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[57] ABSTRACT

A lower-frequency compact radar system for wide-an-
gle surveillance. Direction-finding receive antennas
consisting of colocated orthogonal electric and mag-
netic dipoles provide target angles from the radar. The
size of this antenna unit is reduced to the point where
internal noise is comparable to external to achieve maxi-
mum compactness. High sensitivity is achieved with an
efficient class of pulsed/gated, linearly swept-frequency
waveforms that are generated and processed digitally.
For backscatter radars, close to 50% duty factors are
realized. The rules for waveform design and processing
overcome problems of range/Doppler aliasing and/or
blind zones. After mixing in the receiver, processing
bandwidths are much less than RF signal bandwidths,
so that simple, inexpensive personal computers are used
for real-time signal processing. Digital FFT algorithms
determine target range and Doppler, and DF algo-
rithms determine its angles. Frequency hopping can be
incorporated in the waveform design by synchronizing
all timing and sampling functions, allowing spread-spec-
trum advantages while still achieving the high sensitiv-
ity afforded by coherent processing.

26 Claims, 4 Drawing Sheets
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GATED FMCW DF RADAR AND SIGNAL
PROCESSING FOR RANGE/DOPPLER/ANGLE
DETERMINATION

BACKGROUND 1. Field of Invention

This invention relates to lower-frequency radars
(below microwave), and embodies improvements by
way of compact electronics and antennas, efficient sig-
nal waveforms and their digital generation/processing,
and direction-finding (DF) angle measurements.

2. Cross-Reference to Related Applications

Field of Search 432/107, 432/131, 432/132, 432/139, 432/195,
432/196 343/726, 342/728, 343/742
US. Pat. No. |
3,882,506 1975 Moriet al. 343/728
4,053,884 1977  Cantrell and Lewis 432/132
4,172,255 1979  Barrick and Evans 432/107
4,309,703 1982  Blahut 432/132
4,433,336 1984  Carr 343/728
4,896,159 1990  Sabatini et al. 432/131
5,023,618 1991  Reits 432/196

3. Other Publications

Barrick, D. E. (1973), FM/CW radar signals and
digital processing, NOAA Tech. Report ERL 283-
WPL 26, U.S. Dept. of Commerce, Boulder, Col.

Prandle, D. & D. K. Ryder (1985), Measurement of
surface currents in Liverpool Bay by high frequency
radar, Nature, vol. 315, pp. 128-131.

Lipa, B. J. & D. E. Bartick (1983), Least-squares
methods for the extraction of surface currents from
CODAR crossed-loop data: Application at ARSLOE,
IEEE J. Oceanic Engr., vol. OE-8, pp. 226-253.

Lipa, B. J., & D. E. Barrick (1986), Extraction of sea
state from HF radar sea echo: Mathematical theory and
modeling, Radio Sci., vol 21, pp. 81-100.

4. Description of Prior Art

Lower-frequency radars operating in the MF, HF,
and VHF bands, are useful for a number of applications.
Among them are ocean wave and surface current moni-
toring, as well as detection of discrete targets, e.g.,
aircraft, ships, misstics, etc. The advantages are: (i) their
ability to see beyond the horizon, in both skywave and
surface-wave propagation modes; (ii) the comparable
size of their wavelength with scattering target dimen-
sions, allowing resonance with the target; and, (iii)
lower data rates (resulting from the low frequency)
permit easy digital signal generation and processing.
The radars considered here operate typically three or-
ders of magnitude lower in frequency than the much
more more common microwave radars. Their conse-
quent disadvantages compared to microwave radars
have to do primarily with larger antenna sizes required
for antenna gains comparable to microwave; their sizes
can be larger by as much as three orders of magnitude.
Penalties of this antenna size are: (i) they become pro-
hibitively costly or too impractical for most applica-
tions; or (ii) if antenna size is reduced, inadequate target
detection sensitivity may result when standard radar
signal formats are used. In addition, the narrower band-
width of such radar signals makes them more suscepti-
ble to intercept and jamming.

The normal way a microwave radar determines tar-
get direction is to form a narrow beam. This is done
with an aperture many wavelengths in extent. The
beamwidth (in radians) is nearly the wavelength di-
vided by the antenna length. When beam forming is
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used with HF skywave radars, for example, phased
array antennas several kilometers in length are required.
Narrow-beam surface-wave radars, such as the British
OSCR for ocean current mapping [Prandle and Ryder,
1985] use phased array antennas that require more than
100 meters of lineal coastal access, a frequently imprac-
tical constraint. Antennas at HF with sizes the order of
a wavelength in extent (e.g., 10-20 meters) have nearly
omni-directional patterns, and are considered inade-
quate for accurate radar angle determination if beam
forming and scanning are employed. An alternate way
to determine angle is to employ direction-finding (DF)
principles, which has not commonly been used with
radars. U.S. Pat. Nos. 3,882,506 and 4,433,336 describe
hardware implementations of two crossed single-turn
air-loops and a monopole all mounted along the same
axis. However, these loop antennas are still quite large,
e.g., 1-4 meters across at mid-HF; it was believed that
the antennas had to be highly efficient to provide ade-
quate sensitivity and angle accuracy. The point being
missed was that a receive antenna at lower frequencies
does not have to be highly efficient, and therefore be
large, in order to provide maximum possible radar sensi-
tivity and accuracy. The reason is that external noise
dominates, and the antenna need only possess an effi-
ciency so that external and internal noise are compara-
ble. Any size or cost increase to improve efficiency of
the receive antennas beyond this point is wasted. The
present invention goes beyond the hardware-only in-
ventions of the above patents by giving algorithms for
extracting angles, and allowing for more than three
colocated orthogonal elements for radar signal DF.

Since both transmit and receive antenna gains of
lower-frequency radars are less, target detection and
location accuracy are worse if the same waveforms are
used as for microwave radars. Microwave radars use
pulse waveforms having low duty factors (the ratio of
pulse width to pulse repetition interval), usually 1% or
less. To gain back the sensitivity and accuracy lost by
antenna size, lower-frequency radars have typically
gone to high duty-factor signals. These radars are usu-
ally operated against moving targets, and Doppler pro-
cessing is part of the waveform design and utilization.
HF skywave radars, where the transmit and receive
sites are separated by tens of kilometers, use 100% duty
factor signals, i.e., transmitter and receiver are on all the
time. Here the favored waveform has been the simple
linearly swept frequency-modulated continuous-wave
(FMCW) signal as described by Bartick [1973].

‘When the transmitter and receiver are colocated, as
are in compact backscatter radars at HF, one cannot
transmit and receive at the same time because the strong
transmit signal overwhelms the receiver. Then the high-
est possible duty factor is 50%; i.e., the transmitter is
turned off while receiving and vice versa. The design of
efficient, non-ambiguity-producing waveforms and dig-
ital signal processing that combine high (e.g., 50%) duty
factor pulsing/gating with modulation formats that give
target range, such as linear FMCW, has not yet been
successfully implemented. Three periodic processes are
happening simultaneously: (i) the modulation used for
target range determination, e.g., linear FMCW; (ii) the
pulsing/gating process; (iii) the digital sampling occur-
ring in the analog-m-digital (A/D) convertor. Each of
these three periodic processes replicates the target echo
in the frequency domain, and when all three happen at
once, severe aliasing and ambiguities can result. For
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example, the simple linearly swept FMCW signal starts
with a potential range-Doppler ambiguity. Attempting
to mitigate this problem for high speed targets can cause
Doppler aliasing, i.e., two or more possible choices for
Doppler. To overcome this, one would increase the
linear sweep repetition frequency, but then range alias-
ing can occur (two or more possible choices for target
range). And the pulse/gate repetition frequency itsel-
f—if chosen improperly—can cause both range and
Doppler aliasing. Attempts to eliminate the latter by
shortening the pulse will either: (i) lower the duty fac-
tor, or (ii) result in blind zones, where targets will not be
illuminated or seen. Although jittering of any of these
repetition rates—as well as the frequency itself—can
unravel the ambiguities and eliminate blind spots, these
inelegant solutions add complexity and can make Dop-
pler processing very difficult. Examples are U.S. Patent
Nos. 4,896,159; 4,309,703; and 4,053,884.

Another disadvantage of conventional pulse-Doppler
or chirp waveforms with time-domain pulse compres-
sion is the high digitizing and data-processing rates
required. The A/D must generally sample at least twice
the RF bandwidth, this latter bandwidth being dictated
by the range resolution desired. Even for lower-fre-
quency radars, the rates required are typically higher
than 200 kHz per receiver channel. This precludes use
of 16-bit convertors, with resultant limitations on signal
dynamic range, and thence clutter and interference
rejection. It also rules out use of widely available, com-
mercial, inexpensive DSP (digital-signal-processing)
boards.

A third problem with existing pulse radar design is
the requirement for STC (sensitivity-time control) cir-
cuitry. These active circuits change the gain of the
receiver circuits rapidly with time after transmission of
each pulse, in order to flatten the dynamic range be-
tween very strong close-in clutter echoes and the most
distant target echoes. The difference between these
echoes can exceed 140 dB, far beyond the range of
practical linear receiver operation. STC circuitry in-
creases the cost and complexity of radars considerably,
and hence incentive exists to eliminate this function.

It is often desirable to spread the radar signal’s spec-
tral energy over a very wide bandwidth. There will be
less interference to others, and in military radars, it
makes the signal less susceptable to detection/intercept
and jamming. In the range-only (no Doppler) 100%
duty-factor FMCW radar described in U.S. Pat. No.
5,023,618, this was a primary objective of their signal
design and processing. Nevertheless, suach FMCW sig-
nals, sweeping slowly and repetitively over a moder-
ately wide bandwidth—as well as repetitive pulse sig-
nals—are both becoming easier to detect and jam with
modem sophisticated military systems. Hence, a signal
that can be used with a lower-frequency backscatter
radar, provides high sensitivity, range, and Doppler
information, avoids aliasing and ambiguities, has much
lower digitizing rates than the RF signal bandwidth,
and is difficult to intercept and jam, has not yet been
implemented. The present invention reveals a wave-
form design methodology and its digital generation/-
processing that accomplishes these goals.

OBJECTS AND ADVANTAGES

Accordingly, advantages of the present invention
have to do with size and cost reductions, accompanied
by sensitivity increases, for lower-frequency radars that
determine target range, Doppler, and angles. Several of
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4
the objects listed below have to do with the antenna
unit, while the remainder relate to the unique waveform
and its digital generation and processing. These objects
are:

(a) To provide an efficient, nearly omnidirectional
transmit antenna element.

(b) To provide a compact set of receive antenna ele-
ments whose phase centers are colocated, the elements
being orthogonally oriented electrically small loops and
monopoles that have patterns of electric and magnetic
dipoles, with adequate efficiencies so that external noise
is comparable to internal noise.

(c) To provide good receive magnetic dipole effi-
ciency at ultra-small size by employing ferrite-loaded
loopstick designs that are electrically isolated from each
other and from the other orthogonally oriented ele-
ments, as well as from all feedlines.

(d) To provide software methods for DF, i.e., using
the antenna outputs to determine the angles to the tar-
get.

(e) To provide efficient operation by digitally gener-
ating, radiating, and processing a signal whose linearly
swept FMCW waveform has a nearly 50% duty factor,
but has the ability to:

(i) provide both target range and Doppler with a

matched-filter receiver/processor;

(ii) permit much lower data bandwidth and digital
processing rate than contained in the RF band-
width required to achieve the desired range resolu-
tion;

(iii) provide the desired range coverage without blind
Zones;

(iv) taper the energy incident upon and received from
targets at different ranges so as to offset the normal
rapid echo signal falloff with range, or to achieve
any other application-specific distribution of en-
ergy with distance;

(v) cover the span of anticipated target ranges and
Dopplers without aliasing, ghosting, or other echo
ambiguities;

(vi) provide the coherent range and Doppler process-
ing described above, but when desired, employ
rapid random frequency hopping to avoid signal
intercept or interference to others.

(f) To provide recursive, running averaging of re-
ceived signal cross spectra in order to identify and/or
remove ship echoes or other interference from the sea
scatter background.

(g) To provide means for using the echo signals to
calibrate for inter-element antenna and receive channel
amplitude and phase drifts with time.

(h) To provide a means for determining target angles
after detection in range-Doppler space using the signals
from the various receive antenna elements, while allow-
ing correction for distorted antenna patterns and cou-
pling among elements that are inevitable in practical
situations.

A principal obstacle overcome by the present inven-
tion is the signal processing complexities resulting from
the gating/pulsing required in the backscatter mode,
since the receiver cannot be turned on while the trans-
mit signal is being radiated. The objects here are to
reveal a design and implementation methodology that
overcomes the difficulties caused by three periodic
processes: modulation sweeping that provides range
information; gating and pulsing; and digital sampling.
Robustness against interference to others and intercept-
/jamming is provided by inclusion of spread spectrum
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techniques in the signal design. Another obstacle sur-
mounted here is the requirement for large antennas
and/or phased arrays (because of the long wavelength)
in order to provide accurate target angles. Still further
objects and advantages will become apparent from a
consideration of the ensuing description and drawings.

BRIEF DESCRIPTION OF DRAWINGS

The invention will be explained in detail with refer-
ence to the accompanying drawings.

FIG. 1 is block diagram of an embodiment of the
present invention including the hardware (at the left,
with light lines) and software functions (at the right,
with heavy lines). Three receive antenna channels are
indicated here, but only one is shown following the gate
switch, 28; the other two are identical. Software pro-
cessing functions are shown through the second FFT,
50, after which both range and Doppler of the target
echoes have been obtained.

FIG. 2 shows the-additional software processing
functions that embody the present invention. These
begin with the output of the second FFT from FIG. 1
for all three receive antenna channels. Therefore, the
functions shown in FIG. 2 are repeated for all three
channels (either simultaneously of sequentially), down
to the second to last boxes (64 and 78 ), where signals
from the three channels are combined to obtain the
angle directions required. The processing channels to
the left are representative of embodiments we have used
for sea-surface parameter extraction (e.g., current and
wave information). The processing channels to the right
are embodiments used for hard target detection (e.g.,
aircraft, missiles, etc.). The diamond boxes in the middle
are stored data that are required in the processing.

FIG. 3 shows one embodiment of the three-element
colocated crossed-loopstick / monopole receive an-
tenna unit. The box containing the loopstick elements is
weatherproof plastic. On the board beneath the loop-
sticks is mounted a printed-circuit implementation of a
preamplifier that makes these two elements “active
antennas.” The monopole is a fibreglass whip that
screws onto the top 90. If used also as the transmit
antenna, this would normally be a quarter wavelength
at the lower frequencies of intended operation. Four
radial whip elements 106 screw into the four corners of
the base, serving as an electrical counterpoise to the
monopole whip.

FIG. 4 illustrates examples of 50% duty-factor puls-
ing-gating arrangements that provide different target
echo energy distributions with distance from the radar.
The top strip of each of the three examples represents
the transmit signal pulsing pattern; a white square indi-
cates a pulse is present at that time interval, and a black
indicates no pulse. Immediately below is the required
gate pattern in the receiver, ensuring that the receiver is
turned off when transmitting, and is turned on when not
transmitting; a white square indicates the receiver is on
at that particular time interval, and a black that the
receiver is switched off. These patterns repeat them-
selves indefinitely at the end of the twenty shown here.
Twenty intervals in a pattern are not required, and are
an example used here only for illustrative purposes. The
graph shows the target echo energy vs range from the
radar for the three pulse/gate patterns above it, along
with the reference from a conventional shortpulse radar
(or alternately, one with 100% duty factor).
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DESCRIPTION OF PREFERRED
EMBODIMENTS

System and Hardware Implementation

Radar System

FIG. 1. A high-duty-factor (approaching 50%) gated
FMCW signal is employed. A stored map of the signal
parameters to be transmitted and used in the receiver is
downloaded to the digital control unit 18 when the
radar is started. This map contains all required timing,
frequency, gating/pulsing, and A/D sampling informa-
tion. The actual timing for all of these processes is ob-
tained from the master clock or oscillator 22 through
normal digital dividedown counters. The direct digital
synthesizer (DDS) 20 then generates the discrete fre-
quencies required of the linear FMCW sweep to be
transmitted, as well as that to be fed to the receiver
mixer 32 (the latter may be different from that transmit-
ted in order to provide an IF offset in the receiver, if
desired).

The linear frequency ramp signals to be transmitted
and mixed in the receiver are therefore stair-step fre-
quency-vs-time functions. This means that at given time
increments, the frequency of the sinusoid being gener-
ated changes, but in a way so that the phase remains
continuous at the jump. (This phase continuity is the
natural characteristic of DDS chips.) The frequency
jump must be less than the frequency increment corre-
sponding to each range cell’s spectral spacing; the rules
defining the latter are described later. On the transmit
side, the RF signal whose frequency is thusly being
digitally controlled and swept, is passed to the pulse
switch 16. Here, pulsing signals (shown dashed) turn on
and off the RF signal before transmission, usually in
square-wave fashion, i.e., close to 50% duty factor. The
duration for the square wave on/off time is much less
than the time required for the FMCW sweep. This is a
departure from the normal “chirp” radar signals, where
the sweep is completed and repeated every pulse.
Power amplifiers 14 (either Class A or C) amplify this
signal to its desired level for radiation. The harmonic
filter 12 has an adequate low-pass characteristic so as to
remove all harmonics of the RF signal frequency, elimi-
nating the possibility of out-of-band interference to
others. Finally, the efficient but (nearly) omnidirec-
tional transmit antenna 10 radiates the signal. For exam-
ple, its pattern might be omni-directional in bearing, as
would be obtained from a resonant quarter-wave mono-
pole. Or, it might illuminate a bearing sector 120°, ob-
tainable from a YAGI two-element monopole array.
The pattern depends on the radar application, i.e.,
where one expects to find target echoes.

Three or more colocated receive antennas 24 might
pass their signals to preamplifiers 26, which can include
some RF bandpass filtering. The purposes of the pream-
plifiers are to equalize approximately the signals among
the various receive channels, and to fix the noise factor
for that channel. Often, in the case of the loopstick, the
antenna will be capacitively tuned to the frequency
band of operation, providing both good matching to the
line as well as bandpass filtering that rejects out-of-band
signals. Loops are kept electrically small so as to pro-
duce “cosine” or figure-8 antenna patterns, as this is
useful in the subsequent DF processes. The receive
monopole element can also serve as the transmit ele-
ment, if omni-directional illumination is desired. If this
is the case, a preamplifier is normally not needed be-
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