodic, and the time sequence of receiver output
values may be considered to be data samples of the received signal. The sampling
frequency is given by the inverse of the time duration of the sum of a single
transmitting and receiving period duration occurring within a FMCW ramp. That
is, a data sample may be obtained at least once per receive period. The duration of
each sample may be less than the duration of the receive time and may be related
to the aperture time of the analog-to-digital converter (ADC). Typically, the
process of down-conversion of a received signal from the transmitted frequency to
a frequency that is used for signal processing in the receiver may involve some
filtering of the signal, further modifying the time duration characteristics. The
sample may also be considered as a measure of the instantaneous phase of the
received signal.

A sampling frequency satisfying the Nyquist criterion, that is, a sampling
frequency is greater than or equal to twice the maximum expected difference
frequency at the output of the receiver as given by, for example, equation (1),
results in a time sequence of samples of the received signal spectrum, which may
be processed to determine such characteristics as the range to the target, the target
radial velocity with respect to the radar and other parameters. When a suitable
antenna is used, the azimuthal direction to the target may also be obtained. The
word “target” is generically used to represent any object that reflects or scatters
radio waves, and a signal returned from the target is the signal processed by the
receiving apparatus of the radar. A target may be an automobile, a wall, an
aircraft, a meteorological effect, or the like, depending on the physical situation.

When a FSK waveform is used, the sample of received signal is obtained at
least once during the time period during which the transmitted signal is present on

6
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each of at least two frequencies. Random frequency hopping (RFH) waveforms
may be considered as a FSK waveform with multiple frequencies and where the
repetition period on any frequency is long.

When a pseudo-random or pseudo-noise (PN) modulation signal is used,
the sample of the received signal is obtained at least once during the time period of
each chip, where a “chip” is the time during which the phase of the transmitted
signal is constant.

In an aspect, an antenna aperture may be provided for which the radiation
pattern half-power beamwidth is narrow compared with the total azimuth over
which the radar is intended to operate. The antenna aperture is configured so that
an azimuth of maximum antenna gain is a function of the signal wavelength, so
that the azimuth of the maximum antenna gain varies during a single FMCW
transmission, or from frequency to frequency in the case of a random frequency
hop (RFH) waveform.

In another aspect, the transmitting and receiving antennas may be different,
or be parts of a shared aperture, and multiple transmit and receive antenna beams
may be formed simultaneously or sequentially.

In yet another aspect, a circulator may be used to provide isolation between
the transmitter and the receiver components, either alone or in combination with
signal path switches. |

The means of generating the FMCW, FSK or RFH waveforms may be one
of a phase-locked loop, a direct digital synthesizer (DDS), a dispersive filter, or
the like.

The processing of a received signal may be by either analog or digital
circuits, or a combination thereof. The signal processing may be also performed by
one or more computers with associated memory and computer code and
configured to perform mathematical operations and functions equivalent to that
performed by the analog or digital circuits. Herein, there is not intended to be a
restriction of the type of circuit which performs each function, or the combination
of types of circuits which may be used, although the examples may mention a
specific type of circuit in the description thereof.

7
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In an aspect where a computer or a digital circuit is used, the received
signal may be converted from analog format to a digital representation thereof in
an analog-to-digital converter (ADC), as is known in the art. The conversion
process may be performed at any point after reception by the antenna. The choice
of location of the ADC will depend on the specific application.

In an example, shown in FIG. 3, a radar 25 may include a waveform
generator 30 generating a continuous or substantially continuous waveform, which
may be a FMCW, FSK, or RFH waveform; a receiver 46 having a mixer 42 and
amplifiers and filters 47; and a signal processor 48. When the transmitting
amplifier 38 is connected to an antenna 36, and energy is being transmitted, the
receiver 46 is disabled or disconnected, so that the transmitted energy is not
received and receiver overload or desensitization may be avoided. When energy is
not being transmitted, the receiver 46 and signal processor 48 may be active and
receive signals present at the output 37 of the antenna 36. The antenna feed point
37 is the output of the antenna 36 for receiving purposes and may be used as the
input of the antenna 36 for transmitting purposes. The receiver may be disabled
by, for example, interrupting the connection between the receiver 46 and the
antenna 36 by a switch 34, by interrupting the connection between the waveform
generator 30 and a mixer input by a switch 32, or both, or by a similarly acting
circuit.

Although a radar 25 may have a transmitting amplifier 38 which acts to
amplify the waveform provided by the waveform generator 30, the transmitting
amplifier 38 is not explicitly shown in the remaining figures, as the function of the
transmitting amplifier 38 is well known in the art.

In an aspect, a first transfer switch 32 connects the output of the waveform
generator 30 to either a first input 40 of a mixer 42 or to a connection to one of
two input terminals of a second transfer switch 34, which may be through a
transmitting amplifier 33 as shown in FIG. 3. The output of the second transfer
switch 34 is applied to the antenna 36, providing the signal to be transmitted. A
second input terminal of the second transfer switch 34 is connected to a second
input 44 of the mixer 42. The output 49 of the mixer 42 is connected to the

8
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receiver amplifiers and filters 47, and the output of the receiver 46 is connected to
a signal processor 48.

This description of a radar is intentionally simplified for purposes of clarity
and omits such typical elements as the details of the receiver and the timing and
synchronization circuits, and similar circuits as these functions as are typical in
radar equipment as is known in the art.

When the first transfer switch 32 and second transfer switch 34 are in the
position designated “T”, the output of the waveform generator 30 is connected to
the antenna 36 and the waveform is radiated into space by the antenna 36. To
receive a signal, the first transfer switch 32 and the second transfer switch are in
the position designated “R”. In this state, antenna 36 is connected to the second
input 44 of the mixer 42, and the waveform generator 30 is connected to the first
input 40 of the mixer 42 of the receiver 46. The state of the transfer switches 32,
34 are periodically changed from “T” to “R”, such that, for a period of time, both
switches are in either the “T” state or the “R” state. For a substantial portion of the
time, the transfer switches 32, 34 are in the “T” state.

In detail, the sequence of state transitions may not be simultaneous, so as to
prevent receiver overload or to limit the duration of signal reception so that the
mixer may operate as a sampling phase detector. However, in the descriptions, a
simultaneous and instantaneous transition of the two switches between a transmit
state and a receive state is sufficient to describe the examples. Further, more than
one samples S of the received signal may be obtained during the “R” state.

FIG. 4 illustrates the transmitted FMCW waveform 50 and the received
signal 52 associated with the transmitted waveform 50 having been reflected from
a target (not shown) at a distance D from the radar antenna location. For
simplicity, a single received signal 52 is shown, although multiple received signals
may be present when there are multiple targets at differing distances from the
radar. Where multiple signals are present, the output of the receiver 46 may be
considered to have a frequency spectrum containing information resulting from
multiple target returns, each frequency in the output spectrum representing the
energy returned by one or more targets associated with a range resolved interval.

9
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The distance represented by a range resolved interval depends on the effective
signal bandwidth. It should be understood that, in the case of a FMCW waveform,
the Doppler shift of a target having a radial velocity with respect to the radar is
added to the frequency difference between the target return signal and the
generated waveform resulting from the round-trip time delay to the target as
represented in equation (1). Where separation of the range and Doppler shift
components is desired, processing techniques as are known in the art are used.

At a time when the transfer switches 32 and 34 are in the “R” state, a
sample of the received signal is obtained, and this operation is illustrated in FIG.
4A by vertical lines S headed by an arrow. The time intervals between samples are
periodic, at a frequency satisfying the Nyquist criteria, as is known in signal
processing. The Nyquist frequency is twice the maximum frequency for which an
unambiguous analysis of a frequency spectrum is desired. The maximum desired
frequency is the difference frequency 58 between the transmitted waveform 50 and
the received signal 52, and may be calculated from equation (1) for the maximum
design range of the radar, where the chirp rate K, the operating frequency f,, and
the maximum target radial velocity and range are characteristic of a specific
system design.

The mixer 42 produces both sum and difference frequency products of the
waveform generator 50 signal and the received signal 52, and the difference
frequency between the two signals is given by equation (1). The sum frequency
may be eliminated by filtering in receiver 46.

FIG. 4B is a detail of FIG. 4A and illustrates the relationship of a transmit
period “T” to the receive period “R” within a FMCW ramp. The waveform
generator 30 is connected to an antenna 36 during the periods marked “T”, when
the transfer switches 32, 34 are in the transmit position, and the antenna 36
radiates the transmitted signal. Periodically, at the Nyquist sample rate, the
transmitter is disconnected from the antenna 36 and the antenna output 37 is
connected to the receiver 46, when the transfer switches 32, 34 are in the “R”
position. Signals reflected from a target and received by the antenna 36 are further
processed by the receiver 46 and the signal processor 48 to obtain information on

10
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the target. Within the receive interval “R” a sample of the received signal can be
obtained when there is no transmitted signal, and this is illustrated by the periodic
occurrence of a sample point S. This maybe a result of the action of an analog-to-
digital converter (ADC) having a sample time that is short as compared to the
duration of a period of the waveform to be sampled.

The duration of the “R” interval may be substantially less than the duration
of the “T” interval. The generated signal may be applied to a local oscillator input
port 40 of the mixer 42 during the receive interval “R” by switch 32. The period of
time that the generated signal is applied to the input port may be less than or equal
to the duration of a receive interval “R”.

In an aspect, the period of time where the generated signal 30 is applied to
the input port 40 of the mixer 42 may be shorter than the duration of the receive
interval “R” such that the generated signal is represented by a sampling pulse “S”
as shown in FIG. 4B. In this aspect, in accordance with the known operation of a
mixer (typically, a double-balanced mixer), an output 49 of the mixer 42 is
obtained only when a signal is present each of the input ports 40 and 44. In this
manner, the period of time where the received signal is sampled by the sampling
pulse “S” may be made short, and the mixer may act as a sampling phase detector
of the signal received by the antenna 37, and applied to the input of the mixer 44
by the transmit-receive switch 34. The mixer may be considered to act as a
sample-and-hold phase detector, and the analog-to-digital converter sample may
be delayed with respect to the reception time.

In yet another aspect, the “R” interval and the “T” interval may be allowed
to be approximately equal, where the transmit-receive switch is in a transmit state
for greater than half of a sum of a duration of the transmit state and a receive state.
. A design trade-off may be made between switching speed of the transmit-receive
switches 32, 34, cost, sensitivity and other factors. The ratio of the “R” interval
and the “T” interval maybe between approximately equal in one design, and a
situation where the “R” interval is very much shorter than the “T” interval in
another design. The minimum duration of the “R” interval is limited only by such
considerations as the transient response time of the receiving circuits and the

11
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switching time of the switches. Thus, the duty factor, defined as the “T” interval
divided by sum of the “R” interval and the “T” interval, and expressed as a
percentage, ranges from 50 percent to substantially 100 percent. In an automotive
radar application, for example a duty factor of greater or equal to about 95 percent
may be employed. '

The received signal may be converted from analog to digital form by an
analog-to-digital converter (ADC) at the output of the mixer 42, the receiver 46, or
the input to the signal processor 48. FIG. 5 illustrates the waveform of the signal at
the output of the ADC. The dashed line represents a continuous waveform of a
frequency which may represent a radar return under the circumstances that the
receiver could be operated continuously. The stair-step approximation to the
continuous signal represents the periodic sampling of the waveform by an ADC at
sample intervals S. The amplitude of the signal may be considered constant during
sample interval. As is known in the art, when the sampling frequency satisfies the
Nyquist criteria, the signal waveform may be unambi guously represented and
analyzed. _

The repetition frequency of the sample pulse S is chosen so as to satisfy the
Nyquist criteria, and further signal processing may unambiguously determine the
difference frequency resulting from mixing the received signal, associated with a
return from a target, with the waveform produced by the waveform generator 30.
It will be understood by persons skilled in the art that the relative signal strength
of received radar signals depends on a number of factors, including the radar cross
section of the target, the target azimuth with respect to the radar antenna radiation
pattern and the range from the radar. The design maximum range to the target to
avoid ambiguities due to “fold over” targets at long ranges will differ in each
application, and may result in choosing a .sampling frequency greater than the
Nyquist frequency which would obtain if only the maximum range of interest is
considered.

Operation of the radar 25 with a single antenna aperture may reduce the
physical area needed to install the radar, and as will be described later, suitable
antennas may permit the determination of the target azimuth as well as the target

12
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range. Alternatively, more than one antenna may be used for either transmitting or
receiving.

In another aspect, the FMCW waveform may be represented by a stepped-
frequency waveform as shown in FIG. 6. The average rate of change of frequency
is a ramp rate, K, and the samples S may be at a sample rate having the same rate
as the rate at which the discrete frequency steps are made.

In yet another aspect, where the angular direction between a radar antenna
reference baseline direction and the target is also desired, the azimuth of the target
may be determined by a number of means, associated with specific antenna
configurations, is are known in the art. They include frequency and time delay
scanning array antennas, pedestal mounted dish antennas, monopulse and
sequential-lobing antennas, phased arrays and the like. The variation of the signal
response of the antenna as a function of azimuth, in both transmitting and
receiving configurations, is known as the free-space radiation pattern. Except for a
multiplicative factor associated with antenna efficiency, the form of an antenna
radiation pattern for transmitting and receiving is identical, and the discussion
therefore may only describe one or the other in a particular circumstance, in order
to simplify the description.

In an example, a monopulse antenna configuration may be used, as is
shown in FIG. 7, where the switch positions are shown in positions which would
obtain in a transmitting state “T”. The monopulse antenna may include two
individual radiating elements 36 a, b, each radiating element having a substantially
identical radiation pattern, and spaced apart along an antenna baseline. A hybrid
coupler 37 or other similar apparatus may be supply the waveform generator 30
output to the antennas 36 a, b so that the signals are radiated in phase, so as to
form a sum radiation pattern. The signal received by antennas 36 a, b returns
through the hybrid coupler which is configured so that a sum value of the signals
received by antennas 36 a, b is present at the Z port and a difference value of the
received signals is present at the A port. As is known in the art, the radiation
pattern for receiving of the antenna output at the X port has a maximum value
along a plane of symmetry orthogonal to the baseline of the antennas 36 a, b, and

13
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the received radiation pattern at the A port has a minimum value along the same
plane. The sense of the phase of the A port with respect to the X port may be used
to determine the direction of the signal with respect to the boresight and the angle
may be determined by the ratio of the amplitudes of the signal in the £ and A
ports. This type of monopulse antenna may be used in an open-loop mode, where
ratio of the sum and difference antenna outputs are used to compute the azimuth of
the target, or in a closed-loop or tracking mode, where the antennas are positioned
in azimuth such that an error signal associated with a target located off of the axis
of symmetry is minimized by orienting the antenna plane of symmetry to point at
the target. In the closed-loop mode, the azimuth is then determined by the
direction in which the plane of symmetry is pointed. For either the open-loop and
closed-loop modes of operation, additional antennas may be employed so as to
make measurements in an elevation plane as well as an azimuth plane.

The receiver configuration may have two channels, shown in FIG. 7 as the
sum (s) or difference (d) channel so that the signals may be processed
simultaneously. Each of the channels may have a mixer, 40 s, d, where the
waveform signal from the waveform generator, 30 has been power divided by
power divider 47, so that signals are applied to an input port of the mixer 40 s, d.
The output of the mixer 40 s, d is applied to receiver channels 46 s, d and the
output of the receiver channels applied to the signal processors 48 s, d. The output
of the signal processors 48 s, d may be a signal representing the amplitude of the
received signal in each channel at each difference frequency, each difference
frequency represents a range to a target. The azimuth of a target may be
determined by computing the ratio of the outputs of signal processors 48s,din a
monopulse processor 49, and applying appropriate scaling factors associated with
the antenna configuration. In the arrangement of FIG. 7, an additional transfer
switch 34 d is present and acts such that the A output of the hybrid coupler 37 is
connected to the a mixer input of 40 d in the “R” state and the A output of the
hybrid coupler is disconnected from a mixer input of 40 d in the “T” state. In the
“T” state, the switch 34 d may connect the A output of the hybrid coupler 37 to a
termination resistor.
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In an alternative monopulse arrangement, the £ and A ports of the hybrid
coupler 37 may be applied to the same mixer 40 for successive ramps, and the
ratio of the signal processor 48 output for successive ramps computed for the same
spectral frequency. This may be termed sequential lobing.

The azimuth of the target may be also determined by the use of a
frequency-scanned directional antenna 60, connected as the radiating element of a
radar 70. In an example, a frequency-scanned antenna,‘ as shown in FIG. 8 may be
used with the FMCW waveform to perform target range and azimuth
determination within one ramp period. The antenna configuration 36 of the radar
25 shown in FIG. 3 may be replaced by the configuration shown in FIG. 8. In this
arrangement, a multiplicity of antennas 82 form the antenna aperture 60. The radar
25, without the antenna 36, is designated as element 70.

Typically, the antennas are spaced at equal intervals along a baseline,
however unequal spacing, or antennas conforming to a surface may be used. In
this example, the signal produced by the waveform generator 30 is conducted
along transmission line 80 and coupled to each of the antennas in the array in
series. The length, L, of the transmission line between each of the successive
antennas determines the rate of change of phase shift associated with a change in
transmitted frequency. The difference in phase shift between the successive
antennas in an array determines the angle at which the antenna beam maximum
occurs at a specific radio frequency. Thus, as is known in the art, a change in the
transmitted frequency results in a change in the azimuth of the beam maximum.
The amplitude of the signal applied to each of the antennas may be equal, known
as “uniform weighting”, or may be in accordance with known amplitude weighting
functions such as Taylor, raised-cosine and the like. The object of using weighting
functions that are not uniform is to control the amplitude of antenna sidelobes,
which are responses of the antenna that are outside the main antenna beamwidth.

By varying the phase shift, the maximum response of the antenna aperture
may be directed to different azimuths, and the amplitude of the signal transmitted
by such an antenna as well as the signal received by such an antenna will be a
function of the phase shift, and may related to an azimuth of the target.
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Where the phase shift across the antenna aperture such that phase shift is a
function of frequency, the azimuthal angle of the maximum response is a function
of frequency. The FMCW waveform, as shown in FIG. 4 has a frequency which
changes with time within a ramp. An array antenna of Athe type illustrated in FIG.
8, will therefore have a antenna azimuthal radiation pattern maximum that is a
function of frequency. In this manner, the measurement of azimuth of a radar
signal may be made within the time duration of a ramp, by processing the signal
received during the ramp in time limited segments of the ramp and associating
each time segment with transmitting frequency and the corresponding azimuth of
the maximum response of the antenna radiation pattern.

Where the term “azimuth” is used, it will be understood by persons skilled
in the art, that other antenna configurations may be used equivalently to determine,
for example, the elevation angle of the received signal, and that these parameters
may be determined either simultaneously or sequentially. Therefore the use of the
term “azimuth” should be understood to encompass “elevation”.

FIG. 9 shows an example of a FMCW ramp being divided into four time
intervals P1, .., P4, each time interval P being associated with an azimuth Al, ..,
A4 sector, respectively, of maximum antenna radiation pattern. In each of the time
intervals the signal is processed to determine the range to a target. Detected targets
are associated with the azimuth A of the antenna radiation pattern maximum. That
is, a group of samples S1, of the received signal, at the Nyquist rate is associated
with the time period designated P1 and with targets having an azimuth within the
sector Al; a group of samples S2 associated with the time period P2 and with
targets having an azimuth with the sector A2, and so forth.

The group of samples S1 associated with time period P1 is processed in the
signal processor 48 so as to determine the range R1 to the target, and the target is
associated with the azimuth Al. There may be more than one target in the
azimuthal sector A1, associated with different ranges although, for clarity, only
one target is shown in each of the azimuth sectors in FIG. 9. Similarly there may

be a target at a range R2, associated with time period P2, and thus associated with

azimuthal sector A2.
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It should be understood that the azimuthal sectors A represent an
idealization of the properties of an antenna, where the response function may vary
from a maximum at the center of each azimuthal range to some lower value,
typically a half-power value, at the border between, for example, adjacent sectors

Al and A2. The actual response function of the azimuthal sector A1 at the mid

- point of azimuthal sector A2, may be significantly less than that of A2. As such,

the amplitude of the signals representing a range R1 in azimuthal sectors A1 and
A2 may be compared to determine the appropriate azimuthal sector, to better
estimate the azimuth, or the like.

Similarly, as the direction of the maximum of the response function of a
frequency-scanned antenna may vary continuously with frequency, the variation of
frequency within a time period P corresponds to a variation of the azimuth of
maximum antenna response during the period P. The effect of this variation is to
modulate the amplitude of the signal within the period P, and such modulation
may be considered a type of signal weighting.

In another example, the waveform generated by the waveform generator
30 may be a FSK signal, where the generated waveform is one of a first frequency
f; and a second frequency f,, and the frequency of the generated waveform
alternates between the first and the second frequency. The physical configuration
may be, for example, that of either FIG. 3 or FIG. 7. The received signal is
sampled for a short period of time at least once during the period of time that the
waveform generator is at each of the first frequency and the second frequency. The
phase between the transmitted signal and the received signal at each of the first
frequency and the second frequency is determined, and the difference in the phase
shift between the signal received on the first frequency and on the second
frequency determined.

In yet another example, shown in FIG. 10, a waveform generator 30 may
produce a single frequency and, when the signal generator is to be connected to
the antenna so as to transmit a signal through the antenna 36, a phase modulator

110 is interposed in the signal path. The phase modulator 110 may be any of the
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types known in the art that imposes a discrete phase shift of a signal traversing the
phase modulator. |

In an aspect, the phase modulator 110 may be controlled by a shift register
112. The shift register 112 may be of a feed-back type, producing a pseudo-
random (also known as a pseudo-noise) sequence of binary signals, the signals
being designated as “0” or “1”. In response to the application of the binary signals
to an input of the phase modulator 110, the phase shift of the generated waveform
may vary discretely from 0° to 180° with respect to the input waveform as a
reference. This phase-shift arrangement is an example of a binary phase shift
keying (BFSK) waveform, although other increments of phase shift may be used,
as is known in the art. The sequence of binary signals constituting a pseudo-
random (PN) sequence may be produced repetitively by the shift register 112, or
the sequence may be stored in a random access memory associated with a
computing device, and output as a result of executing a stored program. In another
aspect, the PN sequence may be directly computed by executing a stored program
on a computer.

A variety of PN sequences are known, having differing time and Doppler
response functions, such as maximal length sequences, and the like.

If an unambiguous target response over a range interval is desired, the
repetition time duration of the repetition of a PN sequence may be set to at least
twice the range interval for which unambiguous response is desired. The range
resolution of the waveform is, as is known, a time interval approximately equal to
the duration of one of the modulation phase shift intervals. Each modulation
interval, in which the waveform may take on a 0° or 180° state, is known as a
“chip”, and the chip duration is approximately equal to the range resolution of the
waveform, expressed as a electromagnetic wave propagation time.

The transfer switches 32 and 34 operate to transition the radar from a “T”
state to a “R” state at least once per chip, as shown in FIG. 10, resulting in a time
series of samples. The time series of samples is applied to the input of the mixer

42 so that the signal may be converted to a frequency that may be processed by the

remaining portions of receiver 46.
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The waveform applied to one of the ports 40 of the mixer 42 is the un-
modulated waveform generated by waveform generator 30, and the output of the
mixer 42 includes sum and difference products of the unmodulated waveform and
the received signal samples. The appropriate mixer output signals are filtered,
amplified and otherwise conditioned by the filter and amplifier 47, and applied to
a signal processor 116.

The signal processor 116 accepts a digitized output from the receiver 46, or
performs the analog-to-digital conversion function. A stored replica of the
transmitted PN sequence is used to perform a cross-correlation operation between
the received samples and the stored PN sequence. As is known in the art, the target
return, being a time delayed replica of the transmitted PN sequence has a cross-
correlation coefficient with the PN sequence which may achieve a maximum value
at a delay, or lag, equal to the time difference between the start of stored PN
sequence and the received PN sequence. This lag is a measure of the range to the
target. The effect of target motion with respect to the radar is to impose a Doppler
shift on the target return signal, and a residual effect may be observed in the cross-
correlation process.

Any of the known methods of performing the cross-correlation process
may be employed, such as the use of shift registers, Fast Fourier Transforms
(FFT), and the like, and the process may be performed in special purpose
hardware, or in a computer using random access memory and a stored application
program.

The use of a short sample of the received waveform at least once per chip
permits the radar to operate using a single antenna, while maintaining a high

average transmitted power and a low peak-to-average-power ratio.
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What is claimed is:
1. A radar (25), comprising:
a waveform generator (30);
a transmit-receive switch (32,34);
a mixer (42);

wherein the transmit-receive switch (32,34) is in a transmit state for greater

than half of a sum of a duration of the transmit state and a receive state.

2. The radar of claim 1, wherein the waveform generator (30) produces a

frequency-modulated continuous-wave (FMCW) signal.

3. The radar of claim 1, wherein the sum of the duration of the transmit state

and the receive state is less than or equal the inverse of a Nyquist frequency.

4. The radar of claim 3, wherein the Nyquist frequency is greater than twice a
difference frequency between an output of the waveform generator and a received

signal.

5. The radar of claim 1, wherein the FMCW signal has at least one of a

positive or a negative time rate of change of frequency.

6. The radar of claim 1, wherein the output of the waveform generator (30) is

phase modulated by a pseudo-random (PN) code sequence.

7. The radar of claim 6, wherein the transmit-receive switch (32,34) isin a

receive state at least once during a waveform chip period.

8. The radar of claim 1, wherein an output of the waveform generator (30) is

applied to an input port of the mixer (42) when the transmit-receive switch (32,

34) is in a receive state.
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9. The radar of claim 1 wherein an output of the waveform generator (30) is
applied to an antenna (36, 60) when the transmit-receive switch (32, 34) isin a

transmit state.

10.  The radar of claim 1, further comprising a signal amplifier (47) connected
to an output of the mixer (42), wherein the signal amplifier has a frequency
selective filter with an output response at one of the sum or difference frequency

of the waveform generator and a received signal.

11.  The radar of claim 1, wherein the output of the mixer (42) communicates
with a signal processor (48), the signal processor (48) determining at least a range

of a target.

12.  The radar of claim 11, wherein the signal processor (48) adapted to perform

a spectral analysis of an output of the frequency selective filter.

13.  The radar of claim 11, wherein the signal processor (48) is adapted to
perform a cross-correlation between a known pseudo-random (PN) code sequence

and an output of the mixer (42).
14.  The radar of claim 1, further comprising:
an antenna assembly (36,60).

15.  The radar of claim 14, wherein one antenna assembly (36, 60) is used in the

transmit state and in the receive state.

16.  The radar of claim 14, wherein the antenna assembly (36, 60) is configured

to have at least two antenna radiation patterns.

17.  The radar of claim 16, wherein the antenna assembly (36,60) has at least a
sum and a difference pattern, the sum pattern connected to the waveform generator

(30) during the transmit state, and the sum and the difference pattern connected to

the mixer (42) during the receive state.
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18.  The radar of claim 14, wherein the antenna assembly (36,60) is configured

so that an azimuth of maximum response.varies with transmitted frequency.
19. A method of detecting targets, the method comprising:
generating a radio frequency waveform;

providing the radio frequency waveform to an antenna (36,60) for a first

period;
receiving a signal from the antenna (36,60) during a second period; and
processing the received signal to determine a target range,
wherein a ratio of the first period to the second period is greater than unity.

20.  The method of claim 20, wherein the step of generating a radio frequency

waveform comprises generating a frequency-modulated continuous-wave signal.

21.  The method of claim 19, wherein the inverse of the sum of the first period
and the second period is greater than or equal to twice the maximum of a
difference frequency between the received signal and the generated radio

frequency waveform.

22.  The method of claim 19, wherein the step of generating a radio-frequency
waveform comprises generating a carrier wave modulated by a pseudo-random

(PN) code sequence.

23.  The method of claim 19, wherein the antenna (36,60) is an antenna aperture
with at least two distinct antenna response patterns, each antenna response pattern

having a different azimuthal direction of maximum response.

24.  The method of claim 23, wherein the antenna (36,60) includes an antenna

feed network producing a sum antenna pattern and a difference antenna pattern.
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25.  The method of claim 19, wherein the antenna is an antenna aperture with
an antenna response pattern having a direction of maximum response that varies

with a frequency of the generated radio frequency waveform.

26.  The method of claim 25, wherein a frequency range of the generated radio

5  frequency waveform is associated with an azimuth range.
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