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ABSTRACT
Recent developments in radar have lead to them becoming multifunction, adaptive and
cognitive. Radar waveform design has also been proposed for optimal detection and
target information extraction. We propose an adaptive multimodal radar sensor that is
capable of progressively varying its range resolution depending upon the target scattering
features. Low range resolution profiles are formed using a low bandwidth waveform.
High range resolution processing is then performed on selected range cells in which
targets are declared. Thus the multimodal radar has the ability to provide target indication
with a large range extent and can progressively switch to a narrow range extent mode for
extracting recognizable target features. It consists of a test-bed that enables the generation
of linear frequency modulated waveforms of various bandwidths for achieving the
optimum resolution to image the target. This paper discusses the multimodal concept,
explaining the advantages of a radar having different fields of view. Simulation results
are presented to provide an initial demonstration of the proof-of-concept of multimodal
radar. The architecture of the multimodal radar is explained, focusing on the important
system parameters. The operation of the radar in staring and scanning mode is described.
In staring mode, the radar is stationary and looks at the target scene. In scanning mode,
an antenna positioner is used to enable surveillance of a wider field. Detailed
experimental results are provided for both of these modes. A theoretical method to
optimize the bandwidth used by the radar is also described. These theoretical results are
compared with the results obtained in the field. Simulation results are provided which
provide an insight into the performance of the radar. Receiver operating characteristic
curves for the multimodal radar are presented.
In multi-functional radio frequency systems, bandwidth is a very scarce commodity
which must be managed with diligence for optimal system performance. The multimodal
radar uses variable bandwidth, making it possible to share the remaining bandwidth with
some other application. In this work, we explore bandwidth sharing scenarios between
radar surveillance, tracking and communications. We divide the surveillance space into
sectors and use fuzzy logic to arrive at priorities for each sector. Priority for radar is
based on separation between targets, signal to noise ratio, and existence of clutter. Multiiii

objective optimization is used to arrive at solutions making the best use of available
bandwidth between radar and communications. We also consider the problem of
scheduling between tracking and surveillance for the multimodal radar. Smart scheduling
is employed to make the best use of available radar resources. The algorithms are applied
to representative target scenarios for maximizing the track update rate while providing an
adequate surveillance rate. Static radar scheduling algorithms are introduced for specific
target scenarios. Dynamic radar scheduling is implemented to adapt to the changing
target scenarios. Simulation results are provided to demonstrate the performance of these
algorithms. The targets are tracked using the particle filter. Finally the conclusions are
presented and a plan for future work is provided.
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CHAPTER 1 MOTIVATION FOR MULTIMODAL RADAR
Increasingly complex target scenarios call for sophisticated techniques such as
waveform and sensing diversity for resolving individual targets or target scattering
centres for target identification and recognition. Waveform design is therefore an
essential ingredient of modern radar systems [1]. With the available electromagnetic
(EM) spectrum becoming increasingly scarce, a crucial requirement is one of multimodal
sensor operation with fully adaptive waveform capability [2], [3].
Multifunction radio frequency (RF) systems have been studied for a long time [4]-[6].
A scalable multifunction RF system allows the RF functionality (radar, electronic warfare
and communications) to be easily extended and the RF performance to be scaled to the
requirements of different missions and platforms. Such a system explained in [4] has a
design that is functionally partitioned into scalable, reusable modules consisting of
isolated self-contained functional elements. The architecture consists of multifunction
apertures that are active phased array antennas that can be changed in size, shifted in RF
and switched in polarization. Technology advances such as analog-to-digital conversion
speed, reducing hardware size have allowed an increasing degree of digitization, and
hence modularity and flexibility. The Advanced Multifunction RF System (AMRFS)
initiated by the Office of Naval Research was a demonstration of the concept of common
broadband apertures being used to simultaneously perform a large number of RF
functions [5]. The underlying concept of AMRFS is to divide the frequency band into an
optimal number of segments based on cost and functionality and then utilize separate,
electronically scanned, solid state transmit and receive apertures. The test-bed consists of
four low band and high band transmit and receive array apertures. Fundamental to the
selected AMRFS architecture is the physical separation of receive and transmit and the
partitioning of the 1 - 18 GHz frequency coverage into two bands, low band (1-5 GHz)
and high band (4-18 GHz).
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Multifunction radar systems have also been developed [7]-[10]. These are phased array
systems that can perform a wide variety of radar functions such as tracking, surveillance,
etc. [11]. MESAR (Multi-function electronically scanned, adaptive radar) is one such
system [8]. It provided the functions of surveillance, rapid track initiation and multiple
target tracking using an array of 918 elements. By the use of multiple, stepped frequency
narrow bandwidth waveforms over the agile bandwidth of the radar, and processing the
returned signals to synthesize a high bandwidth response, range resolution of below l
metre was obtained. It also supported adaptive tracking by having the update rates and
waveforms used be an adaptive function of the target environment. The APAR
multifunction radar used four fixed active phased array antennas operating in the X-band
with a large frequency coverage to counter the effects of multi-path and jamming [10].
Maneuvering targets, or targets that are being engaged, will be tracked at a higher update
rate than straight-moving targets or non-threatening targets. The multifunction capability
has also lead to a new set of challenges. The jobs have to be scheduled smartly to harness
the entire potential of a phased array radar. The scheduling requirements generally are
specific to each radar system. Different approaches based on neural networks, decision
theoretic, information theory and mathematical programming techniques, including
linear, nonlinear and dynamic programming have been used before to solve the
scheduling problem[12].
More recently, the concept of cognitive radar was introduced [13]. According to
Haykin there are three ingredients that are basic to the constitution of a cognitive radar:
(i) intelligent signal processing, which builds on learning through interactions of the radar
with the surrounding environment; (ii) feedback from the receiver to the transmitter,
which is a facilitator of intelligence; and (iii) preservation of the information content of
radar returns, which is realized by a Bayesian approach to target detection through
tracking. Learning function means the cognitive radar has the inherent ability to sense its
environment in a continuous manner and also refers to the ability of phased-array
antennas to electronically scan the environment in a fast way. The learning procedure of
the cognitive radar mimics the way in which the echo-location bat learns from its
environment. Cognitive radars can be used in multifunction radars and non-coherent
2

radar networks.
Bell considered the problem of radar waveform design for optimal detection and target
information extraction when the targets are modeled as extended radar targets [14]. The
first problem, that of waveform design for the optimal detection of radar targets that
exhibit resonance phenomena, involves the design of radar waveforms and receiverfilters that maximize the output signal-to-noise ratio at the receiver-filter output under
constraints on transmitted waveform energy and duration. The second problem deals with
the design of radar waveforms which maximize the mutual information between an
ensemble of extended targets and the receiver-filter output.
Joint multi-modal RF-EO multi-target tracking using adaptive waveform design and
control was discussed in [15]. A particle filter was used to track targets while
incorporating agility to the multi-modal tracking system to improve the overall tracking
performance. Waveform design for the RF sensor was used to increase the probability of
detection and decrease the measurement error covariance. Multi-target tracking requires
the RF sensors to maintain a large enough surveillance area to include all targets, while
the range resolution is required to be small enough to provide accurate range
measurements. As we need to consider limitations due to processing power in the overall
system, there should be tradeoffs between the FOV and range resolution in designing the
RF waveform, and similarly, between the FOV and angle resolution in adapting the EO
control. Furthermore, as the RF sensors are distributed, they obtain different range-rate
measurements from different aspects of the targets.
Most of the cited work has focused on diversifying the functions performed by radar.
While adaptive waveforms have been researched, the idea of waveforms with different
bandwidths has been not been considered. The idea of bandwidth optimization for a radar
target scene had not been touched upon. While bandwidth sharing between applications
has been touched upon, no attempt has been made to optimize this process. Most of the
scheduling work has focused on phased array systems rather than rotational systems.
The motivation for our proposal is the need to build a radar which can adapt itself
based on the target scenario. The goal is to have a radar which is capable of multiple
fields of view and selects the appropriate one based on the requirement of the current
3

scene. This radar, henceforth referred to as multimodal radar, should start off with a low
bandwidth waveform and then move to higher bandwidths if the situation demands it.
This radar should be able operate in a staring mode for sensing a target scene and a
scanning mode to perform surveillance of a wide field.
Radar resolution has been the focus of research for a very long time. Woodward
applied the two-dimensional matched filter response to the analysis of radar resolution
[16]. The ambiguity function was extended to include the co-ordinates of azimuth and
elevation in [17]. Rihaczek concluded that the optimum radar signal for target resolution
is the one that is matched to the environment [18]. In [19], the common definition used
for measuring range resolution for equal strength targets was modified for targets of
unequal strength. We develop a method to determine the optimum bandwidth for a target
scene using convex optimization. We also look at the effect of targets of unequal radar
cross section (RCS) over this bandwidth. The theoretical results are compared with the
experimental data obtained from field measurements.
Bandwidth is a scarce resource which is required by radar and many different
applications, such as communications and telemetry. Bandwidth sharing has been in use
for a very long time. Dividing the available spectrum into various sub-bands and
allocating these sub-bands to different owners can be seen as a form of band sharing.
Bandwidth sharing between radar and communications has been discussed before.
Jackson et al. investigated the challenges of improving radar spectral efficiency with a
view to sharing the bandwidth with other users [20]. Cooperative sensing was used to
improve the feasibility of coexistence of radar and communications in [21]. Spectral
efficiency and spectral sharing for civil radar systems was discussed in [22].
Since the multimodal radar is capable of using as much bandwidth as allotted, it makes
it possible for the total available bandwidth to be shared between different applications.
We discuss a methodology to determine the radar priority based on the target and the
environment. Then, multi-objective optimization is used to optimally allocate bandwidth
to competing applications. While it may appear tempting to develop a very generalized
mathematics based bandwidth allocation and task scheduling scheme to cover all possible
application scenarios, such an approach is too sophisticated and unrealistic for a limited
4

number of tasks normally encountered in practice. We have approached this problem by
developing a heuristic scheme for a typical multifunction RF system application by
combining theoretical methods used for each individual application.
We consider a multimodal radar being used for tracking and surveillance. Scheduling
of radar tasks has been an area of intense research since the advent of multi-function
radars. With the available resources being limited, they have to be used appropriately to
maximize the number of radar tasks being scheduled. The problem of scheduling is
central to the design and analysis of real-time systems. The problem of multiprogram
scheduling on a single processor was studied in [23] wherein the deadline driven
scheduling algorithm was proposed. Jeffay et al. demonstrated that a fundamental
distinction exists between periodic and sporadic tasking models when tasks are scheduled
without preemption on a single processor [24]. A variety of algorithms have been
suggested for scheduling of phased array based multifunction radars. Scheduling of
coupled tasks was studied in detail in [25] wherein heuristic algorithms were developed
to deal with the complications of on-line scheduling. Noyes provides a description of the
rules used to determine track update times for the Multifunction Electronically Scanned
Radar (MESAR) [26]. In [27], a template-based scheduling algorithm was developed to
provide predictable performance for real-time dwell scheduling. In [28], a novel dwell
scheduling algorithm is proposed based on an online pulse interleaving technique. In
[29], a framework for real time scheduling is defined and a local search method is
introduced to find efficient radar schedules. Butler et al. presented algorithms for coping
with some of the problems associated with rotating multi-function radar in [30]. Since the
beam of a phased array antenna can be changed instantaneously, much of the work done
for phased array systems does not apply for rotating radars. Also, since a rotating antenna
has a finite time for rotation, it makes techniques like pulse interleaving unusable. Since
we are considering a rotating antenna system, we develop algorithms that can be used for
rotating systems. A rotating radar system is adequate to track slow moving targets.
We develop a scheduling scheme that can adapt itself as the target scenario changes.
Algorithms are developed to address scenarios where targets are concentrated in some
areas. The tradeoff between surveillance and tracking is considered for these scenarios.
5

Tracking is performed using the particle filter approach.
The concept of multimodal radar is explained in detail in Chapter 2. The system
developed by us is also explained. Extensive results from theory and simulations are
discussed in Chapter 3. In Chapter 4, field measurement results are shown for the radar
operating in the stationary staring mode and in the scanning mode using rotating
antennas. Bandwidth sharing between radar and communications is described in Chapter
5. Static radar scheduling methods for different target scenarios are discussed in Chapter
6. Dynamic radar scheduling for moving targets is considered in Chapter 7. Conclusions
and the plan for future work are discussed in Chapter 8.

6

CHAPTER 2 CONCEPT OF MULTIMODAL RADAR
We know that the resolution of radar increases with the increase in bandwidth.
However bandwidth is a costly resource and sometimes the return from higher resolution
is not worth the additional cost.
The target scenarios are constantly changing. Hence the optimum bandwidth required
to extract information about the target scene also changes constantly. Hence, operating a
radar at the maximum bandwidth at all times can be wasteful and it doesn’t leave any
bandwidth for other applications that may need it. Hence we need a radar system which
will only use as much bandwidth as is required for the target scene.
A multimodal radar was proposed in [3]. Initially, LRR profiles are formed using a low
bandwidth waveform of 20 MHz. The detection threshold was arranged so that the
potential targets would have a high probability of detection. HRR processing is then
performed on selected range cells in which targets are declared. Thus the multimodal
radar has the ability to provide target indication with a large range extent and can
progressively switch to a narrow range extent mode for extracting recognizable target
features. A hybrid waveform with a total bandwidth of 640 MHz is used for this purpose.
This paper developed a simple test-bed using direct digital synthesizer to support
multimodal requirements.
While Adler put forth the idea of dual resolution modes for radar [3], we carried the
concept forward to multiple resolution modes where the radar switches from lowest
resolution mode to the appropriate resolution mode based upon the target scene. [31-33]
are conference presentations and journal publications related to this multimodal radar
which is explained further in this and subsequent chapters.
Now we discuss the system block diagram, various design parameters, and the
flowchart of operation of the multimodal radar.

7

2.1

Block Diagram

Fig. 2.1 shows the block diagram of the multimodal radar. The arbitrary waveform
generator (AWG) enables generation of chirp waveforms of different bandwidths. The
AWG operates at a maximum rate of 4 GSa/sec, making it possible to generate
waveforms of frequencies up to 2 GHz. The test-bed radar also includes amplifiers,
transmitting and receiving antennas, and a high-speed oscilloscope for recording the
received signal. The equipment is shown in Fig. 2.2. The power amplifier has a gain of
around 30 dB and the maximum power output is 28 dBm. The low noise amplifier has a
typical gain of 25 dB and noise figure of 1.5 dB at 1 GHz. The mixer has a conversion
loss of 6.5 dB at operating conditions. The frequency spectrum of the transmitted signal
lies within the 1000–1640 MHz band. Frequency translation is performed to downconvert
the received signal from the 1000–1640 MHz band to the 300–940 MHz range. The
oscilloscope samples and records the return signal at 4 GSa/sec. The return is processed
by software which decides whether further processing is required and what bandwidth
waveform must be used for the next pass, if any. A workstation with a GPIB controller
makes it possible for the software to control the AWG and the oscilloscope. Hence, the
radar is capable of automatically making decisions about additional processing and
required bandwidth. The radar system parameters are as shown in Table 2.1.

Figure 2.1. Notional block diagram of the multimodal radar.
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Figure 2.2. Components and equipment for the multimodal radar.
Table 2.1. Radar System Parameters

2.2

Parameter

Value

Radar waveform

Linear frequency
modulated pulse

Radar bandwidth

40 – 640 MHz

Pulse width

16 μs

Transmit power

Approx. 0.5 W

Maximum radar
range

Approx. 25 m

LRR and HRR Profiles

Initially, the AWG transmits a low bandwidth waveform (40 MHz) and sweeps the
range extent searching for targets. Range resolution ∆R is given by c 2 B where c is the
speed of light and B is the bandwidth. Thus a bandwidth of 40 MHz corresponds to a
range resolution of 3.75 m. The return is compared to an adaptive range-dependent
detection threshold which takes into account the fact that the response from targets will

9

weaken as the range increases. This gives us the LRR gates with a high probability of the
existence of potential targets. The multimodal radar now restricts its attention to these
LRR gates where the threshold is exceeded. HRR imaging begins on these identified
LRR gates with the 80-MHz bandwidth waveform (1.875-m resolution). Imaging stops if
the desired range resolution is obtained on a particular LRR gate to identify existing
targets, else it continues with the next higher bandwidth (160 MHz → 320 MHz → 640
MHz). Range resolution is progressively enhanced until a minimum separation (in dB) is
met between the peaks and its neighboring cells. This minimum separation may be
decided based upon the required resolution and the expendable bandwidth. 3-dB
separation was used for most of the experiments performed by us. A higher separation
would obviously lead to more passes and higher bandwidth usage by the multimodal
radar. Thus, the multimodal radar continues to look at potential targets with narrower
range extents until the desired resolution is obtained to detect target presence. Table 2.2
summarizes the various bandwidths used by the multimodal radar and their
corresponding range resolutions.

2.3

Flowchart

Fig. 2.3 shows the flowchart for operation of the multimodal radar. It is assumed that
the frequency band of 1–1.64 GHz is available for use. A list of LRR gates is formed
using a LFM waveform of bandwidth 40 MHz. Then the bandwidth is increased in
powers of two (2) until the desired resolution is obtained for each HRR profile. The
simulation may require different number of passes for different LRR gates. When the
desired resolution is obtained for a LRR gate, it is dropped from the list and the sensing
continues with the remaining LRR gates. The multimodal radar makes efficient use of the
spectrum, utilizing lower bandwidths initially, and using the higher bandwidths only if
required. This leaves the unused bandwidth for use in other applications.

10

Table 2.2. Bandwidth and Resolution for Each Pass of the Multimodal Radar
Pass

Bandwidth

Resolution

(MHz)

(m)

1

40

3.75

2

80

1.87

3

160

0.93

4

320

0.46

5

640

0.23

Figure 2.3. Flowchart for operation of multimodal radar.
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2.4

Multimodal radar operation in scanning mode

The multimodal radar was also programmed to scan a field of targets. We start
detection with a low bandwidth waveform. The antennas are mounted on a plate which
can rotate in the azimuthal plane. The idea is to rotate the antenna in small steps of
around 15 − 20 . When a target is detected, the radar starts increasing the bandwidth in
steps of two until the desired resolution is obtained. The first LRR profile is taken at

φ = 0 and subsequent profiles are taken after rotating the antennas counter-clockwise
each time by a fixed angle, henceforth referred to as one step. The LRR profiles are
stored to form LRR tracks for each LRR gate. The number of LRR gates would be finite,
based on the range of the radar. In the LRR tracks, we look for peaks since they would
signify the presence of a target. Also we would like to use higher bandwidth waveforms
from the position which is closest to the line joining the centre of antennas and the target.
For these reasons, we keep rotating until a peak is passed and then the antennas are
rotated clockwise (in the opposite direction) by one step to run the multimodal algorithm
on the target scene. Only the tracks which showed peaks would be looked at by the
higher bandwidth waveforms. Once the desired resolution is obtained, the rotate-andscan-process continues. Fig. 2.4 shows the flowchart for operation of the radar when
scanning in this fashion. The entire setup is automated so that the scanning process can
operate without any user intervention. The antenna angle measurements are read using a
USB data acquisition device.

12

Figure 2.4. Operation of multimodal radar when scanning a field.

2.5

Scenario for multimodal radar

A scenario for the use of multimodal radar is described below. Consider that the radar
is being used in recognition of ships. Let the high range resolution profiles (HRRP) of
two ships be as shown in Fig. 2.5 at bandwidths of 160 MHz and 640 MHz. For ship A,
we see that the all scattering centers are visible at 160 MHz and hence this bandwidth is
adequate for recognizing this target. Moving to a higher bandwidth provides no
additional information. For ship B, we see that all scattering centers are not visible at 160
MHz compared to 640 MHz. Hence, a bandwidth of 640 MHz is required to resolve
13

individual scattering centers on this target.
A conventional radar will always use the maximum bandwidth for all targets. Let us
consider how the multimodal radar can be used to conserve bandwidth while recognizing
these ships. A HRRP database needs to be maintained which will have different
frequencies corresponding to the frequency steps of the multimodal radar. So for the
radar developed by us, these frequencies are 80 MHz, 160 MHz, 320 MHz and 640 MHz.
For each target, the HRRP at the lowest frequency at which it can be uniquely recognized
needs to be maintained. A multimodal radar will start surveillance with the lowest
bandwidth of 40 MHz. Whenever the threshold is crossed, the radar will start sensing
with a bandwidth of 80 MHz. The response will be matched with all the 80 MHz HRRPs
in the database. If a match is found, the sensing stops; otherwise it continues with the
next higher bandwidth. In the above case, the radar would use a bandwidth of 160 MHz
for ship A and 640 MHz for ship B. Thus a multimodal radar being used to resolve these
targets would use different bandwidth in each case .

2.6

Other Considerations for Multimodal radar

Some other aspects of using a multimodal radar are discussed here. We first look at the
additional costs involved in implementing a multimodal radar. An arbitrary waveform
generator capable of generating waveforms of different bandwidths is a necessity. The
multiple passes required for multimodal radar lead to additional dwells and more
processing overhead. This can become a bottleneck in systems with low processing
power. The primary advantage of a multimodal radar is the ability to reduce bandwidth
usage. A multimodal radar would not be useful in a scenario where ample bandwidth is
reserved for radar use.
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Figure 2.5 High range resolution profiles of two ships. (a) Ship A at 160 MHz. (b)
Ship A at 640 MHz. (c) Ship B at 160 MHz. (d) Ship B at 640 MHz.
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CHAPTER 3 RESULTS FROM THEORY AND
SIMULATIONS

3.1

Initial simulation results

The following show the results obtained using simulation in Matlab. These were tried
before the field experiments were conducted and acted as a preliminary proof of concept
of the multimodal radar. We considered a maximum range of 300 m, which results in 80
LRR gates each of extent of 3.75 m. For this simulation, there exist targets as shown in
the Table 3.1 shown below. The radar cross sections (RCSs) of the targets are normalized
with respect to the target with the highest RCS. Targets of higher RCS are used at higher
range to give sufficient response to be detectable by the system.
Table 3.1. Target Scenario for simulations
Target

Range

LRR

Relative

Number

(m)

Gate

RCS

1

50

14

0.01

2

52

14

0.01

3

55

15

0.01

4

100

27

0.15

5

103

28

0.15

6

106

29

0.15

7

151

41

1

These targets are centered around LRR gates 14, 27 and 40. These three LRR gates are
observed in the LRR profile as seen in Fig. 3.1(a). The LRR resolution is not low enough
to distinguish between the individual targets with a set. Hence the simulation proceeds to
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Pass 2 with 80 MHz while restricting its focus to these LRR gates. HRR images are
generated for each of the selected LRR gates. For the HRR profiles, the y-axis is in
increments of LRR index, and the x-axis is in increments of HRR index. For the
bandwidth of 80 MHz, each LRR gate has 2 HRR cells. As the bandwidth increases, the
number of HRR cells per LRR gate increases. The HRR images are normalized and the
cell values are in dB. Simulation continues for each of the LRR gates until specified
amount of separation is obtained between the peaks and their neighboring cells. The two
neighboring cells for each peak are the one towards the radar and the one away from the
radar. For example, referring to Fig. 3.1(b), the two neighboring cells for HRR cell 1of
LRR cell 14 are HRR cell 2 of LRR cell 13 and HRR cell 2 of LRR cell 14. For this
particular example, 3 peaks were taken into consideration for each HRR profile. The
peaks are discarded if they are not significantly higher (greater than 3 dB higher) than the
mean of all the cells. During Pass 2, 3-dB separations between the peaks and neighboring
cells are achieved for LRR gate 41 as seen in Fig. 3.1(g). The HRR gate 1 of LRR gate 41
is separated by at least 3 dB from HRR gate 2 of LRR gate 40 and HRR gate 2 of LRR
gate 41, and hence the simulation for this gate stops. Meanwhile more resolution is still
desired for LRR gates 14 and 27. HRR gate 1 of LRR gate 14 is not separated by 3 dB
from HRR gate 2 of LRR gate 14. HRR gate 2 of LRR gate 15 does not have adequate
separation from its left neighbor either. Similarly, some of the peaks in Fig. 3.1(d) do not
have the required 3 dB separation from its neighbors. Hence, the simulation centered
around LRR gates 14 and 27 proceeds to Pass 3 with 160 MHz. The desired resolution
for LRR gate 14 is achieved in pass 3 as seen in Fig. 3.1(c). The three peaks are HRR
gate 2 of LRR gate 14, HRR gate 4 of LRR gate 14 and HRR gate 3 of LRR gate 15.
HRR gate 2 of LRR gate 14 is separated from both HRR gate 1 and HRR gate 3 of LRR
gate 14 by 3 dB. HRR gate 4 of LRR gate 14 is separated from both HRR gate 4 of LRR
gate 14 and HRR gate 1 of LRR gate 15 by 3 dB each. Finally, HRR gate 3 of LRR gate
15 is separated from both HRR gate 2 and HRR gate 4 of LRR gate 15 by at least 3 dB.
Hence, the simulation centered around LRR gate 14 stops.. Meanwhile the simulation for
LRR gate 27 continues because the required 3 dB separation is not obtained between
HRR gate 2 and 3 of LRR gate 28. Also, the required separation is not obtained between
17

HRR gate 2 and 1 of LRR gate 29. Hence the simulation proceeds to Pass 4 with 320
MHz. Here the required separation is obtained for all the 3 peaks which are HRR gate 5
of LRR gate 27, HRR gate 4 of LRR gate 28 and HRR gate 3 of LRR gate 29. Hence the
simulation finally stops there. Thus the multimodal radar is able to look at different target
scenes with different resolutions. The returns on the higher bandwidth waveforms are
time-gated to only look at the returns corresponding to the selected LRR gates. This helps
to reduce the processing load on the system.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 3.1. Imaging results for a simulated Target Scenario. (a) Pass 1. (b) Pass 2,
LRR Gate 14. (c) Pass 3, LRR Gate 14. (d) Pass 2, LRR Gate 27. (e) Pass 3, LRR Gate
27. (f) Pass 4, LRR Gate 27. (g) Pass 2, LRR Gate 41. (h) Resulting resolution for each
LRR Gate
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3.2

Bandwidth Optimization

The drawback of the aforementioned method is that it requires multiple passes. Each
pass consumes certain time and resources and if a target scene is intricate enough to
require maximum bandwidth, then the multimodal radar utilizes more resources than
traditional radar operating at that bandwidth. What is desirable is to look at a target scene
and arrive at the optimum bandwidth required for that target scene and directly use it for
pass 2 of the multimodal radar. Thus the cost function for our optimization problem is the
bandwidth which is the same as the optimization variable. The separations between the
peak and its neighboring cells can serve as the constraints. We would like to have 3-dB
separations between the target peak and its neighboring cells. This should be adequate to
provide a good representation of the range-related variability within the target scene.
Using more separation may increase the required bandwidth significantly. Using less
separation may not give the required resolution to discern the target scene.

3.2.1

Optimization problem

The optimization problem can be stated as below:
minimize x
subject to f1 ( x) ≥ 3 dB

f 2 ( x) ≥ 3 dB
where x is the bandwidth used for a target scene,

f1 is the separation in dB between the peak and the neighboring cell towards the radar,
f 2 is the separation in dB between the peak and the neighboring cell away from the
radar.
The above constraints can be rewritten as

3 − f1 ≤ 0
3 − f2 ≤ 0
The above constraints will generally not be convex. As the bandwidth changes, the size
and position of the range gates change and the values of f1 and f 2 change in a disorderly
20

fashion. However, if the gate containing the peak target is forced to be centered in the
range dimension, then the above constraints can be approximated by convex functions.
The accuracy with which the functions can represent the above constraints will greatly
influence the correctness of the results.
The Lagrangian duality method was used to solve the problem [34]. The basic idea is to
take the constraints into account by augmenting the objective function with a weighted
sum of the constraint functions. The Lagrangian for our problem is

L ( x, λ ) =
x + ∑ i =1 λ1 (3 − fi )
2

(3.1)

where λi is the Lagrange multiplier associated with the ith inequality constraint. The
Lagrange dual function g is the minimum value of the Lagrangian over x . If D
represents the domain of the problem, then the dual function is expressed as [34]
g (λ ) =

inf
L ( x, λ )
x∈D

(3.2)

The maximum of the dual function gives a lower bound on the optimum value of x .
For strong duality (which holds for convex problems), the maximum of the dual function
is exactly equal to the optimum value of x . The following shows an example where the
constraints are approximated by convex quadratic functions.
3 − f1 ≅ a1 x 2 + b1 x + c1

(3.3)

3 − f 2 ≅ a2 x 2 + b2 x + c2

(3.4)

The constants in the above equations depend on the target scenario. The values
for f1 and f 2 for certain values of bandwidths are found using simulations and then
appropriate quadratic functions are used to represent the constraints. Putting (3.3) and
(3.4) in (3.1), the Lagrangian becomes
L( x, λ ) =x + λ1 (a1 x 2 + b1 x + c1 ) + λ2 (a2 x 2 + b2 x + c2 )

(3.5)

To minimize L over x , set the gradient equal to zero.
∂L
=+
1 λ1 (2a1 x + b1 ) + λ2 (2a2 x + b2 ) =
0
∂x

x=

−(1 + b1λ1 + b2 λ2 )
2(a1λ1 + a2 λ2 )
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(3.6)

Plugging (3.6) in (3.5) gives the dual function g (λ ) . For a convex problem, the
maximum of the dual function g gives the optimum value of x .

3.2.2

Examples

A target scenario 1 is shown in Table 3.2. There are two targets separated by 2.5 m. A
range resolution value of 2.5 m or better will be able to resolve the two targets, but this is
only assuming that the point spread function is an ideal impulse. In reality, the point
spread function is usually a Gaussian or a sinc-function having energy beyond its 3-dB
point, which may cause a larger target to obscure a closer but smaller target. Thus, to be
on the safe side, a resolution value of half of the minimum target separation is used to
ensure capturing targets of all sizes and make target identification possible. Thus, in this
case, a resolution of about 1.25 m would be ideal. Simulations were performed to find
sample values for the constraints and they were represented by convex quadratic
functions. The constraints are shown below

1.8 ×10−5 x 2 − 0.017 x + 1.482 ≤ 0

(3.7)

5.3 ×10−6 x 2 − 0.0048 x − 3.5 ≤ 0

(3.8)

The values from simulations and the approximated quadratic equations are shown in Fig.
3.2. Generally for three points, it is possible to get an exact fit.

Value of constraint

4

Values from simulations for Constraint 1
Values from simulations for Constraint 2

2

Quadratic approximation for Constraint 1 (Equation 4.7)
Quadratic approximation for Constraint 2 (Equation 4.8)

0
-2
-4
0

100

200

300 400
Bandwidth

500

600

700

Figure 3.2. Approximation of constraints by quadratic equations.
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The dual function was obtained and its values for different values of Lagrangian
multipliers are shown plotted in Fig. 3.3. The maximum of the dual function has a value
of 97.18 MHz, which corresponds to a range resolution of 1.54 m. This is close to the
desired 1.25-m resolution, indicating that our technique works well.
Table 3.2. Target Scenario 1
Target
Number

Range

Relative RCS

(m)

1

8.2

1

2

10.7

1

Figure 3.3. Dual function for a Target Scenario 1
Another target scenario 2 is shown in Table 3.3. The minimum separation is 0.6 m,
calling for a resolution of about 0.3 m. The constraints for this case are shown below
4.8 ×10−5 x 2 − 0.11x + 40 ≤ 0

(3.9)

6.3 ×10−6 x 2 − 0.0052 x − 1.7 ≤ 0

(3.10)

The maximum of the dual function has a value of 453.3 MHz corresponding to a range
resolution of 0.33 m, which is again close to the desired value. The dual function is
shown in Fig. 3.4. The multimodal radar required a bandwidth of 640 MHz for this
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scenario. This is justified since the optimum bandwidth is higher than the Pass 4
bandwidth of 320 MHz.
Table 3.3. Target Scenario 2
Target
Number

Range

Relative RCS

(m)

(sq. m)

1

11.5

1

2

12.1

1

Figure 3.4. Dual function for a Target Scenario 2
In the above two examples, we see that the maximum occurs at a value where either λ1
or λ2 is zero. This signifies that one of the constraints is dominant and is masking the
other constraint. Hence a symmetrical target scenario was tried by using the constraint in
Equation 3.7 as the two constraints for a target scenario 3. This scenario would roughly
correspond to the one shown in Table 3.4. The optimum bandwidth is 97.18 MHz, which
is the same as was obtained for target scenario 1. Here the maximum occurs at multiple
values of pairs of (λ1 , λ2 ) , some of which have both λ1 and λ2 non-zero. The dual
function for this target scenario is shown in Fig. 3.5.
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Table 3.4. Target Scenario 3
Target

Range

Relative

Number

(m)

RCS

1

8.2

1

2

10.7

1

3

13.2

1

Figure 3.5. Dual function for a Target Scenario 3
We also looked at scenarios which included White Gaussian noise. We wanted to
consider the impact of signal-to-noise ratio on the required bandwidth. Consider the
target scenario 4 shown in Table 3.5.
Table 3.5. Target Scenario 4
Target
Number

Range

Relative

(m)

RCS

1

48

0.5

2

50

1

Without any noise, the optimization process gave a bandwidth of 130.4 MHz which

25

corresponds to a range resolution of 1.15 m. The optimization process was repeated after
adding white Gaussian noise of power -20 dBm. The average signal-to-noise ratio is
around 7-8 dB.

The value of the dual function is plotted in Fig. 3.6. Here the

optimization leads to a maximum of 186.4 MHz, which has a resolution of 0.8 m.

Figure 3.6. Dual function for target scenario 4 with additive noise.
We then repeated the procedure for different scenarios and for different levels of
additive noise (average SNR). We plotted the optimized bandwidth against the average
SNR to obtain to obtain the dependency between them. This is shown in Fig. 3.7. As the
average SNR decreases, more bandwidth is required to obtain the desired separation
between the peak cells and their neighbors. This explains the increase in bandwidth.
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Figure 3.7. Dependency of bandwidth on average SNR.

3.3

Bandwidth Requirement For Targets of Unequal
Strength

For the previous discussion, we assumed that the targets were of equal strength.
However, if the targets vary greatly in strength, a resolution value of half of the target
separation is no longer accurate. In [19], the effect of both bandwidth and the difference
in target RCS on range resolution was examined. We carried out simulations to find a
relationship between the strength difference α (in dB) and the bandwidth requirement.
This is plotted in Fig. 3.8 and it can be seen that the relationship is almost linear. This
was verified by repeating the process for other target scenarios. In Fig. 3.8, the ratio of
target strengths is expressed in dB. The change in bandwidth is expressed as the multiple
of bandwidth required for equal strength targets. Our results support the general idea that
resolution requirements can vary greatly based on the strength difference of the targets.
However, direct comparisons cannot be made between our results and the ones presented
in [19]. This is because all our results are based on the idea of 3-dB separation between
the peaks and neighboring cells. Mir et al. use various other criteria such as presence of
local minimum for defining resolution. Continuing with our optimization process, for
targets of unequal strength, the bandwidth optimization problem can be stated as
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minimize x
subject to f1 ( x, α ) ≥ 3dB
where x is the bandwidth used for a target scene,

α is the ratio of target strengths in dB ( α ≥ 0 ),
f1 is the separation in dB between the cell containing the weaker target and the
neighboring cell towards the stronger target.

Multiple of bandwidth required
for equal strength targets

1.5

1.4

1.3

1.2

1.1

1
0

2
4
6
8
Ratio of target strengths in dB (alpha)

10

Figure 3.8. Dependance of bandwidth required for resolution on target strength ratio.
To solve the above problem, we first solve the simpler problem using α = 0 and arrive
at the solution β using the procedure introduced before. The actual bandwidth β req for
the problem can then be arrived at using the following expression

β req = β (1 +

α
0.5α
) = β (1 + )
10
20

(3.11)

Let us consider an arbitrary target shown in Fig. 3.9 and calculate the bandwidth
required for its detection. For each pair of adjacent scattering centers, we take the ratio of
the RCS of the stronger one to the weaker one to get α in dB. We separately look at the
bandwidth required for resolving each pair of adjacent scattering centers. Let us first look
at the pair (σ 1 , σ 2 ) . We approximate the expected value of bandwidth based on the theory
of point spread function. If σ 1 and σ 2 were equal, the resolution required would have
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been approximately d1,2 2 . This corresponds to a bandwidth of β1,2 = c d1,2 . When σ 1
and σ 2 are unequal, this can be adjusted to be equal to

β1, 2 req =

c
d1, 2

 α 1, 2 
1 +

20 


(3.12)

Looking at the other pairs of scattering centers, for a total of n scattering centers, the
bandwidth required can be expressed as

β req
=

 c  α i , i +1  
max 
1 +

i∈(1, n −1)  d
20  
 i , i +1 

(3.13)

When we consider just the pair of adjacent scattering centers, we neglect the effect of
other scatterers. This can be justified from the fact that if a scatterer were close enough to
make a substantial contribution, then the bandwidth required to resolve that scatterer
from its neighbor would be much higher than the others in the expression above.

Figure 3.9. Scattering centers of an extended target.

3.4

Observations From Simulations

In this section, we look at certain results obtained from simulations. We also try to
understand how the number of passes required by the multimodal radar would change
with respect to external conditions. These results are based on extensive number of
repetitions of the multimodal algorithm while we change some parameter such as
distance between targets and SNR.

3.4.1

Receiver Operating Characteristics
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Receiver operating characteristic (ROC) of any radar is critical for it analysis.
Simulations were performed to generate the ROC curves for the multimodal radar. Before
we delve into the results, let us see how we may define the probability of detection ( Pd )
and probability of false alarm for a multimodal radar ( Pf ).
No of targets correctly forecast in every pass
Total number of targets

(3.14)

No of targets that were falsely forecast in all passes
Total number of non − target cells

(3.15)

Pd =
Pf =

We generate multiple targets whose ranges are generated randomly. The RCS of targets
is assumed to be proportional to the forth degree of the range. The multimodal algorithm
is run and different LRR gates will end the simulation after different number of passes. It
may be noted that Pf varies depending on the number of passes executed. It is proposed
that the Pf for the multimodal radar be the average of all of these.
Pf =

Pf (2) + Pf (3) + Pf (4) + Pf (5)
4

(3.16)

Fig. 3.10 shows the ROC of the multimodal radar and compares it with the ROC plots
of single pass radars of various bandwidths. The signal-to-noise ratio (SNR) in the
simulations is around 5-7 dB. The targets are randomly distributed over a long range and
the strength of the targets is directly proportional to the fourth power of the distance. As
expected, for a given Pf , the Pd improves as bandwidth increases. We also note that the
Pf of the multimodal radar does not deteriorate too rapidly with the increase in the Pd ,

as is seen for the single pass radars. This is expected since the existence of multiple
passes reduced the chances of false alarm as compared to single pass radars. Also, the Pd
of the multimodal radar is limited by the Pd of its LRR pass. This follows from the fact
that the LRR pass is the first pass in the multimodal radar and any target missed in this
pass goes undetected in the higher bandwidth passes which focus only on the LRR gates
found earlier. Hence, the Pd of the multimodal radar may be improved by selecting an
initial LRR pass with higher bandwidth.
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The simulation was repeated with the multimodal radar operated with a LRR pass of 80
MHz instead of the usual 40 MHz bandwidth. This is shown in Fig. 3.11. Here the Pd
values of the multimodal radar are better than the single pass radar of bandwidth 40 MHz
(BW40) but lower than the single pass radar of bandwidth 80 MHz (BW80). This
improvement in Pd is however accompanied by worse values of Pf , especially at lower
detection thresholds.

Figure 3.10. ROC of multimodal radar.
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Figure 3.11. ROC when multimodal radar has LRR pass with 80 MHz bandwidth.
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The above simulations were carried out with the RCS values for targets assigned
according to their range so that all targets would give an approximately uniform return.
This condition was relaxed to allow for a 10 dB variation in the strength of the targets.
The LRR pass had a bandwidth of 40 MHz. The result is shown in Fig. 3.12.
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Figure 3.12. ROC when targets are varying in strength.

3.4.2

Effect of separation between targets

We explore the effect of separation between the targets. We consider two (2) targets
and note the number of passes required as the separation between them is gradually
reduced. The result is plotted in Fig. 3.13 where the X-axis is in terms of the highest
resolution cell size (0.23 m). The number of passes required generally increases as the
separation between the targets is reduced. Hence more bandwidth would be utilized as the
distance between two targets is reduced. This suggests that as the target scene becomes
more intricate, the multimodal radar would require more number of passes. The number
of significant peaks observed in Pass 2 HRR images can also provide an indication of an
intricate target scene. An important consideration is whether an attempt should be made
to skip some intermediate bandwidths and directly advance to a higher bandwidth for
such target scenes. Fig. 3.13 shows that when the target separation is too low, the
multimodal radar took only 2 passes. This happened because in Pass 2 because the two
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targets appeared as a single target.

Figure 3.13. Variation in required number of passes as a function of target separation

3.4.3

Effect of SNR

We also simulated the effect of SNR on the performance of the multimodal radar. The
target scenario was kept the same while the SNR was varied. It was observed that a
higher number of passes is required to resolve a target scene as the SNR is decreased.
The result is plotted in Fig. 3.14. This follows from the fact that better separations are
obtained between the peaks and their neighboring cells at higher SNRs. As the SNR
reduces, more passes are required to get adequate separation. At high SNRs, the number
of passes levels off to a value of two (2) for the scenarios under consideration, and starts
to dip at an SNR of 15 dB. It is possible that for certain scenarios at high SNR values, a
single pass may be adequate to resolve the target scene.
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Figure 3.14. Variation in required number of passes as a function of SNR
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CHAPTER 4 FIELD MEASUREMENT RESULTS

4.1

Field Measurement Results in Staring Mode

The following results were obtained when the multimodal radar system was operated in
the staring mode, i.e., with stationary antennas. The measurement set up is shown in Fig.
4.1. Trihedral corner reflectors with square faces of length 0.6 m were used as targets
whose computed RCS ranged from 57.8 m2 (+17.6 dBsm) at 1 GHz to 155.5 m2 (+21.9
dBsm) at 1.64 GHz. We consider a range of 37.5 m which is slightly greater than the
maximum radar range. This results in 10 LRR gates each of extent of 3.75 m.

Figure 4.1. Field measurement set up for multimodal radar.

An adaptive threshold is used to detect LRR gates with high probability of targets. Let
max_ pos be the LRR gate with the maximum output among all the gates. Let this output

be denoted as max_ out . The threshold for the remaining gates is calculated as
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1.4

 max_ pos 
=
( gate _ no) 
threshold
 × max_ out
 gate _ no 
The above expression was obtained empirically. The response from the targets in the field
does not vary proportionally to the fourth power of distance due to a variety of reasons.
The response from the targets varies due to factors such as multipath and ground bounce.
Also it is difficult to accurately estimate the resultant RCS when multiple corner
reflectors are placed side-by-side. The above expression was used since it worked well
for most target scenarios.
In Section 3.4.1, the ROC of the multimodal radar was arrived at by assuming target
strength is higher for farther targets. Hence, an adaptive threshold was not used. To
understand the impact of adaptive threshold, the simulations were performed with
uniform targets. It was observed that with a power of 1.4, the values of probability of
detection were lower compared to earlier figures. The simulation was repeated with a
power of 4 to obtain the results shown in Fig. 4.2. The simulation considers a maximum
distance of 300 m and an adaptive threshold with the distance raised to power 1.4 gives
low value of probability of detection. However, in the field we use a maximum range of
37.5 m and factors such as multipath and ground bounce result in good results with an
adaptive threshold having distance raised to power 1.4.

Figure 4.2. ROC with adaptive threshold
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The RCS values of the targets are normalized with respect to the target with the highest
RCS. The algorithm continues with higher resolution passes until 3-dB separations are
obtained between the peaks and their neighboring cells.

4.1.1

Target scenario 5

Table 4.1 shows a target scenario 5 with 1 target. The LRR pass identifies LRR Gates 4
and 5 for further processing. When we take HRR profiles for a particular LRR gate, we
also include its neighboring gates to get a good idea of the target scene. Then Pass 2 is
executed and now we get 3-dB separation between the peak and its neighboring gates as
shown in Fig. 4.3(b). Hence, no further passes are required.
Table 4.1. Target Scenario 5
Target

Range

LRR

Relative

(m)

Gate

RCS

15.2

5

1

Number
1

0

LRR Profile
Adaptive threshold

-1

3

5

-2

LRR Gate

Normalized Return(dB)

10

0
-5

-3
4

-4
-5

-10

-6
5

-15
-20
0

2

6
4
LRR Range number

8

10

-7
1

2
HRR Gate

(a)

(b)

Figure 4.3. Imaging results for a Target Scenario 5. (a) Pass 1. (b) Pass 2, LRR Gate 4.

4.1.2

Target scenario 6

Table 4.2 shows a target scenario 6 with 2 targets. The LRR pass identifies LRR Gates
4 and 6 for further processing. For LRR gate 4, 3 dB separation is not obtained for LRR
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gate 4 as seen in Fig. 4.4(b). Hence the algorithm proceeds to Pass 3, where the
separation is achieved and the algorithm stops. This is shown in Fig. 4.4(c). Similarly the
algorithm also stops at Pass 3 for LRR gate 6 as seen in Fig. 4.4(d) and 4.4(e). These two
targets are far apart and it may be argued that they should have been resolved adequately
by the 80 MHz waveform itself. However, if a target is present on the boundary of a
range gate, its response will not be contained in a single gate, leading to another pass.
Table 4.2. Target Scenario 6
Target

Range

LRR

Number

(m)

Gate

RCS

1

11.5

4

1

2

21.1

6

3
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Figure 4.4. Imaging results for a Target Scenario 6. (a) Pass 1. (b) Pass 2, LRR Gate 4.
(c) Pass 3, LRR Gate 4. (d) Pass 2, LRR Gate 6. (e) Pass 3, LRR Gate 6

4.1.3

Target Scenario 7

Table 4.3 shows a target scenario 7 with 3 targets. A subset of this scenario was seen
earlier in target scenario 1 considered for bandwidth optimization. The LRR pass
correctly identifies LRR Gates 3 and 5 for further processing. The multimodal algorithm
runs and stops at Pass 3 for LRR Gate 3 and Pass 2 for LRR Gate 5, as shown in Fig. 4.5.
LRR Gate 3 contains 2 targets separated by 2.5 m. In this case, a resolution of about 1.25
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m would be ideal. The multimodal radar required a bandwidth of 160 MHz for this target
separation which corresponds to a resolution of 0.93 m. This is close to the expected
result. Since 80 MHz is not sufficient to resolve these targets, we do not see sufficient
separation between cells in Pass 2 in Fig. 4.5(b). Pass 3 gives us 3-dB separation as seen
in Fig. 4.5(c) and the algorithm stops. The optimization process in Section III yielded a
bandwidth of 97.14 MHz. The higher bandwidth in the field can be attributed to the large
size of the corner reflectors and other effects such as ground reflection. LRR Gate 5
contained a single target which resulted in the multimodal radar stopping at the first
higher resolution pass of 80 MHz as shown in Fig. 4.5(d).
Table 4.3. Target Scenario 7
Target

Range

LRR

Relative

(m)

Gate

RCS

1

8.2

3

1

2

10.7

3

1

3

15.8

5

1
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Figure 4.5. Imaging results for a Target Scenario 7. (a) Pass 1. (b) Pass 2, LRR Gate 3.
(c) Pass 3, LRR Gate 3. (d) Pass 2, LRR Gate 5.

4.1.4

Target Scenario 8

Table 4.4 shows a target scenario 8 with three targets. A subset of this scenario was
seen earlier in target scenario 2 considered for bandwidth optimization. A relative RCS of
4 (target number 3) indicates that four corner reflectors were placed side-by-side in that
particular range cell. Here the algorithm stops at Pass 5 for LRR Gate 4 and Pass 3 for
LRR Gate 7, as shown in Fig. 4.6. The targets in LRR Gate 4 are separated by 0.6 m.
Hence, in this case, a resolution of about 0.3 m would be ideal. The multimodal algorithm
uses the entire bandwidth of 640 MHz corresponding to 0.23-m resolution for this target
scene. This is close to the expected result. As seen in Fig. 4.6(b) to Fig. 4.6(d), none of
the HRR passes from 2 to 4 is able to resolve these targets. HRR pass 5 clearly discerns
the two targets in Fig. 4.6(e). The optimization process yielded a bandwidth of 453.3
MHz for the same scenario. The bandwidth in the field is again more than the
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theoretically optimized bandwidth because of the reasons mentioned before. For LRR
Gate 7, we had multiple corner reflectors placed at the same range to act as a single
target. The radar required a bandwidth of 160 MHz for resolving this target as shown in
Fig. 4.6(g). While this is more than the expected bandwidth of 80 MHz for a single target,
it may be due to the fact that our corner reflectors are not point targets and may happen to
be split across two gates.
Table 4.4. Target Scenario 8
Target

Range

LRR

Relative

(m)

Gate

RCS

1

11.5

4

1

2

12.1

4

1

3

22.1

7

4
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Figure 4.6. Imaging results for a Target Scenario 8. (a) Pass 1. (b) Pass 2, LRR Gate 4.
(c) Pass 3, LRR Gate 4. (d) Pass 4, LRR Gate 4. (e) Pass 5, LRR Gate 4. (f) Pass 2, LRR
Gate 7. (g) Pass 3, LRR Gate 7
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4.1.5

Target Scenario 9

Table 4.5 shows a target scenario 9 with four targets. A relative RCS of 4 (target
number 3) indicates that four corner reflectors were placed side-by-side in that particular
range cell. Here the algorithm stops at Pass 2 for LRR Gate 3, Pass 5 for LRR Gate 5 and
Pass 3 for LRR Gate 7 as shown in Fig. 4.7. The targets in LRR Gate 5 are separated by
0.6 m. Hence, in this case, a resolution of about 0.3 m would be ideal. The multimodal
algorithm uses the entire bandwidth of 640 MHz corresponding to 0.23-m resolution for
this target scene. This is close to the expected result. As seen in Fig. 4.7(c) to Fig. 4.7(e),
none of the HRR passes from 2 to 4 is able to resolve these targets. HRR pass 5 clearly
discerns the two targets in Fig. 4.7(f). For the targets in LRR Gates 3 and 7, the algorithm
stops at pass 2 and pass 3 respectively.
Table 4.5. Target Scenario 9
Target

Range

LRR

Number

(m)

Gate

RCS

1

9.7

3

1

2

15.2

5

1

3

15.8

5

1

4

22.4

7

4
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Figure 4.7. Imaging results for a Target Scenario 9. (a) Pass 1. (b) Pass 2, LRR Gate 3.
(c) Pass 2, LRR Gate 5. (d) Pass 3, LRR Gate 5. (e) Pass 4, LRR Gate 5. (f) Pass 5, LRR
Gate 5. (g) Pass 2, LRR Gate 7. (h) Pass 3, LRR Gate 7.
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4.2

Field Measurement Results in Scanning Mode

Measurements were also taken for scenarios where multiple target scenes are laid out in
azimuthal fashion.

4.2.1

Target scenario 10

Table 4.6 lists a target scenario 10 consisting of 2 target scenes. It is shown
diagrammatically in Fig. 4.8(a). LRR profiles are taken while the antennas are rotated
with a step-size of 15°. The targets are correctly picked out from the LRR tracks and the
multimodal algorithm is applied to these. The HRR images for these target scenes are
shown in Fig. 4.8. For target scene 1, LRR Gate 3 contains 2 targets separated by 1 m.
HRR passes 2 and 3 are not able to resolve these targets, as shown in Figs. 4.8(b) and
4.8(c). However, the two targets are discerned in HRR passes 4 and 5 in Figs. 4.8(d) and
4.8(e). Due to the large size of the corner reflectors and other effects such as ground
bounce and multipath, the targets are not constrained to a single HRR gate in these
figures. Instead, what we see are clusters of target cells separated by non-target cells. For
target scene 2, HRR pass 2 is able to resolve the single target in LRR gate 5, as shown in
Fig. 4.8(f). This illustrates how the multimodal radar can be used to scan an area for
targets and use only as much bandwidth as absolutely required.
Table 4.6. Target Scenario 10

ϕ

Target
Scene

(degrees)

Range
(m)

LRR
Gate

Relative
RCS

Number
1

2

40

8.5

3

2

45

9.5

3

2

140

15.8

5

4
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.8. HRR images for a Target Scenario 10. (a) Diagrammatic representation of
target scenario. (b) Pass 2, Target scene 1. (c) Pass 3, Target scene 1. (d) Pass 4, Target
scene 1. (e) Pass 5, Target scene 1. (f) Pass 2, Target scene 2.

4.2.2

Target scenario 11

Table 4.7 describes a target scenario 11 consisting of 3 target scenes. It is shown
diagrammatically in Fig. 4.9(a). Target scene 1 consists of a single target and is resolved
by pass 2 as shown in Fig. 4.9(b). Target scene 2 consists of 2 targets separated by 0.9 m.
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HRR pass 2 is not able to resolve these targets as seen is Fig. 4.9(c). These 2 targets are
discerned in Pass 3 as shown in Fig. 4.95.8(d). Target scene 3 has one target each in LRR
Gate 3 and 5. The target in LRR Gate 3 is resolved in Pass 2 as shown in Fig. 4.9(e). The
target in LRR Gate 5 in resolved in Pass 3 as shown in Fig. 4.9(g). This again illustrates
how the multimodal radar can be used for surveillance using low bandwidth waveform,
switching to higher bandwidth waveforms when targets are detected.
Table 4.7. Target Scenario 11
Target
Scene

ϕ
(degrees)

Range

LRR

Relative

(m)

Gate

RCS

Number
1

30

8.2

3

1

2

75

11.3

4

1

80

12.2

4

1

145

8.2

3

1

150
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5

2

3
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Figure 4.9. HRR images for a Target Scenario 11. (a) Diagrammatic representation of
target scenario. (b) Pass 2, Target scene 1. (c) Pass 2, Target scene 2. (d) Pass 3, Target
scene 2. (e) Pass 2, Target scene 3, LRR Gate 3. (f) Pass 2, Target scene 3, LRR Gate 5.
(g) Pass 3, Target scene 3, LRR Gate 5.
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4.3

Targets of unequal RCS

Field data were acquired to study the variation in bandwidth required based on difference
in target strength. Multiple corner reflectors were placed side by side to increase the
resultant RCS. Table 4.8 shows the various target scenes and the bandwidth required for
each scene. Note that the RCS of the second target is normalized with respect to its
strength and distance compared to the first target. The results are plotted as shown in Fig.
4.10. The linear approximation derived from simulation results i.e. the line corresponding
to Equation (3.11) is shown. The results from the field are shown and a best fit line is
drawn. Clearly, the field results demonstrate that higher bandwidth is required to resolve
2 targets as the ratio of their strengths increases. Hence our theoretical results in this
regard are justified. We did require slightly more bandwidth in the field compared to the
simulation results. This may be due to the fact that we are using multiple corner reflectors
to act as a single target leading to a broader response and hence requiring more
bandwidth for 3-dB separation. Effects such as ground reflection also result in a wider
response than a point target. Also, since multiple corner reflectors are placed side by side,
the gain of the antenna would vary for the different reflectors. Furthermore, some of the
response of the farther reflectors is masked by the reflectors in front.
An extended target was simulated by placing corner reflectors at appropriate positions.
One corner reflector is placed at 8.2 m, and two each at 10.7 m and 12.2 m. After
normalizing with respect to strength and distance, the resulting extended target is as
shown in Fig. 4.11. Using Equation (3.13) the required bandwidth comes out to be 136.6
MHz. In the field, for the above scenario, the required bandwidth came out to be 190
MHz. This is higher than the theoretically expected bandwidth due the same reasons
stated earlier.
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Table 4.8. Field Results for Scenario with varying relative RCS
No of corner

No of corner

Normalized

Ratio of

Bandwidth

reflectors at 8.2

reflectors at

RCS of second

stronger target

required for 3

m

10.7 m

target

to weaker

dB separation

compared to

target in dB

for each peak

first target
1

0.345

4.62

180

1
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0.69

1.62

140
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Figure 4.10. Dependance of bandwidth on target strength ratio.
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Figure 4.11. An extended target using corner reflectors.
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CHAPTER 5 SHARING BANDWIDTH BETWEEN RADAR
AND COMMUNICATIONS
Sometimes we have limited bandwidth which needs to be shared among multiple
applications. Since the multimodal radar can work with different bandwidths, it is well
suited to these scenarios. We consider the problem of optimally sharing the bandwidth
between radar and communications. We shall use multi-objective optimization techniques
for this purpose.

5.1

Determining radar priority using fuzzy logic

We need a method to arrive at radar priority before we can apply optimization
techniques. We use a method similar to [35] for this purpose. Fuzzy logic is used because
it has the advantage of making softer decisions and reassigning resources gradually which
is suited for slow moving targets. The mentioned paper develops an adaptive
prioritization assignment, fuzzy-reasoning-based algorithm for ranking sectors of
surveillance in dynamically changing tactical environments. The priority of surveillance
sectors was assessed using aspects such as rate of detection of new targets and number of
threatening targets. For our case, the linguistic variables used to determine radar priority
are target separation, signal-to-noise (SNR) ratio and clutter. The membership functions
for these variables are shown in Fig. 5.1. The linguistic variable target separation is the
fuzzified value of the distance between point targets. The distances correspond to the
range resolutions of the various bandwidth waveforms used by the multimodal radar seen
before. Since target separation is the single most important factor, this has been designed
with more fuzzy values compared to other linguistic variables. Clutter is expressed on a
normalized scale of 0 to 1 with respect to the target. The membership functions for SNR
and radar priority are pretty straightforward. The fuzzy rules provide a mechanism
through which the input linguistic variables are translated to radar priority for each sector.
We see that target separation features in all the rules used by the system. The centroid
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method is used for defuzzifying the output.
The following rules are used by the fuzzy inference system
• If target separation is very low, radar priority is high.
• If target separation is very high, then radar priority is low.
• If target separation is medium and SNR is low, then radar priority is high.
• If target separation is medium and clutter is high, then radar priority is high.

(a)

(b)

(c)

(d)

Figure 5.1. Membership functions. (a) Target separation. (b) Normalized clutter. (c)
SNR. (d) Radar priority.

5.2

Target scenario 12

We consider the scene in front of the radar to be divided into 15° wide sectors as shown
in Fig. 5.2. The surveillance target scenario being considered for bandwidth sharing and
optimization is shown in Table 5.1. It is also shown diagrammatically in Fig. 5.3. We
start scanning from Sector 1 and move towards Sector 12. The communications scenario
is assumed to be constantly changing and as shown in Table 5.2 corresponding to the
instant when each sector is being scanned.
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Figure 5.2. Target space divided into sectors
Table 5.1. Target Scenario 12
Target
Scene

ϕ

Sector

Range

(degrees)

(m)

Normalized
Clutter

SNR
(dB)

Number
1

2

30

3

8.2

30

3

10.7

110

8

11.5

110

8

12.1

0.7

8

0.5

14

Figure 5.3. Target scenario 12.
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A very simple allocation scheme is to use the required bandwidth for radar as per the
target scene and the rest for communications. This is shown in Fig. 5.4. However, in this
case the radar will always be operating at the least required bandwidth. We consider an
elaborate multi-objective optimization technique to allocate the bandwidth more fairly
between radar and communications.
Even though the radar is directional, it is assumed to cause enough interference to
disallow communication equipment operation in that part of the spectrum. The
commiunications usage is actually omnidirectional. However, it is allocated by sector so
as to align with the radar bandwidth usage which is dependent on the sector.

Figure 5.4. Solution using minimum bandwidth for radar.
Using the MATLAB fuzzy logic toolbox, we arrive at priorities for radar for
surveillance of the various sectors. The SNR and normalized clutter for non-target sectors
are assumed to be 10 dB and 0.5 respectively. The results are shown in Table 5.3. Now
that we have priorities for both radar and communications, we can proceed with the
multi-objective optimization process.
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Table 5.2. Communications Priority
Sector

Communications scenario

3

Large amount of data needs to be transmitted (Priority 0.8)

8

Medium amount of data needs to be transmitted (Priority
0.5)

Others

Medium amount of data needs to be transmitted (Priority
0.4)
Table 5.3. Computed Radar Priority

5.3

Sector

Radar priority

3

0.17

8

0.82

Elsewhere

0.13

Multi-objective optimization

Using the calculated values of radar priority and the assumed values for
communications priority, we perform multi-objective optimization. The total available
bandwidth is taken to be 640 MHz. This has to be shared optimally between radar and
communication tasks.
The multi-objective problem can be defined as:
Maximize F ( x ) = [ F1 ( x ) F2 ( x )]
Subject to f1 ( x1 ) ≥ 3dB
f 2 ( x1 ) ≥ 3dB
x1 + x2 ≤ 640 MHz

where

x = [ x1 x2 ]
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x1 = Bandwidth used for radar
x2 = Bandwidth used for Communications
The 3-dB constraints ensure adequate resolution between the radar peak and its
neighboring cells. The parameters of the problem vary for each sector. Using the
aforementioned priorities as weights, we arrive at the following objective functions for
Sector 3:
F1 ( x ) = 0.17 x1
F2 ( x ) = 0.8 x2
For these parameters, the design space and criterion space are shown in Fig. 5.5. The
radar resolution constraints effectively place a lower bound on the radar bandwidth. This
was calculated using the multimodal radar optimization process discussed before.

(a)

58

(b)
Figure 5.5. Multi-objective optimization solution for sector 3. (a) Design space. (b)
Criterion space.
Minimizing the Euclidean distance to the utopia point [36], which maximizes all the
individual objective functions simultaneously, the solution comes out to be:
x1 =180.7 MHz
x2 = 459.3MHz
Solving for each of the sectors gives us the solution shown in Fig. 5.6. We see that the
bandwidth is appropriately allotted based on the requirement of radar target scene and
communications. Thus the radar is assigned high bandwidth to allow higher resolution for
Sector 8. Communications is assigned high bandwidth in Sector 3 as per the high priority.
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Figure 5.6. Multi-objective optimization solution for the problem scenario.
One may, at times, desire a solution where a certain amount of bandwidth is retained
for emergencies or some unforeseen circumstances. Suppose that 100 MHz bandwidth is
not to be used unless the radar resolution requirements are not met. For such a case, the
design space for Sector 3 is shown in Fig. 5.7. The solution using this approach for all
sectors is shown in Fig. 5.8.

Figure 5.7. Design space for Sector 3 when 100 MHz bandwidth is left unused.
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Figure 5.8. Multi-objective optimization solution when 100 MHz bandwidth is left
unused.

5.4

Cost of Optimization

The above optimization process helped us to efficiently distribute the available
bandwidth among multiple applications. Let us now look at the penalty or cost of
optimization. The optimization process can put a significant processing burden on the
system. The system may already be under load due to the radar return processing
performed in each sector. If the additional load due to the optimization process is
impeding in the processing of radar returns, then it may not be worthwhile to perform the
optimization. The simple method illustrated in Fig. 5.4 may be beneficial in those
situations.
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CHAPTER 6 STATIC RADAR SCHEDULING
Radar scheduling is important to make the best use of available resources. We
investigate the scheduling of the multimodal radar for surveillance and tracking. The
objective is to ensure proper tracking of all targets and maintain a good rate of
surveillance to find new targets. The antennas are assumed to be rotated using TTL/relaycontrolled DC motors. For our analysis, we neglect the radar dwell time, since it is
negligible compared to the return processing time and the time required to rotate the
antenna from one sector to another. The radar should use the multimodal algorithm to
determine the required bandwidth for an extended target when it is first encountered;
thereafter it should use this bandwidth when the target is encountered again. For later
visits, the radar need not wait in the sector for the return to be processed. A bandwidth of
40 MHz should be sufficient for point targets and a higher bandwidth would be used for
extended targets. When two point targets are not distinguishable, the multimodal
algorithm should be used on all visits. The parameters used for the following simulations
are shown in Table 6.1.
Table 6.1. Simulation parameters
Parameter

Value

Radar return

1 sec

processing time
Time to rotate

1 sec

antenna to adjacent
sector
For a rotating antenna, it is not possible to move from one sector to another by skipping
the sectors in between. Hence, the scheduling algorithm should reduce the number of
trips between far-off sectors to minimize time lost in rotation. We try to increase the
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number of visits for targets being tracked while allowing for non-uniform samples.
Tracking using non-uniform sampling has been investigated before in [37], [38].
In this section, we assume slow moving targets which continue to remain in the same
sectors for the duration of the simulation. This can be categorized as static scheduling and
forms the basis for the dynamic scheduling discussed in the next section We consider
special scenarios having targets in the center and targets on the edges. When none of
these conditions is valid, a uniform tracking algorithm is used. Our goal is define an
algorithm that gives importance to tracking of currently known targets while allocating
adequate resources for surveillance for detecting new targets. The targets are tracked
using the particle filter algorithm [39].

6.1

Targets in the center

For scenarios wherein the targets are located with the central sectors of the scan, the
algorithm shown in Fig. 6.1(a) is used. Partial passes are used close to the center to
increase the number of visits to sectors containing targets. Only the sectors with targets
are sampled in passes shown with dotted arcs. All sectors are sampled in passes shown
with full arcs. After one complete cycle, the number of visits is measured for the sectors
with targets and the number of partial passes between full passes is increased if required.
For targets in Sectors 4, 6, 7 and 8, the number of visits for 500 seconds is as shown in
Fig. 6.1(b) when there are two partial passes between each complete pass. Surveillance is
performed for the sectors with no initial targets.

(a)
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Figure 6.1. Scheduling for scenarios with targets concentrated in center. Dots represent
targets. (a) Scheduling algorithm. (b) Scheduling results

6.2

Targets on the edges

For scenarios wherein the targets are concentrated on the edge sectors of the scan, the
algorithm shown in Fig. 6.2(a) is used. Partial passes are employed close to the edges to
increase the number of tasks scheduled for sectors with targets. Only the sectors with
targets are sampled in passes shown with dotted arcs. All sectors are sampled in passes
shown with full arcs. After one complete cycle, the number of visits is measured for the
sectors with targets and the number of partial passes between full passes is increased if
required. For targets in Sectors 2, 3, 10, and 11, the number of visits for 500 seconds is as
shown in Fig. 6.2(b) when there are two partial passes between each complete pass.

64

Tasks scheduled per 500 sec

(a)
80
60
40
20
0

1

2

3

4

5

6

7

8

9 10 11 12

Sector

(b)
Figure 6.2. Scheduling for scenarios with targets concentrated at the edges. Dots
represent targets. (a) Scheduling algorithm. (b) Scheduling results.
From Fig. 6.1(b) and Fig. 6.2(b), we observe that we achieve higher update rates for the
sectors containing the targets.

6.3

Distributed targets

For scenarios which represent none of the aforementioned special cases, we adopt a
uniform algorithm which visits every sector in an anticlockwise direction. Only those
sectors requiring target tracking are visited in the opposite direction, i.e. clockwise. The
algorithm is shown in Fig 6.3(a). Only the sectors with targets are sampled in passes
shown with dotted arcs. All sectors are sampled in passes shown with full arcs. For
targets in Sectors 3, 5, 6, 9 and 11, the number of visits for 500 seconds is shown in Fig.
6.3(b). The number of visits for tracking sectors is twice the number of visits for
surveillance sectors. The reduced number of surveillance visits helps to reduce the
processing load on the system.
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Figure 6.3. Scheduling for scenarios with targets distributed throughout the field. (a)
Scheduling algorithm. (b) Scheduling results.

6.4

Tracking algorithm

The important steps of the filtering algorithm are discussed here. Since the target
motion is constrained toward the center, it will remain in the same sector. The only
variable describing the state is the range from the radar. Let this be xk at time instant tk
The measurements of the target range are available as yk . Given these measurements, we
need to estimate the actual range xk at each time step. The system and measurememt
equations are given as

66

xk +1 = f k ( xk , wk )
yk = hk ( xk , vk )
where wk and vk are independent white noise processes.
We randomly generate 500 particles. We consider a maximum range of 50 m for our
simulations. Initially all particles have equal weight. The number of particles has to be
selected to give a good estimation while not being too burdensome computationally. The
particles generated are

x0,+ i (i = 1, 2,...N )
The following steps are performed for each time step k .
• Prediction: Perform the time propagation step to obtain a priori particles using the
known process equation. In our case, this is obtained using the velocity calculated
from past visits and the time elapsed since the last visit.

xk−, i = f k −1 ( xk+−1, i , wki −1 )
• Update weights: Compute the relative likelihood

qik

of each particle

xk−, i conditioned on the measurement yk . The weights are normalized using the
following expression
qik =

qik
N

∑q
j =1

k
j

• Resampling: The particles are resampled to remove particles with little weight and
duplicate particles with high weight. Now that we have a set of particles xk+, i that
are distributed according to the pdf p ( xk | yk ) , we can compute any desired
statistical measure of this pdf.
Because of resampling, the particles with higher weights are statistically selected many
times. This leads to a loss of diversity among the particles and is called as sample
impoverishment. To resolve this problem, noise with a uniform density function and zero
mean is added periodically to the low weight particles making them distributed in range;
then the weights are equalized.
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6.5

Tracking results

The results for Sector 7 in the target scenario depicted in Fig. 6.1(a) are shown in Fig.
6.4. The algorithm uses 3 partial passes between each complete pass. We see that there is
very low tracking error even when there are abrupt changes in target direction. . The
initial error is quite low and recovery is faster due to the increased number of visits. The
root mean squared error (RMSE) in range determination for five visits after each of the
target direction changes is 0.57 m. The results may be compared with the distributed
algorithm being used for this target scenario. The results in Fig. 6.5 show that the initial
error is higher when target motion changes abruptly. Also, the recovery time is higher
with this algorithm due to lesser number of visits to Sector 7 compared to the centerconcentrated algorithm. The RMSE for five visits after each of the target direction
changes is 1.16 m, which is substantially higher than the RMSE for the centerconcentrated algorithm.
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Figure 6.4. Tracking results for Sector 7 using center-concentrated algorithm with 3
partial passes.
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Figure 6.5. Tracking results for Sector 7 using the distributed algorithm.

The states of the particles for the tracking performed in Fig. 6.4 are shown in Fig. 6.6.
The weights are updated using the following expression

 

 −0.09 
 −0.000001 
+ 2
+ 2 
=
qki +1 qki  4  exp 
 ( yk − xk ,i )  + 0.05  exp 
 ( yk − xk ,i )  
σ
 σ 





 
The averaging of the two exponential functions gives good convergence while ensuring
that a majority of weights do not fall to zero immediately. As can be seen from the figure,
noise is added to the particles on all visit numbers that are multiples of seven.
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Figure 6.6. State of particles for Sector 7 when using center-concentrated algorithm

6.6

Analyzing the center concentrated algorithm

We look at the performance of the center-concentrated algorithms in Fig. 6.7 to Fig.
6.9. The X axis represents the number the center sectors (5-8) containing targets. Fig. 6.7
looks at the variation of average number of visits for surveillance and tracking sectors.
We see that the number of visits for tracking sectors increases substantially with the
number of partial passes. Fig. 6.8 shows the average radar utilization. We define radar
utilization as the total number of dwell tasks scheduled for all sectors every 10 sec. For
scenarios having just 1, 2 or 3 sectors with targets, we average over scenarios having
targets in different sectors. The utilization for just 1 target is higher than 2 targets
because no time is spent in rotating the antenna between multiple dwells for the sector
with target. For 2 targets present, we see that the utilization of the algorithm with one
partial pass is higher than the one with three passes. This is because more time is
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available for surveillance tasks in this case. Finally Fig. 6.9 shows variation of the
maximum delay for any surveillance sector. We see that when the center-concentrated
algorithm is in use, at least one sector will have a delay of at least 33 sec. Also the
maximum delay for any sector can never exceed 47 sec.
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Figure 6.7. Variation of avg. no. of visits for center-concentrated algorithms.
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Figure 6.8. Variation of avg. radar utilization for center-concentrated algorithms.
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Figure 6.9. Variation of maximum delay for any surveillance sector for centerconcentrated algorithms.
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CHAPTER 7 DYNAMIC RADAR SCHEDULING
Dynamic scheduling can be defined as a set of methods that are able to react to
unexpected events by either adjusting the current schedule or rescheduling the remaining
operations [40]. For a radar, the primary requirement for dynamic scheduling is being
able to react to changes in the target environment in real time. This can greatly increase
the efficiency of utilization of the radar resources. The work in the past section is
expanded to allow the movement of targets across sectors. Initially all sectors are scanned
for targets and the appropriate static algorithm is selected. Later after each full pass
where all sectors are scanned, the target scenario is evaluated to see if the current
algorithm is still valid. If not, the algorithm appropriate for the current scenario is
initialized.
For the center-concentrated and edges-concentrated algorithm, it is further possible to
vary the number of partial passes based on the distance of the targets from the radar. The
appropriate algorithm is selected initially and is switched whenever the distance of the
target(s) crosses a set threshold. The scheduling process runs using the following steps
Step 1: Scan all the sectors and record all the targets. If there is at least one target in
Sectors 4-9 and no targets in any other sector, select the center-concentrated algorithm. If
there is at least one target in Sectors 1-4 or 9-12 and no target in any other sector,
selected the edge-concentrated algorithm. If none of the above conditions is satisfied, i.e.,
targets are distributed in both the center and edge sectors, select the uniform algorithm.
Step 2: If the center-concentrated or edge-concentrated algorithm is selected, the
number of partial passes needs to be determined. If the closest target is more than 20 m
away, select one partial pass. If the closest target is less than 10 m away, select three
partial passes. If the closest target is between 10 m and 20 m away, select two partial
passes.
Step 3: The algorithm is now operating, tracking each known target and looking for
new targets. During each full pass, the current information about the targets is obtained.
For the center-concentrated and edge-concentrated algorithm, if the closest target crosses
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the threshold of 10 m or 20 m in either direction, change the number of partial passes. For
all algorithms, if the movement of targets across sectors makes a different algorithm more
suitable, go back to Step 1.
The particle filter discussed earlier is modified to perform two-dimensional tracking.
Each particle has X position and Y position attributes. For each target, the range and
angle information is obtained.

7.1

Target Scenario 13

Fig. 7.1 shows a target scenario with 2 point targets moving with constant velocity in
the direction indicated by the arrows in a total time of 500 sec. The changes in the angles
and sectors of Target 1 are shown in Fig. 7.2. Initially, it is determined that the centerconcentrated algorithm is suitable. Later as the targets move, the algorithm switches to
uniform mode at around t = 208 sec. Later when both targets have moved to the edges,
the edge-concentrated algorithm is invoked at t = 322 sec. The tracking results for X and
Y position for Target 1 are shown in Fig. 7.3 and 7.4 respectively. The particles are
reinitialized when the algorithm changes, as can be seen in Fig. 7.3. Also the change in
frequency of visits for the different algorithms is clearly visible.
(-1, 23)
(-7, 13)
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Target 2
(15, 9)
(-12, 1)

(0, 0)

Figure 7.1. Target Scenario 13
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Figure 7.2. Changes in angles and sector for Target 1
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Figure 7.3. Tracking for Target 1 (X position)
75

500

24

Target position
Tracker position

22

Y position (m)

20
18
16
14
12
10
8
0

100

200
300
Time (s)

400

500

Figure 7.4. Tracking for Target 1 (Y position)
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7.2

Target scenario 14

We consider a scenario with an extended target (Target 2) and another point target
(Target 1) as seen in Fig. 7.6. We will only consider extended targets which have the
same orientation with respect to the radar throughout the course of the simulation. The
first time a target is detected, the multimodal radar algorithm is run to determine the
bandwidth required. The extended target is recognized based on a constant distance
between scattering centers and a constant angle in multiple consecutive visits. Once
detected, the same bandwidth will be used on subsequent visits. For tracking purposes,
the mean of the positions of the scattering centers is tracked using a single tracker (one
for X and one for Y).
There is a distance of 1 m between the 2 target scattering centers (equal strength) of the
extended target. The multimodal radar bandwidth requires a bandwidth of 320 MHz for
this target. Thus, this bandwidth will henceforth be used for this target. For the other
point target, a bandwidth of 80 MHz will be used on first detection and 40 MHz
thereafter. The uniform algorithm is used first, switching to center-concentrated
algorithm at t = 212 sec.
(3, 21)

Target 1

Target 2

(-2, 18)

(7, 9)

1m

(-12, 4)

(0, 0)

Figure 7.6. A scenario containing an extended target.
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The tracking results for the extended target are shown in Fig. 7.7 and 7.8. We can see
that tracking is accomplished very accurately, since the tracker position between the
target’s closer and farther scattering centers. This can easily be extended for targets with
more than 2 scattering centers.
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Figure 7.7. Tracking of Extended target (X position)
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Figure 7.8. Tracking of Extended target (Y position)

7.3

Target scenario 15

In this scenario, we demonstrate how the algorithm adapts itself as the distance of the
target(s) from the radar changes. Three different center-concentrated algorithms may be
used depending on the range of the targets. They differ in the number of partial passes
between two complete passes. If all targets are more than 20 m away, only one partial
pass is used. If even a single target is closer than 10 m, three partial passes are used
giving the maximum update rate. In all other scenarios, two partial passes are used. We
assume the target scenario as shown in Fig. 7.9. Initially the algorithm uses only one
partial pass since both targets are more than 20 m away. As soon as one of the targets is
within 20 m from the radar, the algorithm switches to two partial passes. Finally, when
one of the targets crosses the threshold of 10 m, the algorithm switches to three partial
passes. The tracking results for X and Y are shown in Fig. 7.10 and 7.11 respectively.
The increasing number of visits as time progresses is clearly visible from the tracking
results.

79

(6, 27)
(-8, 25)
Target 1
Target 2
(2, 4)

(-2, 12)

(0, 0)

Figure 7.9. Target scenario 15
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Figure 7.10. Tracking for Target 1 (X position)
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Figure 7.11. Tracking for Target 1 (Y position)

7.4

Target scenario 16

Fig. 7.12 shows a scenario where 2 targets are crossing. Initially the centerconcentrated algorithm with 2 passes is called followed by the center-concentrated
algorithm with 3 passes. When the two targets are nearby and cannot be distinguished by
the 40 MHz bandwidth, the multimodal algorithm is invoked to determine the exact
positions of the two targets. If the targets are too close there is a possibility of the two
targets and their particles being interchanged unless there is some way to distinguish the
targets (such as distance between scattering centers of an extended target). However, in
target scenario 16, the targets are not so close and are always distinuished. The tracking
results are shown in Fig. 7.13.
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Figure 7.12. Target scenario 16 containing crossing targets.
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Figure 7.13. A scenario containing crossing targets.
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5

CHAPTER 8 CONCLUSIONS AND FUTURE WORK

8.1

Conclusions

A multimodal radar has been successfully built and demonstrated by us. The key
contributions of this work can be summarized as follows.
• A method is described to determine the optimum bandwidth required for any
target scene. It uses the idea that 3-dB separation between the peaks and their
neighbors is adequate for resolution of a set of targets. This optimum bandwidth
is the basis for the multimodal radar
• A multimodal radar system with progressive resolution enhancement is built and
demonstrated. This radar makes it possible to look at different target scenes
with the appropriate bandwidth required to resolve the target features. It starts
off with a view with lower resolution and stops when the appropriate resolution
required for the target scene is reached. The saved bandwidth can be made
available for use by other applications. It can also operate in scanning mode to
provide surveillance capability over a wide area using a low bandwidth
waveform and switching to other waveforms when required. Experimental
results were provided to give a demonstration of the multimodal radar algorithm
in operation. For staring mode, we saw that the multimodal radar uses variable
bandwidth based on the target scene. Results for the scanning mode showed
higher bandwidth usage only when targets are encountered. Thus the system
uses a field of view appropriate for the target scene.
• A framework was introduced to facilitate the sharing of bandwidth between the
multimodal radar and other applications such as communications. . The radar
priority was calculated based on the target scene using fuzzy logic. Multiobjective optimization techniques were used to optimally share the bandwidth
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between radar and communications. With the available bandwidth being scarce
and costly, this is can be a great advantage for a multifunction system. Multiple
applications can share the bandwidth and improve the total productivity of the
system.
• Scheduling algorithms were suggested for the multimodal radar using rotating
antennas. These fit into the framework for sharing bandwidth between
applications. Algorithms were suggested to increase the number of tasks
scheduled for trackingfor specific target scenarios. The idea of partial passes was
introduced to increase the number of visits for tracking sectors. Static radar
scheduling methods were used for specific target scenarios. Dynamic radar
scheduling was introduced to periodically adapt the algorithm to the current target
scenario. This completes the model for a multimodal radar performing
surveillance and tracking and sharing bandwidth with other applications.

8.2

Future research directions

Further work can be done on sharing the available spectrum between different
applications. There may be an overriding need to reserve a significant portion of the
available spectrum for other applications, such as essential communications. In such a
case, there may be an upper limit to the bandwidth available for the radar. In addition, if a
specific smaller portion of the spectrum needs to be reserved for alternate applications,
the radar may need to search for available contiguous spectrum for its operation within
the entire band while avoiding the reserved subband. These issues require additional
study. With the advent of software-defined RF technology, future multimodal radar
systems can be designed to be reconfigurable, and therefore highly flexible and adaptive
[41].
Further work can be done on the scheduling of the multimodal radar. The scenarios
considered for static radar scheduling are by no means exhaustive. Algorithms may be
developed for other target scenarios not covered in this work. The simulations for
dynamic radar scheduling have produced good results. Future work could involve the
implementation of these scheduling methods in the field.
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