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The d-Radar: a bistatic system based on
conformal arrays

GASPARE GALATI', PAOLA CARTA', MAURO LEONARDI', FRANCESCO MADIA®, ROSSELLA STALLONE”
AND STEFANIA FRANCO®

Multifunction radars based on active phased arrays are well known and widely studied systems. The concepts of bistatic archi-
tecture, conformal array and digital beam forming (DBF) are combined in this paper to define a novel multifunction radar for
point defense. The conical shape of the antenna overcomes the significant limitations in the azimuth coverage of 360° of fixed-
faces phased arrays due to the beam scanning up to 45°. The usage of separate transmit/receive arrays and the DBF technique
adds the operational flexibility and the possibility of multiple simultaneous functions, with an optimal time-energy resources
exploitation. After a short description of its technological demonstrator, some significant design trade-off, and operating
aspects of the proposed architecture, called d-Radar, are described, showing the main differences with respect to the classical,
four faces, and phased-array multifunction radar architecture. It is described how the operating modes can be made more and
more similar to a “staring” or “ubiquitous” radar permitting an instantaneous detection and location of short-range, low-
elevation targets for sea and ground operations. Finally, some remarks about the resources management and scheduling

are shown with the results from a case of study.

Keywords: Digital beam forming, Conformal array, Multifunction radar, Active phased array

Received 4 May 2015; Revised 5 February 2016; Accepted 8 February 2016; first published online 3 March 2016

. INTRODUCTION

A multifunction array radar (MFAR) can perform most of the
functions previously performed by a number of dedicated
radars. These include: (low, medium and high elevation) sur-
veillance, tracking, weapon guidance, navigation, communica-
tion, etc.

Once selected the radio frequency band, the design of
MFAR systems implies some trade-offs, ie. the choice
between passive or active arrays, single or multiple arrays,
rotating or fixed faces and so on. An MFAR can be employed
in the civil field (the most appealing future applications being
air traffic — and airport-control and atmospheric surveillance
for weather and biological entities), or in the military field as
part of a defense system. More details about the concept and
the design of MFAR systems can be found, for example, in [1, 2].

In this paper, we discuss an evolution of phased array radar
architectures made possible by the growth of digital signal-
processing capabilities and of computing power. In fact, it
appears that in some multifunction radar applications, both
civil and military, this is the time for a change from the trad-
itional monostatic, flat-faces radar using transmit-receive
modules (TRMs) toward more advanced solutions with
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separated — transmitting and receiving — conformal (curved)
arrays and extensive usage of digital beam forming (DBF).
Here, we use some not fully rigorous terms: bistatic (this
short term is used here to indicate separate, although close
to each other, transmitting and receiving antennas) architec-
ture, and conformal (short term for “non-planar”, in practice:
frustum-of-cone shaped) array.

A recently proposed architecture (presently at the proto-
type stage), called d-Radar [3], mainly aimed to future point-
defense, multifunction, conformal, bistatic phased array
radars is described here. Its analysis is organized as follows.
Section II describes the system architecture, Section III
shows the main limitations of the “classical” planar array
architecture as compared with a conformal one, and describes
the operation modes including the evolution toward a possible
“ubiquitous” radar [4]. Section IV describes, in the above
frame, the basic operational aspects of the management and
allocation of time/energy resources. Finally Section V
reports some final considerations and perspectives, Section
VI some conclusions, and last the acknowledgements.

I. THE D-RADAR ARCHITECTURE
AND ITS TECHNOLOGICAL
DEMONSTRATOR DANTE

The d-Radar [3-6] architecture has separate transmit and
receive antennas based on conformal arrays [7-10] on a
conical surface (hence the terms bistatic and conformal), as
shown in Fig. 1, where the transmitting (Tx) array is on the
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Fig. 1. The “bistatic” d-Radar antenna.

bottom and the receiving (Rx) array on the top. The arrays are
composed by tilted columns, each one containing equidistant
radiating or receiving elements, and a typical tilt angle of 15°.

This concept is being field-tested by means of an X-band
demonstrator called digital antenna evaluator (DAntE), oper-
ational by 2015; see Fig. 2.

DAntE operates in a two-dimensional (2D) mode (i.e.
without height measurement) with a conical receiving array
whose columns have a reduced (eight only) number of ele-
ments each one. There are 200 columns (more precisely,
216 for the receiving array and 240 for the future
bottom-installed transmitting array) and each one of them
is connected to its own digital receiver. A physical unit
called Q-pack groups four digital receivers, therefore there
are over 50 Q-packs (i.e. 54 Q-packs for 216 receiving
columns). The transmitting section is presently emulated by
two independent antenna horns which can be aimed at differ-
ent angles. A dedicated radar processor controls the DAntE
operation.

Among the various topics being investigated with this dem-
onstrator, there are the following, related to the receiving
array, and aimed to check the capability of this conical, DBF
array:

(i). Array pattern control (gain, side lobes reduction, syn-
chronization in digital down conversion, etc.);

(ii). Multiple beam pointing (angular resolution, creation on
nulls in defined directions, operation with multiple fre-
quencies, etc.);

(iii). Data management (digital interfaces, data flow, data
rate, etc.)

The programmed tests include:

1. Array pattern: comparison between computed/simulated
and measured patterns of conical arrays made up by a vari-
able number of contiguous columns;

2. Decoupling of receiving beams, with the transmitting
beams:

a) operating at a fixed frequency,

b) operating at different frequencies,

¢) emitting orthogonal signals (generated by either deter-
ministic or pseudo-random codes).

In fact, a relevant problem for this kind of radar architecture
(but also present in more conventional phased array radars) is
the coupling of the simultaneous beams in different operating
conditions.

Among the results obtained with DAntE, there is the mea-
sured antenna pattern shown in Fig. 3.

This concludes the description of DAntE: the remainder of
this paper is fully dedicated to the d-Radar.

The key feature of d-Radar is the possibility to transmit and
receive multiple simultaneous beams by partitioning of the Tx
antenna and extensive usage of DBF as explained in the fol-
lowing, in order to implement a multifunction radar for
both naval and ground-based applications, mainly aimed to
point defense.

A subarray, defined by a group of adjacent columns
from the Tx antenna, transmits on the selected, pertaining

Fig. 2. The DAntE demonstrator and its installation in the SEASTEMA laboratories, Roma.
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Fig. 3. DAntE measured receiving antenna pattern at 9.5 GHz (the test antenna, representing the d-Radar operation as shown in Figs 4 and 5, was a subarray in a
107° sector, i.e. using 30% of the full number of columns).
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direction, with an elevation angle defined by the phase shift
between the columns elements. By an appropriate partitioning
of the Tx antenna, different subarrays can transmit multiple
simultaneous independent beams, with the only constraint
that the subarrays cannot share Tx columns at the same
time (of course this constraint does not apply to the highly
linear receiving array). The beam-shape properties depend
on the number of columns used to define the subarrays,
which can be dynamically set without limitations (subject to
the constraints on elements coupling and on the antenna
element radiation patterns). Grouping of a number of the
Rx columns into (possibly, overlapped) subarrays generates
a number of beams with azimuth beamwidth corresponding
to the required resolution. Analog to digital conversion is
applied to each Rx element, and the signal samples are used
to generate multiple beams applying the DBF technique.
Multiple receiving beams can be formed “inside” one trans-
mitting beam, to perform the desired radar functions in par-
allel. The Rx array columns have a greater number of
elements than the Tx array, to obtain a narrower beam in ele-
vation (typically, eight times narrower, i.e. with the possibility
of digital forming of eight receiving stacked beams in

Beam 1

Fig. 4. The electronic scan in azimuth.
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elevation, e.g. from o° to 70°). Azimuth scan (see Fig. 4) is
exploited modifying the Tx subarrays composition, i.e.
simply shifting the group of columns; the equal phase plane
perpendicular to the boresight of each (curved) Tx subarray
is created thanks to phase shifters.

360° surveillance is implemented by partitioning the Tx
columns into M equal-sized subarrays transmitting M simul-
taneous and equally spaced beams; see Fig. 5. Denoting by w
the “electronic azimuthal scan speed” of the surveillance and
by t, the required scan period (with typical extent of 1-6s),
we get w = 27/(M-t,), i.e. the scan speed “slows down” with
M increasing. In tracking (and plot confirmation) functions
the Tx antenna partitioning and beamforming depends on
the angular distribution of the targets, and different non over-
lapping subarrays (not necessary equal or adjacent) may sim-
ultaneously illuminate different targets. When two targets
being tracked are too close in azimuth (i.e. azimuth separation
A6 < 27/M) sequential illuminations is necessary using two
subarrays with a large number of common columns. This
method of operation has significant advantages over a conven-
tional MFAR/multifunction phased array radar (MPAR): first,
the losses due to beam steering (especially in azimuth) are

‘e e e
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Fig. 5. Different antenna configurations.

avoided, second, an efficient resources management is possible
by exploiting the above described features thanks to optimal
scheduling of the various radar functions with a high degree
of parallelism.

In a more general view of the system operation, the number
of subarrays, M, is time varying and adaptive with the scenario
and with the radar functions to be executed. Once M is set, the
transmitting power and the gain corresponding to each subar-
ray are defined, and decrease with M increasing; however, the
increasing beamwidth permits a greater time-on-target and a
wider angle coverage. To exploit long-range surveillance,
small values of M (<6) are preferable, while greater values
of M are preferred for short-range applications. When M
reaches the limit value at which the azimuth beamwidth of
the subarrays equals the angular sector (277/M), instantaneous
360° illumination is obtained and the full circle may be used
for near-range surveillance or for the tracking of many
close-up or pop-up targets. A similar omnidirectional oper-
ation (called “staring” or “ubiquitous”) may be attributed to
some short-range operational radars, such as the sectorial-
coverage ALARM® [11, 12], while the cylindrical/conical
array is used in other short-range systems, mainly against
rockets, artillery and mortar, such as the L-band Lightweight
Counter Mortar Radar (LCMR-A or AN/TPQ-49, AN/
TPQ-50); see [13] (http://www.srcinc.com/what-we-do/
radar-and-sensors/lcmr-counterfire-radars.html  http://www.
srcinc.com/what-we-do/radar-and-sensors/Istar-air-surveillance-
radar.htmlhttp://www.srcinc.com/what-we-do/radar-and-
sensors/aesaso-multi-mission-radar.html)). An S-band, ubi-
quitous radar (probably not yet operational) called “Omni-
directional Weapon Locating - OWL - radar” and using a
circularly symmetrical array, is described in (http://www.srcinc.
com/what-we-do/radar-and-sensors/omni-directional-weapon-
locating-radar.html).
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Not being limited by the Tx antenna partitioning, the Rx
beams are defined accordingly to the processing needs: Fig. 5
shows some possible transmitting antenna configurations.

The following section contains a comparison between a
planar array and a conical one with results obtained by parti-
tioning of the latter. The option of partitioning a planar array,
too, although possible, is not considered in this work for
reasons of effectiveness. In fact, if each one of the four
planar faces of a “conventional” phased array radar would
be divided into K vertical, rectangular subarrays, the resulting
architecture should someway resemble the ones of Fig. 5, (for
example, the “Short Range” one for K = 2). Then, arranging
the subarrays in a circularly symmetrical way, pointing them
slightly upward, separating the transmitting antenna, adding
DBF and going on this way with K dynamically varying, a
kind of d-Radar should be obtained, annihilating just the dif-
ferences to be explained and quantified hereafter.

. COMPARISON D-RADAR
VERSUS A FIXED-FACES MFAR AND
ANTENNA SECTORIZATION

A) Cylindrical versus planar arrays

With a four-planar-faces architecture (henceforth called
PPAR - planar phased array radar, from [14]), the electronic
scanning has to be greater than the absolute minimum of
+45° (up to +60 or 70° in some practical cases) for the con-
tinuity of tracks. The gain losses and the beam broadening of a
four faces PPAR have been evaluated in [14, 15] versus the
equivalent, cylindrical architecture (called CPAR (cylindrical
phased array radar)) in the field of studies of a long-range,
ground-based multifunction radar for weather and civil
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aircraft surveillance. The beam broadening of a planar array
with respect to the operation at boresight can be compensated
by an increase of the horizontal dimension of the antenna in
order not to exceed the maximum main lobe width even at
a 45° scan, because the azimuth resolution (and accuracy)
requirements have to be satisfied at all scan positions. In the
study for cylindrical polarimetric phased-array radar
(CPPAR), [14, 15], it has been shown that, for 360° azimuth
coverage, any given elements spacing (e.g. 0.5 A) and a fixed
azimuth resolution (considered, in the planar array, when
scanning at 45° from the boresight) the number of elements
(but not the transmitted power) for four-face planar array
(each face hosting, as usual, nearly circular - or elliptical
arrays) and a cylindrical one is the same when four simultan-
eous beams are formed in the cylindrical array. This result is
obtained by simple geometrical considerations (as shown in
Fig. 6): the circular basis of the cylinder has to be exactly con-
tained in the square basis of the four-face antenna. To be more
precise, one must take into account that the beam width of a
cylindrical array also depends on the fact that the elements in
each column are oriented to a different azimuth angle, unlike
the planar array, but this effect can (and has to) be compen-
sated by an appropriate taper of the illumination of the
array; taper, anyway, is also needed in the planar array to
lower the side lobes. Finally, in the comparison of a four-face
array with a cylindrical one, it has to be noticed that the -
apparently, “waste” - elements at the four corners of each
array formed in the cylindrical surface (i.e. the ones missing
in the compared planar configuration), may be used for ancil-
lary functions such as jammer analysis, side lobe blanking/

2R .

cancellation, and so on. In [16], conformal arrays and their
polarization problems have been studied for MPAR
applications.

Comparisons in terms of power budget are less straightfor-
ward. It is well known that the radiation pattern of an array
depends on the product of the array factor by the factor of
the active element. Normally the array factor includes the
cosine term, which produces a reduction of gain equal to the
widening of the beam. The active element factor losses that
take into account mutual coupling are difficult to estimate
and depend on actual implementation of the radiating
element and on the lattice. A one-way element loss between
1 and 2 dB on the whole frequency band is to be considered
a good design result. So, overall one-way losses at 45° scanning
can be estimated from 2.5 to 3.5 dB (i.e. about 1.5 dB for the
array and 1-2 dB for the element) with an average value of
3 dB. For the cylindrical (or conical) array, the one-way gain
loss due to the horizontal positions of elements lying on an
arc of circle instead that on a straight line decreases with the
number M of sectors increases, and (see also Fig. 6) is 10
log(7/2:4/2) or approximately 0.46 dB in the case of the
minimum number, i.e. four sectors (a smaller number being
considered not interesting in this work).

Bandwidth is another advantage of the conical array in its
more common operation, i.e. at the azimuthal boresight. As a
matter of fact, the conical shape implies a greater distance
between adjacent columns, ie. a linear increase (from the
top to the bottom of the antenna) of the horizontal spacing
d of the array elements. The resulting beam (in the usual
pointing at boresight, i.e. in symmetry conditions, impossible

Total Area = 4 .(ER %]

Beamwidth < 1/[213 cos ’_;J

TotalArea = 2R H

Beamwidth = ?L/Rwﬁ

Fig. 6. Comparison between planar and cylindrical arrays: same area and same number of equally spaced elements for a given angular resolution.
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in a fixed planar array with the only exception of targets
aligned on the boresight) is more robust with respect to
changes in the operating wavelength (frequency agility and
diversity): bandwidths well wider than 20% of the central fre-
quency may be achieved. In a series of trials with DAntE, in
2015, the following results have been achieved with the receiv-
ing array made up by 64 operational elements on a 107° sector
(out of 214 on 360°) , the array calibration coefficients fixed at
the values related to central frequency (9.5 GHz) and the oper-
ating frequency varying from 9.0 to 10.0 GHz:

e Gain reduction with respect to 9.5 GHz: 0.68 dB at
9.0 GHz, 0.03 dB at 9.6 GHz, and 0.40 dB at 10 GHz.

e Side lobe levels below the peak: less than - 35 dB in the
whole 1 GHz band; less than - 38dB at 9.5 GHz
+ 100 MHz.

e Widening of the main beam: less than 16% in the whole
1 GHz band.

e Pointing error in the whole 9.0-10.0 GHz band: practically
Zero.

Despite the advantages due to its symmetry, the reasons why
the CPAR has been scarcely used until now seem to be:

& A planar array is easier to design: neglecting the “side-
effects” (infinite array approximation) the pattern is easily
obtained by multiplication of the array factor with the
element factor.

& The phase control for the beam steering of a planar array is
linear in both directions, and the elements weights are
simply obtained by sums (more precisely, accumulations
mod 217).

& The planar antenna is easily characterized in the principal
planes, so are the effects of the scan on the polarization
(all elements “look” in the same direction).

& Most of the large phased array radar systems operating
today have been designed about 30 or 40 years ago; in
some cases, the need to reduce weight and cost of the
antenna led to the hybrid solution of one, or two
back-to-back, rotating planar faces Huge investments
were done for developing these planar antennas, with a
natural trend to re-use part of these investments in the
ensuing four-faces multifunction radars, if any, while the
cylindrical, full-digital array solution (and the conical one
even more) requires some redirection of investment
towards new design tools and a more intensive use of
digital technology.

As a matter of fact, from the design and development point
of view, a conformal array (e.g. cylindrical or conical) calls
for: (i) a more complex and careful design; (ii) a complicated
control of the array elements whose coefficients to be com-
puted and implemented in real time to steer the beam
when off-boresight operation is required (which, anyway,
may not be the case, as many d-Radar functions operate at
the boresight with pre-computed coefficients); (iii) a difficult
characterization on all relevant directions, frequencies, and
polarizations.

However, it is felt that adding to the modern electromag-
netic modeling, design and simulation facilities to the capabil-
ities of real-time processing (using field programmable gate
array and graphic processing unit, to mention a few) the
above problems (i)-(iii) can be solved, and major advantages
of the PPAR only remains the greater maturity due to the
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experience with systems both with a single (or two,
back-to-back) rotating array(s) (such as EMPAR/Kronos
and SAMPSON) or four planar arrays, such as (remaining
in the naval domain) AN/SPY-1 and APAR’, (http://en.wiki-
pedia.org/wiki/SAMPSON, accessed April 2015) [17-19].

In summary, the “traditional” planar array seems to be the
optimal solution in the following cases: (i) for a mechanically
steered (e.g. rotating) antenna such as in the EMPAR/Kronos
or SAMPSON, and (ii) for a limited angular coverage.
However, when a multifunction operation is required on
360°, a cylindrical array (or conical, depending on the require-
ments for elevation coverage) may be preferred at the present
(and for the next foreseeable future) state of technology. A
conical — more precisely, frustum-of-cone - solution may be
obtained from the cylindrical array by tilting its columns by
a suited angle . This is to be preferred when high elevation
coverage is required as in the point defense case. In [20], a
conceptually different conical array made up by stacked circu-
lar elements is designed to obtain a full hemispheric coverage
such as in (http://www.srcinc.com/what-we-do/radar-and-
sensors/omni-directional-weapon-locating-radar.html) ie. a
limit case of the high elevation coverage considered here.

With the cylindrical (or conical) phased array architecture
one may generate, when the environment is varying, a variable
number of beams (not only four as the four-faces one as
depicted in Fig. 7(a)). Of course, a planar array can be
divided into more subarrays to generate many beams provided
it has either a DBF architecture or a receiver for each subarray.
In the latter case, one must consider the loss in gain for each
subarray and in any case the resulting architecture would be
very rigid. There have been hybrid cases with subarrays and
partial DBF, but with a highly complex architecture both for
its management and its realization. Anyway, vertically divid-
ing each of the four planar faces of a “conventional” phased
array radar to create, say, eight or sixteen or 24 subarrays in
360° is considered here as an intermediate solution with a pol-
ygonal in place of a circle, which is certainly possible but not
useful in order to compare both radar architectures.
Therefore, using in both cases a fully equivalent DBF architec-
ture, the only important difference between the conformal and
the planar array is the one of scanning losses, higher number
of elements, and higher cost of a full DBF with four planar
faces, without forgetting the greater operational flexibility of
the cylindrical/conical array here proposed.

In the d-Radar the Rx array may synthesize (in principle)
any number of receiving beams by overlapped sub arrays,
while the Tx array, owing to the non-linear characteristics
of the power amplifiers, may be divided, at a given time, in
any number of non-overlapped sub arrays; see Fig. 7(b). The
exploitation of this feature to deal with multiple threats will
be described in the following.

'It has to be added that some modern designs, both for airborne and
surface radars, allegedly involve multiple subarrays and clusters of
beams on transmit, and DBF on receive (for example, a ground-based
transmitting array with some 2048 elements may be organised in 32 sub-
arrays of 64 transmitting modules each). However, the related design cri-
teria and performance evaluations are hardly found in the open literature,
and anyway by increasing the number of subarrays and the number of
faces (e.g. from 4 to 8) architectures similar to the d-Radar described
here may be obtained, making the comparison less and less significant.
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(a)

Fig. 7. Comparison of Rx beams between: (a) a four-fixed faces MFAR, and (b) d-Radar.

B) Selection of the antenna sectors number

The conformal array architecture described in Section II
approaches the ubiquitous radar concept [4, 21-23] with the
number of its transmitting antenna sectors increasing, which
has the following consequences: (i) simultaneous multiple
functions may be executed, (ii) the azimuth beamwidth of
the subarrays increases and consequently the antenna gain
decreases (but the integration gain increases), (iii) the peak
power of each sector decreases as the number of Tx elements
per sector decreases.

When dealing with DBF radars, it is readily seen that the
time saving by the increasing the parallel execution of simul-
taneous functions is balanced by the time demand due to the
loss in time-power budget due to the reduced radiated power
per sector and the reduced relevant antenna gain. At a stage of
the increase of the number of sectors, i.e. when the azimuthal
beamwidth reaches the azimuthal extension of the sector, the
transmitting beams provide a simultaneous, 360° azimuth
coverage. Such a configuration is quite similar to the ubiqui-
tous radar as described in the aforementioned literature with
some relevant differences:

(i). the elevation coverage depends on the number of vertical
antenna elements (i.e. the number of elements on each
column as described in Section II);

(ii). the azimuthal sectors are independent of each other.

The former point implies that, in order to cover the entire
elevation angle from which a threat may come, multiple
beams (e.g. eight stacked beams from 0° to 70°) are needed.
Then, such an architecture define an operating mode on the
single-input-multi-output (SIMO) type with potential for a
multi-input-multi-output (MIMO) type. Let us define the
conformal Tx array surface as a frustum of cone (an equiva-
lent cylinder leads to the same results) of height H. In the fol-
lowing the diameter D and the radius R = D/2 will be referred
to the half-cone height. Since each column’s separation dis-
tance is about half-wavelength (A/2), the total number of
columns will depend on the antenna dimension:

(1)
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Depending on the actual scenario and on the functions to be
executed, the Tx antenna is divided into M adjacent non-
overlapping subarrays (in practice, M > 2) in order to gener-
ate the needed multiple transmitting beams. The azimuthal
size of each sector is a = 2@/M. The azimuthal beamwidth
per sector is estimated by the beamwidth of a linear array
with an aperture equal to the chord L that subtends the
sector azimuthal angle:

A A
N=C=— = T (y)
L 2Rsin(a/2)  ngy sin(/M)
Then, each subarray has a gain equal to:
4 k1 Neol Sin(ﬂ-/M)
Ggeet = —— = kl - >
‘A0 Ao 2 &2

where AQ) is the solid angle beamwidth and k, is a factor that
summarizes all the other parameters of the array not depend-
ing on M and on antenna dimension (o< is for proportional).
The peak power of each subarray P, depends on the number
and the peak power of its Tx elements:

4mR
AM’

Mol Mol P n
Psgct — col A/;l el Ockz Ac/;l

=k, (4)

where 7, is the number of elements per column, P, is the
single Tx element peak power, and k, is the factor that sum-
marizes the other parameters, as above. Increasing M, the
beamwidth of each subarray tends to the angular size of the
sector obtaining the azimuth coverage of 360° in transmission.
The higher M, the higher the signal-to-noise ratio (SNR) single
pulse loss due to sector gain and peak power reduction, calling
for longer dwell-times compensating for this loss. The SNR
loss are computed versus M in dB referred to the “convention-
ally lossless” case M = 4, (we assume that it is preferable not
to use less than four sectors to limit the antenna loss due to the
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element factor of the elements farther from the central one):

k P Gl
SNRZDSS =10 10g<kw

sect sect

ol 4mR . ng sin(mw/M) A4 27T
10 log| —k, — -
& AM 27T 4mR ngy sin(/4)

8
=10 log<m sin(%) ) (dB),
(s)

having assumed k, = 1.

Figure 8 shows the SNR loss with M varying from 4 to 30.
On the same plot are shown, versus M, the sector azimuthal
size and the related subarray beamwidth. The azimuthal
beamwidth depends on the antenna size (R/A), equation (2),
and this particular plot is related to the antenna characteristics
of the system [1] for which R is approximately equal to 25 A,
while the SNR loss is quite general. When M tends to 30 the
subarray’s beamwidth tends to the sector’s azimuthal size real-
izing an omnidirectional azimuth coverage. Under this condi-
tion the loss (17 dB) requires longer integration time to
integrate the same energy as with less sectors. However, in
some applications the needed integration time may be larger
than the transit time of a moving target in a range cell, thus
calling for suited processing for the compensation of range-
cell migration [24, 25]. The number of samples to be inte-
grated is analyzed in the following.

C) Dwell-time and number of pulses

In this section, applying the search radar equation [26], a
lower bound for the maximum time, ¢, for the completion
of an activity in a given solid angle, (), is derived. The case
study is related to the d-Radar, for which the transmitting
antenna dimension are: R~ 25 A, H ~ 6.5 A, assuming the
Tx modules peak power to be equal to 10 W (which is a rea-
sonable value nowadays) and assuming a surveillance solid
angle () of the full 360° in azimuth and 0-70° in elevation.
Notice that the d-Radar has a number of operating modes
whose description is beyond the aim of this paper, where we

80H\ e T SNR. loss . - = il 16
\ — Angularsector | © gif
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Fig. 8. Beamwidth, sector angular size, and single-pulse SNR loss versus the
number M of sectors.
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limit ourselves to mention the most demanding ones, i.e. the
surveillance with track-while-scan of all targets in the coverage
area, with a data renewal interval between 1 and 6 s, and the
“dedicated tracking” for anti-aircraft artillery, with a data
renewal of 100 ms. Each sector has to scan into a QJ/M
wide solid angle in t; seconds. Then, the higher M, the
higher becomes the dwell-time and the number of pulses.
These parameters have been derived for two typical surveil-
lance functions, long range and close range, as defined by
the solid angles for medium-range (about 60 km) and short-
range (about 25 km) point defense, respectively.

Typical results are shown in Fig. 9 and in Fig. 10, where
unambiguous range measurement is assumed.

The values in Figs 9 and 10 directly result from the time-
power budget as evaluated by the surveillance (and dedicated
tracking) radar equation, as an upper bound of the radar per-
formance, and may significantly differ from the real ones. In
fact, the real operational values result from a proper waveform
design (including the timing, the coverage of blind zones due
to eclipsing and many other aspects). In particular, the

Search functions dwell time
300

@ long range search
O close range search

ty [ms]

Fig. 9. Long range and close range search: dwell-time f; versus sectors
number, M.
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Fig. 10. Long range and close range search: number of pulses Ny, versus
sectors number, M.
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Fig. 11. General block diagram of the d-Radar.

processing needed for Doppler resolution, clutter mitigation,
range adapted waveforms, etc., will cause greater dwell-time’s
values than the ones in Fig. 9, as well as for the number of
pulses in Fig. 10. A detailed design strategy about this trade-off
is out of the aim of this paper. Rather, it is interesting to notice
that the curves related to the long range/close range functions,
with the same behavior, show a quite large difference.
Increasing M, a too long integration time may be a limit in
some circumstances: a technique for compensating “reso-
lution cell migration” of moving, and maneuvering targets is
necessary, with a proper balance between coherent and non-
coherent integration. On the other hand with M increasing
good low probability of intercept (LPI) property is reached
as due to spreading of the energy in time and space. A
simple, final consideration results from the examination of
Figs 9 and 10: a large number of sectors, i.e. a quasi-ubiquitous
radar, is probably the best for close range radar functions, as in
a close-in weapons system and with low elevation, pop-up
threats [11-13, 21-23](http://www.srcinc.com/what-we-do/
radar-and-sensors/lcmr-counterfire-radars.html  http://www.
srcinc.com/what-we-do/radar-and-sensors/Istar-air-surveillance-
radarhtml.  http://www.srcinc.com/what-we-do/radar-and-
sensors/aesaso-multi-mission-radar.html, http://www.srcinc.
com/what-we-do/radar-and-sensors/omni-directional-weapon-
locating-radar.html).

V. THE D-RADAR RESOURCES
MANAGEMENT

An interesting challenge in the design of a conformal phased
array multifunction radar (such as the d-Radar) is the
resources management. Figure 11, from [3], shows the
general block diagram of the d-Radar.
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Digital
Beam Forming

The management of the radar resources is performed by
the radar management computer (RMC), which has in its
input each operational mode as defined by the operator, and
the scenario information (tracks, clutter, and jammer maps)
as provided by the data processor. Accordingly, the RMC,
first of all, defines a list of activities to be executed, each one
with its priority. Priorities are assigned using a multi-criteria
procedure: for tracking activities, aimed to fire control or
missile control, criteria are based on the threatening of each
target, while for surveillance activities, criteria depend on
their “relevance” (e.g. the distance from the radar). The
ensuing step consists in the definition of the azimuthal
sectors in which the beams are aimed by the antenna
control computer (depending on the azimuthal distribution
of the targets) and in the scheduling of the various radar activ-
ities, in order to define the optimal time plan for each activity.
The sectors definition and the scheduling are the main differ-
ences with respect to a fixed faces radar, in which separate
activity scheduling for each face is needed, see Fig. 12.

It may happen that in a particular scenario (e.g. with many
targets under dedicated tracking) the available time is not suf-
ficient to allocate all the activities, and the scheduling algo-
rithm has to perform a forward/backward shift of the
activities starting from those with less priority. Scheduling
optimization is a well-known field of research, with a wide lit-
erature in the multifunction radar context, inter alia: in [27] a
comparison between scheduling algorithms is shown, in [28] a
scheduling algorithm is proposed with a short description of
the state of the art, in [29-34] different scheduling methods
are treated. Also in this respect, the d-Radar enables new
opportunities with the respect to fixed-faces MFAR: the vari-
able number of simultaneous transmission beams in azimuth
(i.e. sectors, between four and ~30), permits to exploit parallel
tasks in different sectors®. Moreover, each antenna azimuthal
sector can be divided into vertical sections to form many
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Fig. 12. Activities management and scheduling; (a) fixed-faces MFAR, (b) conformal MFAR (d-Radar) - The input “op. mode” is the operational mode set by the

officer in charge.

beams at the same azimuth and different elevations. Finally,
against pop-up targets, or in general, short range threats, the
transmitting array can be moved toward the omnidirectional
(staring) mode approaching the ubiquitous radar concept as
described previously.

The d-Radar’s inherent flexibility, while increasing the
operational capacity as compared with more traditional
radar architectures, calls for innovative Radar Management
algorithms aimed to solve multi-dimensional optimization
problems. The scheduling is their core: it has to allocate in a
time-frame (e.g. in 6s) all the radar tasks repeated with
their correct update intervals, maximizing the parallel execu-
tion of tasks. The number of sectors, M, in which the antenna
is divided influences the maximum number of parallel tasks,
with some hypothesis and definitions being assumed in the
following. We define a task as a basic radar activity composed
by the transmission and reception of a waveform in a given
direction. Each task belongs to a specific radar function (i.e.
close range search, long-range search, detection confirmation,
tracking for anti-aircraft artillery or missile guidance etc.) and
has its own dwell-time, including the necessary transmission-
wait-reception intervals which depend on the distance of the
target. In this paper, for the sake of simplicity, a dwell-time
is intended to contain all the whole group of #n transmitted
and received pulses, n being defined according to the process-
ing needs. The update interval equals the repetition time of the
task, depending on the requirements of the function to which
the task belongs: typically for search purposes the update
interval can be of the order of seconds (e.g. 2's for short
range search, 6 s for long-range search) and for dedicated
tracking activities it can be of the order of hundreds of milli-
seconds (e.g. 100 ms for the anti-aircraft artillery function and
1 s for missile guidance).

Tasks belonging to the same radar function have the same
update interval. A radar function is composed by several tasks:
in surveillance, as many tasks as the number of pointing direc-
tions are necessary to cover all the search solid angle; for the
tracking functions, the number of tasks is equal to the
number of tracked targets; finally, the number of plot confirm-
ation tasks depends on the number of new detections to be
confirmed. Each task is defined by its dwell-time, d, its

*In the most effective and demanding configuration, suited waveforms,
with their carrier frequencies, are fed to each Tx module (which operates
at its maximum duty cycle as long as needed); simpler configurations are
possible with the same waveform being transmitted by all Tx modules, as
in Fig. 11, up to the simplest case of a single, Omni-azimuth transmitting
antenna such as a bi-conical one (Fig. 2, top).
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update interval, u, and its pointing direction, 6 and ¢
(azimuth and elevation). As described before, an azimuth dir-
ection is defined using a particular subset of antenna columns,
and the elevation is obtained with the proper phase-shift
between the columns elements. So, we denote the pointing dir-
ection with an identifier, i.e. an integer number s, which
uniquely defines the subarray needed for transmission and
reception in the desired #-direction (no info about elevation
is added here since it has no effects on the following). We
can assume that, at any time, the radar management computer
generates a list of tasks to be executed, and the scheduling
method attempts to deliver the optimal timeline solution. If
the attempt fails, some tasks must be shifted in time (increas-
ing or decreasing the update interval) or the search tasks
dwell-time must be reduced (the obvious consequence being
a range reduction). Then, a prioritization ordering is necessary
to know the tasks to which the tuning (update interval and dwell-
time) can applied first. Moreover, a scenario evaluation is needed
to choose the optimal number of antenna sectors (M).

The algorithm method starts after the prioritization and
antenna-into-sectors division, so we can assume to have a
list of tasks with assigned priorities and all the known para-
meters (d, u, and s).

An optimization model has been developed [31], but it falls
into the mixed-integer problem category, with a NP-hard solu-
tion and a great computational load. In the following, a heur-
istic solution is proposed in order to obtain a solution to the
scheduling problem with the hypothesis that the radar man-
agement computer provides a list of tasks each one with its
own priority and with the optimal number of antenna
sectors M as derived from the evaluation of the scenario.
The additional assumption holds of a priori definition about
the priority list among the radar functions, for example: if at
a given time the active radar functions are long-range
search, tracking and plots confirmation, then the inter-
functions priority is: (1) tracking, (2) plots confirmation,
and (3) long-range search. Therefore, the resulting prioritized
queue contains all the tasks. It is necessary to set the time
sequence on which the tasks are allocated and to decide to
which tasks the update interval and dwell-time adjustments
are first applicable. The iterative method starts by allocating
the tasks belonging to the function with the highest priority
and allocating the repetition of the highest priority task, allow-
ing parallel execution of other suitable tasks, i.e. those with
non-overlapping subarrays and equal dwell-time. This oper-
ation is iterated with all the lower and lower priority tasks
of the first function. Once all the fasks are allocated, the
same method is applied to the tasks of the second lower
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priority function and so on. If at any time one or more repeti-
tions of a task are not allocable due to an overlapping with
another fask execution, the algorithm attempts to adjust the
interval update by shifting forward or backward the starting
time. If the task is still not allocable, the algorithm attempts
to reduce its dwell-time, otherwise the task is dropped. The
update interval and dwell-time adjustments are limited to
comply with the pertaining maximum allowed values. By a
proper setting of these values one can obtain a feasible time
scheduling for a given function. For example, if the dedicated
tracking has some hard time constraint, its maximum adjust-
ments values will be set equal to zero, and its function priority
level will be the highest, with the consequence that the time
resources will be balanced by a range reduction of the surveil-
lance function.

In the following scheme the steps of the method are shown.

algorithm

1: forf=1to F (priority ordered radar functions)

2 fortask=1ton; {1"h task of function f)

3 allocate the task repetitions

4 allocate the suitable parallel tasks

5: if allocation is not possible

6: attempt to adjust update interval

7 if update interval is not enough
8 attempt to reduce dwell-time
9: if allocation is not possible
10: drop tasks

11: end if

12 end if

13: end if

14: end for

15: end for

In the following section, a typical test of the method with
different scenarios is described, varying the number of
targets (i.e. the number of dedicated tracking tasks to be
scheduled) with a given set of active radar functions and
related properties.

A) A study case

The performance of the proposed scheduling method has been
evaluated versus the burden posed by a typical operational
scenario, determining the maximum number of targets
which saturates the radar resources. The simulation trials
were carried out considering the following radar functions:
long range surveillance up to a range of 70 km (and an eleva-
tion up to 25 km, from 0° to 70°), dedicated tracking up to a
range of 40 km and, finally, plot confirmation. A function
applied to a particular target corresponds to one or more
tasks; in turn, each fask is made up by a number of looks,
each one aimed to a given direction and with a given dwell
time. The following hypotheses are assumed for the simula-
tion trials: (i) parallel tasks are permitted only if they belong
to the same radar function and have equal dwell-times; (ii)
parallel tasks can be exploited using only equal-characteristics
and simultaneously non-overlapping subarrays.

Moreover, it is assumed that (i) the Tx antenna is divided
into four sectors; (ii) the radar operates without range ambigu-
ities; (iii) the surveillance update time is 6 s with variable dwell-
times depending on the elevation direction; and (iv) the dedicated
tracking update-time is 100 ms (needed for artillery guidance).
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The number of “looks” to cover all the search solid angle is
equal to 950 (i.e. 780 atlow elevation, 0°~20°, and 170 at high ele-
vation, 20°-70°). The time needed to execute the search in the
whole solid angle (with dwell-times t;, = 20 and ¢;, = 10 ms in
low and high elevation, respectively) is:

780 170
ts=—1tn +—ta.
4 4

The dedicated tracking tasks are scheduled first, having highest
priority and a dwell time of 10 ms. After them, with lower priority,
are scheduled the plot confirmation tasks. Finally the surveillance
tasks are scheduled exploiting the remaining time.

First trials were implemented running the scheduling pro-
cedure on the scenario under test and evaluating the number
of the dropped tracking tasks. The scenario was modified
varying the number of targets to be tracked with dedicated
tracking from 10 to 70, assuming a random uniform distribu-
tion in azimuth and in range.

Note that every target is managed without any off-boresight
beam steering, because the beam is always generated from a
sector of the Tx antenna “centerd” on the target direction.
Moreover, if the targets in the same beam are more than one,
then they are considered all scheduled, thanks to the capability
of d-Radar to manage more than one target in the same Tx beam.

One hundred runs of the simulation for each value of the
number of targets were done to obtain a reasonable statistical
significance of the results. Figure 13 shows some first results
concerning the comparison with a classical four-planar-faces
phased array radar.

In the case of the four-face phased array the dwell-time
changes with the azimuth angle to compensate for the loss
in the antenna gain due to the off boresight pointing, starting
from the minimum value of 10 ms at the boresight. The cor-
responding loss explains the distance between both curves in
Fig. 13.

V. D-RADAR: CAPABILITIES AND
PERSPECTIVES

The d-Radar, based on a bistatic architecture (separated trans-
mitting and receiving conical phased arrays antennas) with
and digital beam forming, presents significant advantages
with respect to a planar phased array radar when a full 360°
coverage is required. This architecture, together with an
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Fig. 13. Percentage of dropped tracking tasks versus the number of targets.
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enhanced usage of the time-energy resources, allows the
implementation of simultaneous radar functions, including
long-range and close-range surveillance and tracking of mul-
tiple targets, and is open to other applications such as air
traffic and weather surveillance. The dynamic partitioning of
the Tx antenna into subarrays permits the choice of the appro-
priate number of transmitting beams thus adapting the radar
operation to the environment and to the threat. The conical
array made up by “columns” symmetrically operating at
zero off-boresight angle in azimuth is intrinsically wide-band
(measured bandwidths were over 20% and up to 40% of the
carrier frequency) permitting frequency agility and diversity
with no need to compensate squint errors nor to use true
time delay techniques. The absence of any beam revolution
during the dwell-time, coupled with the possibility to increase
the dwell-time as much as needed, permits a micro-Doppler
analysis of targets [35] and, more important in surveillance
and defense applications, grants a high correlation of the
clutter echoes, especially those from land, with the possibility
of a larger improvement factor and a better clutter suppres-
sion with respect to scanning radars and to short-dwell
time, single beam-per-face phased array radars. This feature
is particularly interesting, among others, in (a) air target detec-
tion and track-while-scan in the presence of wind farms [36],
and (b) “dry” (i.e. without precipitation) wind shear [37] moni-
toring and alerting in airports where the ground clutter is often
the limiting factor. In the civil sector, the multifunction capabil-
ity of the d-Radar architecture potentially satisfies, with a single
radar set in X band, the requirements (Damiano Neri (ENAV),
Private Communication, Jan. 27th, 2016) of the following appli-
cations, today exploited with five different types of radar:

(a) Medium range (up to 9o km) and medium elevation (up
to 3 km): Air traffic and weather surveillance in the
Approach sectors.

(b) Short range (up to 9 km) and low elevation (up to circa
150 m): Surveillance of Airport movements (surface
movements radar), of wind shear and of bird strike
phenomena.

Concerning the d-Radar method of operation, many research
and development topics remain to be investigated. To
mention a few:

- Interference between simultaneous beams, and related miti-
gation means.

- DBF.

- Ubiquitous radar mode: practical feasibility with respect to
the decorrelation of the target echo during the integration
time and the range-cell migration, potential for
track-before-detect, advantages in one or more radar
activities.

- Waveform design, including continuous wave, noisy or
noise-like waveforms.

- SIMO and MIMO operations.

- Low probability of intercept performance.

- Performance against disturbance due to wind turbines.

- Wind shear detection and monitoring.

Further possible studies and the feasibility analysis include: (i)
defining M simultaneous antenna sectors with different
number of columns; (ii) varying M into a single time-frame;
(iii) scheduling parallel tasks belonging to different radar
functions; (iv) vertical partitioning of the sectors (for dealing
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with targets at the same azimuth but at different height); (v)
operation, in clear and in clutter, with weak and distributed
(volumetric) targets such as the tracers (dust, insects [38],
etc.) of the wind shear phenomenon; (vi) wind farms interfer-
ence suppression. Moreover, future study could consider the
d-Radar behavior when a simultaneous azimuthal coverage
is achieved by using a high number of antenna sectors (ubiqui-
tous radar), analyzing the benefits and the related optimal
resource management and scheduling.

VI. CONCLUSIONS

A comparison between planar and conformal arrays has been
presented. Conformal arrays, in particular cylindrical (or
conical) arrays, in addition to an extensive use of DBF,
allow us to obtain substantial improvements for a multifunc-
tional radar. On the other hand, they require a more difficult
design process due to the complexity of the antenna control
and multiple transmitting beams. Moreover, the receiving
DBF processing needs powerful, real-time computational
resources, but advances in digital processing means make
available the needed signal and data-processing performance.
A method to schedule radar tasks for a conformal array multi-
function radar has been presented. The trials show the feasi-
bility of the method for a particular set of radar functions
with encouraging results about the balance between the
wasted time and the dropped tasks. For the studied case, the
dedicated tracking function has the highest priority, then as
the number of tracked targets increases the available time
for search decreases. However, in civil applications, the vice-
versa can be considered (i.e. to favor the search function
with time drawn from the tracking function) just by defining
a different priority between a pair of functions. The trials were
performed using all values of the number of antenna sectors,
but the method should be complemented with an algorithm
capable to look for the optimal value of M depending on the
scenario. The main functionalities of the d-Radar receiving
section were evaluated in live trials in 2015 by means of a dedi-
cated prototype called DAntE to investigate basic problems
such as the coupling between simultaneous beams, the Rx
antenna side-lobes and more. Finally, operational perspectives
and further research areas have been identified.
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LIST OFSYMBOLS

M, number of array sectors (or subarrays); R, radius of a cylin-
drical array (half-height radius of a conical array); A6,
Azimuth beam width of an array sector; A, wavelength.
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