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Abstract: It had originally been shown in the literature that
a MIMO full/thin array radar system (consisting of a full
transmit linear array of N elements having A/2 spacing and a
collocated, parallel, linear thinned receive array having NA/2
spacing) is equivalent to a full array of N? elements having
Al2 spacing and thus achieves N times the accuracy and
resolution as a conventional full array of N elements, 10 times
or 100 times or 1000 times better than a conventional array
depending on N [1]. It has since been shown that a
conventional array radar can do as well as a MIMO full/thin
array radar [2]. Specifically, a conventional full/thin array
radar was shown to provide the same resolution and accuracy
as the MIMO array. The conventional full/thin array had some
disadvantages relative to grating lobes that had to be dealt
with but in some situations it could provide better energy
search efficiency than its MIMO equivalent. Here a new
conventional array is presented which has no grating lobes,
the same resolution and about has the same accuracy as the
MIMO full/thin array radar. Also it uses the same search time
and about the same power-aperture product to do volume
search as the MIMO radar. The new conventional array
consists of the same full and thin arrays but with their roles
reversed with the thin array transmitting and the full array
receiving. The new conventional array is called a thin/full
array to distinguish it from the former full/thin array. The
properties of the full/thin and thin/full MIMO and
conventional array radars are detailed relative to waveforms
and matched filter signal processing loads. The matched filter
processing load for MIMO full/thin and thin/full arrays are
dependent on whether the transmit or receive beam forming
is done first. It is pointed out that MIMO radar systems do not
have any advantages relative to barrage jammer, hot clutter
jammer or repeater jammer suppression. Finally it is shown
how the conventional thin/full array can be used for GMTI so

that it should provide the same minimum detectable velocity
as does the MIMO thin/full array.

1. New Conventional Thin/Full Array

As in [2, 3] consider a MIMO full/thin radar consisting of
collocated, parallel, linear transmit full array and thin receive
arrays each N=10 elements with spacing A/2 for the transmit
elements and 5\ for the receive elements. Assume uniform
weighting for receive and transmit. It has been shown that a
MIMO full/thin array for which orthogonal waveform are
transmitted from the N elements is equivalent to a virtual
array consisting N? elements having A/2 spacing [4]. For
N=10 the virtual array is a full array of 100 elements with /2
spacing. In [2, 3] it is shown how the full/thin MIMO array
can be used as a conventional array to give the same accuracy
and resolution as the 100 element virtual full array but with
some grating lobes which can be dealt with. The grating lobes
can be removed by using a transmit antenna with
approximately a rectangular antenna pattern. This requires an
increase in the size of the transmit array by a factor of two or
so. Alternately we use transmissions which have low level
grating lobes that we can live with. The latter approach
reduces the search efficiency of the equivalent conventional
full/thin array but for some situations its search efficiency will
be better than that of the MIMO full/thin array radar. Here we
present an equivalent conventional array radar to the MIMO
full/thin array radar which does not have the grating lobes and
is equivalent to the MIMO full/thin array. For the new
equivalent array we use again the same full and thin arrays of
the full/thin array except we reverse their roles with the thin
array used for transmit and the full array for receive. We call
this a thin/full array to distinguish it from the previous one
which we called a full/thin array. We show that the thin/full
conventional array is equivalent to the full/thin MIMO array
radar for N=10 and its equivalent 100 element full array,
having no grating lobes, the same resolution as the 100
element full array and about the same angle accuracy.
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Figure 1. Thin/Full Array Used as Conventional Array. Note:
GL=grating lobe.
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Figure 2. MIMO thin/full array & conventional equivalent;
thin on transmit, full on receive; each N element linear array;
volume search of 120°.

Fig. 1a shows the transmit beam pattern and receive antenna
pattern obtained for the thin/full conventional array when
both are pointing at boresight. Fig. 1b shows the resulting 2-
way beam pattern. What is apparent is the resultant 2-way
beam pattern for the conventional array has the same
beamwidth as a full array consisting of 100 elements having
a spacing of A/2. Hence it has the same beamwidth and
resolution as our N=10 MIMO full/thin array. Furthermore
the conventional array does not have any grating lobes (GLs)
2-way in Fig, 1b, the GLs falling at the nulls of the receive
array. Although only two GLs are shown in Fig. 1a there are
actually N-1 GLs within the linear array antenna field-of-view

(FOV) of £90°. All the other N-3 GLs also fall on the nulls of
the receive antenna pattern so that two-way there are no GLs
for our conventional thin/full array. For the thinned transmit
array of N elements with spacing 5\ there are N ambiguous
lobes (AL) [5]. One of these is chosen to be the ML, the lobe
we select to detect the target within. The other N-1 ALs form
the GLs. The GLs we would like to get rid of. This was done
above in Fig. 1a by placing the peak of a full array receive
beam at the peak of the AL chosen to be the ML; see Fig. 1.
In the receiver we do this simultaneously for each of the ALs
to form N MLs; see Figs. 2 and 3. Specifically we
simultaneously form in the receiver N receive beams with
each having its peak a different one of the ALs so as to form
N MLs. The N transmit antenna ALs are spread out uniformly
over the £90° field-of-view (FOV). More exactly the ALs are
spread uniformly in u-space from-1to +1, the FOV inu-space
where u=sin6 [5]. Comments relative to the FOV is needed.
The FOVs of N element arrays of Figs. 2 and 3 is £90° but
because of the element pattern fall off a fraction of this FOV
is used in practice, like £60°, hence the smaller coverage
shown in Fig. 2. In Fig. 3 the thinned array element pattern is
not taken into account, it is assumed to be isotropic in effect.

- 2IN — 2/N2
N AMBIGUOUS LOBES (ALs)-| lr

AT CARRIER FREQ f,. ) )
N-1 OTHER SETS OF N ALs ﬂ ﬂ ------ ﬂ ------
ARE BETWEEN ALs, EACH 1 . .

SET AT ANOTHER f,. AL AL AL AL AL

PROVIDES COVERAGE
OF THE WHOLE FOV
OF £ 60°TO % 90°.

|+-2/N N RECEIVE BEAMS

K

Figure 3. Conventional thin/full linear array; thin on transmit,
full on receive; N elements each.

It helps to express the angles in degrees. For N=10, 2/N is
11.5° on boresight and 2/N? is 1.15° on boresight. Note that
we are covering only 1/Nth of the FOV. But, what we are
showing in Figs. 1 to 3 are the beams formed from one pulse
transmission. The waveform could be a simple conventional
chirp pulse at a carrier frequency f. and with a pulse width Tp.
The transmit array being a conventional array, the same
waveform is transmitted from all the transmit antenna
elements at the same f.. The phase shifts used for the transmit
array on one pulse transmission form the N ALs at a specified
angles in Figs. 2 and 3 with these ALs becoming N MLs at
the outputs of the N receive beam channels. To cover the angle
space not covered the one pulse we transmit immediately after the
chirp pulse to form the beams shown in Figs. 1 to 3 a 2nd
identical chirp pulse at another carrier frequency to form a
second set of N ALs and in turn MLs the same as shown in
Figs. 2 and 3 but all shifted to the right by 2/N? to cover the
adjacent angles to the first set of MLs. This is repeated another
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a total of N times to cover all of the u-space, that is, the whole
field-of-view (FOV) which in this case is £1 in u-space or
+90° in angle space [5]. The N sets of carrier frequencies are
chosen so that the N chirp signals are orthogonal to each other.
The N chirp pulses are transmitted one after the other. This is
called machine gunning [6, 7]. After all the N chirp pulses
have been transmitted there is a listening time for the received
echoes. The echoes from the N pulses can and are received
simultaneously because they are orthogonal. To do this N
receivers tuned to the N carrier frequencies are used. This can
all be done digitally with no hardware being needed as
discussed shortly.

Fig. 4 shows the waveforms for the MIMO array radar and its
conventional thin/full equivalent. The MIMO array can be
either a full/thin or thin/full array. In Fig. 4 the MIMO
orthogonal waveform amplitude modulation is only shown. It
also has phase modulation. If possible it would be desirable
for these orthogonal waveforms to be realized using only
phase modulation so that linear power amplifiers are not
needed. As discussed above the N sets of transmit ambiguous
lobes (ALs) and in turn MLs for the conventional thin
transmit array are formed sequentially one after the other
using chirp waveforms. These chirp waveforms have pulse
widths and in turn coherence times T, where Ty=T¢/N, where
T. is the coherence time of the MIMO equivalent array; see
Fig. 4. Thus the conventional thin/full array has a coherence
time 1/N times that of the MIMO equivalent array. Both the
conventional and MIMO thin/full systems have the same total
transmit and receive times. The receive listening time follows
immediately after the transmit time for both. For the MIMO
radar N orthogonal waveforms having a duration T. are
transmitted simultaneously whereas for the conventional
radar N chirp waveforms each of duration T¢/N but different
carrier frequencies are transmitted sequentially over the same
total time T. which in both cases is followed by the same
listening time. As a result the volume search times are the
same for both systems. Also both require about the same
energy to search the same volume of space. To see why

consider that on one transmission the conventional array has
a gain N times that of the MIMO transmit array. As a result
each transmit pulse requires 1/Nth the energy of the MIMO
pulse. But N pulses are required to cover the whole FOV with
the conventional array; see Fig. 2. As a result the target being
searched will provide the same SNR for the conventional
array if it is at the peak of one of the transmit ALs. If not at
the peak of an AL during search there will be a transmit beam
shape loss (BSL) for the conventional system. For a 2-
dimensional azimuth-elevation (AX-EL) volume search with
a pencil beam or horizon fence search with a pencil beam
there would be about a 3 dB BSL for the conventional system
[8]. The MIMO system has an advantage here because it can
use a maximum likelihood estimate (MLE, [9]) to detect and
locate the target with the result that the BSL is lower, of the
order of 1.5 dB instead of 3 dB, so the conventional array has
about a 1.5 dB higher BSL in this case. If the volume search
is done with a fan beam as done for mechanical rotating
antennas then we have a one dimensional search and the BSL
for the conventional system is about half as much at ~1.5 dB
[8] while for the MIMO system it is ~0.8 dB for a difference
of ~0.7 dB in the MIMO radars favor. The BSL is not
completely eliminated because of the increase in false alarm
rate that result from generating many search beams when
using MLE for detection [10].

At first blush the thin/full conventional array appears to have
the disadvantage of not being able to provide as good an
estimate of the detected target angle location on search. This
is because it has wide beams on receive, 11° wide instead of
1.1° wide. And it can cannot use the MLE with the narrow
transmit beams as possible for the MIMO thin/full array radar.
It gets around this problem by following the target detection
with a conventional track dwell that uses sequential lobbing
with the transmit beam. This is like a verify in a conventional
radar but instead is used for target location and possibly track
initiation. The dwell can be made long enough to provide a
very high SNR and in turn very accurate angle estimate if
desired. An alternate for getting target angle information
during search with the conventional thin/full array is to use
AL bheams that are packed closer than at the 3 dB widths to
search the volume of space, like spaced at half the 3 dB width
apart for search but with beam having about half the energy
that is used with a 3 dB spacing. In this case one would video
integrate adjacent beams for detection, like beams 1&2, 2&3,
3&4, etc. On detecting a target the amplitudes of the echoes
from adjacent beams would be used for target angle location
estimation. This provides a coarse MLE for target detection
and location based on the transmit beam locations. It is like
doing sequential lobbing or conical scanning on search. The
full/thin conventional array does not have this angle
estimation issue. It uses on receive narrow ALs for MLE
detection and angle estimation.



The conventional thin/full array system will require a wider
bandwidth than its equivalent MIMO system. This is because
N different carrier frequencies f. are needed for the N
subpulses of the conventional array; see Figs. 2 to 4. This
wider bandwidth will not typically require more receiver
hardware, just A/Ds with wider bandwidth. For example for
search assume a narrow bandwidth of 100 KHz is used.
Typically a narrow bandwidth is used for search to reduce the
number of range cells needed for search which allows a larger
false alarm probability per range cell and in turn more
efficient search. For N=10 and a separation of 500 KHz
between carrier frequencies the total bandwidth to be handled
by each A/D is only 5MHz which is easy to handle with
todays A/Ds. Having the thin array do the transmitting for the
conventional array has the advantage of lower dispersion
across the receive array since it is physically smaller, 1/N
times smaller than the transmit array. This is an advantage
when having to reject barrage jammers, a subject covered in
Sect. 5.

It is worth noting that achieving good orthogonality for the
waveforms of a MIMO system is not a trivial task [11-13].
For many applications it may not be possible to obtain
waveforms with a satisfactory orthogonality. We will not
address this problem here but assume that it is possible and
examine other issues.

We now point out that the two-way conventional thin/full
array pattern of Fig. 1b is actually identical to that of the
MIMO thin/full virtual array. The conventional thin/full array
two-way pattern given in Fig. 1b is the product of the thin
transmit array pattern with the full receive array antenna
pattern. From Fourier Analyses this is the pattern one obtains
from an equivalent antenna obtained by convolving the
weightings versus distance along the aperture functions for
the conventional transmit and receive arrays. But this is just
what the virtual MIMO array is; QED. It is important to point
out that although the equivalent virtual antenna having N2
elements has the same resolution as a full array of N2 elements
it does not have the PA (radiated power P times receive
aperture area A product) or PAG (PA times transmit antenna
gain G) of the full array antenna of N2 elements. If we assume
the same total power radiated by both then the virtual array’s
PA is a factor N lower and its PAG is a factor N? lower. For
the same power per element for both the virtual array has a
factor of N2 lower PA and N® lower PAG.

We now show mathematically that the two-way pattern for
the thin/full MIMO and its conventional exactly that of the N?
element uniformly weighted virtual array. Let the antenna
voltage patterns be given by E«(u), E«(u) and Ezw(u) where
u=sin@, for respectively the full array of N elements of
spacing d=A/2, the thin of array of N elements having spacing
Nd=NA/2 and the thin/full array two-way pattern which is the

product of the transmit and receive patterns. From [5] we get
Egs. 1 and 2 for E¢(u) and Ei(u), which yields their product
Eqg. 3, the 2-way pattern:

sin(Nzdu /A1)
EW=———— 1
sin(zzdu/A)
. 2
Et U= SlI.l(N mdu/A)
. 2
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But the above two-way pattern is the array voltage pattern for
a full linear array of N2 elements spaced d=A/2, which is the
MIMO virtual array. Again QED. Note that Eg. 3 has no
grating lobes. Note that the voltage patterns given above are
actually the linear array antenna patterns for the case where
the elements radiate isotropically. This type of antenna pattern
is called an antenna “array factor” [5]. Note also that this
result applies when the arrays are uniformly weighted. It is
because we have a uniform weighting for the full array that
we have all the grating lobes of the thin array falling on the
nulls of the full array. It does not matter whether we have a
MIMO or conventional full/thin array. For this case the zeros
of the Schelkunov polynomial form of the array factor are
uniformly placed around the unit circle relative to the peak of
the beam location [14]. If the full array was weighted the
poles and in turn its array factor nulls would no longer be
uniformly spaced so as to fall on the grating lobes of the
thinned array. On the other hand applying weighting to the
thinned array still keeps the grating lobes at the nulls of the
full uniformly weighted array if we do not change the
spacings between the elements of both arrays. It is desirable
to apply weighting to the thin array because it lowers the
close-in sidelobes of the thin/full array which with uniform
weighting are only 13 dB down [5]; see Fig.1, too low for
many applications. With a Dolph-Chebyshev 40 dB
weighting applied to the thin array the close in sidelobes
would be 40 dB down instead of 13 dB. One would in the
process degrade the angle resolution of the full/thin array by
40% [5, 14]. This could be made up for by increasing the
length of the thin array by 40%. Weighting the full array also
is still an option. If this is done one would then want the first
grating lobe to be at the first null of the weighted full array,
or close to it. Now the higher order grating lobes do not fall
at the nulls of the full array. However, if a Dolph-Chebyshev
40 dB weighting is used for the full array the higher grating
lobes, although not at the nulls of the full array, are 40 dB or
more down.
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Figure 5 MIMO monostatic linear full array of N elements
and its conventional equivalent using spoiled beam on
transmit, Ubiquitous radar; volume FOV search of 120°.

It is important to note that viewing the thin/full MIMO and its
conventional equivalent in the antenna pattern angle, or
equivalently u-space domain, instead of the array weighting
domain (of weighting versus distance along the array with its
convolution to get the virtual array) gives us physical insight
as to what is going on. When viewing from the angle or u-
space domain we see right away that it is not necessary to have
the number of elements N for the thin and full arrays be the
same. Also the spacing of the elements of the thin array does
not have to be equal to width of the full array. What is desired
is that the first grating lobe be at or near the first null of the
full array when heavy weighting is used for the full array.
Also we see that we can have weighting for the thin and/or
full array. Also the phase centers of the full and thin array do
not have to coincide. This viewpoint also gives us right away
a feel for the effects of errors on the MIMO array based on
what we know already for conventional arrays as given in [5].
It is also very important to realize that the MIMO system is
the same as the conventional array except that the transmit
beam is formed in the receiver instead of in the transmitter.
Their one-way transmit and receive patterns are the same
when the same weightings are used. Also their two-way
patterns are the same. Although the results given in this
paragraph and the three before it were given for a thin/full
MIMO and its conventional equivalents they apply as well to
the full/thin described in [2, 3, 15].

2. Conventional Full/Thin Array

The full/thin MIMO and conventional array search
waveforms are presented in [3]. If for the conventional
full/thin array one chooses to receive only 4 narrow receive
beams instead of 10 on each transmission, to keep the GL
amplitude down as indicated in [3] then for N=10, 25 pulses
and beams of width 2/N have to be transmitted instead of 10;

(10N/4=2.5N=25). The search time then is 2.5 times that for
its MIMO equivalent for a 4 dB search energy loss and a 2.5
times longer search time. But if the ideality factor n=1.5 the
search power needed for the MIMO array would be 5.2 dB
higher than for the conventional array [2, 3, 15] if we did not
suffer the above factor of 2.5 (4dB) in the number of transmit
beams. This leaves us with about 1 dB (5.2-4 dB~1 dB) less
search power needed for the conventional full/thin array than
for the its MIMO equivalent [3]. The antenna one-way
imbedded element power pattern is in terms of n is cos"(0).

3. Comparison of Monostatic MIMO and
Conventional Full Array Radars

Figs. 5 shows the volume search for the monostatic MIMO
linear array and its conventional equivalent for the case where
the latter uses a spoiled beam on transmit with focused beams
on receive. The latter is called the ubiquitous radar by Merrill
Skolnik. This conventional array radar equivalent has the
same performance as the MIMO radar with respect to power
and time needed to search the FOV. The MIMO system
provides a \2 better angle estimate during search [2, 6, 16,
17]. But the MIMO requires a much larger signal processing
throughput; see [2, 3]. A better conventional array is to use
focused beams on transmit and machine gunning as done in
Fig. 3. Doing this allows us to vary the transmit energy needed
according to the off-boresignt loss and thus achieve higher
search efficiency. As a result to search a 120° horizon fence
for an ideality factor of n=1 we need 3.7 dB less energy for
the monostatic conventional array than for the MIMO array,
for n=1.5, 5.2 dB less energy, the same 5.2 dB as given above
for the full/thin array in the paragraph above Fig. 5 [2].

4. Computation Complexity of MIMO Radar

It was indicated in [2,3 15] that a monostatic MIMO radar
consisting of a linear array of N elements requires FN?
matched filters (MFs) where F is the number of doppler
matched filters per orthogonal waveform needed to handle the
doppler intolerance of each orthogonal waveform. Thus for
N=100 and F=30, 300,000 MFs are required for MIMO radar
vs N=100 MFs for a conventional array radar which can use
a chirp waveform that is doppler tolerant, 3,000 fewer MFs.
This result is independent of whether the receive or transmit
beamforming is done first. Thus the MIMO MF computation
load can be orders of magnitude more than for a conventional
radar. The MIMO full/thin array also requires FN? MFs. This
result as well is independent of whether the transmit or the
receive beamforming is done first. For the MIMO thin/full
array radar again FN?> MFs are needed if the transmit
beamforming is done first. If the receive beaming is done first
then number of MFs needed is FN3. For the above
conventional thin/full array radar the number of MFs needed



is N2. There are applications where doppler intolerant
waveforms can be can used for the MIMO radar like for HF
Over the Horizon (OTH) Radars which can use time or
frequency separation for orthogonality [18]. Also when
coherently combining radars [2, 3, 15].

5. Jammer and Clutter Suppression

It has been shown that conventional equivalents to MIMO
radar systems can do just as well as MIMO systems in
rejecting barrage noise jammers in spite of the larger number
of degrees of freedom for the MIMO system; see [3, 19]. This
becomes obvious when one realizes that the jammer rejection
can be done first in the receiver without effecting the
optimality of signal detection when the jammer is not within
a beamwidth of the signal. When doing this the ability to
reject the jammer or jammers is not dependent on the
waveforms transmitted, and in turn whether it is a MIMO or
conventional system. For a receive array of N elements the
receiver architecture would consist of the formation of N, or
more, focused beams for the detection of the targets in these
focused beams over the FOV. This would be done
independent of whether the system is a MIMO system or
conventional array. For the MIMO system this would be the
equivalent of doing the receive beam forming first, before the
transmit beamforming with its MFs. The jammers present in
each of the focused beams is next rejected using sidelobe
cancellers (SLC) for each focused beam output. The auxiliary
signals for the SLCs for a given beam are obtained from the
outputs of the focused beams pointed in the directions of the
jammers. The location of the beams pointed at the jammers
can be easily determined by noting the strength of the outputs
of the focused beams. This receiver architecture is an
application of adaptive-adaptive beam forming for the
jammer suppression; see [20-24]. The focused beams are
approximations of eigenbeams [25]. Ideally they should have
nulls or low sidelobes in the direction of the jammers. For a
MIMO system next the outputs of each of the jammer
suppressed N focused beams is followed by the formation of
transmit focused beams which consists first of a bank of FN
matched filters followed by the transmit beamforming. This
architecture avoids doing the jammer suppression after the
jammer signals go through the orthogonal matched filters
where the jammer signal from the auxiliary may not be
correlated with that from the signal channel. If the jammer is
within a beamwidth of the signal then we have a mainlobe
cancelling situation and the usual loss of signal strength. To
detect such targets would require mainlobe cancelling
techniques for both the MIMO and conventional systems and
they should be equally effective in rejecting jammer.

It has been claimed that MIMO can handle hot clutter (which
is barrage noise jammer signals received after reflection from
the ground) whereas conventional arrays cannot [26, 27]. This

is not true, conventional arrays can handle hot clutter just as
well as MIMO arrays can [3]. Conventional radars can reject
hot clutter coming into the mainlobe of the target beam
without rejecting the signal return equally as well as MIMO
radars; see Fig. 4 in [3].

Let us consider the ability of monostatic MIMO and its
conventional equivalent of Fig. 5 to handle repeater
jammers. For both types of systems standard sidelobe
blankers (SLBs) can be used to gate out the repeater signals
coming through the receive sidelobes of a focused receive
beam pointing in the direction of a target to be detected. The
location of repeater jammers can be determined for the
monostatic MIMO and its conventional equivalent by noting
the direction of the beams having many targets at several
ranges coming from the same angle. The auxiliaries for the
SLBs would be the beams in which the repeaters are located
with their gains set to be slightly higher than the gains of the
sidelobes in the direction of the jammer for the beam
pointing in the direction of the target to be detected. This
type SLB can be used equally effectively for the monostatic
MIMO and conventional equivalents of Fig. 5. The
conventional equivalent of Fig. 5 that uses machine gunning
has the advantage over its MIMO equivalent radar in that it
can use open loop nulling and spoofing to better cope with
the repeater jammers. Specifically, for the conventional
system nulls can be placed in the sidelobes in the direction
of the repeaters for a transmit beam pointing in the direction
of the target to be detected. This would reduce the sensitivity
of the repeater to the transmit signals. Furthermore, it helps
with spoofing of the repeater. Spooofing is achieved by
forming a transmitter beam in the direction of the repeater
jammer which transmits a spoofing signal (also called a
cover pulse) at another frequency at a level somewhat larger
than from the sidelobe of the beam used to detect the target.
This will lower the level of the signal retransmitted by the
repeater at the frequency being used to detect the target and
thus reduce the effectiveness of the spoofer, potentially to
the point of being ineffective. Using spoofing for the
monostatic MIMO radar and its ubiquitous equivalent is
difficult. It requires first applying nulls in the transmit beam
in the directions of the repeaters. If MIMO is done at the
element level this is not easy. If MIMO subarraying is used
it is easier but the widths of the nulls will be wide. In
addition it results in loss of coverage at these angles.
Repeater jammers are equivalent to strong clutter interferers.
The use of MIMO radar to reject strong clutter interference
is covered in [28].

The thin/full MIMO radar and its conventional equivalents
have the disadvantage of a wide receive mainlobe of width
2/N (11.5° on boresight) vs 2/N? (1.15°) for the full array of
length N2. The full/thin array has narrow ALs of width 2/N?
(1.15°) but there are N of them so the total angle main beam
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Figure 6. Comparison of MIMO and conventional GMTI
systems. Assumptions: MIMO: thin/full array, N=5;
Conventional: full array, N=5. From [28].

jammed is still 2/N (11.5°). To cope with this issue for both
the MIMO and conventional array radars it would be desirable
to be able to switch between a full/thin and thin/full array
depending are where the jammers are for a given situation.
This could be achieved by using T/R modules at all the
elements of the transmit and receive array.

6. Airborne Radars

It has been shown that MIMO can provide a lower minimum
detection velocity (MDV) for an airborne GMTI system, the
MIMO system being able to detect a man walking while the
conventional could not; see Fig. 6 from [29]. The reason given
for the MIMO providing a better MDYV s that it has a longer
coherent dwell time and a larger antenna. The conventional
array they used was a full array; see Fig. 6 [29, see also 30].
If they used their MIMO thin/full array as a conventional
array in the manner described in Sect. 2 above then the
conventional array would have the same coherent dwell time
and antenna aperture length as the MIMO thin/full array and
one should expect that its MDV would be the same as for the
MIMO system. The conventional thin/full array needs a
waveform modification for use in a GMTI radar. Its
waveform shown in Fig. 4 is a single pulse. For GMTI this
single pulse would be repeated at a fixed pulse repletion
frequency (PRF) to become a pulse doppler waveform having
the same number of pulses and PRF as for the MIMO GMTI

radar so as to have the same coherence time. We have not
addressed the detailed waveform issues here for the MIMO
GMTI system. Ref. 31 indicates that MIMO GMTI systems
require higher PRFs with result that it may only find use for
short range applications. It is worth emphasizing that the
conventional thin/full GMT]I system uses a conventional pulse
doppler waveform that can be comprised of standard chirp
pulses. There is no waveform design issue.

7. Applications of MIMO

For discussion relative to near term uses of MIMO radar the
reader is referred to [2, 3]. | am sure that MIMO will find
other uses. MIMO has the potential to be applied to large
radars when subarraying is used as described in [2, 15] to
reduce N and in turn the computation complexity.

7. Acknowledgment

Thanks due Dr. Alfonso Farina (Selex, retired), Mike
Sarcione, Dr. Jama Mohamed, Dr. Dan Marshall, Joe Gwinn,
Dr.,Daniel Zwillinger, Dr. William P. Ballance, all at
Raytheon Co., Prof. Jian Li (Un.Florida),), Dr. Dan Rabideau,
Dr. Scott Coutts, Dr. Frank Robey, Dr. Vito Mecca and Dr.
Dan Rabinkin, latter five of MIT Lincoln Lab., Dr. Jian Wang
(formerly Raytheon and Rockwell Collins) Dr. Robert
Francois (Raytheon, retired), Dr. Marshall Greenspan
(Northrop-Grumman, retired), Dr. Michael Zatman (SAZE),
Dr. Joe Guerci (private consultant), Dr. Gordon J. Frazer
(DSTO), Dr. Yuri Abramovich (W R Systems, Ltd.).

This paper is an update of [32] whose copyright is owned by
IEEE. Published here with IEEE permission. The updates are
the addition of Sect. 6 and the discussions relative to the angle
accuracy and energy search efficiency of the thin/full array.

8. References

[1] J. Li and P. Stoica (editors), MIMO Radar Signal
Processing, John Wiley & Sons Inc, 2009

[2] E. Brookner, MIMO Radar: Demystified, Microwave
Journal, Jan. 2013.

[3] E. Brookner, “MIMO Radar Demystified and Where it
Makes Sense to Use”, Radar 2014, Lille, France, 10/13-17/14.
[4] K. W. Forsythe and D. W. Bliss, Chap. 2 in [1].

[5] E. Brookner, “Practical Phased Array Antenna
Systems”, Sect. 2.1, Artech House, 1991.

[6] Rabideau, D.and P.A. Parker, “Ubiquitous MIMO?”,
MIT Lincoln Lab., 3/10/2004,www.dtic.mil/cgi-bin/
GetTRDoc?AD=ADA421233

[7] C. Kerce, J.; Brown, G.C.; Mitchell, M.A., "Phase-
Only Transmit Beam Broadening for Improved Radar


http://www.dtic.mil/cgi-bin/%20GetTRDoc?AD=ADA421233
http://www.dtic.mil/cgi-bin/%20GetTRDoc?AD=ADA421233

Search Performance,” IEEE Radar-2007, pp.451,456, 17-
20 April 2007.

[8] Brookner, E., Radar Technology, Artech House, 1977,
Appendix, Table 3.

[9] Davis and R. Fante, IEEE AP Trans.,July 2001, pp.
1043-53.

[10] Brookner, E., “False Alarm Rate and False Alarm
Number for Discrete and Continuous Time Sampling”,
IEEE Transactions on Aerospace and Electronic Systems,
November 1981.

[11] Olivier Rabaste, ONERA, France, made statement
during oral presentation of [7].

[12] R. Olivier and S. Laurent., “Mismatched Filter
Optimization via Quadratic Convex Programming for
Radar Applications”, Radar 2014, Lille, France, Oct.13-
17, 2014.

[13] M. S. Dauvis, et al, “Coherent MIMO Radar: The
Phased Array and Orthogonal Waveforms”, IEEE Systems
Magazine, Aug. 2014, Pt I, pp. 76-91.

[14] R. Mailloux, “Phased Array Antenna Handbook”,
Artech House, 1994, Sects. 3.1.2 and 3.1.

[15] E. Brookner, “MIMO Radar Demystified and Where
it Makes Sense To Use”, RadarConf 2014, Cincinnati,
Ohio, May 19-23, 2014.

[16] D. Bliss, MIT Lincoln
communication.

[17] D. Rabideau, , MIMO Radar Optimization, IET,
Radar Sonar Navig., 2011, v. 5, #2, pp.155-162.

[18] Mecca, Victor, MIT Lincoln Laboratory, private
communication.

[19] V. Chernyak, “Signal Detection by MIMO Radars in
a Background of Spatially Correlated Interference,” Radar
2014, France, 10/13-17/ 14.

[20] E. Brookner and J.M. Howell, “Adaptive-Adaptive
Array Processing”, Phased Arrays 1985 Symp. Proc., Oct.
15-18, 1995, Mitre, Bedford, MA, pp. 133-146; Also
RADC Rept. RADC-TR-85-171,

8/1985. Electromagnetics Science Div., RADC, Hanscom
AFB, Bedford, MA 01731, AF Systems Command.

[21] E. Brookner and J.M. Howell, “Adaptive-Adaptive
Array Processing”, IEEE Proc., April 1985, pp. 602-604
[22] E. Brookner, Aspects of Modern Radar, Artech
House, 1988, Sect. 2.6.4.7.

[23] R. A. Monzingo, R. L. Haupt and Thomas Miller,
“Introduction to Adaptive Arrays”, Scitech Pub., 2nd Ed.,
201let al 1, Sect. 12.7.4.

[24] Alfonso Farina, “Antenna-Based Signal Processing
Techniques for Radar Systems”, Artech House, 1991, pp.
275-2717.

[25] Joe Guerci, “Space-Time Adaptive Processing for
Radar”, Artech House, 2" ed., 2015.

[26] Yongzhe Li (Un. of Elect. Sc.e & Tech, Chengdu,
China & Dept. SP & Acoustics, Aalto Un., Finland)
private communication.

Laboratory, private

[27] Y. Li, S. A. Vorobyov, and A. Hassanien, “MIMO
Radar Capability on Powerful Jammers Suppression”,
ICASSP May 4-9, 2014, Florence, Italy.

[28] Liu, J., H. Li and Himed, B, “Joint Design of
Transmit and Receive Beamforming for Interference
Mitigation”, Radar 2014, Lille, France, Oct.13-17, 2014.
[29] Bliss, D. et al, GMTI MIMO Radar”, IEEE 2009
International WD&D Conference.

[30] Bliss, D. and K. W. Forsythe “Stone Soup MIMO
Radar: Comparing Sparse Partially Adaptive and MIMO
GMTI Radars”, Radar Conference (RADAR), 2013 IEEE,
April 29 2013-May 3 2013.

[31] M. Zatman, “The Applicability of GMTI MIMO
Radar”, IEEE Asilomar 2010.

[32] E. Brookner, “MIMO Radars and Their Conventional
Equivalents”, Radar 2015, Arlington, VA, 5/11-15/15.

&’62; BEE CCNY, ’53. Raytheon 1962-
2014; Principal Engineering Fellow;
worked on radars for air traffic control,
military defense, space & navigation: on
=7 | ASDE-X, ASTOR RADARSAT II, AGBR,
" major Space Based Radar programs,
NAVSPASUR, COBRA DANE, PAVE
PAWS, MSR, COBRA JUDY Replacement, THAAD,
SIVAM, SPY-3, Patriot, BMEWS, UEWR, SRP,
Pathfinder, Upgrade for >70 ARSRs, AMDR, Space
Fence, 3DELRR. Before Raytheon: Columbia Un
Electronics Research Lab. [now RRI], Nicolet, & Rome
AF Lab; Awards: IEEE 2006 Dennis J. Picard Medal for
Radar Technology & Application; IEEE *03 Warren White
Award; Journal of Franklin Inst. Premium Award best
paper, 1966; IEEE Wheeler Prize for Best Applications
Paper, 1998. Fellow: IEEE, AIAA, & MSS. 4 books:
Tracking and Kalman Filtering Made Easy, Wiley, 1998;
Practical Phased Array Antenna Systems (1991), Aspects
of Modern Radar (1988), and Radar Technology (1977),
Artech. >10,000 attended courses in 25 countries. Banquet
& keynote speaker 12 times. > 230 publications. > 100
invited. 6 papers in Books of Reprints. 9 patents.


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6578012

