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ABSTRACT

Motivated by recent research in modern radar systems, this dissertation presents new

schemes for hybrid design of MIMO radar with phased array radar (PAR) and frequency

diverse anay (FDA) radar. Hybrid radars have exploited the benefits of conventionalradars

by merging their prominent features into a single radar system. Hybrid of MIMO with PAR

i.e. phased-MlMo radar, has enjoyed coherent processing gain of PAR and waveform

diversity of MIMO radar. Likewise, a hybrid of MIMO radar with FDA radar i.e' MIMO-

FDA radar has exploited the range dependent nature of FDA radar beampattern to provide

target localization in range as well as in angle dimension.

The contributions of this work have explored transmit array partitioning schemes and the

selection ofeffective configuration parameters such as frequency offset for hybrid radars.

In case of hybrid Phased-MIMO radar, we propose two new schemes of unequal subarrays

for transmit array partitioning. Idea is to illuminate the target with more focused beam of

variable width to strengthen the reflections from target. Moreover, the interference

cancellation capability is enhanced by maximizing the waveform diversity of hybrid radar.

Results of proposed designs have achieved significant improvement in terms of transmit /

received beampatterns, SNR and interference cancellation'

In case of MIMO-FDA radar, we have categorized the proposed systems on the basis of

uniform and non-uniform frequency offset. For uniform frequency offset based systems,

we propose two new schemes. First scheme uses the unequal subarray based partitioning

for FDA radar to enhance localization in range as well as angle dimension. In the second

scheme, we present a double pulse MIMO-FDA radar, which removes the range-angle

coupling of FDA beampaffem. In MIMO-FDA with non-uniform frequency offset, we

explore the logarithmic frequency offset in our proposed schemes. Range bins based

system has been proposed which allows us to place one maxima each for targets present at

different ranges. Moreover, a design with variable logarithmic offset is also investigated to

analyze the impact of variable configuring parameter on the localization of MIMO-FDA

radar. Proposed designs have achieved better SINR, detection probability and improved

Cramer Rao lower bound (CRLB) as compared to existing FDA and MIMO-FDA radars.

The Proposed schemes of this work can indeed contribute in building an efficient hybrid

radar system capable of providing allthe features of modern radar system.
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Chapter I

Introduction

Radar has been commonly used for detecting and localizing the objects in terms of

direction, range and velocity. An electro-magnetic (EM) signal is transmitted into region

of interest and the reflected signal is processed to get some useful information about targets

of interest. Initially, radar was developed to fulfill military requirements to detect aircraft

or ships, however, now it has also been used for various civilian applications such as ocean

surface waves measurements, air traffic control (ATC), over speeding detection by traffic

police on highways, geographical surveys and preventing car collisions.

1.1 Background

In order to meet the increasing demands of modern era, a lot of research is being

carried out for advancement in radar technology. As a result, different types of radar

systems have been developed over the years including Phased anay radar (PAR), MIMO

radar and Frequency diverse anay (FDA) radar. All these radars used array of antenna

elements and electronic scanning as a replacement of conventional single antenna with

mechanical scanning in early radar systems. PAR is an electronic scanning radar in which

the whole input anay transmits phased shifted versions of same signal to form a directional





beam towards the target. This high gain beam, a prominent feature of PAR, is very useful

in detecting weak targets.

Another variant called FDA radar uses small frequency increments across antenna

elements to form a joint range and angle dependent beampattern, in contrast to angle

dependent beampattem of PAR. FDA radar can effectively cancel range dependent

interferences to significantly improve the received signalto noise ratio (SNR). On the other

hand, beampattem of FDA radar is periodic in time and range dimension i.e' the maxima

of beampaffem repeats in range dimension at a particular time. Moreover, the beampattern

of FDA radar has a strong coupling in range and angle dimension which can affect the

localization performance.

In order to overcome some deficiencies of PAR, MIMO radar has also been proposed

in last decade after a rigorous research on MIMO wireless communications' Idea has

gained much attention of radar researchers due to similarity between radar and

communication systems in terms of using antennas for transmitting and receiving EM

signals. MIMO radar sends out unique waveform from each antenna element of an array in

contrast to single waveform in PAR and FDA radar. MIMO radars can be divided into two

broad categories. First category uses collocated or closely spaced antennas for providing

waveform diversity, while the second category uses widely separated antenna to provide

spatial diversity. Some of the benefits gained from MIMO radar are interference

cancellation and resolution enhancement, which resulted in better target detection and

parameter estimation.

Hybrid of MIMO radar with phased array radar has also been investigated in recent

research. Resultant system called Phased-MIMO radar exploits the advantages of both





PAR and MIMO radar in terms of coherent processing gain and waveform diversity

respectively. The idea is to divide the input array of antennas into sub-arrays which may

be overlapping or non-overlapping. The signal within a particular sub array is same but the

signals among the sub-arrays are different. Each sub-array transmits a unique waveform to

form a beam towards the target by adjusting weights across the subarray. As a result, we

have multiple PAR steering their beam towards the desired direction. Since all the beams

are formed by using independent signals in each subarray, so there is a flavor of MIMO

radar in it.

Likewise, MIMO radar has also been combined with FDA radar called MIMO-FDA

radar, which enjoys the advantages of both radars. Two different types have been utilized

by researchers. One of them uses subarray structure and apply different waveform as well

as frequency increment in each subarray. Second scheme apply unique waveform as well

as frequency increment at each antenna element. Like an FDA radar, MIMO-FDA radar

can effectively locate the target in range as well as angle dimension due to frequency

diversity in each subarray.

1.2 Motivation of Hybrid Radars

With the advancement in Electronic Warfare (EW), the demand of an efficient radar

system is highly desirable for detecting, localizing and tracking the target. Modem radar

system must be able to perform multiple tasks simultaneously i.e. it should have good gain,

as well as, waveform diversity to detect target and avoid jammers at a particular frequency.

It should be able to detect targets present in different ranges. Likewise, suppressing range

dependent interferences to maintain good SNR is another necessary feature. Keeping these

features in view, the combination of different radar systems to exploit their benefits and





mitigate their weaknesses can be a very reasonable choice. Consequently, the following

research in hybrid radar systems has been conducted.

1.3 Research Problem

Hybrid radars are relatively new in research, therefore, they have open issues to be

addressed. First of all, the hybrid radars demand efficient schemes for partitioning of an

array into subarrays, so that the radar system can offer some extra benefits in addition to

existing features. Secondly, the frequency offset selection can be considered as a very

important feature to improve the localization of target in terms of range and angle.

Consequently, new techniques are required to build up an effective and intelligent radar

system having multiple capabilities associated with a radar system. In this work, we are

focusing on these parameters by presenting new array partitioning techniques as well as

effective configuring parameter that leads to the effective localization and better parameter

estimation of target.

1.4 Contributions of the dissertation

In this work, the main objective is to introduce new partitioning schemes and

frequency offset selection for hybrid radar systems. Using these schemes, we gain some

extra features in two hybrid radar systems. First one is the hybrid of MIMO radar with

phased anay radar, while the second is hybridization of MIMO radar with frequency

diverse anay radar. Both type of hybrid radar models have been analyzed in terms of

transmit and received beampaffems as well as various performance parameters such as

Signal to interference plus noise ratio (SINR), Probability of Detection and Cramer Rao

Lower bound (CRLB). Contributions of this dissertation can be summarized as follows





l. Hybrid Phased MIMO radar with unequal subarrays (HPMR-US) has been proposed

to show its superiority over PAR, MIMO and existing phased MIMO radar. We have

introduced a different formation of subarrays in a sense that they have variable sizes

as well as overlapping. The extension in aperture of subarrays offers an extra beam

focusing that leads to better returns from the target. HPMR-US radar has shown

improvement in terms of transmit/received beampattern as well as output SINR.

Another variant of Phased-MIMO radar called full waveform diverse Phased MIMO

radar (FWD-PMIMO) has been presented. It uses a slightly different kind of subanay

partitioning such that the number of transmitted waveforms are equal to waveforms

transmitted by MIMO radar. The major contribution of this proposed model is

effective cancellation of interferences compared to PAR and phased MIMO radar.

Moreover, it also exhibits improvement in received beampattem as well as SINR.

In this next contribution, we have applied the concept of unequal subarray to the

MIMO-FDA radar. Objective is to improve beamforming and detection performance

of the radar system in range dimension as well as angle dimension. Proposed radar has

outperformed the FDA radar and existing MIMO-FDA radar in terms of

transmiUreceived beampattems and probab i I ity of d etection.

The concept of double pulse has been applied to the subanays of MIMO-FDA radar.

A pulse with zero frequency offset has localized the target in angle dimension

followed by a pulse with suitable frequency increment to localize the target in range.

Resulting radar, called double pulse MIMO-FDA (DP-MIMO-FDA), combines the

result of both pulses to localize target in angle and range. In this way, the coupling of

FDA beampattem is removed, resulting in better localization of target. Performance
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analysis of proposed radar has also been done in terms of CRLB and compared with

the existing radar system.

In the next contribution, Range bins based MIMO-FDA with logarithmic frequency

offset (MIMO-Log-FDA) is proposed to remove the periodicity in MIMO-FDA

beampattern. The transmit anay is divided into number of non-overlapped subarrays.

Each subarray is used to produce single maxima for the target present in a particular

range bin. Proposed design also allows us to overcome the inability of log-FDA radar

to place maxima for multiple targets present at different ranges.

Finally, a new design of MIMO-Log-FDA has been proposed, which applied a

variable logarithmic offset in each subarray to achieve a sharp beampattern. Since, the

increase in logarithmic offset has increased the sharpness of beampattem, so each

subarray has been assigned a different logarithmic offset, resulting in improved

received beampattern. It is worth mentioning that overlapped subarrays has been used

in design to get more focused beams. This work has also presented the received signal

model for MIMO-Log-FDA radar. Proposed design has achieved low side lobes levels

(SLL) and sharper beampattern in range and angle dimension. Performance analysis

has also been done in terms of SINR and CRLB

1.5 Organization of the dissertation

This dissertation has been organized as follows

In Chapter 2,abrief history and designs of some modern radar systems i.e., PAR,

MIMO radar and FDA radar, have been presented. The latest research work on these

modern radar technologies has been highlighted to uncover their achievements and
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deficiencies. Moreover, the existing literature on hybrid Phased MIMO radar and hybrid

MIMO-FDA radar has also been explored towards the end of chapter.

In chapter 3, two new designs of Phased MIMO radar have been proposed. First the

Hybrid Phased MIMO radar with unequal subarrays has been explored followed by a

design Full waveform diverse-Phased MIMO radar in the second section of chapter.

Results of both radar have also been shown at the end of each design.

In chapter 4, new schemes for Hybrid MlMO-frequency diverse array radar with

uniform frequency offset have been presented. It includes a MIMO-FDA with unequal

subarrays for better focusing of target and a double pulse MIMO-FDA radar for improved

range-angle localization of target. Furthermore, the simulation results have also been

illustrated along with useful discussions on results.

In chapter 5, MIMO-FDA with logarithmic frequency offset has been presented. First

a range bins based MIMO-Log-FDA radar is presented. This is followed by a design a

MIMO-FDA with variable logarithmic offset. Results in terms of transmit/received

beampattems, SINR and CRLB have also been presented.

ln chapter 6, concluding remarks have been made about the current research followed

by some future directions of research.





Chapter 2

Literature Review

This chapter presents necessary details about existing literature before entering into

presentation of proposed work in the next chapters. It starts with a brief history of radar

followed by some important details and latest research on PAR, FDA radar and MIMO

radar. Moreover, existing research on Hybrid radar like Phased MIMO radar and MIMO-

FDA radar has been explored. Some of the challenges faced by existing hybrid radars have

also been highlighted towards the end of chapter.

2.1 History of Radar

Radar is an abbreviation for RAdio Detection And Ranging, however, its worldwide

use makes it a common English word. History of Radar extended way back to 1886, when

Heinrich Hertz showed that the radio waves can be reflected by a metallic object []. In

1903, Hiilsmeyer successfully performed an experiment for detection of ships using

reflected radio waves at a range ofjust over one mile. After a slow progress in next three

decades, aircraft detection at a distance of 50 miles was achieved in 1932. This was

followed by a patent on aircrafts detection in 1934 awarded to Taylor, Young, and Hyland

I2l,[31.

In an anticipation of World War II, all important countries especially Britain worked

for development of radars that could detect from large distances. A pulsed radar with full
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capability of detection and ranging was presented by Robert Watson-Watt in 1935 [3],

Building on it, they developed an Aircraft-Interception (AI) radar in 1939, for the detection

and interception of hostile aircraft. The system was mounted on an aircraft and had the

capability to detect ships from air l4l.

Radar systems, designed in earlier years, were huge mechanical bodies involving a

lot of mechanical movement for detecting an aircraft. Therefore, a great urge was there to

develop a radar system with the capability of electronic steering instead of mechanical

steering. Dedicated research to produce a radar system with electronic steering resulted in

development of most popular radar system in 1960 by the name of phased anay radar

(PAR) t5l-171. Antenna arrays using electronic beam steering techniques were explored

and employed in military and civilian radars in the late 1970s. e.9., the PAVE PAWS radar

[8]. This was followed by multimode programmable radar in 1980's and air borne

electronically scanned antenna radar in 1990's [9].

2.2 Classifications of Radar

Radar systems can be classified in terms of the distance between transmitter and

receiver, duration of signal, number of antennas used for transmission and structure of

transmit array. Based on distance between transmitter and receiver ,there are monostatic,

bistatic and multistatic radar systems [ ]. In mono-static radar, the transmitter and receiver

antenna elements are closely placed and only one antenna element performs both

transmitting and receiving tasks by time multiplexing. Bistatic system, on the other hand,

uses one transmitter and one receiver antenna that are separated by a significant distance

[2]. Multi-static radar uses two or more transmitting or receiving antennas, where all

antennas are separated by large distances [0] .





ln terms of signal duration, a radar system can be continuous waveform (CW) radar

or pulse radar. CW radar transmits a steady frequency in continuous fashion and processes

the received signal for Doppler shift in the received frequency followed by estimating

speed of target. These radars, also called Doppler radars, have the inability to measure the

range of target, however, applying a linear frequency modulation (LFM) to CW radar

allows us to measure range as well as speed of target. Pulse radar on the other hand

transmits a train of RF pulses with a low duty cycle. Direction of the target can be acquired

from the angle of arrival and range can be measured from propagation time of the reflected

signal. These radars, also known as pulse-Doppler radars, can also estimate the speed of

target by using Doppler frequency [2].

In terms of number of antennas used, radar can be categorized as single-antenna and

multiple-antenna radar. For single-antenna based radar, a directional antenna is rotated on

a mechanical pedestal to scan the whole region of interest, as in synthetic aperture radar

(SAR). Multiple antennas radar uses an array of antenna to steer a beam towards target, as

in PAR and FDA radar. Moreover, the electronic beam steering also eliminates the need of

mechanical steering.

Finally, array radars use three different kinds of basic anay structures. First is linear

array in which antennas are placed close to each other in a straight line. [n case of equal

distance between antennas, it is called Uniform Linear array (ULA) tll].Second array

structure is planar array, which arranges the antenna elements as a grid of antenna in two

dimensions [12]. Third type of array structure is circular array, in which antenna elements

are placed in a circle I I 3]. In this work, we have focused on pulsed radar using linear arrays

for all proposed schemes.
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2.3 Phased Array radar

Phased anay radar (PAR) has been widely used around the world after its first

realistic and effective design in 1960's [4], [5]. It is a multiple antenna radar, which

exploits the variation of phase between antenna elements to send a directional beam in the

direction of target and nulls in the direction of interferences [6]. The most important

feature of PAR is its high gain beam towards atarget that allows better detection at the

receiver. Some other features of PAR are low side lobes, interference cancellation, narrow

beam width and variable scan ratesfl7].

2.3.1 Signal Model and beampattern of PAR

Signal model of PAR is presented for an array of P elements with uniform inter-

element spacing. PAR uses phase shifted version of single waveform for the whole array.

The phase shifters are attached to each antenna element, as shown in Fig.2.l. The anay

factor of this uniform linear PAR is given as [ 8]

Aateanas

Phase Shiften

Fig.2.l Phased array with P elements of uniform spacing
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d is desired direction. Thiswhere k = 2tr I )" is wave number, )" is the wavelength and

array factor of PAR can be expressed in a vector form as

u(e):w'u(e)

where weight vector associated with transmit anay,

represents conjugate transpose of vector and u(d) is the transmit anay steering vector

given as

"Jk'dxn0 "t2k'dsru0 "t(r-r)r'asnelr
(2.3\

[.]'represents transpose of a vector. This design of PAR assumes a uniform inter-element

spacing, however, the spacing between elements can also be non-uniform according to

scenario and applications [19],[20]. Moreover, the antennas can be placed as a rectangular

grid of antennas according to requirement. In any case, the elements of array are fed with

same frequency and waveform [2ll-[23]. Furthermore, the overall electric field radiated

by an anay towards any point target in space is obtained by multiplying electric field of a

single antenna with anay factor 1241. A beam can be formed by adjusting the phase shift

across each antenna elements. Steering of beam can be achieved by changing the inter-

element phased offset, while the shape of radiation patterns can be controlled by adjusting

amplitude associated with each phase shifter [25].

Beampattern is commonly used to represent the radiation pattern of a radiatin garray.

It actually shows the distribution of transmitted power in space and can be obtained by

magnitude square of array factor given in (2.2). The beam pattern for PAR can be given as

(2.2)

(.)",n = [ro, .rr.,.r.r-rf is the

u(a)=[r
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n o,* (e) :lts (e)l' :lw"u (a) l' (2.4)

It can be observed from (2.4) that a beampattern towards a target can be formed and

adjusted by setting a suitable weight vector. The weight vector is also called a beam former,

which can be either non-adaptive for maximum gain in a particular direction or adaptive to

provide optimal performance in terms of coherent processing gain and interference

cancellation. Non-adaptive beamformer uses uniform weight distributions and also known

as conventional beamformer. Adaptive beamformer calculates the weights by using some

adaptive processing methods like linear constrained minimum variance (LCMV) and

minimum variance distortion less response (MVDR) beam formers [26]-[28]. These two

beamformers will be used in the perforrnance analysis of our proposed systems.

In order to place a maxima in desired direction 0, , the beam pattern of a PAR using

conventional beam former can be expressed as

^ l,V-t . P

B*^(0)=lw"u(a)l' =llr"l'ot'm0-srn0't\l fz.sl
I rr=0 I

This beam pattern in (2.5) will give a maxima in direction d, provided the inter-element

distance does not exceeds % ,"case of O, %, the beampattern also exhibits maxima at

other angles, thus resulting in grating lobes [29]. It is important to mention that inter-

element distance for PAR is always less than or equal to%. Figure 2.2 shows a PAR

beampattem steered to angle 0,=10" by using l5 antenna elements and an interelement

spacing ot%.

Some common areas of research in PAR are angle estimation of multiple targets,

moving target detection in clutter, tracking of target and interference cancellation. Angle
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Angle (degree)

Fig.2.2 PAR beampattern by using a non-adaptive Beamformer

(P =15,0, =lo",rJ = 42)

estimation of multiple targets has been effectively done by Multiple Signal Classification

(MUSIC) algorithm [30] and Estimation of Signal Parameters by Rotational Invariance

Techniques (ESPRIT) algorithm [31]. For moving targets detection, the space-time

adaptive processing (STAP) has suppressed the real time clutter by exploiting the space-

Doppler properties of clutter. [32]. For tracking of target, the famous Kalman filter (KF)

[33] and Extended Kalman Filter (EKF) [34] have been widely applied in PAR to improve

the tracking of target. Finally, Low side lobes levels and interference cancellation have

been thoroughly investigated by researchers over the year with an aim to improve

performance of PAR t35l-[39].
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In the end, it is important to mention that PAR has some limitations along with its

advantages. Most important of these limitations is to give maxima only in angle dimension

and keep it same for all ranges. i.e. range dependent targets and interferences cannot be

handled effectively by a PAR. Another important limitation is lacking the waveform

diversity i.e. it uses same waveform from each antenna element. Although gain provided

by PAR is very important, some scenarios demands diversity of waveform instead of high

transmit gain. To overcome these limitations, FDA radar and MIMO radar has been

introduced in recent years. FDA radar has contributed in terms of range dependent

detection and suppression, while MIMO radar has provided usefulwaveform diversity.

2.4 Frequency Diverse Array Radar

PAR, despite its better performance in different scenarios, is unable to scan in range

dimension. Beam steering in range dimension can be very useful in localizing a target in

range dimension as well as rejecting the range dependent clutter. To overcome this inability

of PAR in range dimension, a new type of radar has been proposed in [40], which uses

frequency increment across each antenna element to produce a range-angle dependent

beampattem .i.e. it has the ability to scan both in angle and range. In rest of this section,

we present an overview of research in FDA radar followed by brief data model and

beampattem of FDA radar.

In a conventional FDA radar, same waveform and uniform frequency offset are used

across the antenna elements of a transmit array.lnitially, FDA was investigated by Antonik

t40l-t431. In [40], it is shown that the apparent angle of a FDA beam can be outside of real

beam space, which can be exploited by a system designer to achieve a better performance

and additionalcapability. According to [41], FDA radar can be used for multiple mission
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simultaneously by utilizing the additional degree of freedom in terms of time, space,

frequency and modulation. Two patents ]42ll43l have also been issued to show the

independent modulation of frequency, amplitude and phase in an FDA radar.

The periodicity of FDA beampattern in terms of time, angle and range was explored

by the authors of [aa] .This periodicity can play a very important role in affecting the

overall SINR at the receiver, thus it will also be further explored in the proposed designs

of this research. Since FDA scans without phase shifters, the radiation characteristics of

FDA has been simulated in [45] to show beam scanning feature of an FDA radar' It has

been presented in [46] that FDA radar can be very effective in detecting slow moving

targets and can also improve performance in terms of detection. The enhancement in target

detection of a multistatic radar through an FDA has been shown in $7). Moreover, a

mathematical design and analysis of linear frequency modulated continuous waveform for

FDA radar has also been presented in [48].

Another important research area is the application of FDA to synthetic aperture radar

(SAR) [49], [50]. It has been shown that application of FDA to SAR has improved the high

resolution imaging. In addition to uniform linear array, FDA has also been investigated for

planar arrays [51] and circular arrays[52]. Receiver architectures for different types of FDA

arrays have been proposed in [53]. The features of an FDA beam pattern by changing inter-

element spacing and frequency offset have been investigated in [5a] using finite difference

time domain (FDTD) method. Furthermore, FDA is quite different from frequency scanned

arrays which uses same frequency for each element at a particular time [55][56].

Range-angle dependent beampatterns of FDA radar have been studied in literature to

show its worth compared to angle only beampattern [57]-[59]. A detailed analysis of

l6





range-angle dependence of FDA radar has also been explored by Aytun in his MS thesis

[60]. Higgins and Blunt [61] have used chirp signal with frequency diversity to explore the

range and angle coupled beamforming. A double pulse FDA radar has been presented to

compute range and angle maxima directly from beampatterns [62]. The precise steering of

FDA beam in desired range-angle pair is another very important issue due to range-angle

coupled beampattem. Since FDA apparent scanning angle is not equal to nominal scanning

angle, a precise beam steering depends on both range and angle parameters [63]'

Literature has also shown that frequency offset plays a very important role in

improving overall performance of an FDA radar in terms of controlling range-angle

dependency and spatial distribution of generated beam pattern t64l-t681. Therefore,

researchers have shown gteat interest to investigate proper selection of frequency offset

between the adjacent elements of a linear FDA, so that an improved performance can be

attained. Recently, an FDA radar with adaptive frequency offset has been proposed in [65]

that select the frequency offset on the basis of maximizing output SINR. Likewise, an FDA

radar with a time dependent frequency offset has been proposed in [66] to produce a time

dependent beampattem for a given range-angle of target.

A new dimension of FDA research has applied non-uniform offsets between antenna

elements to uncover some new interesting features of FDA radar. In [67], the inter-element

spacing of FDA proportional to the wavelength has been studied for improved range-angle

localization of targets. An FDA radar with logarithmically increasing inter-element

frequency offset on antenna elements has been presented in [68], which generated a

beampattern with single maxima for a particular frequency offset. Finally, the author of

[69] has uncovered some new research opportunities in FDA radar.
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2.4.1 Signal Model and Beampattern of FDA radar

In this subsection, the basic signal model for FDA radar is presented. Consider an

FDA radar with fundamental frequency fo and a small frequency increment A/ at the input

of array elements [70]. Fig. 2.3 shows an FDA of P antenna elements, where frequency at

the input ofp'ielement can be given as [45],

fr=-fo+p-Lf ; P=0,1,...,(r-t)

The signal s, (t)transmittedby p'h transmits antenna is

(2.6)

s, (r)=exp( - j2trf ,t); p=0,1,...,(r-t) (2.7)

The anay factor of an FDA radar, derived in [44], has been rewritten to make it

compatible with notation of this dissertation. Modified array factor is

P-l

AF (t,g,r,0)=>i,
1t=0

6+lf fo+xf [o+{P-l)Atr

Fig.2.3 Frequency diverse array

(2.8)';*'{-'z'(r" il}

l8





where, ro is the range of target from P,, antenna element and 2 is the wavelength.

Assuming a pointtarget in space, the FDA beam pattern Brunwith uniform weights i.e.,

wo =1, can be written as

l r-,
B,o^(t,Lf,r,E=ln;"*o{-,r,f,(, ?)|' Q.s)

By using the value of f from (2.6) and taking the path difference asrp = ro- p.d sin0 ,

the beampattern can further written as

B,o^ (t, Lf , r,, =lP.; 
"*o {- 

i r, ( r, + p. L rl(, - 2-, +* )}l' (2. I 0)

Using the far field assumption i.e., r,xro and considering "fo>>Lf , the beampattem in

(2.10) can be approximated as

B,,n (t, Lf , r,, =loPi.* {- i or\l'

where y=-2nfo(,-?) -, n=(2,,U.?Iry ry)

(2.11)

According to [71] , the beampaffem in (2.1 I ) can be further simplified and expressed as

The FDA pattern in(2.12) is a function of angle(d)as well as time(r), frequency

offset (4f)ana range(r). By using any two fixed parameters, the beampattern will vary
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as function of other two parameters i.e. for a given frequency offset, if we fix range, the

beampattem will vary in time and angle. Since we are interested in range-angle analysis in

this work, therefore, for a fixed frequency offset and time, FDA beampattern will vary in

both angle and range dimension, as shown in Fig 2.4. lt can be observed that the

beampattem has more than one maxima at different ranges due to periodicity property of

FDA. The color bar in the Fig. 2.4 showed the values of beampattem in dBs at the entire

range and angle dimension for radar scene. Fufthermore, for Lf = 0 , (2.12) reduces to the

beampaffem for conventional uniform linear array. The beampaffem isin angle dimension

only and constant for all ranges i.e. the beampattern of a PAR, as shown in Fig. 2.5.
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In order to clearly highlight this multiple maxima property, another view of

normalized FDA beampattem has been presented in Fig. 2.6, which shows the behavior of

range and angle dimension in 2-D graph. Beampattern has been colored coded on the third

axis, where bar on the right side of beampattern showed the normalized values according

to color. It can also observed that FDA radar produces multiple periodic maxima in range

dimension. Moreover, it can be seen that number of maxima increases due to larger

frequency offset(4/) . Multiple maxima property is not desirable due to its effects on target

returns from a particular range-angle pair, resulting in low overall SINR. Reduction in

SINR directly impact the probability of detection and parameter estimation performance.
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2.5 MIMO radar

The idea of MIMO was first introduced in wireless communications to achieve

reasonably high data rate with some added reliability l72ll73l. MIMO system transmits

same or different signal from multiple transmitters, which can see channel independently

to avoid the problem of fading. Due to path independence, different transmitted signals

experience different level of fading, resulting in more or less constant average signal-to-

noise ratio (SNR) levels. This was contrary to existing system at that time which transmit

all of their energy over a single path, resulting in considerable variation in SNR level [74].

After a substantial progress in MIMO communication theory, MIMO radar was introduced

and explored in [75]. A basic MIMO radar transmits multiple unique probing signals or
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waveforms from its antennas as shown in Fig 23.\t can transmit orthogonal waveforms

U6l,l77l as well as partially correlated waveforms 178),U91. Orthogonality among the

waveforms can be achieved by using frequency spread waveforms[80], spread spectrum

coding [81] and phase codinglS2), [83]. Waveform design is one of the important area of

research in which the objective is to produce robust waveforms for best possible

performance of MIMO radar in different scenarios t84l-t881. Additionally, the research of

MIMO radar also showed contribution in terms of improving detection performance,

localization [89], [90] and parameter estimation of target l9ll,l92).

MIMO radar improves detection and estimation capability by exploiting independence

among signals from each element and target radar cross section (RCS) scintillation. Since

the received signal is a mixture of independently faded signals, so the average SNR of this

overall signal remains constant, regardless of rapid variation in SNR of individual signal.
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PAR, on the other hand, exploits maximum correlation among the signals transmitted

by each antenna element and its performance degrades due to any scintillations in target

RCS. In addition, under classical Swerling models [], PAR suffers from large variations

in the received signal power. MIMO radar also contributes in providing waveform

diversity, which can be considered as one of the great advantage over PAR. This waveform

diversity will be discussed in next subsection and its effectiveness will also be exploited in

various proposed schemes of this work.

2.5.1 Classifications of MIMO Radar

In terms of distance between antenna elements, MIMO radar can be classified as

MIMO radar with widely separated antennas and MIMO radar with colocated antennas.

2.5.1.1 MIMO radar with widely separated antennas

PAR uses its coherent processing gain to form a beam toward the target direction in

an attempt to overcome scintillation problem. Although maximizing energy on target is

helpful, however, reflected energy is considerably reduced due to same fading coefficient

for all transmit-receive antenna pairs. In order to overcome this inability of PAR, antenna

elements for MIMO radar are placed far from each other to see different views of a target.

As a result, in addition to waveform diversity due to orthogonal waveform, it also gives

spatial diversity by observing the target from different angels 193), 1941. This type of

MIMO radar, also called statistical MIMO radar, can be bistatic or multistatic radar

depending upon the number of widely separated transmit/receive antennas.

Spatial diversity gain, also called geometry gain, is the main essence of widely

separated MIMO radar, since it prevents the radar from being blind to any type of target.

This scheme loses the processing gain offered by PAR but it can synthesize the output of
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multiple radars observing the target from a different aspect. Statistical MIMO radar will

only be effected by deep fade in a very unlikely scenario, in which all the independent

paths experience severe fading. Some important contribution of widely spaced antenna

anay are in improving the target detection capabilities [90], [95]and its ability to accurately

measure the Angle of arrival [96]. Moreover, it can also provide a good range resolution in

terms of resolving closely located targets present in same range cell [97]. Although

statistical MIMO radar provides spatial diversity, however, it also demands a lot of

synchronization and processing to combine the signals from different directions. This leads

the research of MIMO radar towards closely located antennas.

2.5.1.2 MIMO radar with colocated antennas

In this scheme of MIMO radar, antenna elements are placed close to each other in

such a way that each element observe same aspect of the target. A lot of research has been

done in this scheme of MIMO radar, investigating its benefits over existing conventional

radar system t98l-[ I l]. Although antenna placement is very similarto PAR, the colocated

MIMO transmits a different waveform from each antenna element. This diversity in

waveform is key to provide the extra advantages over the existing radar systems. It is worth

mentioning that the effect of MIMO can be best realized on the receiver, where transmitted

waveform are matched filtered and processed by suitable algorithms to get desired

information about the target.

Another important benefit of waveform diversity is the formation of virtual anay at

the receiver [98], [99]. This virtual array or virtual extension in array can be understood as

convolution of actual locations of transmitter and receiver antennas. It can improve the

parameter identifiability, enhance target detection capability and achieve accurate
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parameter estimation [91], I l2],ll l3l. The optimized sparse arrays can also significantly

improve the parameters estimation of MIMO radar [ 14]. Moreover, the receiver steering

vector of MIMO radar is simply the kronecker product of transmit and receive steering

vectors and can be written as

z^i^u(o) = u(d) a v(d) (2.13)

Where z^i^o(0) is MIMO virtual steering vector with dimension PR x t . u (d) is Px I

transmit steering vector and v (d) is R x I received steering vector given as

u(a)=[r fu'd.:tn4 t2k'd.tm9e- e-

v(A)=[r r]k'd'stno rt2k'd'stno

"t?t)r'a,une)r

,t@-\ra,',,efr

(2.14)

(2.rs)

Where d,and d,arethe distance between antenna elements of transmitter array and

receiver array respectively.

2.5.2 Signal Model

In signal Model, MIMO radar with colocated antenna has been presented due to the

fact that this work only focus on MIMO radar with closely placed antennas. A MIMO radar

transmit multiple orthogonal signal from the transmit array in an omnidirectional fashion.

Keeping this in view, let us consider a MIMO radar with P transmit antennas and R

received antennas, where each transmit antenna element transmit an orthogonal waveform

seQ),p=1,2,.....,P. This MIMO configuration is shown in Fig. 2.7 atthe start of this

section. The orthogonality of signal is ensured through following condition
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Js(r)s(r)H 
dt _lp

T

(2.16)

Where I is the pulse width of radar, t is the time within that pulse. Ip is the P x P identity

matrix and (.)H is the hermitian transpose. The signal received at the receiver array can be

expressed as

-, (r) = -, (r)+ m, (r)+ n(r) (2.17)

Where m,(/), m,(r) and n(r)are components of target signal, interference signal and

noise respectively. Using assumption of point target, the signal from target can be

-, (r)= a(r)[u'(4 )s(r)]v14; (2.18)

a(c) is the complex reflection coefficient from the targets, d, is the angle of target

and s(r) is the waveform. Each waveform can be filtered by using the matched filter

given as

yok)=W (2.19)

(2.20)

(2.21)

Where (.)'is the conjugate operator. Since we have used different waveform for each

antenna element, so after matched filtering for P waveform, the PR x l virtual data vector

can be given as

y(,) 4 [v1f,i y;(t) ........v',(r)]'

y(,) : a(r)(t' (4 )s'(4 ))

where I is the kronker product. The virtual steering vector is same as in (2.13) and resulted

from waveform diversity provided by coherent MIMO radar. It plays a very important role
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in various improvements provided by MIMO radar such as improved detection

performance, an gular resolution and i nterference cance I lation.

2.6 Hybrid Radar systems

In order to exploit the advantages of more than one radar systems presented in

previous sections, hybrid radars have also been explored in literature. These radars have

been built with the philosophy that no radar system alone can provide every feature desired

by a modern radar system. However, disadvantages of one radar system can be mitigated

by other radar system, if used intelligently. Therefore, radars have been combined to

overcome various inabilities of existing radars, e.g. PAR has a high transmit gain but it

doesn't have any waveform diversity, MIMO radar has waveform diversity but no transmit

gain. By combining them, we can have radar system with both transmit gain and waveform

diversity. In next two subsection we will discuss two hybrid radar systems involving PAR,

MIMO radar and FDA radar.

2.6.1 Phased MIMO Radar

Phased MIMO radar [15], [16] has been introduced in last decade to combine

superior features of both PAR and MIMO radar in a single radar system. This radar has

colocated antenna elements at the transmitter and receiver side just like PAR and Coherent

MIMO radar. Transmit array can be divided into a number of subarrays with non-

overlapped or fully overlapped structure. Each subarray transmits a unique waveform and

steers a beam of reasonable gain towards a target in the region of interest by designing

proper weight vector. Furthermore, the waveforms transmitted by different subarray are

orthogonal to give a flavor of MIMO radar.
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2.6.1.1, Signal Model of Phased MIMO Radar

For signal model of Phased MIMO radar, a transmit array of P antenna elements

and a received anay of R antenna elements has been considered. Antenna elements are

placed in the vicinity of each other to make it a colocated radar. This phased MIMO radar

divides the whole transmit array into subarrays which have full overlapping, as shown in

Figure 2.8. In order to steer a beam in desired region, the antenna elements of N'r subarray

will transmit waveform S, (,t) , where k =1,2,... ...., K is the number of samples of each

pulse. At the output of Nthsubarray, transmitted signal can be expressed as

f,(k)= pw,nu(o)s,(k)

where (.)' is the hermition operator, s, is the signal send by Nth subarray,t(0) is steering

vector associated with transmitanay and wn is the weight vector consisting of complex

weights for Nth subanay . This weight vector contains { beamforming weights for active

elements and P - I zeros for inactive elements. p represents the energy share of each

subarray and can be given as

Itt zubarray 2d subarrar' tt6 subarray

Fig.2.8 Hybrid Phased MIMO radar
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P
P:N (2.23)

(2.24)

(2.2s)

Sum of beams from all the subarrays pointing towards angle o can be expressed as

f (k) = Plw,,Hu(e)s,(tc)

: ptlwHu(o)]s, (r;

W=[w,,wr........wr] is PxN weight matrix and sr(k)=[s,([),sr(ft)........sr(ft)]is the

waveform vector of length Nx I . Each entry of weight matrix will represent the association

of an antenna element to a particular subarray. If a weight w,,, is zero, itmeans that p'h

element doesn't belong to n'h subarray. On the other hand, a non-zero weight simply

showed the association of p'' element to the n'i subarray. Moreover, all non-zero weights

in a subarray scale same waveform to steer a beam towards region of interest. Transmitted

signal by each antenna element can be represented as

T(k)= pW.s, (/r) (2.26)

It can be seen that each antenna element will transmit a linear combination of different

waveforms at a particular time. Moreover, the signals Sr(k),n:1,2,.......,N are

orthogonal to each other, however, the signals y,(k) , i :1,2,.......,P are not orthogonal to

each other. The normalized beampattern produced by n'h subanay of a Phased MIMO

radar towards a target in direction 0, can be obtained as

B (o\- l*f ,(d)l=
n\ t 

lwfu(a)l'
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The effectiveness of this Phased-MIMO radar lies in gain provided by multiple

beams and diversity provided by multiple waveforms. Moreover, it gives a tradeoff

between beam shape loss and angular resolution by efficiently selecting the number of

subarrays. phased MIMO radar discussed here will be termed as Hybrid Phased MIMO

radar with equal subarrays (HPMR-ES) in coming chapter due to same number of elements

in each subarray, which can be given by following relation

L=P-N+l (2.2e)

In literature, the phased MIMO radar has been presented in trvo different types of

subarray arrangements i.e. overlapped subarrays I l6]-[ 1 1 8] and disjoint subarrays Il l9]-

tl25l. The disjoint subarrays have further applied to two different anay architectures. One

of them has used ULA as a transmittin g array and divide it into disjoint subarrays Il l9]-

UZZI. The other architecture has simply divided a planar array into disjoint subarrays and

used partially correlated waveforms in different subrrays 1123)-1125).

It is worth mentioning that Phased-MIMO radar is a tradeoff between PAR and

MIMO radar in terms of robustness against beam shape loss and angular resolution. Its

robustness against beamshape loss is not as good as a PAR and its angular resolution is

also less than MIMO radar but it has both the features, making it more effective than PAR

and MIMO radar alone tl l6]. Thus, it is important to adjust the number of subarrays for a

robust and effective design for Phased MIMO radar. Beampattem and SINR of Phased

MIMO radar has also been analyzed and compared with existing radar systems to show its

superior performance I I 7][ I 8].

An important work has optimized the covariance matrix of subarrayed-MlMO radar

array or Phased MIMO radar, to show the improvement on target parameter estimation in
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terms of Cramdr-Rao bound (CRB) U2l). MIMO-Phased anay radar using waveforms

with different correlation and different signaling strategies have been explored in [23]-

ll25l.In particular, the authors of [24] have proposed a scheme to produce correlated

signals for a grid of rectangular arrays. The proposed signals provide two dimensional

rectangular beampattems that maintain desired temporal properties. Such rectangular array

architecture are very effective in concurrent searching, tracking and detection oftargets.

Moreover, the results for different number of partitions in Phased MIMO radar have

presented in terms of beampattern and SINR [ 26]. Lastly, the frequency diversity has been

applied to a Phased MIMO radar by wang U271, where each subarray gives range

dependent beampattern as well as angle dependent beampattern. This has provided a

foundation for an entirely new type of hybrid radar discussed in next subsection. tn all

Phased MIMO radars discussed so far, the subarrays have equal size and thus they steer

beams of same width towards any type of target, resulting in same focusing of a target by

each subarray. Since the beams of variable width can add extra degree of freedom in terms

of controlling the reflections from a particular target, so their effectiveness will be explored

in next chapters of this work.

2.6.2 MIMO-FDA Radar

In this section, MIMO-FDA radar signal model has been presented followed by

existing literature on MIMO-FDA radar.

2.6.2.1. Signat Model of MIMO-F'DA Radar

The signal model of MIMO-FDA will be presented after giving the steering vector for

FDA radar' For a conventional FDA radar, at a particular time t, the steering vector can be
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expressed in terms of range and angle as [59]

I Zrf"dsni 2rMdsn7 2rN r
I /\- 

'u(d,r) = | I e "o co L. ......... e
I

L

.)n lol p-l\J slr.e . 2r (p-llgdsn? 2n I p-l)S r 1coco-l

-l

(2.30)

v(0,r)= r(a)ou(r)

,(a) = 

[,

,frl = 

[f

"''(r+=) .. ...... e \r^+t*)l

"-'("#) . e {rt+*)l

ar.Lf .d sin?Sincef>>^f,'".ffhasnegligibleimpact.Thusequation(2'30)willbe

t -1[2o k!"'ne ?LyJ) tt21 
tn( p-t)dsne -2r (p-rttf.r ,f

u(d, r) : 

ll 
e \ co crr 

' .........e c. co 

]
(2.31)

This steering vector has been used in signal model of MIMO-FDA by all subanay based

designs and it can also be represented or can be divided into two parts as

where,

(2.31) and (2.32) show that angle dimension in an FDA and MIMO-FDA radar is

independent of frequency offset. Frequency offset only affects the range dimension. The

steering vector in (2.30) is multiplied with weight vector to determine the size of subarray

in MIMO-FDA radar.

MIMO-FDA radar is a hybrid radar, in which frequency diverse array is divided into

number of overlapping subarrays and each subarray is modulated by a distinct waveform

(2.32)

(2.33)

(2.34)
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Fig. 2.9 Conventional MlMO-frequency diverse anay radar

as shown in Fig. 2.9. Using an anay of P elements and N subarrays, the signal radiated

by N'' subarray can be expressed as

m,(k,o,r)=1w,,'t(e,r)]s, (ft) (2.35)

Where W, is the weight vector containing only the weights for active antennas in N'h

subarray, u(0,r)is steering vector and sn,(fr) is the baseband waveform transmitted by N,'

subarray with ,t being the current sample in time. The weight vector can be adjusted to get

maximum coherent gain in a particular direction and at a particular range. The signal

radiated by all the beams towards atarget at (O,r)can be wriffen as

N

m (k, e, r) =I [*,,", (0, r))s, (k)
n=l

(2.36)

It is important to mention that the all the subarrays are of the same size in the conventional

MIMO-FDA radar i.e. each subarray contains P - N + I elements.

Inspiration for MIMO-FDA radar is very much similar to Phased MIMO radar i.e. to

exploit the benefits of both radars, while mitigating their weaknesses. MIMO-FDA radar

has been the focus of most recent research done in hybrid radars. According to the literature

of MIMO-FDA radar, MIMO is hybridized with FDA radar in two different arrangements.
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One of them transmits different waveform from each antenna

diverse anay ll28l-[31], while the other divides FDA into

d ifferent waveform from each subarray ll32)-ll3 4).

elementtof a frequency

subarrays and transmits

The authors of [28], besides some other contributions, present a model that

transmits the pseudo noise (PN) codes at slightly different frequencies to show the range

dependent behavior of MIMO waveforms. FDA-MIMO radar configuration has also been

used for suppressing the deceptive jamming i.e. true and false targets have been be

separated more effectively by exploiting the range-angle dependent nature of beampattern

U291. Another recent work has presented an improved joint range-angle estimation method

by resolving the range ambiguity using an a priori knowledge of target tl30]. Moreover,

range dependent interference suppression through a FDA-MIMO radar has also been

reported, resulting in improved localization and estimation performance Il3l] .

MIMO-FDA with subarrays has also been considered for hybridization of two radars.

ln [132], each subarray transmitted a waveform at slightly different frequency from the

other subarrays. In other words frequency diversity is among the subarrays instead of

antenna elements. A slightly different work has divided the conventional frequency diverse

anay into number of overlapped subanays, where each subarray used a distinct waveform

to steer a beam in the region of interest [133]. Furthermore, the concept of sub-arrayed

FDA in [134] has helped in estimating the target positions by using the beamspace-based

MUSIC algorithm. In [35], two subarrays have been used to estimate range and angle by

simply using FDA in both subarray. However, the system is not MIMO-FDA due to same

waveform in each subarray.
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2.7 Summary of Chapter

This chapter presents an overview of exiting radar technologies like PAR, FDA

radar, MIMO Radar, Phased MIMO radar and MIMO-FDA radar. Advantages of these

radars have been highlighted and some weaknesses have been mentioned to show the

motivations towards this research. It can be concluded that hybridization of different radar

technologies can definitely build a radar system that can outclass all the existing

conventional radar technologies. However, hybridization of radars has also faced some

issues that must be resolved in order to attain maximum advantages and to mitigate the

limitations of hybrid radars. In particular, the partitioning of arrays needs new schemes for

better information about target. Likewise, frequency offset selection and adjustment can be

further explored.
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Chapter 3

New Schemes in Hybridization of MIMO radar with

Phased Array Radar

3.1 Introduction

Hybrid radars is an emerging field with a lot of potential for new research areas. As

concluded in last chapter, these hybrid radars can outperform the existing radars by

combining their benefits. The hybrid radars, proposed in literature, are still in their early

stages and need further investigation to achieve maximum performance. Thus, a lot of

research needs to be done on different aspects of hybrid radars. In this regard, we aim to

focus on new partitioning schemes for hybrid radars, which allow them to perform better

as compared to existing partitioning schemes.

This chapter explores the advantages of unequal subarrays in hybridization of MIMO

radar with phased anay radar. Unequal subarray based structure allows more focusing of

target at the transmit side by steering beams of variable width towards target of interest,

thus adding an extra degree of freedom to the radar system. These focused beams along

with the waveform diversity provided by MIMO radar gives superior results at the receiver

end. Two schemes of unequal subarrays are proposed which show improvements as

compared to PAR, MIMO radar and existing phased MIMO radar.

First scheme presents a simple overlapping structure, where each subarray has

different number of antenna elements. Waveform diversity is applied by sending different
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waveforms from each subarray. The reflections obtained from a single target are matched-

filtered to get desired information about the target. Moreover, information from each

waveform has been stacked to get an extended data vector, which results in improved

beampattem. The second scheme presents a different unequal subarray structure called Full

waveform diverse Phased MIMO (FWD-PMIMO) radar. Proposed system not only

provide beam focusing but also offer maximum waveform diversity that is equal to the

conventional MIMO radar. Results for FWD-PMIMO radar exhibit improvement in terms

of transmit/received beampatterns, interference rejection capability and signal to

interference plus noise ratio (SINR).

3.2 Phased MIMO Radar with Unequal Subarrays

This section presents a new Phased MIMO radar with variable number of elements

in each subarray. Resultant system, called Hybrid Phased MIMO radar with unequal

subarrays (HPMR-US), gives same diversity as conventional Phased MIMO radar and the

gain of system increases as we move from one subarray to the other. This increase in gain,

by properly incrementing number of elements, gives us directed beams of variable width

towards atarget. Consequently, the small targets in the presence of interfering targets can

be effectively tracked and detected by this radar system.

3.2.1 Signal model

In the signal model, we assume a transmit array of P antenna elements divided into

Nsubarrays by applying unequal anay partitioning, as shown in Fig.3.l. It can be

observed that most of antennas contribute in more than one subarray. Therefore, if an

antenna element contributes in a particular subarray, then it is an active element for that

subarray. Likewise, the element with no contribution will be termed as inactive element.
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Fig. 3.1 Hybrid Phased MIMO radar with unequal subarrays

for that particular subarray. The antennas of n'o subarray will transmit a waveform s,(/r)

to steer abeam in the direction of target, where k:1,2,.....,K are the samples of each

pulse. At the output of n'r subarray, complex envelop of signals can be expressed as

f ,(k) : ps,(k)w,,. n = 1,2,.......,N (3.1)

where w, represents weight vector of r'l'subarray, containing weights belonging to the

active elements of this subarray, (.). is the conjugate operator and pis the energy given to

each subarray. It is important to mention that the number of active weights in each w will

be different depending upon the number of element in the subarrays. For first subarray,

there are P - N + I active weights, while the last subarray has p active weighs. This

variation allows us to steer variable size beams in the direction of target. Moreover, total

energy is shared by N subarrays i.e. p = .r[FlN . In order to produce beam towards a

target in the directionO , the signal radiated by r'' subarray can be given as

m,(k,o) = olwlu,(a)]s, (ft)

where ,,,(e)is the steering vector of n'' subarray and (.)" is trermitien operator. Since all

the elements in n'h subarray transmit same wavefoffi, So a beam will be formed.

(3.2)
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where a(d) represents complex valued reflection coefficient from target and Tn represents

the propagation time associated with n't'subarray. Although, all the subarrays start at the

first element of transmit anay, however, due to variable sizes of subarrays, time of

propagation for the waveforms across each subarray will be slightly different from each

other. Equation (3.3) can be further expressed as

m, (k, e) : pa (e)lx(d) o d (a)]' ., (r) (3.4)

where O istheHadamardproduct. x(0), d(d) and sr(d) are Nxl vectorsgivenas

The signal reflected by a far field target at angle o canbe given by

N

m, (k, 0)= pa (O)lwf u, 
""' 

(e) s, (tc)
n=l

x(e) = [w,u,, wrur,........*rr, ]'

a(0) =le'n, r'" .........,,"'' f'

r, (r)= [s, (k),s, (t)..........s, (k)]'

O

y = pa,z(O,) +l pa,z(O,) + fi
t=l
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(3.3)

(3.5)

(3.6)

(3.7)

If we assume 0, as the angle of desired target with p interferences around it, then the

received signal at a receiver array of R antennas elements can be given by

(3.8)

wherev(d) isRxlsteering vector of the receiver side. Applying a matched filter for N

different waveforms, a virhral data vector with extended dimension of NRxl will be

formed that can be expressed as

s(r) = m,(k,e,)v (e) +f*, (k,e,)v (e,)+n, (r)

(3.e)





where (3.10)

The data vectory is obtained by stacking the vectors of(3.8). 8is the kronecker product,

fr is noise vector of lengthNRxl andz(0) is extended steering vector of lengthNRxl .

For PAR and MIMO radar, this steering vector has length of R x I and PR x 1 respectively.

In case of PAR, virtual steering vector reduces to normal steering vector given as

,,u(o) = x(o).v (e) = [,o"" (a)]., (a) (3.1 l )

PAR has only one weight vector comprising of all the elements of transmit array and the

vector d(d)vanishes due to single waveform. MIMO has same steering vector as (3.10),

however, length of waveform diversity vector is Pxl instead of Nxl due to P

waveforms, resulting in PR x I steering vector. This waveform diversity feature of MIMO

radar has been inherited by all Phased MIMO radars.

3.2.2 Discussion and Practical considerations

For better detection of target in background of strong interferences, gain as well as

interference rejection of radar has a very important role. The radar under discussion will

provide the interference rejection through diversity in transmitted waveform. Additionally,

it will also enhance the signal to noise ratio by introducing an increase in number of

elements for a subarray. The number of elements in a subarray can be calculated by

z(e1 =[x(a) o a (P)] s v (a)

L=P-N+n; n =1,2,.....N

Number of antenna elements are variable in each subarray i'e. for P =15

elements and N = 7 subarrays, the first subarray will have 9 elements,

will have l0 elements and the last subarray will contain all l5 elements.

(3.12)

transmit antenna

second subarray
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The next step is to present transmit beamforming weight matrix, baseband signal and

combination of signal transmitted by each antenna element. Weight matrix forthe proposed

radar system can be given as

wt,t wz.t wuJ

\.2 wz.z wu)

w- (3.13)

wt,P-N *t

0r-, wz.p' N12

0 0,, 
1

0 0 w.,p

where W is PxN matrix of weights andwn,, is the weight of pth element of n'h

subarray and 0r_, represent a vector of N-3 zeros.

The baseband waveforms transmitted by antenna elements are

{s, (ft) = [!r''"'#to rr-, (3.14)

These signals maintains orthogonality for different Doppler shifts and time delays, if we

select a pulse width T and a proper frequency increment Lf = .f,*, - f, for s, and s,*' in

such a way that they satisff Lf ,, % .

Moreover, for the proposed fully overlapped subarrays scheme, each antenna

element will transmit a linear combinations of orthogonal waveforms. Therefore, the

combination of signal sent by P antenna elements can be expressed as

T(k) : pw.s, (ir)
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t(k):lfr&),..............yr1t;]t isthe Pxl vectorof waveformstransmitted by P antenna

elements. W = [w,wr........*r] is the weight matrix of dimension Px N and 's ' are the

waveforms. Signal transmitted through each antenna element will be given as

Antenna l:

Antenna 2:

AntennaP-l:

Antenna P :

lt : P(wi,,s, +wi.,sr""""'r.,',)

Tz = P(wi.rs,

:

+ 'r,.', )

+ d.,rsr" " "" 'r,r', )

(3. I 6a)

(3.16b)

(3. I 6c)

(3. l 6d)

/p-t = P(i*,o-rs*-,

Tr = o(i*,rs*)

Each antenna element will send a combination depending upon the weights. If a particular

element is not part of a subarray, it will not send waveform of that particular subarray due

to zero weight.

In practical considerations, proposed design has challenges like uniform power

distribution for each antenna element and signals with constant modulus property' Power

distribution can be addressed by applying the constraint of uniform power distribution

across each antenna element during optimization ofW. After finding a suitableW, the

waveform s, (/) can be designed in such a way that it produces 7 (t) , which may satisfy

constant modulus property. Additionally, non-overlapped subarray based HPMR-US may

also resolve the power distribution and constant modulus issues, however, we will lose the

extra coherent gain provided by overlapped subarrays, resulting in degradation of SINR.
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3.2.3 Beamforming and SINR

This sub-section will give mathematical expressions for the beampattern and signal

to interference noise ratio (SINR) of HPMR-US.

3.2.3.1 Conventional beamforming

For conventional beamforming, weight vector for transmitter side is

u,(e,)*,=ffi. n=1,2,.........,N

For receiver side, weight vector will be of dimension NR x I and given as

w, = z(0,) =[*(4 ) o a(e,)] e 
"(e )

The normalized beam pattem can be

(3.t7)

(3. l 8)

(3.1e)

By using value of z from (3.10), the beampattern become

l(t.te )oa(e,)le "(e ))' ([.(e )oa(q)]8,(4))lB,(0) (3.20)

AssumingaULAi.e. ufl10,)u,(0):u!(0,)ur10):......:ufl(4)u,(d),beampattemcan

be further simplified and written as

B.(e)=w# lo; (t,)a,,(e)l' lr" (e,)v(e)l'
(3.21)

B(e)=W)"@')'(21'- \- / 
lw','z(o,)l' lF@,\l'

llol te)ll' ll"(4)ll'

For HPMR-US, we will choose number of subarrays in the beginning and then calculate

the number of elements in a subarray by varying "n". Resultant beampattem can be

expressed by

44





B.(0) -1"i.@')""(e\l' lax @')l'(e)l' l"' (e'):(e)l' 
(= 

(P - N * rf N' R' t3'22)

where llr, (q)ll' : P- N +n ,llu,(e,)ll' = ,anallv(4)ll' = 
^. 

ForHpMR-ES, the

resultant beampattern can be wriffen as

B,(e)=]]#3lfl lai@'\"(e)l'1"(e):(e\' ez3)

3.2.3.2 Adaptive beamforming

The objective of adaptive beamforming is to maximize the output SINR at the

received antenna anay. Minimum variance distortionless response (MVDR) beamformer

is used to give the distortionless response in target direction and minimize the interference

plus noise. The optimization problem is as follows

minwfC,*,w, subject to w!z(e,) = t (3.24)

The solution of Q.2D is given in [27] as

W=
zn (e,)c;1,10)z(e,)

(3.2s)

C,*, is the interference plus noise covariance matrix for HPRM-US, which can be

J

estimated as e = )OrOf ,where d, is the data acquired from -r different pulses of
l=l

proposed radar. Finally, the beampattern for an adaptive beamformer can be given as

B(e) =l*y,1e1l' (3.26)
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3.2.3.3 SrNR

Signal to interference plus noise ratio can be given as

(3.27).i1NR = 
P' P,' )Yi'(e,)l'

w, L,-rW,

The C,*, matrix can be given as

a
c,*, =Zp'plr(e,)ro (0,)* glt (3.28)

r=l

By substituting C,*, and w in equation (40), we get

(3.2e)

where p! and p! are the variances of reflection coefficient from target and noise,

respectively. By further simplifing (3.29), we will get the final relation for SINR

sINRHpMR-us : - 
p'91 (p - t'l + n)' N'n' 

(3.30)

Lp'P,'lr' (e,)r(e,)l+ B: (P - N + n)R
r=l

Since we are considering interference dominant case, (3.30) can be simplified to

p' B: (p - N + n)' N'R'
SNRorr*_,,, =' (3.31)

\P'P''l'n (e')'(e')l
1=,

For conventional Phased MIMO radar. i.e. Phased MIMO radar with equal subarrays

(HPMR-ES), SINR can be given as



I

I

I



slNRrrr^_u, =
p'B: (P-N+l)'N'R'

f o'P'lr' (e,)r(e,)l
(3.32)

(3.33)

(3.34)

Using N = land N = P in (3.32), we will get SINR of PAR and MIMO respectively

,S/NRP/R
P, frP,R,

SINR,,,O:

a

Zp'8,'lr' (e,)r(e,\

P, P,, P, R,
o

Lp'P,'lrn (e,)r(e,)l

It can be concluded from (3.33) and (3.34) that the SINR of PAR and MIMO radar are

equal to each other, which means PAR and MIMO radar has same robustness against

interferences present in region of interest.

3.2.4 Simulation Results

In this subsection, we have plotted results of HPMR-US, HPMR-ES, PAR and

MIMO radar in term of beampafferns and signal to interference plus noise ratio (SINR).

First part presents the comparison of proposed radar with PAR and MIMO radar, while the

second part gives a detailed comparison of proposed radar with existing HPMR-ES. In both

parts of simulations, we use P=l5elements for transmit anay, N =7 subarrays with full

overlapping and N=15 receiving elements. Inter element Spacing is assumed tobe /,

for both transmit and receive side. The desired target is assumed to be reflecting a wave

from an angle9, =0" and there are four interfering targets at-40",-20", 20'and40' .

Complex Gaussian noise has been used as additive noise with zero mean spatially and
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temporally white random sequence having same variance on each antenna element. In the

coming simulations, we have illustrated the results of conventional beamforming, adaptive

beamforming and SINR respectively

3.2.4.1. Comparison with PAR and MIMO

Hybrid Phased MIMO radars in literatures have shown improvements compared to

PAR and MIMO alone. This section is dedicated to show the superiority of HPMR-US

over PAR [8] and MIMO [01] before entering into the comparison with HPMR-ES

I l6]. First of all, the beampaffern comparison of HPMR-US, PAR and MIMO radar is

presented in Fig 3.2.lt can be observed that the proposed radar shows a better overall

beampaffern as compared to other two radars. PAR and MIMO show almost same

beampattern due to same overall response in terms of combined gain and waveform

diversity i.e. PAR has maximum gain and only one waveform, while MIMO radar has

maximum waveform diversity and unity gain. Therefore, more gain in PAR is compensated

through diversity in MIMO, resulting in same overall effect for both radars. Improvement

in HPMR-US beampaffem can be attributed to combination of focused beams and

waveform diversity provided by the proposed radar system.

Likewise, SINR of proposed radar is better than PAR and MIMO radar. Fig. 3.3

shows output SINR versus SNR for PAR, MIMO radar and HPMR-US. SNR for PAR and

MIMO radar is almost same due to same sidelobes levels and thus same interference

suppression capability. Proposed radar has a much higher SINR due to better side lobes

levels (SLL) as shown in Fig. 3.2. Since we are considering the case of dominant

interferences, therefore, proposed system is more robust to background interference as

compared to other two radars.
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3.2.4.2. Comparison with IIPMR-ES

In this subsection, proposed unequal subarray based system is compared with

existing equal subarray based systems in terms of transmit/ received beampattern and

output SINR by applying a conventional beamformer as well as adaptive beamformer. First

of all, a conventional beamformer has been used on the transmit side to observe the

maximum gain provided by of HPMR-ES and HPMR-US. Maximum gain provided by

HPMR-ES is same for each subarray, as each subarray has same number of elements. On

the contrary, the HPMR-US can offer additional gain due to more number of element in

subarrays. Fig 3.4 confirms that maximum transmit gain of HPMR-US is a lot better than

HPMR-ES due to extension in transmit aperture for most of the subarrays. The beam of

proposed radar is a lot sharper than HPMR-ES.
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Fig.3.4 Transmit beampaffern of HPMR-ES and HPMR-US using a

conventional beamformer
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Fig 3.5 presents the overall beampaffern for both HPMR-US and HPMR-ES. The

performance of proposed radar, compared to HPMR-ES, is better in terms of side lobes

level. Improvements can again be attributed to extra gain provided at the transmit side. In

adaptive beamforming, the result of MVDR beamformer for both radars is shown in Fig

3.6' Clearly, both radars have effectively cancelled the interferences, however, the HPMR-

US has an edge over HPMR-ES in the side lobes region. This enhancement is due to more

focused beams at the transmit side, which results in beffer reflections from the target.

Moreover, it is also important to realize that virtual extension for both radars system is

same, however, the higher gain of HPMR-US at transmit side makes it more effective

compared to HPMR-ES, as shown in above mentioned discussion of results.
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Fig.3.5 Overallbeampattem of HPMR-ES and HPMR-US using a
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Fig.3.6 overall beampattern of HPMR-ES and HPMR-uS using an adaptive

beamformer

Finally, output SINR of both schemes is presented, where SINR is plotted against

SNR. Both conventional and adaptive beamformers are used by keeping the interfernce

level at 30dB. The SINR result of both the radars systems using a conventional beamformer

is illustrated in Fig. 3.7. HPMR-US has better SINR than HPMR-ES, which can again be

linked to the lengthy subarrays at the transmitter HPMR-US. Furtherrnore, Fig. 3.8 gives

the SINR vs SNR plot for MVDR beamformer. HPMR-US again outperform HPMR-ES

due to enhanced gain and slightly better interference cancellation capability. This

improvement proved that proposed radar has a better robustness against interferences in

the region of interest.
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All the above results have shown improvement in term of beampatterns and SINR,

over existing radars, by applying an unequal subarrays approach. In terms of interference

cancelltion, both HPMR-US and HPMR-ES have almost same capability. In order to get

an extra edge, the waveform diversity should be increased in any proposed system.

Therefore, another new variant of Phased MIMO radar system with increased waveform

diversity will be presented in next section.

3.3 Phased MIMO Radar with Full Waveform Diversity

In this section, Phased MIMO radar with full waveform diversity is proposed, which

applies fully overlapped partitioning to transmit array in such a way that the number of

subanays are equal to number of transmitting elements. The proposed Full Waveform

Diverse Phased MIMO (FWD-PMIMO) radar not only provides some directional gain like

PAR but also provides the waveform diversity equivalent to that of MIMO radar. It has the

capability of cancelling same number of interferences as MIMO radar and can cancel more

interferences than PAR and Phased MIMO radar.

Although MIMO and FWD-PMIMO transmit same number of waveforms but FWD-

PMIMO is slightly different from MIMO in a way that MIMO uses only one antenna

element to send out a waveform, whereas FWD-PMIMO uses different number of elements

in a subarray for transmitting a waveform. The size of subarray in our design is variable

ranging from I antenna element in first subarray to P antenna elements in last subarray.

Proposed design matches MIMO in terms of interference suppression while maintaining a

coherent gain at transmit side, which is very useful for getting beffer information about

target. The performance of proposed FWD-PMIMO is examined in an environment with

large number of distributed interferers. FWD-PMIMO can be considered as special case of
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Fig.3.9 Full waveform diverse Phased MIMO (FWD-PMIMO) radar

HPMR-US that is more focused on cancellation of maximum number of interferences.

Keeping this fact in view, the signal model for radar under consideration will be similar to

that of HPMR-US. Therefore, only a brief signal model will be presented before the

simulations and comparison of proposed FWD-PMIMO radar with existing radars.

3.3.1 Signal Model

For signal model, a ULA comprising P antennas has been divided into P subarrays

by using the partitioning scheme shown in Fig 3.9. Signal radiated by p'o subarray in the

far field can be expressed as

m n Qe, e) = olwfu, 1e1f', 1t 1 (3.3 5)

Where wp represents the weight vector of P'h subarray containing the weights belonging

to only the active elements of this particular array and p is the energy given to each

subarray. The reflected signal from a far field target at an angle 0 can be given by

m, (te ,0) = po (e)Znf,u n e'',' (0) s o(k)
P=l

(3.36)

Where a(0)represents complex valued reflection coefficient from the target and u, is the
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steering vector associated with P'h subarray. Applying a matched filter for the P different

waveforms, an extended data vector of PR x 1is acquired, which can be written as

(3.37)

where z(0) : [x(d) @(d)] @ v(d) is the virtual steering vector of length PR x I . 0, and 0,

represent the direction of target and interference respectively. The data vectorycan be

obtained by stacking the vectors from different subarrays. For a conventional phased

MIMO in literature and HPMR-US in first section, virtual data vector can also be obtained

in the same way as above, however, length of data vector for both of them will be AR x I

where I < N < P. In other words, FWD-PMIMO radar enjoys a more extended aperture as

compared to conventional phased-MlMo radar, which resulted in improved interference

cancellation by proposed radar.

Since there are P different subarray in our proposed system, so we will get a weight

matrix in which the columns of matrix represent vector corresponding to each subarray.

The weight matrix is given as

o
y = pa,z (0,) +\ pa,z (0,) + n

r=l

wt,t

0

0

wz,t

wz.z

0

wp,t

wp,z

W:
(3.38)

wp,p

where w is PxPmatrix of weights andw,.o is the weightof k't' element of l" subarray.

00
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Signal transmitted by P transmit antennas can be expressed as

T(k): pw's, (k) (3.3e)

T(k)=lr,(k),............../p(f)]tisthe Pxlvectorofwaveformstransmittedby Pantenna

elements.W=[w,,w2........wr]ls tne weight matrix of PxPand 's' are transmitted

waveforms from each subarray. The signal transmitted through each antenna element can

be expressed as:

Antennal:

Antenna2:

AntennaP-l:

AntennaP:

T, = P (wi,,s, + wi.,s r " " ""-r,,', )

r, -- o (wi.rs, + wr.rs, " "' "'*i.rt r)

/p-t: P(*, ,.n ,s, ,

Tc: o(ir,rsr)

+*i,o-rtr)

(3.40a)

(3.40)

(3.40c)

(3.40d)

It can be noted that if an element is not part of a particular subarray, then it will not

send waveform associated with that subarray. Moreover, the linear combination of signals

transmitted by first few antenna element are different from signals transmitted by HPMR-

US given in section 3.2.

3.3.2 Beamforming and SINR of FWD-PMIMO

A conventional Beamformer is used for transmit side to show improvement in

transmit beampattern, while an adaptive beamformer is used at receiver to veriff the

interference rejection capability of proposed FWD-PMIMO radar. MVDR beamformer is

used for proposed. Beamforming weight vector for transmit side can be expressed as
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*,=ffffi

The weight vector for MVDR can be given as

(3.41)

(3.42)

radar

(3.43)

(3.44)

(3.47)

c,:,(o)z(e,)
' z'(e,)c,:,(e)z(e,)

C,*, is interference plus noise covariance matrix for proposed FWD-PMIMO

subarray. The beampattem for transmit side can be given as

B,(0)=lwiz(e)l'

The beampattem for adaptive beamformer at receiver side can be given as

B,(e) =lw! z(e)l'

Signal to interference plus noise ratio can be given as

sINRr*r_rn,,ro = (3.4s)

By substituting C,*n and w et

,(e,)ll'
slNRrno_rr,ro = o,' (e,) (Z p' Bi, (0,) rl (e,) + Bltlz (e,)

(3.46)

where pl and p] are the variances of reflection coefficient from target and noise,

respectively. After simplifuing (3.46) we will get final relation for the SINR given as

in eq

w;'

rOr

'llo

uation (28), we

o'p:lll",@)ll'

ilINRFWD-PM'M.= u ipitp .,

2ifil" @,)'(e,)l' + 0?, PR
r=l
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For interference dominant case, we consider only the interference part. Thus SINR can be

given as

SINRFWD_PMIMO
p'B? p'n'

(3.48)

z(O,)for PAR, MIMO radar and FWD-PMIMO radar has dimension ofRxl, PRxland

PRxl, respectively. Although MIMO and FWD-PMIMO have same dimension for virtual

steering vector but MIMO has no gain at the transmit side, while FWD-PMIMO does have

some gain at transmit side. Conventional Phased MIMO radar, on the other hand, has lesser

dimension compared to proposed radar, since the number of subanays in Phased-MIMO

radar are always less than the proposed radar. As a result, the proposed radar outperform

PAR, MIMO radar and phased MIMO radar (HPMR-ES) in terms of SINR for larger

number of interferences. For PAR, MIMo and HPMR-ES, we will use the same SINR

relations as given in section 3.2.

3.3.3 Simulation Results

For simulation, P=5 antennas on transmitter have been divided into P fully

overlapped subarrays. Receiver array also contains R=5antenna elements and both

transmitter and receiver elements are at half wavelength from each other. Small transmit

array has been chosen to give a better insight in to interference cancellation capability of

the proposed system. Throughout the simulation target is assumed to be at an angle of 0o

but the interferences are assumed at many different angles. The number of interferences

are kept high since the proposed scheme is designed for large number of interferences

around the target. Complex Gaussian noise with zero mean is considered as the additive

noise' Moreover, the results are presented in two different parts. First part deals with
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beamforming at transmit side of proposed radar, whereas, second part presents beampattern

and SINR using an MVDR Beamformer. Proposed scheme is also compared with PAR,

MIMO radar and existing Phased MIMO radar.

3.3.3.1 Results on Transmit side

In this part, results have been presented in terms of beampattem for maximum

transmit gain, beampattern for waveform diversity and the overall beampattern for PAR

[21], MIMO radar I0ll, Phased MIMO (PMIMO) radar I 16] and Full Waveform diverse

Phased MIMO (FWD-PMIMO) radar. Figure 3.10 shows maximum transmit gain provided

by all radar systems. It can be observed that phased array has the best transmit gain due to

focusing of all the energy in one direction. FWD-PMIMO radar and Phased MIMO

(PMIMO) radar has lesser gain compared to phased array but a lot better gain than the
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MIMO radar which shows a flat line because of no transmit gain. The transmit gain

provided by PMIMO and FWD-PMIMO is due to number of subarrays made at the

transmitter, which give focused beams instead of omnidirectional transmission.

The waveform diversity beampattem is illustrated in figure 3.11, which shows that

the diversity gain of both MIMO and FWD-PMIMO is equal and at its maximum value.

PAR offers no diversity at all, which is quite clear from the plot of PAR. Furthermore, the

PMIMO radar gives better diversity gain then PAR but less than MIMO radar and FWD-

PMIMO radar. The reason for flat graph of PAR is that it uses only one waveform with

phased shift at each antenna element. On the other hand, MIMO radar and FWD-PMIMO

radar transmit P unique waveforms and PMIMO radar used less than P unique

waveforms. Thus, more waveforms means sharper waveform diversity beampattem.
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Fig.3. 11 waveform diversity beampattern of pAR, MIMO, pMIMo and FWD pMIMo
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The overall beampattern, depicted in Fig. 3.12, is resultant of both gain beampaffern

and diversity beampattern. The corresponding values of both beampattern are multiplied

(added in dB) to get the overall beampattern, which can been named as Gain Diversity

product. Fig 3.12 clearly shows the improvement in overall beampattern of proposed radar

compared to PAR, MIMO radar and PMIMO radar. This improvement can be understood

from first two simulation results, which indicate that proposed radar contributes to both the

plots in term of gain and diversity. It is also interesting to note that the overall beampattern

of PAR and MIMO radar is exactly the same due to same contribution in first two plots i.e.

PAR contribute with directional gain of 5 elements, while MIMO contribute with five

orthogonal waveforms. The PMIMO also contribute to both plots but its diversity is less

than proposed radar.
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Fig.3. 12 overall beampattem of PAR, MIMO, PMIMO and FWD-pMIMO radar

dt:o
Eo
(U
o-
E
(E
o
-o
(6

c)

o

62





3.3.3.2 Results on received side

This part of the simulation gives results of beamforming and SINR of an adaptive

beamformer. We assume a target at 0o and eight interferences at -'70" -60" -40" ,-20' ,2O" ,

40" 60" andlO". The result in Fig 3.13 shows that both MIMO and FWD-MIMO cancel

all the interferences. However, the cancellation of proposed radar is slightly better i.e. Nulls

placed by proposed radar are a lot deeper than that of MIMO radar. PAR on the other hand

fails to cancel the interferences, since it does not have a virtual extension of anay at

receiver. PMIMO also fail to cancel all the interferences due to less virtual extension in

received array. The SNR comparison of all techniques is illustrated in Fig 3.14, which

clearly exhibit better SINR of FWD-PMIMO compared to other radars. This improvement

can definitely be attributed to transmit gain and received virtual array extension.
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3.4 Summary of Chapter

Unlike conventional Phased MIMO radar, the proposed schemes used unequal

subarrays to focus the beam on target of interest. First proposed scheme has used same

number of subarrays as conventional Phased MIMO radar, however, variable sizes of

subarrays enhanced the returns from the target. As a result, the improvements in

beampattems as well as SINR for proposed radar has been observed. The second proposed

scheme has applied unequal subarrays in a different way to attain full waveform diversity.

The essence of this second scheme is to attain the waveform diversity equal to a MIMO

radar for cancelling maximum number of interferences. Results have confirmed the better

results of proposed scheme in terms of beampatterns, SINR and interference cancellation.

64





Chapter 4

New Schemes in MIMO-FDA Radar using Uniform

Frequency Offset

4.1 Introduction

In the previous chapter, we have investigated the unequal subarrays for Phased

MIMO radar to provide better received beampatterns, improved SINR, low side lobes level

and superior interference cancellation. However, it can be observed that all the

improvements are in angle dimension only. In order to further enhance its capabilities, the

hybrid radar must also offer improvements in range dimension along with angle dimension.

To accomplish it, this chapter has presented two new schemes for MIMO-FDA radar. In

both designs, we assume a linear frequency offset among the antenna elements.

First scheme uses unequal subarrays for transmit side of a MIMO-FDA radar. Idea

is to illuminate the region of interest with beams of variable width to get better information

about the target in terms of range and angle. Therefore, the proposed Unequal Subarray

based MIMO-FDA (US-MIMO-FDA) radar shows an improvement in range dimension as

well as angle dimension. Moreover, Frequency increment can be adjusted in such a way

that it produces maxima at desired range-angle pair. MIMO radar contributes in terms of

applying different waveforms to overlapped subarray structure and achieving virtual array

extension at the receiver, resulting in improved patterns in range and angle dimension as

compared to FDA radar and Equal Subarray based MIMO-FDA (ES-MIMO-FDA) radar.
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Performance analysis of proposed radar has also been done in terms of output SINR and

probability of detection.

Second proposed scheme uses double pulse concept in MIMO-FDA i.e. (DP-MIMO-

FDA) for better target localization in range-angle dimension, as compared to existing FDA

radar systems. Due to strong range angle coupling of FDA beampattern, it is difficult to

determine ranges and angles directly from the peaks of beampattem, thus a two stage

process is presented. First stage estimates angle of target by sending a pulse of zero

frequency offset across the subarrays, followed by a pulse of suitable frequency increment

across the subarrays to estimate range. As a result, we can accurately estimate angle and

range from the peak of beampattem. Proposed scheme has been simulated and compared

with existing double pulse FDA (DP-FDA) radar to show that MIMO-FDA scheme is

superior to FDA scheme. Performance analysis has also been done in terms of CRLB to

demonstrate better range and angle estimation by Dp-MIMo-FDA radar.

4.2 MIMO-FDA radar with Unequal Subarrays

In this section, MIMO-FDA with unequal subanays has been formulated and

discussed. The transmit anay of a FDA radar is divided into number of subarrays that are

fully overlapped and contains variable number of antenna elements in each subanay. Like

HPMR-US, first subarray will contain least number of elements followed by other subarray

with one more number of element in each subarray. Last subarray will have all the antenna

elements present in transmit array. Each subarray coherently transmits unique waveform

and form a beam by using frequency increment across the elements of subarray. Each beam

has a different width due to variable number of elements in each subarray, which is in

contrast to equal subarrays size of ES-MIMO-FDA radar.
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Fig.4.l MlMO-Frequency diverse array radar with unequal subarrays

4.2.1 Signal Model

For signal model, an array of P elements with N subarrays is considered as shown in

Fig' 4.1. The baseband equivalent signal of n'h subarray at transmiffer can be written as

[c, o u(d, r)].s, (lc) (4.1)

Where c, is the vector used to determine length of subarray by using I's for active elements

in a subarray and 0's for inactive elements in a subaray. u(O,r) is the steering vector,

sr(t) is the nth baseband waveform with k being the sample within a pulse, o is the

element-by-element product and (.)- represents the complex conjugate. Signal arriving at

the far-field point from this radar can be expressed as

u(e,r)n [c, o u (a, r)]. s, (r)

where u(0,r)H is vector obtained due to propagation effects. This vector has the same

form as a steering vector [136]. Equation (4.2) can be written as takes

lw,," u(e,r)]", 1r;

(4.2)

(4.3)

where w, =c, ou(d,r)represents the beamspace weight vector for N'h subarray. The
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proper design of this weight vector allows us to focus energy in desired angle and range

pair. Furtheffnore, sum of all subarrays in far field can be given as

m(k,e,r)= t [ro,", (e,r)fs,(tc)
n=l

(4.4)

Unlike ES-MIMO-FDA radar, the size of w for each subarray is different and the number

of elements in each subarray of US-MIMO-FDA radar can be given by L: P-N +n,with

n =1,2....... N. The signal in ( .a) can also be written as

m(k, e, r): [w"u (a, r)]' s, (L) (4.5)

'W=[w,,wr........wr] is PxN weight matrix and sr(k)=[s,(t),sr(ft)........sr(t)]is the

waveform vector of lengthNxl. The suitable value of each weight vector is important for

beam steering to desired range and angle pair. The equivalent waveforms transmitted from

transmit array can be

r(k) : w.s, (/r) (4.6)

(k): lyr(k),..............Tr(k))'is the Px I vector of waveforms transmitted by p antenna

elements and (.)- denote the complex conjugate. lt can be observed that if we can hnd

beamspace matrix W, then the waveform can be specifically designed.

At the receiving end, we will use a simple phased array to receive the reflected

signal. The steering vector for the receiver will be

I t 2r f,tt srno\ _ ,( zr 1,(n-tltt stne\f

v(d)=ll e'\ '', 1......... 
" 

'( ', i I

L 
.........e \ 'o ') (4.7)

Now, if we assume target and Q interferences in area of interest, the signal at receiver

array will be





m ,(k,c) = a(c)l(wHu(4,4)'sr( k))lv(0,)+ lartr)t( wH u(Lo,ro)'sr(k))lv (0r) +n(k,c\

(4.8)

where r is used for the time delay, ar(r) are the complex reflection coefficients from

the targets, sr(t) is the n"waveform and n(&,r)is the Gaussian noise. The received

signal can be match filtered for each waveform s,, (k) as

[- -.(ft. r\si,\k)dk

Y,(r)="T,U-q;

y, (r) = a (c)l(w,H u(0,, r,)))v (0,1 + f a, g)t(w,H u(0,, r,))lv (4 ) + n n 
(t' r)

(4.e)

(4.10)

where n, (z) noise is term for n'' subarray and y, (r) is the data vector associated with N"

subarray. Data vector received from each subarray can be stacked in single vector to get

total data vector for all subarrays. This new data vector can be given as

(4.1l)

where x(0, r)= [wn u, (d, r ),wH t., (0, r), ..........rn 
1 

u r (0,,)]' (4.12)

The dimension of data vector is ARxl and it can be further written as

(4.13)

The data vector consists of NRxlsignal term, NRxlinterference term andNRxl noise

term. z(Q)is actually lIRx I virtual steering vector for MIMO-FDA and given as

o

y(r)= a(c)x(O,,r,)8v(d) +f a,(r)x( 0,,r,)@ v(d) +frr(r)
t='l

o
y = a (r)z(0,, r) +l a, (r)z(0,, r,p 

o @)z(0,, r,) + fi * (c)
r=l

z(0,r)=x(0,r)Av(d)
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This virtual steering vector is a very important feature of conventional MIMO radar.

Although the length of virtual steering vector in a MIMO-FDA is less than that of MIMO

radar, however, the gain obtained at the transmitter side due to subarray structure has been

exploited to get better result for proposed radar. The unequal subarrays also provide an

extra degree of freedom by producing beams of variable width at the target in contrast to

Equal subarray based MIMO-FDA, which illuminate the target with same beams.

4.2.2 Beamforming for Proposed Radar

A non-adaptive beamformer has been used to generate a beampattern. Weight vector

for this beamformer can be given by

w*=z(0,,r,) (4.1s)

Where 0o and ro is the angle and range of desired target. The normalized received

beampattern can be written as

lwi z(0.rll lrn @,.r,)z(0,r)l'B(0,r\=* (4.16)-\" '' ' 
lw! z(0,,r,11' llr(o,,illl'

4.2.3 Performance analysis of Proposed Radar

In this section, performance analysis of US-MIMO-FDA radar has been done in

terms of output SINR and probability of detection.

4.2.3.1 SrNR

SNR for MIMO-FDA can be given as

nrlw,,,z10,.r)1,
slNR = Lnya,,,n, g'17)

The C,*, matrix can be given as
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a
C,*, = Z gl r(e,, r,12! 7e,, r,1 + t, f (4.18)

(4.21)

(4.22)

where ptz and B] are the variances of reflection coefficient for target and noise,

respectively. By substituting the values of C,*,, and w for both ES-MIMO-FDA radar and

US-MIMO-FDA radar, we will get the SINR for both the radars.

4,2.3.2 Detection Performance

For detection performance of MIMO-FDA, the signal from target can be modified

to express it as

y(/r) : a(r)[(wnu (0,,q)r s*(k))]v(ar) +n(fr) = h(fr) +n(fr) (4.19)

where h=a(r)[(W'u(0,,q)rs*(fr))]v(dr) and n(r)is the white Gaussian noise. The

hypothesis problem can be given as

(4.20)

The assumption for the noise process is to be Gaussian and independent and identically

distributed (i.i.d). The probability density function (PDF), i.e. the likelihood for a random

variable y to have a given value of Ho and H,, canbe given as

IHo:y(k) = n(k)

lH, :y(t)=h(k)+n(k)

p(y(k);Ho)=.-[-ry)

p(y(k): n,) = "*p( -M9][ 

.l,.*o 

[ -(. o;, l

The likelihood ratio test can be given as

1J
ft)ll,t) + n(

----------=-
2oi,

llt <
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^ - p(v(k);H1)
l\ 

-

P(Y(k\:H,)

Hl

6

Ho

(4.23)

where d is the threshold for detection. Furthermore. the probability of false alarm and

probability of detection can be given as

PP = P(A

pa= p(L>6lH)=l

(4.24)

F' (.) is the cumulative distributive function,

(4.2s)

P-N+n

is the number of elements in r'i array and R is the number of elements in receiver array'

4.2.4 Simulation Results

In the simulations, we have assumed transmit array of P = l5elements divided into

N :7 subarrays with full overlapping. The receiver array consists of R = l5elements and

the distance between antenna elements for both transmitter and receiver is taken as)'f2.

Fundamental frequency used is ft=l\GHz and frequency increment is taken as

Lf =lSKHz. Additive noise is Complex Gaussian noise with zero mean spatially and

temporally white random sequence having same variance on each antenna element. Target

is assumed to be present at the 0o in angle dimension and at I I km in range dimension. In

the first part, maximum gain of ES-MIMO-FDA and US-MIMO-FDA are compared

followed by and received beampatterns of FDA radar [40], ES-MIMO-FDA radar [59] and

US-MIMO-FDA radar. In the second part, performance of both the radars are compared in

> 5lH,

-r,l/,:, 
I

,)

o

istribution,
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terms of output SINR and detection probability.

First of all the transmit beampattems for ES-MIMO-FDA and US-MIMO-FDA radar

is presented in figure a.2@) and 4.2(b) to show the maximum gain provided by both the

radars. It can be observed that both the radars exhibit almost same beampattern in combined

range-angle beam pattern, however, the beam produced by US-MIMO-FDA radar is a liule

sharp. In orderto compare boththe radars systems, the l-D profiles of maximum gain is

given in the next simulations. l-D profiles are simply the cuts of Fig. 4.2, where angle

dimension and range dimension is plotted separately to show the performance of proposed

system compared to existing radar system. In Fig. 4.3, angle profile of both ES-MIMO-

FDA and US-MIMO-FDA have been plotted. It can be seen that maximum gain provided

by proposed radar is better than ES-MIMO-FDA. The beampattem for proposed radar is

more focused due to the extra number of elements in the subarrays of proposed radar.

Likewise, figure 4.4 gives the result for the range profile of both the radars. Once again the

transmit gain of proposed radar is better in range dimension due to extension in subarrays.
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Figures a.5@) and 4.5(b) show the received joint range-angle beampattem plot for

FDA, US-MIMO-FDA and ES-MIMO-FDA radar respectively. It can be observed that

maxima in these plots is a lot sharper in these beampattern as compared to the transmit side

plots. This sharpness is due to multiple waveforms used at transmit side, which contribute
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to the extended virtual steering vector. In order to clearly compare results of both radars,

l-D plots are again plotted for both angle and range dimension. Received beampattern for

angle dimension of all three radars are shown in Fig. 4.6.|t can be noticed that the proposed

US-MIMO-FDA radar has a better beampattern compared to FDA radar and ES-MIMO-

FDA. The improvement can be clearly observed in terms of less beam width and lower

side lobes level. Likewise, the range profile comparison of beam paffems is shown in Fig

4.7, which illustrates the beffer result of proposed radar in terms of lower side lobes level.

This improvement in angle and range dimension can be attributed to increase in length of

subarrays at transmit side.
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Fig. 4.6 Comparison of angle profile for the received beampattems of FDA radar, ES-
MIMO-FDA and US-MIMO-FDA radar
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MIMO-FDA and US-MIMO-FDA radar

In the second part of simulation, performance analysis of proposed US-MIMO-FDA

radar has been presented and compared with FDA radar and ES-MIMO-FDA radar. First

the SINR versus SNR, in an interference dominant case, is simulated and plotted for both

radars. Fig. 4.8 clearly shows that the proposed radar has higher SINR compared to FDA

radar and ES-MIMO-FDA radar. In addition, detection performance of all the radars are

also plotted and compared. Once again the US-MIMO-FDA has better detection

performance compared to othertwo radars, as shown in Fig.4.9. This superiority of US-

MIMO-FDA in SINR and probability of detection can be attributed to more focused beams

formed by extended aperture of subarrays at transmit side.
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4.3 Double Pulse MIMO-FDA Radar

In this section, a double pulse MIMO-FDA (DP-MIMO-FDA) radar has been

proposed to localize the target in both angle and range dimensions. In literature, FDA radar

and MIMO-FDA have been explored to show their range-angle dependent beampaffem.

However, the strong coupling of beampattern in range and angle has made it difficult to

localize the target in both dimensions. In other words, it is not possible to compute range

and angle directly from the peaks of beampattern. To overcome this inability of former two

radars, the proposed radar uses idea ofdouble pulse for each subarray to perform angle and

range localization. Fig.4.l0 shows the basic architecture of proposed DP-MIMO-FDA.

Since our objective is simply to show the effectiveness of double pulse, therefore, we will

use conventional MIMO-FDA radar for introducing and validating this idea. In addition,

the comparison has been carried out only with DP-FDA radar because the single pulse FDA

and MIMO-FDA radar are unable to produce uncoupled responses.

First pulse

Secmd pulse

Fig.4.10 Basic concept of Double pulse MIMO-FDA radar
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4.3.1 Preliminary Data Model

Preliminary signal model involves P elements divided into N subarrays of equal

size. The signal arrived in the far field at (0,)due to r'' subarray can be written as

m (k, 0, r) = plw,' l,(0, r)l s,(k) (4.26)

Where w, and u^(0,r) are weight vector and steering vector respectively. The equivalent

signal atreceived array is the sum ofsignals from all the subarrays and can be given as

(4.27)

Where 0, and ft is desired target direction and range respectively, p isenergy given to

each subarraY, f is time delay, a(c) isthe reflection from target, v(dr) is received steering

vector and n(k,c)is the Gaussian noise. After matched filtering, we get

y 
^(r) 

= pa,(r)[(w,n r,(0,,\))]v(0,) +n,(r) (4.28)

By stacking all vectors after matched filtering, resultant data vector can be written as

m,(r) = p d,(r)[i*,,"r,(0,,q)s,,(k)l ",r, + n(k,r)

y(r) = [yl(r) vi(d ........ y'r(i]'

Y = Pa,z(O,,r,)+fi

(4.29)

(4.30)

z(0,r) =fw, ur(O,r),wH lr(0,r),..........*1, *(0,r))8v(d) is AR xl virtual steering

vector due to multiple waveforms used at the transmit anay. This virtual steering vector

has been used for upcoming analysis of double pulse MIMO-FDA radar.

4.3.2 Double Pulse MIMO-FDA radar for Localization

In a DP-MIMO-FDA, the angle of desired target can be found by transmitting a pulse

with zero frequency increment in the first step. After processing these returns through a





non-adaptive beamformer for desired angle, the second step involves the transmission of a

pulse with suitable frequency increment in the direction obtained in the first step. The new

returns are once again processed by a non-adaptive beamformer to get the desired range. It

is worth mentioning that the exact angle estimated in the first step plays a vital role in

properly estimating the range of target. Moreover, the two steps can be also be interpreted

in terms of data vector and steering vector as given below:

1. In the first step quantified above, the signal is sent with 41:0to Bet the estimate

of angle. Data vector in (a.30) willthen be reduced to

z*r(0,) =z(0,,\) 141=o= [wHu ,(O,),wl ur(0,),...,......1n',ur(0,))Sr(4) G32)

where zorr(0,) denotes the steering vector for estimation of angle. It can be clearly

observed that the range dimension simply disappears and we are left with

subarrayed MIMO i.e. Phased MIMO radar, transmitting different waveforms

towards atarget in a particular direction. Applying a non-adaptive beamformer with

weight vector w*-s = z(0,), the angle can be estimated as

0 = ar g {maxln [,rr,,r {0 )l' ) (4.33)

2. In the second step, signal with A/ + 0 is sent which produces following data vector

!,nE = Pd,Z(O,)+fi

Furthermore, the steering vector will also be reduce to

Y,*s, = Pa,z(O,'r,)+fi

The steering vector for this case can be written as

(4.31)

(4.34)

z,*r"(0,,\)=lwlur(O,,r,),wlur(0,,r,),..........w.7rr@,,\)l8v(0,) (4.35)

8t





For a weight vectorwr,^. =z(0,,r,), the range can be estimated as

i = ar g {maxln X,",r"',,, r" {e,, dl' } (4.36)

After two step processing, we have the estimates in both range and angle.

Therefore, we can localize the target in angle and range dimension i.e. (0,,r,) .

The above mentioned scheme has allowed us to get beampattern for both angle and range

dimensions in such a way that the peaks of beampattern represent the desired angle and

range. Additionally, we can focus the target with multiple waveforms to get the useful

waveform diversity, which can contribute in better localization and estimation of target

parameters. Finally, the proposed scheme can also add some extra degree of freedom in

terms of applying a suitable offset for different subarrays to get even better estimation of

target. The proposed system has also been compared with the double pulse FDA radar in

subsequent subsections. Due to subarrayed structure, i.e. waveform diversity, the DP-

MIMO-FDA radar has shown a superior performance as compared to DP-FDA radar in

both dimensions.

4,3.3 Performance Analysis of Proposed Scheme

In this sub-section, estimation performance of DP-MIMO-FDA has been analyzed

by using Cramer-Rao Lower Bound (CRLB). The Cram6r-Rao bound (CRB) has been used

to assess the performance of unbiased estimators [137]-[40]. In particular, the

deterministic CRB is used for target parameter estimation where for an increase in signal-

to-noise ratio (SNR), the deterministic maximum likelihood estimator (MLE) attains this

bound. Our aim here is to analyze the angle and range estimation performance of DP-
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MIMO-FDA radar in terms of CRLB. To achieve this task, data vectors in (4.31) and (4.34)

can be modified to get an extended data vector

d",, =.,@- .2",,(0,,4 ) + n (4.37)

where d,,, and zextare the extended data vector and steering vector of length2NRxl and

n is the normalized Gaussian noise vector with zero mean and unit variance. The extended

length of steering vector can be achieved by simply stacking the virtual steering vectors of

the two pulses and can be written as

z u,(0,, r,) =[z(0,, r)l * =0, z(0,, r,))r

Since the vector z(0,,r,) is ARxlvirtual steering vector due to the N subarrays used at

the transmit side. Therefore, by merging the first part i.e. z(0,,q)lAr=., and the second part

i.e. z(0,,)lAr*0, the overall length of extended steering vector is 2NRxl. Assuming

M = NR, the steering vector for both steps can be written as

(4.38)

(4.3e)

(4.40)

$.41a)

(4.41b)

(4.42)

(4.43)

where

-. _Zttfdsin?,, 2tL,d sin?,, ZtL,rr,
-'- , - , - ,

The mean p and covariance R given vector can be written as

p= 2",,(0,,r)JSIrlR

R,=E[nr']=I
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J, 
o - r,ro - rou = 2F(e {D{,(YXR; 

I 

) Dy, r* U =lt;r t; 
:,)

ry =l?,rlt'

D*,(Y)=T

t tr'_l

J ee = 2sNR.-l+o' fi a' cos' 7e1+ 4n' a,7'd' cos' 1011.N.1n'
C n=o

I il-l
J - = 2sNR. -l+ o' tf' l. N.L n'

C n=o

t N-l
Je, = J,e = zslrn. j[4r21,t1d cos(d)].N.)r'?

C n=o

CRLBoeo, 
,,,n,n ,r, =Ui, n,,ro-ro-r)r,,

cMB,,ro 
,,,n,o or^ =Ui, n,,*o-oo.rfr.,

The CRLB for target angle and range estimate can be given as the diagonal elements of

the inverse FIM i.e.

Now the Fisher information matrix can be derived as

Where

(4.44)

(4.4s)

(4.46\

(4.47\

(4.48)

(4.49\

(4.s0)

(4.51)

These given CRLB of DP-MIMO-FDA radar have been compared with DP-FDA radar.

The improvements offered by proposed design in angle and range dimensio have been

shown in subsequent section.

4.3.4 Simulation Results

For simulations of proposed radar system, a ULA of P:l5antenna element is

assumed for the transmit side. This array is divided into N=6 overlapped subarrays. The

number of elements in each subarray are P - N + I , while the receiver array consists of

R=l5antenna elements. A unique waveform has been steered by each subarray toward





the target of interest. Distance between two consecutive antenna elements of transmit as

well as received array is half wavelength. A carrier frequency of .ft =l\GHz and frequency

increment of n7:3OKIIzis used. Target is assumed to be present at lO"in angle and

12kmin slant range. Noise is assumed to be additive Gaussian noise with zero mean

spatially and temporally white random sequence having same variance at each antenna

element. To localize the target in terms of this angle and range, the double pulse approach

has been applied to produce the angle and range beampatterns respectively. Furthermore,

proposed radar has also been compared with the DP-FDA radar l62f in terms of received

beampattem followed by Cramer Rao Lower Bound (CRLB) analysis of both the radars.

4.3.4.1 Range and angle Beampatterns of DP-MIMO-FDA radar

In the first part, we have presented the received beampattem of proposed DP-MIMO-

FDA. The conventional MIMO-FDA has been unable to achieve good localization in range

and angle due to coupled response. The 2-D range-angle beampattem for a MIMO-FDA

has been presented in Fig. 4.1 l. It can be observed that the angle and range dimensions are

coupled and it is very difficult to separate the peaks of angle and range. To overcome this

inability, the process given in section 4.3.3 has been implemented to treat the range and

angle dimension separately. Fig 4.12 (a) exhibits the received beampaffern for target

direction. Clearly, a peak has been produced at 10o, which is precisely the angle of desired

target. This information about angle can be used in the next step, where the range

estimation can be achieved by choosing a suitable frequency offseta/. For the processing

of this step, we have assumed a frequency increment of Lf : 30 KIrz . Range response for

desired target has been presented in Fig 4.12 (b). It can be seen that the range response

exhibits a peak at 12 km, which is our assumed range. In the end, both the responses can
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be combined to localize the target in both angle and range dimension i.e. (10o, l2km).

Moreover, results inFig4.l2 (a)-(b) are estimated responses of angle and range, in contrast

to angle and range profiles cuts given in section 4.2.
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4.3.4.2 Comparison of DP-MIMO-FDA radar with DP-FDA radar

In this subsection, the beam patterns of proposed DP-MIMO-FDA radar have been

compared with DP-FDA in both dimensions. It is important to note that the proposed DP-

MIMO- FDA can be reduced to DP-FDA radar by choosing N = I subarray. In that case a

single waveform will be transmitted instead of multiple waveforms of DP-MIMO-FDA.

The beampattern of both DP-FDA and DP-MIMO-FDA in angle dimension has been

shown in Fig. 4.l3.It can be clearly seen that, although, the main lobe width of both the

radar is same, DP-MIMO-FDA outperform DP-FDA radar in terms of side lobe levels. The

reduction in side lobes can be attributed to the extended virtual steering vector of DP-

MIMO-FDA radar. Likewise, the range beampattern of DP-MIMO-FDA has also shown

better performance compared to FDA radar. Fig. 4.14 clearly show the superiority of

proposed radar in terms of side lobes level.
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Fig.4.13 Comparison of angle response of DP-FDA and DP-MIMO-FDA radar
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4.3.4.3 CRLB for DP-MIMO-FDA radar

In the final simulation, CRLB plots have been shown to analyze the estimation

performance of DP- MIMO-FDA. Moreover, a comparison with double pulse FDA radar

has also been given. CRLB of both radars has been plotted against SNR to prove that CRLB

performance of double pulse MIMO-FDA is better than double pulse FDA. CRLB on target

angle and range have been shown in Fig. 4.15 and Fig. 4. 16 respectively. Both radars have

presented good estimation in angle dimension, however, the proposed radar has shown

better perforrnance compared to the FDA radar as shown in Fig 4.15. Likewise, CRLB has

been given in Fig. 4.16 forrange estimation of both radars. Again performance of proposed

scheme is better than DP-FDA radar. The improvement in DP-MIMO-FDA can be

attributed to unique waveforms of MIMO and extended data vector at the receiver.
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4.4 Summary of Chapter

This chapter has presented two new schemes for MIMO-FDA with uniform frequency

offset between antenna elements. In the first scheme, the idea of unequal subarrays has

been applied to MIMO-FDA radar to show improvements in range dimension as well as

angle dimension interms of Beampatterns. Performance analysis has been provided in

terms of better SINR and Probability of detection. The second schemes removes the range-

angle coupling of FDA by using concept of double pulse i.e. pulse with no offset followed

by a pulse of suitable offset. Improvement in localization has also been achieved through

extended data vector achieved by using multiple waveforms at the transmit side. Results

for beampattern and CRLB have verified the effectiveness of proposed scheme as

compared to 162).
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Chapter 5

Hybridization of MIMO Radar with FDA radar using

Logarithmic Frequency Offset

5.1 Introduction

Frequency offset plays a very important role in performance of FDA and MIMO-

FDA radar systems. In previous chapter, we have applied uniform frequency offset for

transmit array to show improvements in localization of target. Since we are interested in

localization of target, so we have used that particular value of frequency offset, which

produces a single maxima for a desired range-angle pair. If we increase the value of

frequency offset then the radar scene will exhibit multiple maxima in region of interest due

to periodicity property of FDA [4a]. To avoid multiple maxima for different values of

frequency offset, the non-uniform offset can be applied to transmit subarrays, resulting in

single maxima for a target.

This chapter presents the MIMO-FDA using logarithmic frequency offset i.e. non-

uninform frequency offset instead of linear or uniform frequency offset. It has been

observed in [68] that the logarithmic offset among the antenna elements removes the

periodicity of FDA beampattem and produces exactly one maxima in region of interest.

First part of the chapter presents a crisp idea of applying range bins and logarithmic offset

in each subarray of MIMO-FDA. Resultant system allows us to place single maxima for

each of the multiple targets present in different range bins. Moreover, Frequency offset for
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MIMO-FDA with logarithmic offset can be adjusted to separate the targets present at

different ranges.

Second part of chapter explores the idea of using variable logarithmic offset for each

subarray of a MIMO-FDA radar. Since the increase in logarithmic offset directly increases

the sharpness of beampattern, so a logarithmically increasing offset is applied in each

subarray to get better localization of target. Transmit side of proposed MIMO-Log-FDA

shows focusing of beampattern compared to existing FDA radars, which is followed by

detailed signal model of the receiver side. It has been shown that the variable logarithmic

offset in MIMO-Log-FDA not only produces single maxima, but also gives a sharper

beampattem and better SNR due to focused beams at the transmit side. CRLB has been

derived for proposed radar and compared with MIMO-FDA and Log-FDA radars.

5.2 Range Bins based MIMO-Log-FDA radar

In this section, a new scheme has been proposed for MIMO-FDA radar with

logarithmic frequency offset. Proposed radars system can place exactly one maxima for

each of the multiple targets present at different ranges. Inspiration for this idea comes from

the fact that Log-FDA produces a single maxima for whole range dimension to remove the

periodicity in FDA beampattern. However, in producing only one maxima in radar scene,

it will ignore any other potential target present in the vicinity of first target. Therefore,

using a subarray approach for multiple targets will be very helpful, since it will be able to

produce single maxima for each of the target present at different range.

The basic idea of proposed radar is to divide FDA transmit anay into multiple non-

overlapping subarrays and apply logarithmic offset along with different waveform in each

subarray. Resultant multiple beams are steered towards different region of interest. As a
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result, we can focus energy on multiple targets present at different ranges in the space. The

logarithmic offset in each subarray has allowed us to produce single maxima for a target in

a particular range bin, whereas, the different waveforms will help in independence of signal

from each subarray and proper match filtering of the target returns at the receiver

5.2.1 Preliminaries and Signal Model

For a frequency diverse array of P elements using a logarithmic offset among

elements, the signal sent by p'i element is

(s.l)

The radiated frequencyf will be

f ,,= .fu + 4f ,,

where fr is the carrier frequency and the frequency offset A -f o can be given as

(s.2)

Mr:log(P+ t).6 (s.3)

Where d is the configurable parameter for adjusting the logarithmic offset. It can be seen

that the frequency offset across each antenna element in logarithmic instead of linear offset.

Considering a point target in space, the pattern of transmitted signal can be written as

2, n"-' 
" "(' 

:' - oq""'" tl|

P-o

x (t ; ro, 0) - 
"t 

2 tr fo(r - n I "\ rf o or' 
2 zr t o g( p + t)6 (r - r" I c), i 2 t fn 1t d stn 0 / c

p=0

x(t;ro,o)=2r,?-?)= (s.+;

where ro = r, - pd sin 0 is the range of target from p'o antenna element and c is speed of

light. By applying f n from (5.2) and the assumption that fo >> log(P)d, we will get
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The overall signal arrived at a far field point is given in (5.5). It will produce a single

maxima at the target location and removes periodicity in maxima. Term inside summation

can be taken as array factor and its magnitude square is the transmit beampattern. For a

ftxed value of t, it will become range-angle dependent beampattern. In our proposed radar,

we consider a MIMO-FDA with non-overlapped subarrays and logarithmic offset in each

subarray, as shown in Fig 5.1. A transmit anay of P elements is divided into N equal

non-overlapping subarrays. Number of elements for each subarray can be given by

L = P lN . Signal radiated by n'h subanay in the far field is

x,, (t, 0, r) : plw,,' rt,, (e, r)fs, (t) (5.6)

s,(t) isthe n'hwaveform,whilewrand u, aretheweightvectorandsteeringvectorfor

n'h subanay. Weight vector for n't' transmit subarray can be configured as

Where

0,,and r,^are the desired

(s.7)

(s.8)
+l)6r,,, - Jold sin0,^

L

for n'o target.

/t=

angle

'"l:v!
and range

ll"**- I E"r,il_l
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Fig. 5.f MIMO-log-Frequency diverse array radar
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The steering vector for transmit subarray can be given as

u(O,r) =lefi' "'n' 
....... "t',f

o, = ,rl (toe(t + t) 6 (', r c) + f, H sin e)l

L.]

(s.e)

(s. r 0)where

In our proposed scheme, beam from each subarray will steer the whole region of

interest, however, maxima can be produced in desired range by adjusting weights given in

(5.7). Each subarray is modulated with a different waveform to separate the returns at

receiver. Logarithmic offset in each subarray allows us to get single maxima at desired

range-angle pair. The advantage of applying this scheme not only solves the problem of

periodic maxima of MIMO-FDA but also improves the existing log-FDA by handling

multiple targets simultaneously. Finally, MIMO-Log-FDA radar will become MIMO-

FDAbyreplacing log(/+l)with / in (5.8) and (5.10).

5.2.2 Range Bins for MIMO-Log-FDA Radar

Range bins are range intervals in which a target is present and a maxima has to be

placed for that target. For the case of log-FDA, we get only one maxima for whole range

dimension. To place multiple maxima in range dimension, the range bin or intervals have

to be fixed for each subarray to get one maxima for each target. Since we are using unique

waveforms, so each waveform will place its maxima separately and will not be influenced

by the waveform from other subarray. Assuming that the targets position is known, range

bins formation can be done through following steps.

l. Selectthetotal interval forthe areaof interest in range dimension. i.e. ,o < rSrr.

where 4, is the starting point of range interval and rr is the final point.
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2. Divide the total interval into N ranges because there are N subanays. Boundary

of each range bin can be given as r1,r2........rN_,.The range bins will beru,=\-to,

(br=fz-\ ,.,..., fbr_r:lN-fN 
I

Selecting the size of a range bin is an issue of practical importance. In the system

presented here, range bins are selected on the basis of spread of a particular maxima. Spread

is the region covered in range dimension by beampattem peak and sides lobes with

considerable values on both sides of peak. It has been shown in the upcoming simulation

results that frequency offset has an inverse effect on the spread of maxima in range. For

larger frequency offset, the spread is small, so we can set smaller range bins. Closer ranges

are handled by first few subarrays, while the farthest range bins are handled by last few

subarrays.

This idea of range bins has been applied to MIMO-Iog-FDA for determining the

multiple two-dimensional spatial sections in which we want to maximize the energy using

different subarrays. Signal transmitted by n'o subarray towards angle7 and N different

ranges in different range bins can be given as

x, (t, 0, r): 
f 
*,'.,, (e, r,)fs, (t) (5.1l)

w, and u,(O",r,) are weight vector and the steering vector of MIMO-Log-FDA,(d,4)

represent the angle and range of N different targets.s,(f) is n'hwaveform transmitted

towards n" range bin. The normalized transmit beam pattem for each of the subarray is

B,(e,r) =
l*fu, (e,r)l'

(5.1 2)

l*f u, (t,.,r,)l'

Range bins are important for MIMO-Iog-FDA radar in given scenario of multiple targets.
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Without range bins, we will get only one maxima for all the targets due to logarithmic

offset i.e. single maxima for only one target can be achieved.

5.2.3 Simulation Results

Consider a uniform linear array of 32 elements divided into 4 non-overlapped

subarrays, where each subarray consists of 8 elements. The fundamental frequency of

fo=lUGHz is used throughout the simulation. Configurable parameter of 6=50KHz is

used in all other simulation except the last plot which use different values of configuring

parameter. We assume stationary pointlike targets in this simulation and there is no mutual

coupling between antenna elements. The distance between antenna elements is taken as

)" I 4 to avoid physical reallocation of antennas elements in case of changing parameter d

[68]. Range dimension is divided into four sub-ranges to match them with number of

subarrays. Since the spread in maxima is around l0 km, so we have chosen the size of

range bins as l2km each. We assume four targets present at 0:100 and four different

ranges for MIMO-Iog-FDA radar, i.e. \=lUkm ,rz=20km , rt=30km andro=40km .

However, the number of targets will vary for different simulations. Since we focus more

on range dimension, the angle for each target is fixed at? =100 .

In Fig. 2, the results of our proposed scheme have been presented. Each subanay will

scan the whole region and place maxima at different range-angle pairto give single maxima

for multiple targets. The results shown in Fig 5.2.(a)- (d) exhibit a single maxima for each

target. This single maxima can be attributed to the logarithmic offset used in each subarray.

In the next simulation, we have given the results of MIMO-FDA radar [58] and MIMO-

Log-FDA radar for only first subarray. Our objective is to show the superiority of proposed
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design over the traditional MIMO-FDA radar in terms of single maxima for a target instead

of multiple peaks at periodic ranges. Target is assumed to be present at

(e,,n)=(t}o,2+l*n) . lt can be seen in Fig 5.3. (a) that MIMO-FDA has produced a peak

for the given range-angle pair, however, it has also exhibited other maxima within that

range bin. This is due to the uniform frequency offset, which result in repetition of maxima

after every c I L1l2). On the other hand, the same subarray produces a single maxima for

MIMO-Log-FDA as shown in Fig 5.3. (b). which is due to non-uniform offset. It is also

important to mention that both MIMO-FDA and MIMO-Log-FDA will produce similar

results in rest ofthree subarrays.
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In the next plot, MIMO-Log-FDA beampattem has been plotted for different values

of d to show the impact of frequency offset. By choosing 6:llKhz andd:l\lKhz ,it

can be clearly observed in Fig. 5.a (a)-(b) that changing frequency offset in MIMO-Log-

FDA radar effect the width or sharpness of beampattern. In Fig. 5.4(a), beam pattern has

become wider and showed a small spread in range. Since we are using a small d, so it can

be safely established that a smaller frequency offset will reduce the sharpness of

beampattem. For next result, we have applied a bigger value of frequency offset. Fig. 5.a@)

has been clearly showing a beampattern which is a lot sharper than the beampattem in Fig.

5.4(a). Spread in range dimension is also much less compared to previous result. This

changes in beampattern can be attributed to larger value ofd. Thus we can conclude that

the variation in logarithmic frequency offset can control beampattem of MIMO-FDA in

terms of its width, which can then contribute to enhanced localization. This conclusion has

been investigated in the next section by using variable logarithmic frequency offset.
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5.3 MIMO-Log-FDA with Variable Logarithmic Offset

This section provides a detailed analysis of using different logarithmic frequency

offset in each subarray. It has been shown in simulation results of previous section that

change in logarithmic frequency offset effect the sharpness of beampattern. Using this fact,

we have proposed a new scheme in MIMO-Log-FDA, which apply variable logarithmic

offset in each subarray to give single maxima as well as focus the target with multiple

beams of variable width. As a result, we get a better estimation for target angle and range

compared to existing frequency diverse radar systems.

In subsequent section, transmit side has been presented to show the impact of using

different non-uniform offsets i.e. logarithmic offset. It has been observed that the variation
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in logarithmic offsets adds an extra degree of freedom in terms of controlling the width of

beampattem on the transmit side. This is followed by a detailed received signal model for

MIMO-Log-FDA. Performance analysis has also been done in terms of Signal to

interference plus noise ratio (SINR) and Cramer-Rao lower bound (CRLB). Comparison

with existing FDA radar and MIMO-FDA radar clearly exhibit that the proposed MIMO-

log-FDA radar has outperformed the existing radar systems.

5.3.1 Idea and formulation

The log-FDA radar uses only one value of configuration parameter d to apply

logarithmic offset throughout the transmit array. Likewise, existing MIMO-Log-FDA

radar uses same configuration parameter in each subarray. However, in this work, we apply

different configuration parameters in each subarray to produce multiple beampatterns of

variable width. Proposed system uses the approach of overlapped subarrays to achieve

maximum transmit gain.

In order to define subarrays in a transmit array of P elements, a Px I vector { is

defined which contains 0 and I as entries. For n'h subarray, a 'l' in the vector at a particular

index shows that antenna corresponding to that index belongs to n" subarray and it can be

assigned the configuring parameter associated with this subarray. Likewise, a zero in the

vector means the corresponding antenna does not belong to n " subarray and it will not be

assigned the configuring parameter of n't' subarray. If each subarray has f elements,

where l<n<P,thennumberof l'sin P, are P,andnumberofO'sare P-n .Moreover

a P,xl vector for a particular subarray can be obtained as,f = P, O P , where O stands for

Hadamard product. Since different configuration parameters are used in each subarray, the
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offset selection will be slightly different from log-FDA. The frequency radiated by p'o

element of z" subarray will be

f o, : -f, + Lf ,,.,

wheref is the carrier frequency and Lfn,, is frequency offset given as

(s. 1 3)

Mr.u=loe(p*l).4, , 0< psP,-1, l<n<N (5.14)

Here { represent number of elements in each subarray while N represent number of

subarrays formed in a transmit anay of P antenna elements.

5.3.2 Signal Model

Consider a transmit array of P elements partitioned into N overlapping subarrays, as

shown in Fig. 5.5. Since the transmit array is divided into equal subarray, so the number of

elements in each subarray can be given by Pt = P - N +l . The signal radiated by ,'o

subarray in the far field can be given as

X 0,, Q) = ps, (t)w r.,,"'" 
ro "' (s. l s)

where p : P / N is the energy transmitted by each subarray and w r., is the weight given

6, fi-Afr., "" fr-l-4..-,.,
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to p"elementof n'h subarray. The n'h subarraycontains{ activeweights and P-P, zeros

weights corresponding to inactive elements. s,(r)is the waveform transmitted by n'h

subarray. Overall signal observed in the far field can be written as

t'-tN / --\x(t;ro,o)=E**,,1,-7) (5 16)

By using far field approximation i.e. rp = ro + pdsin(O), the signal in (5.16) will be

P-l N - ,, -, ( ,-ro- Pdsn?\

x(t;r0,0)=l\ot,(t)v'p.,er-"rPn| c ) (5.17)
P=0 n=l

Using the value of fo., from (5.13)

x(t;r,,0) = ,t2'[o(r-'01", 
" iZ ps, (t)w n.,e12r(l"ndsn0tc+tos(n+t)6'(t-r'lc)) 1S. t S;

P=0 n=l

Here the signal in (5.18) can be obtained by the assuming that fi >> log(P){ .The term

inside the summation can be taken as the array factor and its square is the transmit

beampattern. Beam pattern transmitted by ,'' subarray can be given as

B,(t,ro,0) *llr,(t,ro,0)l' = ffi 
ps,(t)wr,,e12r(rxpdsn0/c+^r1ru1o,1'-',,47 

l' 
(5.19)

It can be observed that beampattem depends upon the weights given to a particular

subarray. Therefore, we can adjust these weight properly to get a single maxima which is

one of the main attribute of logarithmic offset based radar systems.

5.3.3 Proposed Receiver side

Signal reflected from a far field target will contain each of the N waveform

transmitted by transmit anay.It is important to mention that we have used a ULA at the
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receiver, where the waveforms will be matched filtered to get desired information. For

receiver array of R antenna elements, signal received on r'o element can be expressed as

Here B is the complex valued reflection coefficient for a target in the far fteld. r,and r,

are time delays on transmit and received side respectively. These time delays can be further

wriffen as

w 4-l
m,(t,0) = p\fitn(t - r,, - r,)et2"ro''Q-t'-t'\

n=l p=l

- _To d,sin0 r -d,sin0',-T- , - ,

r.=+-d,sin? -r-d,sin?zcc

(s.20)

(s.21)

(s.22)

Where ,o =2/" , d, and d. are distance between elements of transmit anay and received

anay. 0 is the angle of target while r is range of target. By applying the narrow band

assumption that s,(f -t)*s,(t-t)and matched filtering the n'' waveform on r'h

element, we will get the data

d,., * p 0 e' 
o'*' 

x 
"tzrLftt'sne+d'sno)

(s.23)

After applying value of f, in(5.23) and using the approximation that frequency increment

is negligible compared to fundamental frequency in second exponential term of (5.23), the

signal can be further written as

dr,, - p 0e 
rt'lL' 

,-rto\' 
"tzrl-lld'srne+d'stn0l

(s.24)

the signal, soHere Lf,is the offset given to n'h subanay. Since r" element will receive arl

output of this element can be written as a vector
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- - r4oL,
Where F = F." 

" ' and u(0,r) is the transmit steering vector with extended length due

to different logarithmic frequency offset in each subarray and given as

u(0,r)=ll 
"rrt 

d'*,...."t(M,-Dvt I etv/: 
"t2v'2....."r(M,-t)v2...... 

1 
"tvt 

d'rr.......d,',-'lru)

. t2nJo,l-sno
y = pBu(0.r)e

v, =(zo ln d, sin o - o" + r)

(s.25)

(s.26)

(5.26a)

(s.26b)

(5.26c)

Where,

v, =(zo [o d, sin o - o" + ,)

w- =(zodnd,sino-0"+r)

Likewise, the received steering vector can be written as

n(0)=lt, 
""'*''"'"............" 

lznLQ-t)t)'stn0) 
u.rT

Using (5 .26) and (5 .27), the virtual data vector for target signal can be written as

v, = [vl y'ry', .....y'rf' : pB"(e)eu(a,r) (5.28)

where I stands for the kronecker product and (.)1 represents transpose operator. Assuming

p interferences in the background of target and introducing the noise term, the final form

can be written as
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Y=Yr+Y,+Y,

= ppv(0,)or(4,,)*Lg,n(e,)ar(eo,r,)+r, (s.2s)
q=l

n,is the noise vector which is assumed to be zero mean white circularly Gaussian noise

with covarianceo'Ir^, where Ir is the NxR identity matrix.

5.3.4 Beamforming for proposed radar

Using a non-adaptive conventional beamformer [21], the received weight vector can

be given byw^ ="(0,)Au(e,,q). Applying these weights, the normalized received

beampattern can be written as

l*1["1a;eu(a.r)]l'B,(e,r)=ffi (s.30)

Where (0,,r,) is the angle and range of target. Putting the value of weights, final

beampattem will be

B,(0,r)- l[v(q)eu(q,';)][v(B)eu(a,r)]l' (s.3r)

ll,(e)eu(4,r)ll'

Next step is to estimate the angle and range of target. For non-adaptive Beamformer,

angle can be estimated as

^(
A =ar1{*;.1*1,(4)8, (e,,dl'\ 6.32)

Likewise, range can be estimated as

^(r = dtl max lwf v( e,)ar1e,,r,)l'\ (5.33)

After completing this step, we have the estimates of both angle and range. Therefore, we
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can exactly locate the target in range-angle dimension i.e.(0,,4) . Estimation performance

of proposed radar systems has been analyzed in subsequent section.

5.3.5 Performance analysis of MIMO-Log-FDA Radar

In this section, performance analysis of proposed radar has been done in terms of

SINR and CRLB.

5.3.5.1 SINR of Proposed Radar

For SINR, modeling a covariance matrix is an important feature. This covariance

matrix can be given as

Wherea, and dn are variances of reflection coefficient of interference and noise

respectively. Since FDA beampattern is time dependent as well as angle and range

dependent, therefore, to reduce its complexity, we can take one parameter as constant to

show its dependence in terms of other two parameters. Here we will fix time to make it a

range-angle dependent beampattem. It is important to mention that we take the snapshot of

beampattems at precise time given by t =lf L, .This assumption makes it easier to model

the covariance matrix for this proposed system. SINR for MIMO-Iog-FDA radar can be

given as

SO/R =
p' oi 

lw i v (e,) a u (e,, q)l'
(s.35)

W. L,*rw.

By putting the values of received weight vector and covariance matrix, (5.35) can be further

written as

c,*, = p'Lo?ln(e,)@u(0,,r,t1["(e )@u(o,,r,)f' + o]t (s.34)
t=l
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p' 6: 
lllv @,rll' ll,(4, r )ll' l'

v"14; e u

p: Bu(0,r)

R = o2Iru,n

Next, the fisher information matrix can be derived as

a

Z p' oi Q@,) 8 u(4, r,))(v (0,) I u(0,, r,))' + olt
SI/y'R =

v(0,)8u(0,,q)

(s.36)

Using the fact thatllt(0,,)ll'=lr, ll"(4)ll':R and simplifoing further, SINR can be

reduced to

5.3.5.2 CRLB

CRLB is used to evaluate the estimation performance of an unbiased estimators. In

this case, the objective is to analyzethe range and angle estimation performance of MIMO-

Log-FDA radar. The parameter vector to be estimated can be givenT =10,11'. Observed

signal d has mean p and covariance matrix R given as

t =zte{oi, (yXn;')r, (r)}

, _2F'l zric, r,t,a,C,)
'- ol lr,rrc, ,:c, )

(5.38a)

(5.38b)

(5.3e)

(5.40)

Where,
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N n_l
c, =lln7' (5.41c)

n=t p=o

Sin"" 
ZPr' 

is the signal to noise ratio (SNR), the CRLB matrix can be obtained as
o;

(zrf^dcosd),t=l-- ,- )

.. ( +r t7, , 4r Lf, atr Lf, \tr=l , * . "' , )

J-' = # c, l-{:1:r, 
-::,:,')

Where C, = 2c,t C,. c$C, - q' ar' Cr'

Finally, the CRLB for both estimates can be given as

I
cRLBoo 

TL.sNn c 'ic'

1RLB,,= ^ ^l ^ otlC,
2.SNR.C

(5.41a)

(s.41b)

(s.42\

(s.43)

(s.44)

(5.4s)

It is important to mention that the extended data vector due to multiple waveforms and

logarithmic frequency offset enable us to get better estimate compared to existing MIMO-

FDA radar and Log-FDA radar.

5.3.6 Simulation Results

Consider an FDA array with l2 transmit antenna elements divided into 3 overlapped

subarrays, where each subarray consists of l0 elements. The fundamental frequency is

I l0





fo=l\GHz and configurable parameters for each subarray of MIMO-Log-FDA radar are

4=l5Khz 5z=30Khz and d= 45Khz respectively. For MIMO-FDA radar [l28] and

Log-FDA radar [68], 4=15Klu will be used throughout the simulation. Distance between

the antenna elements is taken as ),14 to avoid the physical reallocation of the antennas

elements in case of changing the configuring parameterd . Target is assumed to be present

at 0 :100 and r = 40lqn . First part of simulation presents results for transmit side, while

the second part presents the comparisons of beampattem on receiver side followed by

performance analysis in last part of simulation.

In fig 5.6 (a)-(c), results for MIMO-FDA, Log-FDA radar and MIMO-Log-FDA

radar are presented. It can be observed that MIMO-FDA exhibit multiple periodic maxima

in the region of interest. These multiple maxima, other than the desired location,

considerably degrades the SINR performance at receiver side. Fig 5.6 (b)-(c) shows that

Log-FDA and MIMO-Log-FDA produces only a single maxima at the location of target,

which can be attributed to non-uniform offset i.e. logarithmic offset, used instead of

uniform offsets. Since MIMO-Log-FDA radar provides us with an extra degree of freedom

by allowing different logarithmic offset in each subarray, so the beampaffern of MIMO-

Log-FDA radar is better than log-FDA in terms of spread in range dimension as well as

side lobes. Less spread can be attributed to larger logarithmic frequency offset used in

second and third subanay. This less spread in range dimension due to increase in

logarithmic offset has already been shown in simulations of section 5.1, where sharpness

in range dimension increases due to larger logarithmic offset and vice versa.
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Side-lobes levels for Log-FDA and MIMO-LOG-FDA in terms of angle and range

dimension are shown in Fig 5.7 and Fig 5.8 respectively by plotting only angle and range

profile of both radar systems. Fig.5.7 (a) and 5.7 (b) shows the side lobes level of both

radars in angle dimension. Clearly, side-lobes level of proposed radar are lower as

compared to Log-FDA radar. [n the same way, Fig 5.8(b) exhibit lower side lobes level in

range dimension for proposed radar as compared to Log-FDA radar presented in Fig 5.8

(a). Thus by properly handling the non-uniform offset, an improvement in transmit

beampattern can be achieved. MIMO-FDA is not compared due to its inability to produce

single maxima in desired region.
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In the second part of simulation, receiver side has been presented. First of all received

beampatterns for MIMO-FDA, Log-FDA radar and MIMO-Log-FDA radar systems have

been shown in Fig. 5.9 (a)-(c). Due to more focused beams at transmit side, the received

beampaffem of MIMO-LOG-FDA outperform the rest of radar systems. Fig. 5.9 (a) show

the performance of MIMO-FDA radar. It can be observed that MIMO-FDA has placed the

maxima at right position, however, there are plenty of undesired interferences in the region

of interest. This is due to multiple maxima at the transmit side. MIMO-Log-FDA and Log-

FDA on the other hand have suppressed all the interferences in the region of interest.

MIMO-Log-FDA has the best performance which can be attributed to extended data vector

achieved at receiver side due multiple waveforms of MIMO used at transmitter and the

non-uniform offset.
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In the next plot, SINR versus SNR of all radar systems have been plotted. Fig. 5.10

clearly shows that Logarithmic offset based systems exhibit better performance compared

to other radar systems due to single maxima for target at the transmit side. Moreover,

performance of proposed system is better compared to Log-FDA in terms of suppression

of undesired interferences due to variable logarithmic offset in each subanay.

Finally, Cramer Rao lower bound have been plotted for proposed radar system to show the

performance of estimates in range and angle dimension. Fig. 5.ll gives angle CRLB of

proposed as well as other radar systems. All the radars exhibit good estimation performance

in angle dimension, however the proposed radar has better performance by attaining lower

CRLB compared to Log-FDA and MIMO-FDA. Range dimension CRLB of all radar

systems have been presented in Fig. 5.12.lt can be seen that MIMO-LOG-FDA again

0
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Fig.5.10 Output SINR versus SNR performance comparison
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outperform the LOG-FDA and MIMO-FDA by producing better result. This improvement

in estimation performance is the result of more focused transmission on transmit side. In

other words the variable logarithmic offsets in each subarray contributes to performance

improvement compared to MIMO-FDA and Log-FDA radar system'

5.4 Summary of ChaPter

Hybrid MIMO-FDA radar with logarithmic offset has been proposed and explored in

this chapter. Proposed MIMO-Log-FDA radar not only removes the periodicity issue in

existing FDA and MIMO-FDA radar but also provide improved localization in range and

angle through the subanay structure. First an idea of range bins has been presented to

localize more than one targets present at different ranges and angle by using spacing of

quafter of wavelength. Proposed system actually exploits the subarray structure to produce

a more effective system compared to Log-FDA radar in terms of producing maximas for

multiple targets at different ranges. Furthermore, a second proposed scheme investigates

the possibility of variable logarithmic offset in each subarray to focus a single target in

terms of range and angle. Simulations and results have established the effectiveness of

proposed MIMO-Log-FDA with variable Iogarithmic offset.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this dissertation, we have proposed various array partitioning schemes for Hybrid Phased

MIMO radar and MIMO-FDA radar. The standalone Phased array radar and MIMO radar

lacked very important features of waveform diversity and processing gain, respectively. In

order to build a system having both capabilities, Hybrid Phased MIMO radar design was

proposed. Furthermore, MIMO-FDA radar had added the range dependent features to the

hybrid radar designs. However, it was felt that hybrid radar still needs a lot of research to

meet the state of the art radar systems. In this regard the most preliminary problem is to

propose efficient partitioning structures and effective offset selection.

In the work presented here, we have focused on direct partitioning of transmit array

in both Phased MIMO radar and MIMO-FDA radar. In addition, for MIMO FDA, we have

also worked on choosing effective frequency offset for improved performance. For Phased

MIMO radars, we have proposed an unequal subarray based structure to focus same target

with multiple beams of variable width. The scheme has resulted in improvement in side-

lobes level, as well as, SINR. A slightly different type of partitioning has given maximum

waveform diversity to give better interference cancellation than that of conventional

MIMO radar, PAR and Phased MIMO radar.
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In order to improve range angle localization in MIMO-FDA radar with uniform

frequency offset, the idea ofunequal subarrays and double pulse have been introduced to

subarray structure. In particular, double pulse MIMO-FDA resulted in separating the peaks

of coupled FDA pattern in terms of angle and range by treating each in a separate

processing step. Both techniques have shown superiority compared to the existing FDA

and double pulse FDA radar. Perforrnance of these proposed systems have also been

analyzed in terms of Probability of detection and CRLB.

In the last chapter, two structures of MIMO-FDA radar using a non-uniform i.e.

logarithmic frequency offset has been proposed. First, a non-overlapped subanay structure

with same logarithmic offset in each subarray has been presented to overcome the inability

of Log-FDA radar in terms of producing multiple maxima in radar scene. Range bins have

been introduced for each subarray to produce exactly one maxima for each of the target in

different range bins. This is in contrast to MIMO-FDA which produces multiple maxima

from each subarray resulting in serious degradation of SINR. Secondly, a MIMO-Log-

FDA with variable logarithmic offset in each subarray has been proposed to analyze the

effect of variation in non-uniform offset. The analysis and results have clearly shown

improvements in terms of received beampattern, SINR and CRLB, as compared to MIMO-

FDA radar and Log-FDA radar.

6.2 Future work

Future directions for extending the work in this dissertation are as follows

L This dissertation has focused on linear arrays, however, this work can also be

extended to planar and circular arrays. PIanar arrays can localize the target in

azimuth as well as elevation, whereas, circular array canscan horizontally for 360'.
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We believe that working in planar and circular arrays will open some new research

areas and can offer substantial improvements in hybrid radars.

2. Some recent research focuses on developing an intelligent radar called cognitive

radar. A potential future work will be to add some cognition to the hybrid Phased

MIMO and MIMO-FDA radar. Since cognition mainly depends on the feedback

form the receiver, thus using a feedback in hybrid radar will indeed build a most

powerful system, which can adapt according to the changes in surrounding

environment.

3. Another important area of research is to design robust waveforms for hybrid radar

systems. In this regard, waveform designs for MIMO radar can be used as basis to

build new waveforms, which can be effectively applied to hybrid radars under

different scenarios.

4.- Finally, a non-uniform frequency offset based hybrid systems need more

investigation in terms of developing an optimum system. In particular, a MIMO-

Log-FDA can be mixed with non uniform antenna element spacing to open some

new research opportunities in hybrid radar systems.
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