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Opporiunisiic Digital Arvay Radar and lis Application

Technology Analysis

I B o . : . 2
Long Weijun' > Ben De' *o Pan Minghai'« Ma Qinghua
1. College of Information Science and Technology. Nanjing University of Aeronautics &. Astronautics,

Nanmjing, 210016, China; 2. Nanjing Research Institute of Electronies Technology . Nanjing . 210039, China)

Abstraci;Considering the platform stealth performance of the radar, a new radar system-—opportunistic
digital array radar (ODAR) with multi-function and multi-mode digital array is presented. Derived [rom
the original description of the ODAR. the connotation and the denotation are analyzed. The predomi-
nance and the application potential are tapped. The technology chracteristices ol ODAR are analyzed and
several problems are sloved, such as the pattern synthesis of a group antennas randomly located in 3-1
space » the synchronization of distributed digital transmitter/receiver (DTR) and the complex resource
management of multi-freedom “space-time-energy”. Finally. the scheme and simulation results are giv-
on.

ey words: opportunistic digital array: multi-function phased array; multi-input and multi-output (M-

MO): ubiquitous radar
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Abstract

Based on the Digital Array Radar (DAR), conformal array,
sparse array, Multi-Input Multi-Output (MIMO) system and
Ubiquitous radar, a new radar system the Opportunistic
Digital Array Radar (ODAR) has been proposed in recent
years. The concept, principle and characteristics of the ODAR
are presented in this paper. Furthermore, the challenges are
also analyzed from the aspects of the random element
distributing, digital beam forming, signal transmission
synchronization and adaptively intelligent decision, etc. The
Genetic Arithmetic (GA) is exploited to carry out the beam
shaping optimization of 3-D randomly distributed elements.
The simulation results indicate that the method is feasible.
The mathematics models of phase perturbation are preformed
to implement the clock synchronization and adaptive beam
steering. The adaptive synchronization design of signal
transmission is adopted to improve the synchronization
precision. The phase perturbation module is built to analyze
the influence on ODAR specification by optical fibre or
wireless links.

1 Introduction

As a new radar concept, the Opportunistic Digital Array
Radar (ODAR) has been proposed by some scholars in recent
years [1~4], based on Digital Array Radar. All of the ODAR
elements are the Digital Transmitter and Receiver Module
(DTR). The conformal elements are randomly located on the
surface of the platform, densely placed in hull over the entire
platform as much as possible to obtain bigger power and
illumination range. For the different tactical purposes and
battlefield conditions, the randomly distributed elements will
work according to the certain opportunities (probability). The
ODAR has the characteristics of Digital Array Radar,
Conform Array, Sparse Array and Multi-Input Multi-Output
(MIMO) system. Adopting statistical method and adaptively
intelligent decision system, the tactical requirements, radar
characteristics, space-time-energy management and other
factors will be considered comprehensively to make the total
radar system an intelligent combat platform and to obtain an
optimization of objectives and resources.

Some critical problems of the ODAR have been investigated
by some institutions in recent years [1~4]. The “opportunistic
array” concept has even been introduced into the clustering
Unmanned Aerial Vehicle (UAV) by the Naval Postgraduate
School (NPS) [4]. The entire opportunistic array consists of
some sub-opportunistic arrays that are assembled on the
different UAV platforms and adopt the distributed digital
beam forming method to complete signal synchronization and
data diversity via wireless transmission. The ODAR, which
breaks through the conventional phased array radar and has
outstanding performance and tactical advantages can probably
be the next generation radar of the U.S. Navy warships
following the AEGIS AN/SPY-1 system [1~4]. In a word, the
ODAR research must be of important military significance
and potential application value.

2 Concept, Principle and Characteristics

The idea that the radar was classically regarded as the core of
the total combat platform should be converted if the
"opportunistic array” concept was put forward.

Generally speaking, the combat platforms are designed
around the radar system. For example, the famous AEGIS
Warship (AEGIS AN/SPY-1), in order to supply the radar
with adequate power, the design of hull should take into
account of sufficient deck space to accommodate a large
volume of radar. As a prerequisite, the performance of radar
should be guaranteed and the design of warship must be
carried out around that, so the stealth and maneuverability of
the warship will not be retained. In modern wars, radar is
confronted with increasingly complicated battlefield
environments and the threats from objects, so the necessary
consideration in military application is to retain the platform
stealth performance to improve survival capability. Therefore,
the stealth characteristics of the warship, penetration
capability and tactical performance will become the core of
the combat platform design. Therefore, the “opportunistic
array” was proposed to address those problems [1~3]. In this
sense, the “opportunistic array” has made the warship itself be
a design core of the total combat system.

All of the ODAR elements are the DTR modules which
antennas conformly and sparsely are embedded into the
carrier surface or hull, so as to retain the stealth performance
of warship. On this viewpoint, the ODAR has the
characteristics of the traditional conformal radar. Nonetheless,
the ODAR is not just a simple conformal array, due to its



antennas are randomly and aperiodically distributed in 3-D
space. According to the purposes and requirements of tactics,
we can allow parts of the units to work selectively, while
others are shut down simultaneously. In another case, parts of
the units are used for transmitting while others are receiving.
Single or multiple transmitting beams or receiving beams are
formed in the space simultaneously. The choices of antennas
are opportunistic, rather than constant as traditional phased
array. With the variation of tactical purposes, battlefield
conditions and the functional requirements, the ODAR will
real timely adjust the beam forms and “space-time-energy”
managements to obtain a dynamic optimization by adaptively
intelligent decision system.

Figure 1. The ODAR on warship
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Figure 2 [S]. The flexible beam forms of the ODAR

The ODAR is of the following predominance:

® The large power aperture gain (PAG) products, flexible
beam forming can be achieved easily by installing
antennas in 3-D space.

® The opportunistic array is a tremendous and flexible
MIMO system.

® The ODAR is a kind of multifunction phased array radar

which can realize the multi-functions simultaneously in
terms of a certain opportunity.
Besides, compared with conventional AEGIS AN/SPY-I
radar system, the ODAR has lower single point failure rate.
Even parts of elements are suffered attack; the system will
still be able to work effectively.

[§9]

3 Beam Shaping and Signal Synchronization

Although the ODAR has many advantages that the
conventional radar has not, some theories and technology
challenges are arising. Firstly, it is difficult to beam shaping
for a great of antennas are randomly and sparsely located in
3-D space. Using sparse array can make a fewer elements
acquire narrower beam, but some higher side lobe level will
appear. As a traditional design way of irregular array, the
technique of density taper presented by Skolnik [6], can meet
the requirements of parts of lager sparse array for beam
shaping, but it can not always effectively suppress the peak
level of side lobe. Genetic algorithm (GA) is a global
optimization method, which can avoid trapping in local
optimization in the process of calculation search. Designing
fitness function, it can find globally optimal solution with
great probability, though the array elements are irregularly
distributed. Therefore, GA will be employed as the
optimization tool for the ODAR beam shaping.

3.1 GA is exploited to optimize beam shaping

Genetic algorithm (GA) is used to carry out the beam shaping,
opportunistic selection of antenna elements and amplitude-
phase weighting. The amplitude-phase optimum weighting of
the ODAR elements can be achieved by operating a group of
GA programs. By theoretical derivation, the array factor of 3-

D randomly distributed antennas is given by:
2

N
172 27j(R-py+®
G,=(/2N)" R\ A 1> F-o® o |y
k=1
Where
N is the number of array elements

Pk is spatial coordinates of the k th element

R is the coordinate of the observation point

Ak is the switch-status of the k th element, “0” denotes
on, “1” denotes off

Ik is the current of the Xk th element

@« is the phase weighting factor of the & th element in

wave number. It is the phase shift of element k relative to a
“reference element” located at the origin and the combination
of phase error corrections from synchronization circuit,
compensation for hardware and position errors. Assume all
elements are isotropic radiators and neglect the mutual
coupling between the elements, this paper will adopt the
Equation (1) as the mathematics models of GA beam shaping.
The array factor needs to be calculated for each individual as
a beamforming function of the ODAR. Population fitness
function is evaluated by “roulette wheel” selection. Defining
the fitness function is the crucial step in the evolutionary
process. In terms of different tactical demands and working
patterns, the different fitness functions can be designed. For
instance, in order to acquire higher suppressed ability of
clutter, improve detection performance of weak target signal
in strong clutter background, the fitness function is devised as
the ratio of the peak power in main lobe to the average power



in the side lobes. The higher the ratio is, the stronger fitness
capability an individual of genetic population has.

In this paper, fifty antenna elements randomly placed in a 3-D
space are simulated. The GA population consists of 600
individuals and the genetic generation is chosen as 50. The
sample number of beam forming is 128 and the ratio of
genetic operations for the reproduction, crossover and
mutation respectively is: 0.4, 0.5, and 0.1. The final selected
elements by optimization are shown in Figure 3(a), where
“* 7 denotes the active elements, “0” denotes the inactive
elements. It is assumed that there are no extra errors and all
elements have the equally initial phase weighting 0, the

amplitude|A/.| =1. The 50 antenna elements are randomly

placed in a 3-D space of length 54 and width 54 ,
height 24 . The simulation result indicates that the side lobe

level by optimization is —12.33dB shown in Figure3 (b). It
takes 4 minutes to complete stimulation. When the population
is expanded to 6000, the optimization results can reach
—13.37dB by 37 minutes simulation, which approaches to
the theoretical level of uniform array. The computational
resource is Pentium 2.4G PC. The simulation indicates that
GA can approach to theoretically optimum solution quickly
even facing complex problem as the beam shaping
optimization for a 3-D ODAR. With the increment of the
number of generation and genetic population, the
evolutionary result can be ameliorated further. In the practical
application, according to different tactical requirements, the
variable fitness functions are acquired to carry out all kinds of
radar functions.
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Figure3. Beam shaping of ODAR

3.2 Signal Synchronization and Data Diversity

Transmitting and receiving DBF of the ODAR require
antenna elements to work synchronously. It means that the
Local Oscillation (LO) signal and the digital reference clock
should be sent out to the DTR modules simultaneously, so the
synchronization is a crucial problem to the ODAR. The other
challenge is facing with how to collect the digitized I/Q echo
data that returns from the DTR modules. Because the capacity
of echo data is proportional to the sample rate and the
receiving channel number, the ODAR must deal with the two
challenges: signal synchronization and data diversity. Optical
fibre and wireless communication will be effective ways to
address the above difficulties [9,10].

The clock and data link architecture for the ODAR is shown
as Figure 4. Compared with the signal transmitting link of
traditional radar, a conspicuous change is that the adaptive
control of the LO signal and digital reference clock is
proposed. The function is to synchronize all the elements by
dynamically. The higher the frequency is and the greater the
bandwidth is, the higher requirements of synchronization
precision are.

The signal synchronization adaptively control method for the
digital reference clock and LO signal is proposed in this paper,
as shown in Figure 4. In this method, digital reference clock
and the LO signal are distributed respectively. The feedback
signal from each element is compared with the received
signal returned from the reference element to calculate the
phase variation. The reference channel should be of the
shortest wave distance or truly delay time. Utilizing
recurrence algorithm, the phase variation can be adjusted real-
timely to compensate for the phase errors resulted from path
length, signal jitter or other factors to assure the radar system
work synchronously. The “brute force” and the “beam
tagging” synchronization techniques are proposed [3,9] to use
for dynamic measurement and correction of the LO phase
errors. The phase perturbation item in Equation (3) will be
compensated in turn by the synchronization adaptively
control system whose principle is based on a square-law
detection circuit, a digitized phase shifter and truly time delay
circuit.
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Figured. Wireless/optical-fibre transmission synchronization
architecture by adaptively control system for ODAR



