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ABSTRACT 

 

EFFICIENT SIGNAL PROCESSING TECHNIQUES FOR COLOCATED 

MASSIVE MIMO RADCOM BASED ON OFDM WAVEFORM  

 

 

 

Güreş, Seda 

Master of Science, Electrical and Electronic Engineering 

Supervisor : Assist. Prof. Gökhan Muzaffer Güvensen 

 

 

 2022, 103 pages 

 

Radar systems and communication systems play a vital role in military and 

commercial usage of information transmission. The concept of integration these 

systems in a single platform with joint waveform is called as RADCOM (Radar and 

Communication). MIMO structures are promising systems to provide time-

frequency and space usage approach with having multiple transmit and multiple 

receive antennas integrated in single platform. MIMO radar transmits multiple 

probing signals via transmit antennas and receiving antennas are used for receiving 

echos from these transmitted signals. In this thesis, co-located MIMO RADCOM 

systems that use signal sharing method with OFDM modulation are studied. 

Channels are spatially correlated Rician fading, i.e. channel model is composed of a 

line-of-sight path. Channel covariance matrix (CCM) is constructed parametrically 

depended on channel correlation information (angle of arrival and angular spreads). 

Received signal from channel is used to provide target map. Radar data cube, ie. 

target map, is constructed by range, angle and doppler information. 

 

Keywords: MIMO, mmWave, radar data cube, Radcom, CCM 
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Eķ KONUMLU KĶTLESEL MIMO RADAR-HABERLEķME KANAL 

YAPISINDA OFDM DALGABĶ¢ĶMĶNE DAYALI VERĶMLĶ SĶNYAL 

ĶķLEME TEKNĶKLERĶ  
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 2022, 103 sayfa 

 

Radar ve haberleşme sistemleri askeri ve sivil kullanımdaki bilgi iletiminde önemli 

role sahiptir. Tek bir platformda bu sistemlerin entegrasyonunun sağlanması ve aynı 

sinyalin her iki sistem için de kullanılması konsepti RADCOM olarak adlandırılır. 

MIMO yapılar; tek bir platform üzerinde çoklu iletim ve alıcı antenleri ile zaman, 

frekans ve uzay kullanımını sağlar. MIMO radar, iletim antenleri aracılığıyla birden 

fazla sinyali iletebilir. Alıcı antenler, iletilen bu sinyallerin yankılarını almak için 

kullanılır. Bu tezde birlikte konumlandırılmış MIMO radar sistemlerinde OFDM 

modülasyon tipinin kullanıldığı sinyal paylaşım methodu incelenmiştir. Kanallar 

uzamsal olarak ilişkili Rician methoduyla, kanal modelinin görüş hattından 

oluşmasıyla incelenmiştir. Kanal kovaryans matrisi (CCM) parametrik olarak kanal 

korelasyon bilgisine (geliş açısı ve açısal yayılımlar) bağlı olarak oluşturulmuştur. 

Kanaldan alınan sinyal ile hedef haritası oluşturulmuştur. Radar data küp, hedef 

haritası, menzil, açı ve doppler kayması bilgileri ile sağlanmıştır. 

Anahtar Kelimeler: MIMO, milimetre-dalga, radar data küp, RADCOM, CCM
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CHAPTER 1  

1 INTRODUCTION   

Radar systems and communication systems play a vital role in military and 

commercial usage of information transmission. Gathering information from interest 

of area and information transmission are essential in both usage. Communication 

systems are used to transmit and receive signal (information sequence) through 

estimated channel. Radar systems are mostly used to sense the transmitted echoes to 

detect and track any target in interest of area. In that case radar systems transmit 

known signal through unknown channel to estimate the area with echoes, on the other 

hand, communication systems receive unknown signal from estimated channel to be 

clarified. Since these systems have similar structures, the approach of integrate radar 

and communication systems is proposed in many studies. In hardware base, both 

systems require transmit and receiver antennas, signal generators, data processors, 

amplifiers etc. In earlier designs, these two systems have used different spectrum 

bands and that have resulted in to have different operation capabilities. Development 

in hardware of processing systems increases capabilities of frequency bands usage 

and their sharing functionalities. As processor capabilities, antenna designs, 

amplifiers’ requirements and used frequency bands get similar in both systems, the 

concept of radar and communication integration provides effective designs. This 

integration concept in single platform with joint waveform is called as RADCOM 

(Radar and Communication).  

There are different needs to prefer RADCOM designs. For example, from military 

system point of view, airborne, naval and land radars are commonly used for 

reconnaissance and surveillance missions. As long as platform restrictions gets strict, 

platform installation designs get harder. Land and naval radar systems generally do 

not have installation area limits for both radar and communication structures. On the 
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other hand, joint integration of radar and communication systems in airborne systems 

is more critical. In airborne platforms, installations are mostly affected by coverage 

areas, antenna interferences, weight, and power consumption limits of platform etc. 

RADCOM systems provide flexibilities in those cases. For other example based on 

civilian applications such as 5G/6G and smart or fully automated cars also expect 

co-existence and co-operation of radar and communication systems. In that case, 

combining radar and communication systems’ hardware would be effective. 

Different types of design topologies exist in multi-user joint systems. Monostatic 

broadcast channel is used for sending and receiving signal on same platform, on the 

other hand, bi-static broadcast channel term is used only having unique function such 

as only transmitting radar and communication signals. Joint Multiple Access 

Channel (MUDR) topology is based on common receiver for both systems. In-Band 

Full-Duplex Channel (IBFD) topology provides user to transmit radar signals while 

receiving communication signals simultaneously, or vice versa [16]. Although multi-

user joint systems are considered, multi-functional structures are also essential to 

have efficient designs. 

There is a growing body of literature that recognizes the importance of multiple-

input multiple-output (MIMO) systems that uses multiple antennas both for 

transmitting waveform and receiving reflected signals simultaneously. 

Developments in signal processing become to be applicable both for MIMO 

communication and MIMO radar systems. MIMO systems improve the performance 

of the systems such as providing resolution enhancement, achieving higher spectral 

efficiencies, handling interference, and fading problems [5], [13] & [17]. 

Mentioned design topologies can be categorized for MIMO systems as “Distributed 

MIMO Systems” and “Co-located MIMO Systems” depend on antenna distances in 

the platform. In distributed MIMO systems, antennas are widely distributed over an 

area and provides advantages on spatial properties of extended targets and better 

solutions on target detection. On the other hand, antennas are located closely in co-

located MIMO systems.  Co-located MIMO systems can be grouped as Monostatic 

MIMO systems (transmitter and receiver in the same location) and Bistatic MIMO 
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systems (transmitter and receiver in separate locations) [15], [45]. Moreover, 

architecture of MIMO systems depends on radio frequency (RF) chain structure. 

Hybrid beamforming architecture has less RF chain number to control antenna 

elements with analog and digital beamforming components [9], [26]. On the other 

hand, in fully digital beamforming architecture, each antenna element has one RF 

chain.  

Besides installation restrictions, RF medium has finite resources for radar and 

communication operations. In earlier studies, these two systems commonly have 

used different spectrum bands. To deal with inefficient usage of RF band, spectrum 

sharing and joint waveform design concepts have been researched [6]. Various 

methods such as time sharing, sub-beam approach, signal sharing etc. have studied 

[1]. In time shared method, existing hardware design (transmit and receive antennas, 

processors etc.) is used only for one mission at a time with switching function over 

missions. In sub-beam approach, radar and communication missions are separated in 

spatial domain of phased array radar. On the other approach, in signal sharing case, 

radar and communication applications are provided by joint waveform and both 

applications can be operated simultaneously. Different modulation methods are used 

for signal sharing method of RADCOM system designs. Communication signal is 

transmitted via radar (modulated) signal and processing is provided in frequency 

domain. Signals that commonly used for communication purpose such as Orthogonal 

Frequency Division Multiplexing (OFDM) signals, Frequency Division Multi 

Carrier and/or Spread Spectrum (SS) applications can be used for radar missions [1], 

[7]. 

According to architecture of system and transmitted signal specialties, the channel 

estimation and direction of arrival estimation are important aspect of MIMO 

RADCOM signal processing. Channel covariance matrices (CCM) are used to define 

the spatial statistical information of MIMO channel. Many methods have been 

proposed to estimate channel covariance matrices. Most of them based on parametric 

methods and Rayleigh or line of sight way Rician distributions are used for 

individual channels [27]. This thesis provides parametric methods to construct the 
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channel with angles of arrival (AoA) and angular spread (AS) of users. The statistical 

information given in CCM can be used for beamforming operations to provide 

improvement in system performance. Channel estimation will be used to improve 

target detection capability.  

Transmitted signal through channel is received via receiver antennas of MIMO 

RADCOM. In receiver side, each received signal is used for data demodulation and 

radar processing. Signal is stored in a digital memory in radar systems with multiple 

output. Fast time and slow time data is stored and organization of these received data 

provides to have radar datacube matrix based on coherent processing intervals [4], 

[30]. This radar data cube, i.e., as a three-dimensional structure of complex valued 

data, is used to have target map. Range, angle and doppler effects of target can be 

analyzed by having sub arrays from these radar datacubes [4]. 

In this thesis, signal processing for co-located MIMO RADCOM systems is provided 

for hybrid architecture. This processing is motivated by upcoming new 

communication standards such as 6G where millimeter wave frequencies are 

popular.  By creating co-located MIMO architecture with multiple antennas at both 

ends, this thesis proposes a novel technique, Doppler Aware MIMO Channel 

Estimation Based Detection, based on OFDM communication waveform. Instead of 

classical radar approach where channel estimation is not preferred, this technique 

focuses on estimating channel to improve system’s overall radar performance. 

Thesis is divided into six chapters. The brief of literature and problem to be discussed 

are given in introduction part. In Chapter 2, usage, and brief history of RADCOM 

systems, use cases as topologies, MIMO system applications, waveform design, 

signal processing and target map approach are given. In Chapter 3, channel 

construction for massive co-located MIMO architecture based on OFDM signal and 

equivalent model of QAM modulated signal are described. Detailed explanation of 

signal model and channel construction are given with Rician fading model. In 

Chapter 4, the contribution of thesis is described as how to evaluate received 

equivalent model from channel. Channel estimation and its improvements on the 
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target detection are given in detail. Spatial transmitter and receiver digital combiners 

are explained. Radar data cube parameters as range, angle and doppler are described 

and commented. Two conventional methods are driven and differences from 

proposed method are given. Moreover, proposed method and one of the conventional 

methods are used for CFAR detection algorithm in order to compare their probability 

of detection performances. In Chapter 5, performances of the proposed and 

conventional methods are provided and comparison based on the simulation results 

with and without Monte Carlo runs are provided. Chapter 6 concludes the thesis, 

summary of study and planned future works are given. 
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CHAPTER 2  

2 MIMO RADCOM SYSTEMS LITERATURE AND USE CASES  

In this chapter, brief information of radar and communications systems are given. 

MIMO systems and architecture designs are provided. Waveform design techniques, 

beamforming approaches, signal processing methods and lastly radar datacube for 

target mapping (in range, angle and Doppler dimensions) are explained.  

2.1 Radar and Communication Systems in Military and Commercial Usage 

Throughout the human history, there has been always a need for detection of 

unknown objects, enemy battalions and this information needed to send central bases 

where they will be used. The purposes of these actions were mostly military related 

missions but there have also been scientific experiments too. For example, with the 

rapid acceleration on the speed of vehicles used on ground, aerial vehicles and navy 

led to passing from sound wave detection-based systems to radio wave detection-

based systems [38].   

Until the discovery of Maxwell Equations and Hertz’s experiments based on these 

equations, no one considered the potential of radio waves for data transmission or 

detection. Serious works about detection waited until 1930s when high speed long 

endurance aircrafts equipped with heavy artillery started to take scene at field. For 

these aircrafts, the need for early detection occurred and works on this field 

accelerated until 2nd World War [39]. First developed and combat-proven radar 

system was a monostatic radar which was developed by US Navy just before 2nd 

World War began. But the value of the radar systems would have not been 

recognized until the Pearl Harbour and London bombings of Germany during WW2. 

First radars used VHF and UHF frequency bands and based on fully analog 
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architecture. In 1950s the first presentation of Synthetic aperture radar (SAR) 

occurred but the fully capable SAR was ready in the beginning of 1980s. In the end 

of 1950s, in order to calculate possible target’s velocity, the Doppler radar concept 

was realized. Following these advances, navigation, meteorological and imaging 

purposed radar systems were designed. Beginning from the digitalization areas 

around 1970s, humanity advanced on processing techniques. During this era, first 

AWACS airplane completed based on these processing techniques. Ongoing 

technological inventions on computer and integrated circuits led to the realization of 

advanced military radar systems such as Patriot, S-300 and highly capable air-borne 

radar systems until today. The application of radar is not limited with military only, 

radar systems have a wide application spectrum such as navigation, smart car, 

autonomous vehicles (for both ground and navy) [8], advanced mapping, mobile 

phone, television, satellites, space missions and various others.  

On the other side, most of the time the valuable data should be transferred to other 

location in order to make decisions, plans. After invention of telephone, wired 

networks started to occur in civilian and military communities. With the invention 

of radio by Marconi in the very beginning of 20th century, wireless telegraph was 

realized and history of wireless radio wave-based communication began. For 

example, in 1933, most of the people had access to radio in Great Britain [40]. 

Meantime, military requirements grow for communication and communication 

devices such as handsets became more and more sophisticated. The need for 

communication beyond line of sight on the navy and cross-border operations led to 

the integration of satellite advancements with communication purposes. In the end 

of 1970s, the first communication satellite was launched and it was called Echo. First 

mobile phone call was made in the beginning of 1980s and small message system 

was realized in the middle of 1990s. Follow up these inventions, with the growing 

potential of internet and connection of every home with computer, smart phones 

became popular. Readers can refer to [27] for details of generations of mobile 

communications.  



 

 

9 

Nowadays, radio waves are nearly full of all the applications all over the world. 

Therefore, new inventions still come to alive with the ongoing advancements on 

hardware and software. Systems using radio frequencies can now have antennas 

where almost all the components deployed on them are digitalized. With the reaching 

the limits in the radio frequency spectrum, efficiency is must to achieve. Systems 

now have capability to operate on millimeter-wave frequencies and antennas can 

have fully digitalized or hybrid arrays, technologies such as MIMO and high-power 

or very efficient transceivers are possible. That is the main motivation for the 

integration and co-operation of communication and radar systems from same system 

with the aim of minimum hardware load and maximum efficiency. These systems 

are called RADCOM systems. This thesis is focused on RADCOM systems with 

OFDM communication signals on millimeter wave frequency. Details are given 

about these systems in the following section. 

2.2 A Brief History of R ADCOM Systems 

In the need of target visualization or early warning, it is essential to use a system that 

detects possible targets. This system may also need to distinguish neutral/allied 

objects from real targets. In the end these systems are a part of civilian and military 

applications for nearly a century. Radar systems are essential and most of the time 

mission critical systems in an architecture.  

In order to acquire and create awareness for relevant parties, data transfer is essential 

too. For long distances there are various communication techniques. With mobile 

devices in the civilian life, wireless communication is also essential.  

For a long period, radar and communication systems were thought being 

independent. Communication and radar applications were accepted as two edge 

applications where they both need their own resources and could not tolerate another 

application’s need while operating.  
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The main reason for that radar systems did not require reliable data transfer at both 

ends, they only need to hear echoes from possible targets by sending a known signal 

repeatedly. They also needed to operate long distances but the frequency ranges used 

for radar applications have high attenuation property over long distances due to their 

wavelengths. That is why radar systems also required outputs at very high-power 

levels. On the other side, communication systems do need reliable data transmission 

mostly and their working frequencies are much lower than general radar frequencies. 

Communication systems also required to be compact and cost effective, that is why 

their aim was always to put higher data rates with lower error rates to more and more 

users from one base station or server modem.  

Despite above differences between communication systems’ and radar systems’ 

design aspects, they include very similar structure such as they both include antenna, 

transceiver, data processor, local oscillator, amplifier, signal generator etc. design 

steps. As time goes on, the operation frequency difference, processor capabilities, 

antenna design and MEMS level integrated circuits started to become more and more 

similar for both systems.  

The idea of looking at both systems independently started changing at late 1980s. 

There is program followed by U.S. scientists since 1980s which aim to integrate 

shipboard applications such as radar, communication, electronic warfare by using 

common hardware setup. The reason for this integration comes from the fact that as 

the technology involves and enables more and more application, number of antennas 

for different systems grow. This program aims to integrate many systems, i.e., not 

just radar and communication functions hence its transmit and receive side antennas 

were placed separately and its operation frequency was selected as 6-18 GHz for 

critical Electronic Warfare functions to continue without any flow.  

Rather than only focusing military requirements, anyone can accept the coexistence 

of RF radar and communication systems is not only important for military purposes, 

but they are also important for next generation unmanned vehicle applications, smart 

medical applications/systems, 5G and now 6G wireless communication standards.  
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Until the late 1980s, communication and radar applications were accepted as two 

edge application where they both need their own resources and could not tolerate 

another application’s need while operating [2], [3]. On the other side, two 

applications were designed to operate side-by-side on same application most of the 

time. One of the use-cases were given in Figure 2.1 where two systems operate 

independently for aerial application [16]. In [16] and [29], approaches include using 

the same system where two system operation mode exists but do not work together 

simultaneously offered.  

 

Figure 2.1. Radar and communication structure. 

Radar and communication systems reserved RF frequencies also tend to be full and 

need to be expanded or interfered with each other even if they won’t be coexisted 

together [12]. Readers can refer to RF radar and communication frequency usage 

details in [41]. The summary of the current usage details is given in Figure 2.2.  

 

Figure 2.2. Radar and communication usage [41]. 
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Sub 6GHz frequency bands are popular due to their civilian usage permissions and 

electromagnetic wave characteristics. They are used for mobile communication, 

satellite navigation and various other commercial applications. They tend to have 

larger than centimeter level wavelengths hence their attenuation is more applicable 

for applications which have long distance and low signal power requirements. These 

are the fundamental reasons for the crowd on those frequencies. Higher frequency 

spectrums tend to have millimeter level wavelengths and their vulnerability to 

attenuation and correlation happens more rapidly. However, these are also the 

frequency bands which are more available for new experiments and methods. 

Multiple Input Multiple Output (MIMO) antenna designs happened with the 

invention of fully digitalized antenna arrays on the transceiver design. First 

commercial and official use for these antennas observed in the LTE mobile 

communication standard and this technique enabled data rates which were never 

been observed by 3G or HSPA+ with CDMA techniques. To enable these 

advantageous features of MIMO technique, 5G standard includes massive MIMO at 

millimeter wave frequency bands. With the higher frequencies, MIMO antenna 

design, advanced digitalized beamforming techniques with cost effective hardware 

designs, a sensing signal can also be adapted to these communication channel [17], 

[46]. There are also various application examples given for radar and communication 

integration in [1], [2] and [16].  

Waveform design is one of the most important design criteria for co-existence of 

these systems. There are different approaches to these criteria [22] and details of 

waveform design will be given in following sections. In this dissertation signal 

sharing approach i.e., Orthogonal Frequency-division Multiplexing (OFDM) method 

is adopted as in most of the co-operation works done in literature.  

In addition to waveform, topology or multiple antennas equipped hardware 

developments in communication technology led to the idea of usage of Multiple 

Input Multiple Output radar [28]. The using of multiple input, output simultaneously, 

the critical effect of fading on propagating signal can be degraded. Radar systems 
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are also vulnerable to fading and MIMO can be a key technology for radar systems 

to overcome fading effects.  

Readers can also refer to [42] for the details of first-generation tight integration 

which will be presented with 6G standard, between communication and radar 

systems which enable very high data rate communication and sensing capabilities. 

2.3 RADCOM Systems Use Cases 

This dissertation focuses on the integrated radar and communication systems radar 

outputs. In this section, information about the design approaches adapted for 

RADCOM, waveform requirements for RADCOM integration to be effective, 

modulation techniques used with these designed waveforms and the radar data cube 

explanation, the motivation of this dissertation are provided with related sub-

sections. 

2.3.1 Platform Design Approaches 

2.3.1.1 Topologies 

Different topologies exist about co-operation and integration of radar and 

communication functions at one platform. These can be classified as monostatic 

broadcast, bi-static broadcast, in-band full-duplex and joint multiple access channel 

topologies [16].  

Most of the radar and communication platform has been used with the consideration 

of independent waveform, antenna, platform and processor until the new 

technologies such as digital beamforming, massive MIMO entered to literature. The 

visualization of conventional topology is given in Figure 2.1. This thesis focuses on 

using monostatic topology. Details of proposed topology and other topologies are 

given in the following sub-sections. 
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2.3.1.1.1 Monostatic Broadcast Channel Topology 

A monostatic radar structure consists of co-located transmit and receive antennas at 

one platform. The basic picture of its structure and usage of monostatic radar 

structure with communication function simultaneously are given below figure: 

 

Figure 2.3. Monostatic Broadcast Channel Topology. 

In order to operate from same platform for radar and communication functions, 

shared or common waveform which is able to operate for both functions should be 

imposed. From the figure above, one can observe that the platform on the left side 

now could send a known sense signal to wireless channel environment and receive 

its echoes from possible targets. It also has ability to send communication data to 

other communication transceivers. Both functions use common waveform and 

modulation techniques. Such system is provided in [34]. The multiple user case can 

easily be adapted by using massive MIMO communication structure.  

2.3.1.1.2 Bi-Static Broadcast Channel Topology 

A bi-static radar structure consists of spatially separated transmit and receive 

antennas at platform side. Hence there will be a center station where controls and 

processes the received echoes from transmitted signals in order to acquire if a target 

exists or not. The basic picture of bi-static structure and usage of bi-static radar 

structure with communication function simultaneously are given below figure. 
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Figure 2.4. Bi-Static Broadcast Channel Topology. 

For this architecture to be realized, a common waveform must be imposed to the 

system architecture too. From the figure above, one can observe that the platform on 

the left side now could send a known sense signal and communication signal and is 

called transmitter side. On the other hand, the right side can collect echoes and 

communication data hence it is called receiver side. The main advantage of this 

architecture is that with the separation, transmit and receive signal interference can 

be assumed to be zero. But in order to acquire radar information and process it, 

receiver side is still assumed to have the perfect knowledge of the transmitted sense 

signal information. Here again, the multiple user case can easily be adapted by using 

massive MIMO communication structure on both transmit and receive sides. 

2.3.1.1.3 In -Band Full-Duplex (IBFD) Channel Topology 

In this architecture on side transmits radar signals and receive communication 

signals, other side receives radar signals and transmits communication signals. This 

approach enables the full-duplex usage of frequency spectrum rather than half-

duplex usage given in first two topologies. The picture of this topology is given 

below figure. 



 

 

16 

 

Figure 2.5. In-Band Full-Duplex (IBFD) Channel Topology. 

Transmit and receive sides are separately located similar to bi-static topology again 

and efficiency is optimized in the manner of usage full-duplex but this topology 

comes with the need of mitigation of self-interference where the details of this 

mitigation and suppression techniques are provided in [43].  

2.3.1.1.4 Joint Multiple Access Channel Topology 

Until now, the topologies assume two sides separately and operates one function at 

given time period. Recent technologies have potential to enable simultaneous 

operation of transmit and receive signals for both radar and communication purposes 

from one platform with multiple user equipment in the channel environment. The 

visualization of this architecture is given below figure. 

 

Figure 2.6. Joint Multiple Access Channel Topology. 



 

 

17 

To realize this topology, there is a need for proper antenna design, waveform 

selection [21] and digitalization process to optimize hardware needs. The enabling 

technologies such as MIMO, beamforming and OFDM details are given in the 

following sections.  

2.3.2 RADCOM Enabling Technologies 

1 There are enabling technologies for integrated work principle of Radar and 

Communication systems together. These key features are Multiple Input Multiple 

Output technology for needed spectral efficiency, beamforming techniques for 

received signal relation portion isolation from other signals and waveform designs 

which enable operating on frequency domain. This section explains summary of 

these techniques and the reason they are chosen for this dissertation. 

2.3.2.1 MIMO Systems 

The main goal of the wireless communication service is to provide a service with 

satisfactory quality and continuity to its user. Wireless communication with 

traditional communication architecture reached its limits in last decade by means of 

data rate, number of users and frequency/spectral efficiency. The signal to 

interference and noise ratio gains can only be increased by little amounts with 

increasing the signal power or using multiple antennas on the base station with phase 

array logic since these gains stay in the logarithmic part of the SNR/SINR calculation 

[18]. 

In order to upgrade SINR linearly (outside of the logarithmic portion of SNR/SINR 

equation), architectures with spatial diversity must be imposed instead of current 

ones. Multiple Antenna networks can achieve it by placing N times antennas at the 

transmitter and receiver sides separately or simultaneously [5].  
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In the past, mobile communications such as 4G and 4.5G adopted MIMO 

architectures to its networks but they were limited to little number of multiple 

antennas such 2x2 or 4x4. In 5G, definition of MIMO becomes much clearer and 

antenna numbers increase to the numbers up to 192 [27].  

For practical cases, correlated channels are considered and that is the reason of 

modelling channel correlation matrices is one of the key processes in MIMO 

architecture. In this dissertation, MIMO channel is constructed parametrically based 

on angle of arrival and angular spread.  

MIMO architectures can be grouped as Distributed MIMO systems and Co-Located 

MIMO systems based on the antenna localization of related MIMO network. These 

architectures are explained briefly in the following sub-sections.   

2.3.2.1.1       Distributed MIMO Architecture  

Distributed MIMO architecture is the MIMO architecture where widely separated 

antennas are placed in order to achieve high spatial diversity for calculation of target 

radar cross section. Better target detection performance is possible with calculated 

radar cross section of possible targets [15]. This architecture is also called as 

statistical MIMO [19]. 

2.3.2.1.2       Co-located MIMO Architecture  

Co-located MIMO architecture is the MIMO architecture where receive and transmit 

antennas are placed very closely to each other. This type of placement gives a few 

advantages such as optimization of beam-patterns and waveforms especially on the 

transmit edge [15]. This architecture also allows target detection and channel 

estimation [14]. This architecture is also called as coherent MIMO [19].  

Co-located MIMO architecture with monostatic topology is the most common and 

up to date technique used in current communication and MIMO radar systems. The 
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reason for that, communication systems use waveforms which are divided into 

constant power subcarriers during a predefined bandwidth on frequency domain. The 

details of waveform types will be given in following sections and details of massive 

MIMO coherence bandwidth and block structure can be followed from [18]. 

In this thesis, co-located MIMO architecture is assumed to have Nt transmit antennas 

and Nr received antennas at the same location (i.e. base station). Details of co-located 

MIMO channel model are given in Chapter 3. 

MIMO systems do work under strict multipath conditions especially on urban 

models. There are a few models to include multipath effects on the signal attenuation 

such as Rayleigh and Rician. Details for these models are provided in the next 

chapter. 

2.3.2.2          Waveform and RF Design Approaches, Beamforming 

Techniques 

MIMO technology enhances the spatial diversity for radar and communication 

functions. It enhances radar target detection capability and enables better 

performance on parameter estimation by providing more data for processors. On the 

communication side, MIMO comes with the performance estimation enhancements 

which multiplies SINR/SNR of system’s performance linearly i.e., out of the 

logarithmic part of SINR/SNR.  

However, MIMO alone is not sufficient for enabling integrated operation of radar 

and communication functions on one platform. Designers must decide working 

scenario and find a suitable waveform for MIMO principles to impose and finally 

use the optimized beamforming techniques in order to operate on the intended area 

of interest. 
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2.3.2.2.1 Design Approaches 

When radar data and communication data are combined, there are three different 

approaches to handle data considered until today.  

Time-sharing design approach is the readiest approach since it only adds a strobe 

switch to current architectures of radar and communication systems. Systems do not 

change their architecture and processing software, algorithm. It has a certain working 

logic such as when one of the systems is working actively, the other one should wait. 

Hence, there are limited periods attained for working of two systems separately. This 

architecture is the easiest to apply but comes with flows such as the communication 

link becomes unreliable most of the time and communication process gets 

communicated if user wants a reliable data transfer due to the need of selective 

retransmission protocol like TDP [1].  

The second approach is familiar from phased array radar architecture which is called 

sub-beams. This concept developed for the project AMRFC [2] and aims to co-

operation of additional systems such as electronic warfare rather than only radar and 

communication systems. In this approach the antenna array is divided into portion 

for specific functions hence all the spatial diversity is not imposed to radar and 

communication functions. Besides that, phased array antenna structure has a finite 

power output hence division into groups decreases the power used for specific 

function and directly decreases the radar performance [1]. 

The final approach is the most logical approach for co-operation of radar and 

communication systems. In this approach a common waveform created to be used 

for radar detection and communication data transfer. That approach is called signal-

sharing. This approach allows tightly coupled integration between two functions. In 

order for this approach to work properly, a common waveform should be generated 

on the transmitter side. In this dissertation the final approach is used with proper 

waveform. The waveforms used for RADCOM are briefly explained in the following 

section. 
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2.3.2.2.2 Waveform Design 

In order for signal-sharing approach to work properly, the communication data shall 

be integrated to radar transmit signal with proper modulation. According to [18] 

Time Division Duplexing (TDD) protocol is the most efficient way to estimate a 

communication channel in MIMO network. However, most of the communication 

frequency spectrum is reserved for Frequency Division Duplexing and in frequency 

domain there are various modulation techniques for spectral efficiency.  

The communication channel shall be memoryless in order to cancel out inter symbol 

interference. This leads to easier estimation for wireless channel occurred during 

communication. The nature of the wireless channel is that they have predefined 

bandwidth and dispersive property in time domain. In order to get a better estimate 

and memoryless property, this bandwidth can be divided into many subcarriers on 

frequency domain. This will lead channel dispersion effect to diminish [18].  

On the other side, frequency domain radar detection performance by dividing 

channel into many subcarriers is popular in the last decade. Hence, using a frequency 

division duplexing with many subcarriers can be used as a rule of thumb to create a 

dedicated modulation technique for RADCOM operations.  

There are various methods and among them the most popular ones are called as 

Spread Spectrum, filter bank multi-carrier (FBMC) and orthogonal frequency 

division multiplexing (OFDM) [1], [10] & [18].  

Spread spectrum techniques are divided into two sub-categories such as DSSS and 

FHSS. In DSSS, selected symbol is represented by one portion of pseudo-random 

sequence and all pseudo-random sequence is used for communication [31]. In FHSS, 

one hoping is given to certain data symbol and all other hoping sequences are used 

for communication. Hence, spread spectrum enables higher bandwidths by enabling 

much larger sequences than the communication symbol [1]. It has self-proven code 

words in communication application but for radar functions, code words are still a 
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working area since they are not design adequately for radar purpose. Space-time 

coding is applied in [11] for MIMO radar and promising results are acquired. 

Filter bank multi carrier technique uses large number of carrier signals like OFDM 

but pass subcarriers through a filter which removes the enforcement of orthogonality 

between them and cyclic prefix requirement [44]. FBMC modulated signals are more 

complicated than OFDM modulated signals hence system complexity grows. With 

the addition of MIMO architecture, this method is not practical yet.  

OFDM technique uses orthogonal multi-carrier signals with much higher frequencies 

than baseband signal transmitted from base station. In theory, with the increasing 

number of carrier signals, the constant envelope can be constructed. The figure of an 

OFDM scheme is given below: 

 

Figure 2.7. OFDM scheme [24]. 

In [1], [35], and [36], there exists experiments and simulations related to radar part 

of integrated system. In [20], there is a state of art transmitter design for MIMO 

OFDM RADCOM platform. Results are satisfactory and shows that with proper 

modulation techniques imposed on carrier signals, both communication and radar 

functions can operate tolerably. The summary of this system is given below. By 

applying the IDFT to received OFDM signal, distance and speed information of a 

possible target can be estimated with high resolution [32].  
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Figure 2.8. OFDM RADCOM system block diagram. 

In OFDM technique, there is cyclic prefix and orthogonality requirements. Cyclic 

prefix results a guard interval and a waste of power and spectral efficiency. 

Orthogonality limits the usage of other modulation techniques. However, OFDM is 

still considered as the most applicable technique for MIMO RADCOM applications. 

OFDM provides frequency domain diversity in addition to spatial diversity coming 

from MIMO. In other works, OFDM proves itself with proper coding [11], [32]. 

2.3.2.2.2.1 The Waveform Justification Used in This Dissertation 

Radar and communication systems co-operation needs to be considered for both 

sides. For radar side, possible target range, Doppler velocity and angle of arrival shall 

be calculated with defined waveform. On the communication side, intended data 

rates shall be evaluated under the purposed bit error rate goal. Waveform shall 

preserve itself from multipath effects, interference. Continuity shall be achieved on 

the signaling for communication hence symbol repetition shall be high enough.  

In the light of above summary, using OFDM with adequate modulation gives higher 

performances [23]. The modulation technique is chosen from digital communication 

standards for MIMO and multicarrier transmission. The most adequate ones are 

phase shift keying such as BPSK, QPSK or quadrature amplitude modulation such 

as 16 QAM, 64 QAM from discrete phase shift keying modulation literature [30]. 

In this dissertation, OFDM technique is adapted by imposing QAM symbols onto 

orthogonal basis functions hence proper waveform requirement for MIMO 
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RADCOM radar application holds. Since the scenario used in this dissertation 

includes strong multipath effects and mobile targets causing Doppler shifts, QAM 

fits better for radar applications. Hence QAM is chosen for multicarrier modulation 

and coding. 

2.3.2.2.3 Beamforming Techniques 

Beamforming technique is a method to create virtual isolated MIMO channels by 

arranging main lobe beam to steer to area of interest. With this technique, radiating 

to unwanted locations/users/targets can be cancelled. As mentioned earlier, in co-

located MIMO architecture antennas are located very close to each other hence the 

arrangement for steering and optimization of beamforming is possible [25]. With the 

growing number of possible antennas at MIMO architecture, the noise and fading 

effects can be assumed to be diminished with pinpoint property [26].  

It is possible to make beamforming at both transmitter and receiver sides with 

RADCOM. On the transmitter side, the succession for illumination of the area of 

interest enables efficient use of system power. Beamforming on the transmitter also 

leads to optimum use of sensing signal of RADCOM system. On the receiver side, 

beamforming is useful to cancel out inter-symbol interferences coming from the 

reflection of transmitted signals. By taking the reflections from only certain angle, 

receive end efficiency increases.  

There are two types of beamforming techniques. One of them is to use analogue 

beamforming where each antenna element is added with a phase shift. This is the 

fundamental method for beamforming. As the technology involves and the number 

of antenna elements increases, digital beamforming became popular technic. Digital 

beamforming is hard where antenna numbers are very high since each antenna 

element is assumed to have RF chain. With the perfect channel information or 

estimation, isolation of desired signal is achieved [27]. In real world applications 

where transceivers are expensive and as the number of hardware grows in a platform, 
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power and heat consumptions increases, users can accept some performance 

degradation. The hybrid use of analogue and digital beamforming techniques started 

to adapt into RADCOM systems which are called hybrid beamforming techniques. 

Relevant works and promising results can be found at [26] and [52]. 

In this dissertation, the main purpose is to provide a framework for future MIMO 

OFDM RADCOM systems. Hence, hybrid DFT beamforming is adapted for 

efficiency at both transmitter and receiver sides. Details of DFT beamforming is 

given in the following chapter. 

2.3.3 Radar Datacube  

Radar systems processes signals in three-dimensional (3D) spherical coordinate 

system. Spatial distribution of received signal is analyzed in three-dimensional space 

consisting of delay-angle-doppler information.  

Received signal voltage is recorded as a function of time in pulsed radar. In [4], radar 

data acquisition is explained according to pulse numbers of radar signal. In case of 

radar transmits one pulse, echo power at the receiver decays with range or time. 

Noise power is considered to be constant. 

 

Figure 2.9. Received signal voltage drop through range time. 

Radar receiver measures the received signal power in the determined interval, R1-R2. 

The received signal is demodulated and complex-valued baseband signal is obtained 



 

 

26 

and sampled at high rate. In this thesis, fast time components are OFDM subcarriers. 

Resulting samples are stored in a digital memory as given below.  

 

Figure 2.10. Radar datacube, one-dimension. 

A set of N samples that obtained from one transmitted pulse are reffered as range 

cells, i.e., fast -time samples. In Figure 2.10, the vector of fast-time samples for 

single transmitted pulse is illustrated.  

In multiple pulses case, periodic series of pulses are received. The time between 

pulses are referred as pulse repetition interval (PRI) or its inverse as pulse repetition 

frequency (PRF). The vectors of N fast-time samples for each of the multiple pulses 

(M) are given in two dimensional digital memory as below. 

 

Figure 2.11. Radar datacube, two-dimensions. 

Multiple pulses are illustrated as pulse number axis and its referred as slow-time 

index. In Figure 2.11, gray shaded samples in the data matrix is the slot time signal 
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for that range. Thesze are samples of echoes received after the same delay from the 

successfully received pulses. In other words, these samples represent the reflectivity 

from the same angle and range measured with sampling interval equals to PRI. 

Therefore, slow-time sampling frequency is referred as PRF.  

The received echo from moving target resulted in different frequency from 

transmitted signal. In that case, Spatial Doppler effects shall be considered as doppler 

shift in received signal. Doppler components in the received signal are reflected in 

the slow-time phase history of memory matrix. In other words, Discrete Time Fourier 

Transform (DTFT) of the slow-time signal in memory matrix gives Doppler 

spectrum. PRF is the slow-time sampling rate that defines the apparent interval of 

the Doppler spectrum. 

Multiple simultaneous outputs generated radars as in this thesis, construct three-

dimensional memory matrix. Receiver antenna has multiple subarrays that all of 

them having their own receivers. Each receiver generate a two-dimensional matrices 

as discussed above. In these cases, the third dimension is the receiver channel. 

Resulted three-dimensional matrix is called as radar datacube. 

 

Figure 2.12. Radar datacube, three-dimensions. 

In the figure above, N is the number of range samples. M is the number of OFDM 

symbols. The Doppler spectrum is the DTFT of the slow-time data.  
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Radar processing operations use radar datacube. Subvectors or submatrices can be 

obtained from radar datacube and therefore, radar datacube can be examined for 

Range-Angle analysis, Doppler processing results and so on. Correspondace 

between radar signal processing operations and radar datacube is given in [4]. 

This dissertation proposes a tecnique for OFDM symbol based MIMO 

communication channel to combine all radar datacube dimensions from estimated 

communication channel information. Details of this method are given in Chapter 4. 
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CHAPTER 3  

3 SYSTEM MODEL  AND CHANNEL COVARIANCE MATRIX CONSTRUCTION 

In this chapter, architecture, channel construction and the system model of this thesis 

are given. Brief examples of CCM usage in earlier studies are provided. The 

mathematical model that is used in this thesis, parameters of channel and received 

equivalent model are provided. 

3.1 Architecture  

The concept of integration radar and communication systems in a single platform 

with joint waveform is called as RADCOM (Radar and Communication). In this 

study, MIMO structure is considered for RADCOM systems. Topologies of platform 

design are given in detail above chapters. In this thesis, co-located monostatic 

structure is provided as architecture. NT x NR MIMO channel is considered with NT 

transmit antennas and NR receiver antennas with uniform linear array (ULA) for kth 

scatterer point on collocated MIMO system. MIMO kth scatterer spatial channel 

response is given by ἰ  where k = [1, 2, …, K]. Base station (BS) beamforms, i.e., 

precodes, S streams for sensing and users in sector of interest (SOI). Multiple 

transmit and receiver antennas on same platform is considered as MIMO. By these 

transmitted S streams over channel, total number as K echoes are gathered via 

receiver antennas. Regardless of number of users in SOI, total received signals are 

considered and equivalent received signal is analyzed in this thesis. 

Architecture of MIMO systems also depends on radio frequency (RF) chain 

structure. Hybrid beamforming architecture has less RF chain number to control 

antenna elements with analog and digital beamforming components [9], [26]. On the 

other hand, in fully digital beamforming architecture, each antenna element has one 

RF chain. In [9] research, hybrid beamforming architecture is given. That research 
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examines the MIMO systems’ range-angle profiles for one point of target. Similarly, 

the aim of this thesis is analyzing range, angle effects of the received signal in co-

located MIMO RADCOM systems with hybrid beamforming architecture. In 

addition to previous studies, Doppler effects are considered in this thesis.  

3.2 System Model 

3.2.1 System Geometry 

Orthogonal frequency-division multiplexing (OFDM) is mainly used for 

communication missions. As discussed previously, radar systems mainly focus on 

sensing the echoes reflecting from targets. For RADCOM point of view, (OFDM) 

symbols are considered as transmitted data. Quadrature Amplitude Modulation 

(QAM) is considered. Modulated OFDM symbols are transmitted via NT transmit 

antenna through channel. Channel is constructed parametrically which depends on 

Angle of arrival (AoA) and angular spread (AS). Each pair of channel instances are 

considered for covariance matrices and channel covariance matrix (CCM) is 

constructed. Channel is modelled by focusing on the received LOS components of 

reflections with Rician fading. After that, received signal vector from channel is 

projected into the angle domain with help of beamforming vectors. Resulted signal 

model is used in proposed and conventional methods. 

In proposed technique, resulted signal model is used for channel estimation. Channel 

is estimated to be used for spatial digital combiners at Tx/Rx sides. At the end, 

combined equation form of received signal is obtained to analyze. Symbols can be 

decomposed for communication missions. In this thesis, radar signal processing part 

is mainly focused on. Therefore, range-angle maps for spatially spread targets are 

obtained and analyzed. Finally, CFAR detection is applied with Cell Under Test 

(CUT) to angle-range-Doppler radar cells. 

Detailed system model structure is illustrated as given below. 
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Figure 3.1. Block diagram 
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3.2.2 Channel Covariance Matrix (CCM)  Construction 

3.2.2.1 Channel Response 

Channel response is the frequency response of the channel calculated for each 

measurement. The channel response from user equipment to one of the base stations’ 

antennas is a vector with random variables in a fading channel. Channel responses’ 

statistical dependency is driven by the channel model. If the channel direction is 

uniformly distributed over the unit sphere and the channel gain and channel 

directions are independent variables, then channel is called as uncorrelated. Spatially 

uncorrelated channel model can be examined by Rayleigh model [18]. In real world, 

channels are spatially correlated. Statistically correlated channels with Rician fading 

are studied in this thesis.  

The covariance of each pair of user equipment and base stations’ antennas are given 

in a matrix called channel covariance matrix (CCM) in MIMO channels.  

3.2.2.1.1 Fading 

Transmitted signal through channel generally destructed by interference and 

scatterers. Received signal is affected by these interferences of signals in the 

transmission area and scatterers occurred by barriers between transmitter and 

receiver antennas. Therefore, distortions in transmitted data occurs as amplitude, 

phase, and delay differences in received data. Power of the transmitted signal is 

diminished at receiver side. These results are called as the fading concept. In [47], 

fading concept of communication channel is divided into two sections. Signal 

amplitude and the segment changes by path loss is called as small-scale fading. 

Rayleigh and Rician fading models are kind of small-scale fading methods. Rayleigh 

Model can be used if the fading is gotten by multipath acquisition. In Rayleigh 

model, all signals are gathered between transmitter and receiver without considering 

any dominant viewable, i.e., line-of-sight propagation. On the other hand, Rician 
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model considers line-of-sight path. Both line-of-sight (LOS) and non-line-of-sight 

(NLOS) components are considered [47]. Following figure illustrates LOS and 

NLOS distributions over communication channel. 

 

Figure 3.2. LOS and NLOS distributions over communication channel. 

In order to construct the channel model, parametric methods are driven. Details are 

given in following sections. Methods in research [27], [37] and [48] are used for 

obtaining channel model in this thesis. In [27] and [48], Rayleigh distribution method 

is given. On the other hand, in [37], channel model is constructed with Rician fading. 

In this thesis, LOS components are also considered. By using Rician fading, channel 

mean component is controlled by Rician factor. 

3.2.2.2 Channel Covariance Matrix 

Statistical information of channel for each pair of instances are provided by channel 

covariance matrix (CCM).  

For N x K multi-user MIMO channel, N X N (one for uplink and one for downlink 

cases) matrices should be considered for equal number of transmit and receiver 

antennas (N). In [27] and [37], only uplink models are considered. In [27], usages of 
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these estimations are given for TDD and FDD operations, and uplink CCM 

estimation method is explained. In [48] uplink and downlink channel estimations are 

given. In this thesis, MIMO structure is used for closely placed multiple transmit and 

receiver antennas. Channel Covariance Matrix is constructed based on this structure. 

3.2.2.3 Channel Covariance Matrix Parameters 

Parametric methods of channel construction are considered in this thesis. Angle of 

arrival (AoA) and angular spread (AS) definitions are used as parameters and details 

are given following chapters. 

3.2.2.3.1 Angle of Arrival (AoA)  

In order to process the signal, characteristics of the received signal such as signal 

amplitude, power, frequency, phase, power delay spectrum, and angle of arrival 

should be analyzed [4]. The direction of arrival of received signal shall be determined 

according to impinging on receiver antennas’ arrays [49]. 

Angle of arrival (AoA), ‰, illustration is given below for uniform linear array (ULA). 

Antenna element spacing is given with d. Received RF signal has wavelength λ. 
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Figure 3.3. Angle of arrival (AoA) in the receiver antenna array elements. 

In order to illustrate angle of arrivals in multi-cell structure, [50] can be referred. In 

[50], uplink (UL) training and downlink (DL) transmission phases are illustrated by 

TDD method. Multi-cell network is constructed with hexagonal cells in length r2. All 

user equipments are given distances r1 from their base stations (BS). 

In [49], angle of arrival (AoA) and its estimation methods are studied for applications 

as beamforming, tracking, etc. AoA estimation systems are divided into two 

categories such as switched beam system (SBS) and adaptive array system (AAS). 

In SBS, the angle of arrival is considered as the angle of the beam with highest 

received power. In AAS, beams are designed to steer the interested area. Antenna 

array elements are set with weights to steer the defined direction. There exists M 

receiver antenna elements in AAS which is compatible with used parameters in this 

thesis.  

3.2.2.3.2 Angular Spread (AS) 

Angular spread is the other parameter that spatial channel correlation depends on. 

Angular spread is used for representing the variance of angle of arrivals. Following 
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figure illustrates angular spread, ɝ , for one scatterer, located at d distanced from 

receiver antenna array element. Scatterers of radius r around user equipment creates 

angular spread [18]. 

 

Figure 3.4. Angular spread for one target. 

In [33],  the effect of angular spread on the performance is demonstrated for ULA 

system and MUSIC algorithm is used for angle of arrival estimation. Unlike this 

thesis, fading method is given as Rayleigh distribution in that research. Larger 

angular spread values resulted in degregadation on receiver performance. AoA 

estimation and data detection from received signal are affected. In that case, smaller 

AS is desired during constructing CCM. 

3.2.2.4 The Mathematical Model for Channel Covariance Matrix 

Construction 

CCM is used for covariance information of channel in MIMO system. In this thesis, 

transmit and receiver antennas effects are considered for spatial channel response 

based on spatially spread targets. NT x NR MIMO channel is considered with NT 

transmit antennas, NR receiver antennas for sector of interest (SOI) on collocated 

MIMO system. In receiver side, downlink data is considered. Uplink users are 

considered to behave like interference and effects are considered to be in noise 

component. The kth scatterer spatial channel response can be represented as ἰͯᶰ

ὔ‘ȟȟἠ  ὥὲὨ ὔ‘ȟȟἠ  where k = [1, 2, …, K]. Scatterers have identically 

distributed channels, where ἰ  is channel response vector of complex Gaussian 



 

 

37 

distributed random variables with covariance matrices ἠ  in receiver view and ἠ  

in transmitter view. Channel is constructed parametrically based on angle of arrival 

and angular spread. Far field is considered, in that case, angle of arrival and angle of 

departure are given same in following equations. Channel covariance matrix (CCM) 

depends on angular power profile of related scatterers. Angular power profile is 

assumed to be non-zero in narrow angular interval. Since angular power profile 

adjusts power distribution among scatterers and it is assumed to be uniform. For 

Rician fading, channel can be modelled with a covariance matrix ἠ  and means 

‘  for received antennas and ἠ  and with means ‘  for transmit antennas. 

ἠ  expresses the spatial correlation among receiver antenna elements and ἠ  

expresses the spatial correlation among transmit antenna elements.  

General spatial response of channel for kth scatterer is given below. 

 ἒ ἠ Ⱦἒ ἠ Ⱦ

 

 + Ἱἠ‘ȟ Ἱἢ‘ȟ ὑ

 

 3.1 

ἒ  is general impulse response matrix and independent zero-mean circularly 

symmetric complex Gaussian random variables with variance „ .  

3.2.2.4.1 Rayleigh Power Term 

Covariance matrix for received antenna depends on angular power profile and 

obtained as given below.  

 
ἠ ⱬἳ‰Ἱἠ‰Ἱἠ ‰Ä‰ 

3.2 

Covariance matrix for transmitted antenna also depends on angular power profile 

and obtained as given below. 

 
ἠ ⱬἳ‰Ἱἢ‰Ἱἢ ‰Ä‰ 

3.3 
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where ⱬἳ‰  is the angular power profile in angle domain and it depends on ‰. As 

in [53] angular domain is assumed to be restricted between ‰  and ‰  

in angle domain for kth scatterer where ‰  is used for angle of arrival (AoA) and ɝ  

is used for angular spread (AS). As in [53], angular power profile is considered as 

given below where rect(‰) is well-known rectangular function, equal to one for -

1/2≤ ‰≤1/2.  

 
ⱬἳ‰  „ ÒÅÃÔ

‰ ‘  

„
 

3.4 

Ἱἠ‰  and Ἱἢ‰  in Equation 3.2 and 3.3, are steering vectors of receiver and 

transmit antennas respectively. Steering vectors are given as following;  

 
Ἱἠ‰  

ρ

.
ρȟὩ ȟȣȟὩ  ÁÎÄ 

 Ἱἢ‰  
ρ

.
ρȟὩ ȟȣȟὩ   

 

3.5 

Transformation from angle to phase by — “ÓÉÎ‰  is used in this thesis. Receiver 

side ἠ  in phase domain is given below.  

 
ἠ ⱬἳ—Ἱἠ—Ἱἠ —Ä—

ȟ

ȟ

 
3.6 

Transmit side ἠ  in phase domain is given below. 

 
ἠ ⱬἳ—Ἱἢ—Ἱἢ —Ä—

ȟ

ȟ

 
3.7 

where unit energy steering vector for ULA is given as following. 

 
Ἱἠ—  

ρ

.
ρȟὩ ȟȣȟὩ  ÁÎÄ 

 Ἱἢ—  
ρ

.
ρȟὩ ȟȣȟὩ   

 

 

3.8 
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Angle of arrival (AoA), ‰ȟ and angular spread (AS), ɝȟ values are used as below. 

Angular domain is restricted between —ȟ and —ȟ. Center angles are denoted by 

‘ȟ and ‘ȟ. Spread widths are denoted by „ȟ and „ȟ. 

—ȟ “ÓÉÎ‰  and —ȟ “ÓÉÎ‰  3.9 

‘ȟ  —ȟ —ȟ Ⱦς and ‘ȟ  —ȟ —ȟ Ⱦς 3.10 

„ȟ  —ȟ —ȟ  and „ȟ  —ȟ —ȟ  3.11 

 When the integrals given in Equation 3.6 and 3.7 are computed according to mean 

angle and width defined in Equation 3.10 and 3.11 respectively, following equations 

are obtained. ἄ defines Hadamard product. 

Equivalent form of correlation calculations can be found below for far field 

assumption. 

 ἠ  Ἱἠ‘ȟ Ἱἠ‘ȟ  ἄ Ἆ„ȟ  3.12 

 ἠ  Ἱἢ‘ȟ Ἱἢ‘ȟ  ἄ Ἆ„ȟ  3.13 

Ἆ— ȟ ÓÉÎÃ
ά ὲ—

ς“
 

3.14 

Channel covariance matrices are Hadamard factorized so that angular spread is 

governed by a Toeplitz matrices Ἆ„ȟ  and Ἆ„ȟ . Center angle is governed by 

rank-1 matrices Ἱἠ‘ȟ Ἱἠ‘ȟ and Ἱἢ‘ȟ Ἱἢ‘ȟ Ȣ  

3.2.2.4.2 Rician Power Term 

In Rician fading method, mean vectors are considered in the system model for line-

of-sight components. Rician factor is used for defining the power of the LOS 

components to NLOS component for kth scatterer point as given in Section 3.2.2.1.1. 

Power delay profile of the channel is scaled with Rician factor for Rician fading 

model. Rician factor is found by following equation and denoted Rayleigh and 

Rician powers are given in Equation 3.1. 
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ὙὭὧὭὥὲ Ὂὥὧὸέὶ

ὙὥώὰὩὭὫὬ ὖέύὩὶ

ὙὭὧὭὥὲ ὖέύὩὶ
 

3.15 

In Equation 3.1, ὑ  denotes Rician factor. Ἱἠ‘ȟ  and Ἱἢ‘ȟ  denote steering 

vectors of center angle according to receiver and transmitter antenna in phase 

domain. For LOS component, in Rician Power term, center angles are directly AoA, 

i.e., angular spread excluded rather than Equation 3.9. For far field assumption 

received and transmitted angles are equal. Rician Power term indexes are given 

below. 

 ‘ȟ ‘ȟ  “ÓÉÎ‰  3.16 

Derived steering vectors for Rician power term are given below. 

 
Ἱἠ‘ȟ  

ρ

.
ρȟὩ ȟȟȣȟὩ ȟ  ÁÎÄ 

 Ἱἢ‘ȟ  
ρ

.
ρȟὩ ȟȟȣȟὩ ȟ   

 

 

3.17 

3.2.2.4.3 Power Distribution  

Trace of power for spatially correlated Rician model is given below. Trace properties 

that are given in Equation 3.18 are used. ἆ is used for Kronecker product. 

 4ÒÖÅÃἋἦἌ  4ÒἌ╣ἆ Ἃ 4ÒÖÅÃἦ

4ÒἌ╣4ÒἋ4ÒÖÅÃἦ  

3.18 

Trace of ἒ  in Equation 3.1 is given as following. Trace of general spatial response 

of channel is denoted by „Ȣ 

 4Ò%ἒἒ „  

%ÖÅÃἒ ÖÅÃἒ  

ἠ ἆ ἠ ÖÅÃἒ  + Tr Ἱἠ‘ȟ Ἱἢ‘ȟ  ὑ  

3.19 

3.20 
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Trace of ἠ , ἠ  are defined as 1 by normalized steering vectors. Similarly, steering 

vectors based on center angles are defined as normalized, norm of Ἱἠ‘ȟ  and 

Ἱἢ‘ȟ  returns as 1. Therefore, resulted equation is given below. 

 „ „ ὑ  3.21 

Rician effect is found by Rician Power divided by Rayleigh Power as given above. 

For simulations, „  and Rician effect are assumed to be specific dB power values. 

Power for randomly generated general impulse response matrix, ἒȟ is traced 

according to equations given in 3.15 and 3.21.  

3.2.3 Signal Model 

OFDM symbols are considered to be transmitted through channel with having 

subcarriers. OFDM is utilized with M symbols and each have N subcarriers. Number 

of transmitted OFDM stream is denoted by s. Rather than [9], this thesis also 

considers targets’ doppler profiles. Therefore, Doppler effect is added into the signal. 

Doppler phase shifted and noise added signal is received by receiver antennas. The 

received signal model is analyzed in frequency domain, therefore, equivalent model 

of system model in frequency domain. QAM symbols are considered as received 

signal data.  

3.2.3.1 DFT Beamforming 

For MIMO systems’ equations, to decrease complexity, received signal vector is 

projected into the angle domain with help of beamforming vectors. Hybrid DFT 

beamforming method is applied at the transmitted and received signal. Weight 

vectors are illustrated in below figure for transmitter and receivers in co-located 

MIMO. 
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Figure 3.5. Weight vectors of transmitter and receiver antenna array elements. 

In [9] hybrid beamforming method is discussed. RF chain is considered. RF weights 

are assumed to be common for all users in that research. In this thesis, hybrid 

beamforming is considered. W is used as weight DFT matrix and equation is given 

below. In case of total W gives number of RF chain, i.e., possible radar targets are 

considered with total W matrix columns, system is considered as hybrid 

beamforming with radar perspective.  

The DFT matrix W: 

 
ἥ ȟ

‫

Ѝὔ
  ύὬὩὶὩ ‫  Ὡ  

3.22 

DFT matrix W can be given as 

 

ἥ
ρ

Ѝὔ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρ ρ Ễ
ρ ‫ Ễ
ρ    ‫ Ễ

ρ
‫
‫

 ể ể Ệ
 ể ể Ệ
 ρ ‫ Ễ

ể
ể

‫ Ứ
ủ
ủ
ủ
ủ
Ủ

 

3.23 

Beamforming for sector of interest (SOI) can be expressed with related columns of 

W which is expressed with WT. In other words, weights should be considered with 

respect to sector of interest (SOI). In that case, closest powers of ‫  Ὡ  to —

“ÓÉÎ‰  are determined and selected as terms of WT according to stream number. 

Similarly received beamforming weight matrix, WR, is constructed from W. 
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 ἥ Ἷ ȟȟἿ ȟȟȣȟἿ ȟ  3.24 

 ἥ Ἷ ȟȟἿ ȟȟȣȟἿ ȟ  3.25 

3.2.3.2 Transmitted and Received Signals 

Frequency domain symbols at transmitter antenna elements are given below. S is 

assumed to be total stream number that transmitted by BS, i.e., total stream number 

for sensing points and downlink users in SOI. 

 ὀȟ ὼȟȟȟὼȟȟȟȣȟὼȟȟ  3.26 

In this thesis, scatterers are not defined either user equipment or target. Echoes from 

transmitted signals are gathered in received antennas and processed. Proposed signal 

processing techniques can be used for defining user equipment locations for 

communication view and other reflected signals as targets’ echoes in future works. 

By using ἥ  DFT beamforming matrix and transmitted symbols, the equivalent 

transmitted signal model can be rewritten as below.  

►ȟ ἒὩ Ў Ὡ ἥ ὀȟ  ἶȟ  

3.27 

Term Ὡ Ў  represents delay and Ὡ ȟ  represents Doppler effect for mth 

OFDM symbol. Ὢ refers to Doppler frequency, Ὕ refers to time for OFDM symbol. 

ЎὪ denotes subcarrier spacing. In equation 3.27, ἶȟ  term is used for additive white 

Gaussian (AWGN) noise. AWGN vector is identically independent distributed over 

different subcarrier instances. 

Range resolution, 2 , for radar view is given by following formula based on speed 

of light. 

2 ς†Ⱦὧ 3.28 

For Doppler profile, Ὢ is provided by following formula. OFDM symbols are 

referred as slow time index of radar datacube in this thesis, therefore pulse repetition 
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interval, PRI, is denoted by OFDM symbol time ὝȢ Ὕ is 1/ЎὪȢὺ denotes speed of 

wave and ‗ denotes wavelength. 

Ὢȟ ςὺȾ‗ where ʇ  3.29 

Range resolution and doppler frequency depend on scatterer number k. 

At receiver side, received equivalent signal model can be found by following 

equation. 

ὁȟ ἥ ►ȟ ἥ ἒὩ Ў Ὡ ἥ ὀȟ ἶȟ  

3.30 

ἒ  is given in detail in Equation 3.1. Equation 3.30 can be rearranged as below to 

sense the system. It expresses range, angle spatial and doppler information based on 

kth scatterer. ‌  is used to denote delay information and power terms based on 

OFDM subcarriers for range calculations. Ἱἠ— and Ἱἢ— are used to imply space 

terms that obtained from channel. And Ὡ  gives Doppler profile. 

ὁȟ ‌
 

ἥ Ἱἠ— Ἱἢ— ἥ
  

Ὡ ȟ

 

ὀȟ ἶȟ  3.31 

In that case, equivalent received signal model consists of space-angular profile, 

doppler profile and range profile.  

In this thesis, received signal model in Equation 3.30 will be used for proposed and 

conventional signal processing techniques. 

3.2.3.3 Specified Doppler Frame 

Since doppler profiles are considered in this thesis, specified scatterer with doppler, 

Ὢȟ is focused on. Range and angle calculations are performed for specified Doppler 

frequency, i.e., Ὢȟ. Resulted signal model is given below. 

ὁȟ ἥ ἒὩ Ў Ὡ ȟ ἥ ὀȟ  Ἶȟ ἶȟ  3.32 
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In that case, other signals that have different doppler frequencies i.e., Ὢȟȟ are 

assumed to be interference, i.e., Ἶȟ . In Equation 3.32, Ἶȟ  term is given below.  

Ἶȟ ἥ ἒὩ Ў Ὡ ȟ ἥ ὀȟ  

3.33 

In Equation 3.32, constructed channel response matrix is sized by (S x S). 

ἒ ἥ ἒὩ Ў ἥ  3.34 

sth column of channel response that given in Equation 3.34, used for specified 

doppler frequency and sized by (S x 1).  

 ἰȟ ÖÅÃ ἒ  ἥ ἒὩ Ў ἥ
ȡȟ

 3.35 

Signal model in Equation 3.30 for specified Doppler is turned to simplified form as 

following. 

ὁȟ ἒὩ ȟ ὀȟ ἶȟ  3.36 

where ἶᴂȟ  = Ἶȟ ἶȟȢ 

Equation 3.36 can be written for each subcarrier as following where S denotes 

number of streams. Signal model turns into: 

◐ȟ
◐ȟ
ể
◐ȟ
◐

Ὡ ȟ ἓ π π
π Ệ π
π π Ὡ ȟ ἓ

ἎὯ

 

ὼȟȟἓ

ὼȟȟἓ

ể
ὼȟȟἓ

 Ễ
 Ễ
ể
 Ễ  

ὼȟȟἓ

ὼȟȟἓ

ể
ὼȟȟἓ

 ἦὲ

ἦ

 

ụ
Ụ
Ụ
Ụ
ợ
▐ȟ

▐ȟ
ể
▐ȟỨ
ủ
ủ
ủ
Ủ

▐

 + ἶᴂ 

3.37 

 sth element of transmitted symbol is denoted with ●ȟȟ where n denotes subcarrier 

number and m denoted OFDM symbol. ἓ is the identity matrix with the size of (S x 

S). ἶᴂ is sized by (M x 1). ἎὯ is the Doppler matrix. Simplifications are given below. 

ṧ denotes Kronecker product. 
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ἦ  

ὼὲȟρȟρ
ὼὲȟςȟρ
ể
ὼὲȟὓȟρ

 Ễ

 Ễ

ể
 Ễ  

ὼὲȟρȟὛ
ὼὲȟςȟὛ
ể
ὼὲȟὓȟὛ

 

3.38 

 ἦὲ ἦὲ ṧ ἓί  3.39 

 
Ἆ  = ÄÉÁÇ█Ὧ  where █ ρ Ὡ ȣὩ  

3.40 

 ὪȟὝ , Ὢȟ  ɴ ȟ   ; Doppler bin index k ᶰπȟ- ρ 3.41 

 0 < ὪὝ
Ў

ρ 3.42 

 ἎὯ = ÄÉÁÇὩὮς“ὪὈȟὯὝίά  ṧ ἓί 3.43 

 ἦ ἎὯ ἦὲ 3.44 

 ◐  ἎὯ ἦὲ▐  ἶᴂ  ἎὯἦὲṧ ἓί▐ ἶᴂ 3.45 

Received signal model is obtained in simplified form. Following chapters express 

signal processing for obtaining range-angle maps and doppler analysis based on 

given signal model. Comparisons of proposed and conventional techniques are 

provided. 
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CHAPTER 4  

4 EFFICIENT SIGNAL PROCESSING TECHNIQUES FOR COLOCATED 

MASSIVE MIMO RADCOM BASED ON OFDM WAVEFORM  

In Chapter 4, proposed method for obtaining range-angle map is explained. Channel 

estimation methods and details of range, angle and doppler analysis by radar 

datacube are provided. Conventional methods are described and comparison of 

proposed and conventional methods are given. 

4.1 Signal Processing for Received Signal ï Proposed Technique: Doppler 

Aware MIMO Channel Estimation Based Detection 

Radar datacube helps analyzing and understanding the performance of radar systems. 

In Chapter 2, the concept and construction of radar datacube are given. Radar 

datacube constitutes the collection of received radar signals and built up a matrix of 

sample by sample in space and time. In order to build up radar datacube dimensions, 

single pulse that reflected over target is received and sampled in subcarrier index. 

Samples are used to calculate the distance of target. Moreover, phase shifts are stored 

for calculating Doppler effects. 

In other words, radar datacube is the three-dimensional memory matrix of 

dimensions of range, azimuth angle and doppler. First dimension of radar datacube 

is constructed as range (time sample) or fast-time component. OFDM subcarriers 

denotes fast-time component. Second dimension of radar datacube is number of 

pulses as slow-time component. Sampling interval equals to PRI. In this thesis, 

Doppler effects are given as slow-time component based on OFDM symbol time, Ts. 

Phase shifts due to Doppler effects of targets are considered to be constant during 

one OFDM symbol and updated for the upcoming OFDM symbol. In that case, pulse 
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repetition interval (PRI) equals to time required for one OFDM symbol 

(1/subcarrier). Specified doppler frequency is considered in this thesis. Simulations 

for specified doppler frame, i.e., range-angle analysis for multiple scatterers that 

have same specified doppler frequency are given in following chapters. And at last, 

third component of radar datacube is the receiver channel which illustrates the space 

component.   

After radar datacube construction, subarrays and subvectors are obtained to analyze 

radar system. Discrete Fourier Transform (DFT) equations are used to have doppler 

spectrum profile from radar datacube. Inverse Discrete Fourier Transform (IDFT) 

equations are used to have range profile. Used equations are depended on specified 

angles in this thesis. Therefore, by range profile calculations, angles are also 

estimated. System equivalent model is constructed in frequency domain, in fast-time, 

DFT obtained signal is transmitted and for received signal, time domain is obtained 

with IDFT. In that case, IDFT for OFDM coded signal to obtain range profiles is 

similar with having match filter function in fast time [4]. 

In this section, main purpose of this thesis as obtaining range-angle map processes 

that correspond to the scatterers is given. In radar point of view, estimate scatterers’ 

delays and angles are essential [9] rather than channel response. In this thesis, radar 

performance depends on estimating channel response. Following equation is used 

for channel response estimation. ἰ defines estimate for ἰ . 

 

ἰ

ụ
Ụ
Ụ
Ụ
ợ
ἰȟ

ἰȟ
ể
ἰȟỨ
ủ
ủ
ủ
Ủ

ἰ

ἦὲ
Ὧ ὁ 

4.1 

Pseudo-inverse operation is used to calculate channel response estimation. Full rank 

OFDM symbols is used as ἦὲ
Ὧ . In other words, different OFDM symbols are 

assumed have different stream of transmitted symbols. In that case,  ἦ ἦ  is also 
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of full rank, and inverse of this matrix exists. Pseudo-inverse of transmitted sufficient 

number of symbols is derived by following formula. 

 
ἦ  ἦ ἦ ἦ   

4.2 

 ἦ  ἦ Ἆ Ἆἦ ṧ ἓ ἦ Ἆ ṧ

 ἓ   

= ἦ ἦ ἦ Ἆ ṧ ἓ 

= ἦ Ἆ ṧ ἓ 

 

4.3 

ἦ  is used to estimate channel response that given in Equation 4.1. After that, 

Equation 4.1 turns into following. 

 ἰ ἦ Ἆ ṧ ἓ   ὁ 

where ὁ ὁȟ ȟὁȟ ȟȣȟὁȟ  

4.4 

The objective of radar processing for range profiles, applying the inverse discrete 

Fourier transform (IDFT) to ἰ  is required. For sth transmitted stream, kth scatterer 

and NR different range bin values of ith range bin can be found by Equation 4.5. 

 
Ἤȟ  ήȟἰȟ 

×ÈÅÒÅ 2ᶰ
ὧὭ

ςЎὪ.
ȟ
ÃÉ ρ

ςЎὪ.
 

 

4.5 

Range bin Ὥ ‭ ρȟὔ  and ήȟ is the IDFT vector depend on subcarrier number, N. R 

is the range value of related i. Each element of IDFT vector is found by ήȟ

Ѝ
Ὡ . Derived vector for one S stream Ἤȟ has a size of (S x 1) and depends on 

i th range bin and —Ȣ In other words, Ἤȟ has a size of (S^2 x 1). 

NR different range bin values of sth transmitted stream can be combined at receiver 

side of MIMO system. In order to focus on particular direction —, spatial digital 

combiner is applied into angle dependent coefficient of received pattern. Related 
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weights for received signal, i.e., related parts of WR, are considered to maximize 

particular angle dependent coefficient of received pattern.  

 
Ἷ —  

ἥ Ἱἠ—

ᴁἥ Ἱἠ—ᴁ
 

4.6 

Ἱἠ— denotes steering vectors for SOI. Following resulted equation is used in order 

to stack all transmitted streams. 

 Ἤ  Ἷ — ἬȟȟȣȟἿ — Ἤȟ  4.7 

(S x 1) sized Ἤ  vector is obtained. Since range profile is derived an equation depends 

on particular angle, angle of particular scatterer is also detected.  

In the perspective of radar processing, single range-angle map is desired. For 

simplicity Equation 4.7 is given in size (S x 1) for kth scatterer, however, resulted 

equation is depended on stream number. In order to have combined equation 

following spatial transmitting digital combiner is applied. 

 
Ἷ —  

ἥ Ἱἢ
ᶻ—

ᴁἥ Ἱἢ—ᴁ
 

4.8 

By using Equation 4.8, Ἤ  vector that given in Equation 4.7 is calculated for 

combined streams. * is used for complex conjugate. 

 Äȟ  Ἷ — Ἤ  4.9 

Equation 4.9 gives single range bin value of combined streams. Therefore, angle-

range-doppler information across different range bin values for different streams are 

combined. 

Scenarios are created and simulations are derived with using Equation 4.9 and results 

will be given in Chapter 5. 

4.1.1 Window Function 

For a given signal, main region i.e., main lobe has most of the energy. However, 

energy is spread to this main region’s sides too. There occur leakages in its side lobes 
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which might lead system to false information. Windowing is used in signal 

processing to extract a portion of a signal. Windowing reduces side lobes 

substantially, so that leakages are reduced. 

In this thesis, to reduce sidelobes, Doppler and range equations are driven also with 

window function. For simulations Hamming window is used.  

Channel estimation process given in Equation 4.4 has changed with windowed 

Doppler term. Window function is sized by OFDM symbol number, M. 

 ἰ ἦ Ἆȟ ṧ ἓ   ὁ 

Ἆȟ ÄÉÁÇἿ Ἆ  

×ά πȢυτ πȢτφÃÏÓ 
ς“ά

-
  

 

4.10 

For windowed range term, Equation 4.5 has changed to following equation. Window 

function is sized by OFDM subcarrier number, N. 

 
Ἤȟ  Ἷ ήȟἰȟ 

×ὲ πȢυτ πȢτφÃÏÓ 
ς“ὲ

.
 

 

4.11 

Other equations rather than Equation 4.4 and 4.5 are kept same in proposed 

technique. The effects of windowing are given and commented in Chapter 5 

compared without windowed scenarios. 

4.2 Signal Processing for Received Signal ï Conventional Methods 

In order to express proposed signal processing technique results, conventional 

methods are driven for comparison. “OFDM De-Correlator: Periodogram” and 

“Spatio Temporal-Doppler Matched Filter” methods are described below. Received 

signal given in Equation 3.30 is also used in both methods. Equation 3.31 is used to 

define match filters terms for conventional methods. 



 

 

52 

ὁȟ ‌ ἥ Ἱἠ— Ἱἢ— ἥ

ἥ Ἱἠ ἥ Ἱἠ

Ὡ ȟ ὀȟ ἶȟ  4.12 

Therefore, following match filters for transmitted sequence and received signal are 

used in both conventional methods. ὼᴂȟ  and ώᴂȟ  terms turned into stream 

independent equations. 

 
ὼᴂȟ  

ἥ Ἱἢ—

ᴁἥ Ἱἢ—ᴁ
ὀȟ  

4.13 

 
ώᴂȟ  

ἥ Ἱἠ—

ᴁἥ Ἱἠ—ᴁ
ὁȟ  

4.14 

4.2.1 Conventional Method-1 OFDM De-Correlator : Periodogram 

Equation 4.12 is reshaped as following. 

ώ
ȟ

‌Ὡ ȟ ὼ ȟ Î ȟ  

ᾀ ȟ

ώ
ȟ

ὼ ȟ
‌Ὡ ȟ Î ȟ  

 

4.15 

As in [30], before range-angle map construction, transmitted information is removed 

from the received signal by an element-wise complex division. ᾀ ȟ  carries range 

and Doppler information. 

In this method, for range calculations, ᾀ ȟ  samples are combined over subcarrier 

index, i.e. normalized IDFT is applied to ᾀ ȟ and Ὠȟ  obtained. After that, DFT 

is applied for Doppler effects. Ὠȟ  samples are combined over OFDM symbol 

number and resulted as Ὠᶻȟ . 

ᾀ ȟ
ͺ
Ὠȟ

ͺ
Ὠᶻȟ  4.16 

Range-angle maps are obtained over Ὠᶻȟ . 

Results will be given and commented in Chapter 5. 
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4.2.2 Conventional Method-2 Spatio Temporal-Doppler Matched Filter 

In this method, Equation 4.15 is obtained as following. 

ώ
ȟ ͺ

ώᴂȟ   ÁÎÄ   ὼ ȟ
ͺ
ὼᴂȟ  4.17 

In this method, for range calculations, ώ
ȟ

 and ὼ ȟ  samples are combined over 

subcarrier index, i.e. normalized IDFT is applied and  ώᴂ
ȟ

 and ὼᴂȟ  obtained.  

ᾀȟ  ώᴂȟ  zὼᴂ ȟ
ᶻ
 4.18 

By convolution ᾀȟ  is obtained. Since convolution method increases sample 

number, last N samples are used to have ὨȟȢ  

After that, similar with conventional method i, DFT is applied for Doppler effects. 

Ὠȟ  samples are combined over OFDM symbol number and resulted as Ὠᶻȟ . 

Range-angle maps are obtained over Ὠᶻȟ . 

This conventional method is based on classic radar signal processing technique as in 

[30]. By applying IDFT to received and transmitted sequences, classic technique is 

adjusted to be used for range-angle map obtaining. 

Results will be given and commented in Chapter 5. 

4.3 Performance Comparison 

CFAR, cell averaging over range bin method, is used to express performance of 

proposed and conventional method. This rate implies the erroneous detection 

decision caused by noise or other interfering signals.  

In this thesis, detected scatterer angle-range-doppler radar cell row is selected to 

define threshold. This cell is named as Cell Under Test (CUT). Performance is 

analyzed on scatterers located in close angle from each other. Range and doppler will 

be changed according to defined scenarios in Chapter 5.  
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CFAR is calculated using the following formula. Three range bins are excluded from 

left and right side of detected scatterer. The remaining set is denoted by, 3. 

Therefore, Ὠᶻȟ ᶰ3 is information in focused area. 0  denotes probability of false 

alarm. 

‎ ÌÎ 0  where 0 =ρπ 4.19 

‎
ρ

ȿ3ȿ
Ὠᶻȟ

ᶰ

 
4.20 

Detection criteria is given as below. 

Ὠᶻȟ

(ρ
ṇ
Ὄπ

‎

ȿ3ȿ
Ὠᶻȟ

ᶰ

 
4.21 

Ὠᶻȟ  is information for detected scatterer. Following figure implies the algorithm. 

For example, given as indicated in following figure (given as an example for showing 

proposed threshold calculation), N=256 and remaining set to be used for threshold 

calculation is ȿ3ȿ=249. 

 

Figure 4.1. Range-angle map, CFAR. 
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Moreover, 30dB ISI is set to intended angle with different range. This ISI increases 

the threshold to obtain performance results in more strict condition. Following figure 

illustrates the ISI. 

 

Figure 4.2. Range-angle map, CFAR, ISI added. 

Since conventional method-1 gives unreliable results in intended scenarios, this 

method is excluded for performance analysis. Details are given in Chapter 5. 

In addition to cell averaging, the detection performance can be improved over 30dB 

added ISI by taking median of the summation given in Equation 4.20. The resulted 

threshold is given below. Rest of the calculation steps are same with cell averaging 

method. 

‎ ÍÅÄÉÁÎὨᶻȟ  

Ὠᶻȟ

(ρ
ṇ
(π
‎z ÍÅÄÉÁÎὨᶻȟ  

 

4.22 

In Chapter 5, probability of detection, 0, over different range bins are given and 

commented for proposed method and conventional method-2. Finally CFAR 

performance improvement with median method is provided.  
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CHAPTER 5  

5 RESULTS AND DISCUSSION 

In this chapter, the performance and result of this thesis’s proposed method are given. 

MATLAB simulations are provided.  

5.1 Channel Construction and Received Signal Model 

This study mainly focuses on processing the received signal. Therefore, equivalent 

system model of received signal in frequency domain is obtained with considering 

constructed CCM. First, spatial channel is constructed parametrically as given in 

detail in Chapter 3. Mean arrival angle and angular spread values are used to 

construct ἠ   and ἠ  for receiver and transmitter antenna array elements 

respectively. In that case ἠ  and ἠ  matrices are constructed as random variables 

indices. After that, spatial channel impulses for each kth scatterers are obtained 

according to these ἠ  and ἠ  matrices. Since proposed method can be applicable for 

spatially spread targets, simulations are provided with respect to scatterer-k. Multiple 

transmit and receiver antennas are considered as collocated MIMO system in this 

study. Number of antenna elements for received and transmitted antennas are defined 

as different values. This parameter can be adaptable for future works’ focus.  

Received signals that pass through from spatial channel stored in the radar datacube. 

As discussed in previous chapters, subarrays are driven from radar datacube in order 

to radar processing operations. Range-angle-doppler images are constructed in this 

thesis. Channel is estimated to be used with IDFT vector for range calculations. DFT 

is applied to results for doppler calculations. In this thesis, sector of interest is also 

defined parametrically and can be adjusted according to requirements of design. For 

simulations, initial information as AoA, range and doppler are defined for different 

scenarios.  
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In this thesis, rather than separating and defining SOI equipment as UE and/or target, 

all echoes are defined as scatterers and these scatterers are gathered and analyzed in 

receiver side. Proposed method is more comprehensive, therefore, specified 

scatterers as UE and/or target might be driven in future works. 

Illustrations are provided in following sections.  

5.2 Scenarios 

Proposed method and conventional methods are driven based on given scenarios. 

Different range-angle and doppler profiles are analyzed by obtaining range-angle 

maps. Scatterers to be detect with close-far ranges and/or close-far angles, and/or 

same or different doppler frames are obtained. 

Range index bin value, Ὥ, that is used in this thesis is derived by following equation. 

 Ὥ

ὔЎ

ςὙ

ὧ
 

5.1 

In Equation 5.1, R defines ranges in meters (m). N defines subcarrier number of 

OFDM symbol as fast time index. Ў gives subcarrier spacing and c gives speed of 

light.  

Obtained scenarios in this thesis are given in table below.  

In “Used Method” column, “P” denotes proposed method (Doppler Aware MIMO 

Channel Estimation Based Detection). “C-1” denotes first conventional method 

(OFDM De-Correlator: Periodogram) and “C-2” denotes second conventional 

method (Spatio-Temporal-Doppler Matched Filter). 
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Table 5.1 Scenarios 

Scenario 

No 

Scatterer 

#K 

Range 

Difference 

Angle 

Difference 

Doppler 

Difference 

Used 

Method 
Comment 

#1 2 Different Different Same P Noise Free 

#2 2 Different Different Same P Noisy 

#3 4 Different Different Different P,C-1,C-2  

#4 2 Close Different Same P,C-1,C-2  

#5 2 Close Different Different P,C-1,C-2  

#6 2 Different Close Same P,C-1,C-2  

#7 2 Different Close Same P,C-2 Windowed 

#8 2 Different Close Different P,C-1,C-2  

#9 2 Different Close Different P,C-2 Windowed 

#10 2 Close Close Different P,C-2  

#11 2 Close Close Different P,C-2 Windowed 

 

Following table gives parameters for simulations. 

Table 5.2 Parameters of simulations 

Parameter Value 

SOI -45° to 45° 

Number of Tx and Rx antenna elements 64 

Subcarrier spacing Ў 300 kHz 

Frequency Ὢ  30 GHz 

OFDM subcarrier number 256 

OFDM symbols 64 

Angular spread 2 

Doppler resolution 23.475m/s 

Range resolution 1.95m 
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To analyze system functionality, range, angle and doppler values are set initially. 

Targets are detected around defined parameters. Brightly colored index range bin Ὥ 

value gives the closest range of the target in following simulation results. 

x-axis is changed into range in meters (m) from range index bin Ὥ for simplicity in 

illustrations by using Equation 5.1. 

First two simulations express proposed system functionality in noise added/ noise 

free cases and fractional/non-fractional range resolutions. 

5.2.1 Scenario-1 (k=2 with different range-angle, same █╓, noise free) 

Scatterers that have same doppler profile are denoted as k, i.e., there might be 

multiple scatterers that having same doppler profile. First simulation is derived for 

specified doppler spectrum as █╓=0. Two targets are assumed to have same specified 

doppler profile in the system. Their delay parameters are different. Range resolutions 

are dependent on range bin index. 

 

Figure 5.1. Range-Angle Map for simulation-1. 
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Figure 5.2. Range-Angle Map for simulation-1, focused on scatterers. 

Figure 5.2 illustrates scatterers with noise free case. First one is detected in around 

78m with 29°. Range value of this scatterer has been set as non fractional. Second 

scatterer is detected around 252m with -30°. In practical usage, targets’ locations are 

not known and their range profiles are resulted as fractional parameter in the 

simulation. Proposed method can provide largest output power for closest range bin 

index for these non-fractional values and decreasing power for side indexes around. 

In Figure 5.2, range value of second scatterer is set as fractional to be more practical.  

Following figures illustrates normalized dB power vs range over given angle and 

normalized dB power vs angle over given range respectively.  

  

Figure 5.3. Normalized Power vs Range/Angle for simulation-1. 
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Fractional and non-fractional range differences can be seen in Figure 5.3 by side lobe 

levels. 

5.2.2 Scenario-2 (k=2 with different range-angle, same █╓) 

Scenario-1 is simulated with noise level as 10dB. Randomly generated constant noise 

is added per subcarrier. 

 

Figure 5.4. Range-Angle Map for simulation-2. 

  

Figure 5.5. Range-Angle Map for simulation-2, focused on scatterers. 
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Figure 5.6. Normalized Power vs Range/Angle for simulation-2. 

In non-fractional scatterer, side lobes are affected by noise level. However, fractional 

scatterer still can be detected without side lobe.  

5.2.3 Scenario-3 (k=4 with different range-angle-doppler) 

Different range index, angle index and doppler frequency case is driven for both 

methods. Since different scatterers might have same doppler profile, two of scatterers 

are assumed to have same doppler frequency and other two are different in Scenario-

3. Results are given below. 

5.2.3.1 Scenario-3.1 Proposed Method 

Velocities are set as 0 for two scatterers (@315m with -40° and @368m with -23°), 

50m/s (@78m with 29°), 500m/s (@104.3m with 10°) for others in this scenario. As 

explained in detail in earlier chapters, range-angle maps are constructed based on 

intended doppler profile.  
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5.2.3.1.1 Scenario-3.1.1 v=0  

  

Figure 5.7. Range-Angle Map for simulation-3.1.1. 

By focusing on intended doppler frequency, zero velocity set two scatterers are 

obtained brighter on range-angle map. Other scatterers with different doppler 

frequencies are occurred as ISI in this scenario.  

Normalized power vs range-angle plots are obtained based on intended doppler 

profile. Results are given below. 

  

Figure 5.8. Normalized Power vs Range/Angle for simulation-3.1.1. 
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5.2.3.1.2 Scenario-3.1.2 v=50m/s 

In this simulation, other three scatterers are suppressed by doppler profile. They are 

occurred as ISI in range-angle map. 

  

Figure 5.9. Range-Angle Map for simulation-3.1.2. 

Normalized power vs range-angle maps are obtained for intended doppler frequency. 

78m is fractional range for simulation parameters. 

  

Figure 5.10. Normalized Power vs Range/Angle for simulation-3.1.2. 
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5.2.3.1.3 Scenario-3.1.3 v=500m/s 

As expected, scatterer on intended doppler frequency occurred. Results are similar 

with Scenario 3.1.2. 

 

Figure 5.11. Range-Angle Map for simulation-3.1.3. 

  

 Figure 5.12. Normalized Power vs Range/Angle for simulation-3.1.3. 

Following scenarios are driven for conventional methods. Same received signal is 

applied by given formulas in Chapter 4. Scatterer at 500m/s (@104.3m with 10°) is 

assumed to have intended doppler frequency and results are given below. 
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5.2.3.2 Scenario-3.2 Conventional Method-1 

OFDM De-Correlator: Periodogram method is used with same parameters. 500m/s 

(@104.3m with 10°) is found as following. 

 

Figure 5.13. Range-Angle Map for simulation-3.2. 

  

Figure 5.14. Normalized Power vs Range/Angle for simulation-3.2. 

5.2.3.3 Scenario-3.3 Conventional Method-2 

Spatio Temporal-Doppler Matched Filtering method is used with same parameters. 

500m/s (@104.3m with 10°) is found as following. 
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Figure 5.15. Range-Angle Map for simulation-3.3. 

  

Figure 5.16. Normalized Power vs Range/Angle for simulation-3.3. 

5.2.4 Scenario-4 (k=2 with close range, different angle, same █╓) 

In this simulation, close range with same doppler frequency is analyzed. Velocities 

are set as 10m/s for two scatterers @104.3m with 10° and @108m with -23°. 
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5.2.4.1 Scenario-4.1 Proposed Method 

Proposed technique is simulated for given case. Different SNR levels for channels 

are set in this scenario. Proposed method detects different level SNR valued 

scatterers. Obtained range-angle map is given below. 

  

Figure 5.17. Range-Angle Map for simulation-4.1. 

 

 Figure 5.18. Normalized Power vs Range/Angle for simulation-4.1. 

 

 



 

 

70 

5.2.4.2 Scenario-4.2 Conventional Method-1 

OFDM De-Correlator: Periodogram method is applied for same case. Range can be 

found as expected. However, in close ranges this method provides unreliable results 

on angular domain. Transmitted information is removed from the received signal by 

an element-wise complex division in this method. Angular profile is affected by this 

division.  

 

Figure 5.19. Range-Angle Map for simulation-4.2. 

  

 Figure 5.20. Normalized Power vs Range/Angle for simulation-4.2. 
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5.2.4.3 Scenario-4.3 Conventional Method-2 

Spatio Temporal-Doppler Matched Filtering method is applied for same case. 

System can detect scatterers with different levels of SNR. 

 

Figure 5.21. Range-Angle Map for simulation-4.3. 

 

Figure 5.22. Normalized Power vs Range/Angle for simulation-4.3. 

5.2.5 Scenario-5 (k=2 with close range, different angle, different █╓) 

In this simulation, close range with different doppler frequency is analyzed. Same 

parameters given in Scenario-4 is used with different doppler frequencies. As 

Scenario-3, for different doppler frequencies, intended scatterer is focused on. In this 
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simulation, scatterer with low level SNR is assumed as intended one. Velocities are 

set as 10m/s for scatterer @104.3m with 10° and 500 m/s for scatterer @108m with 

-23° (~22 doppler bin difference). Intended scatterers is chosen as scatterer @104.3m 

with 10°. 

5.2.5.1 Scenario-5.1 Proposed Method 

Proposed technique is simulated for given case. Unintended scatterer still occurs on 

range-angle map as ISI, however, its level is suppressed by focusing on intended 

doppler frequency. 

 

Figure 5.23. Range-Angle Map for simulation-5.1. 

Normalized power vs range-angle maps are given for intended case. 
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Figure 5.24. Normalized Power vs Range/Angle for simulation-5.1. 

5.2.5.2 Scenario-5.2 Conventional Method-1 

OFDM De-Correlator: Periodogram method is applied for same case. Range can be 

found as expected, however, scatterer with high SNR cannot be suppressed as 

desired. Angle domain still gives unreliable results. 

 

Figure 5.25. Range-Angle Map for simulation-5.2. 

Following figures are given for intended scatterer. 
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Figure 5.26. Normalized Power vs Range/Angle for simulation-5.2. 

5.2.5.3 Scenario-5.3 Conventional Method-2 

Spatio Temporal-Doppler Matched Filtering method is applied for same case. 

System can detect low SNR leveled doppler filtered scatterer. 

  

Figure 5.27. Range-Angle Map for simulation-5.3. 

Following figures are given for intended scatterer. 
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Figure 5.28. Normalized Power vs Range/Angle for simulation-5.3. 

In this scenario, proposed method performs better in the manner of compressing 

unintended scatterer with different Doppler. Doppler filtering method reduces the 

interference from unintended scatterer. 

5.2.6 Scenario-6 (k=2 with different range, close angle, same █╓) 

In this simulation, different range with close angle and same doppler frequency is 

analyzed. Similar with earlier simulation, 10dB SNR level difference is added to 

scatterers. 

5.2.6.1 Scenario-6.1 Proposed Method 

Velocities are set as 10m/s for scatterer @104.3m with 10° and @210m with 11°. 
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Figure 5.29. Range-Angle Map for simulation-6.1. 

 

Figure 5.30. Normalized Power vs Range/Angle for simulation-6.1. 

Proposed technique detects scatterers at expected range bins. 

5.2.6.2 Scenario-6.2 Conventional Method-1 

OFDM De-Correlator: Periodogram method is applied for same case. As in Scenario 

4.2, in close ranges this method provides unreliable results on angular domain. 

Division of received signal to transmitted sequence might not be applicable for 

space-angle information. In this close angle scenario, this method cannot detect 

scatterers.  
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Figure 5.31. Range-Angle Map for simulation-6.2. 

  

Figure 5.32. Normalized Power vs Range/Angle for simulation-6.2. 

5.2.6.3 Scenario-6.3 Conventional Method-2 

Spatio Temporal-Doppler Matched Filtering method is applied for same case. 

System can detect scatterers with different levels of SNR. Velocities are set as 10m/s 

for scatterer @104.3m with 10° and @210 with 11°. 
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Figure 5.33. Range-Angle Map for simulation-6.3. 

 

Figure 5.34. Normalized Power vs Range/Angle for simulation-6.3. 
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5.2.7 Scenario-7 (k=2 with different range, close angle, same █╓ȟ 

windowed) 

5.2.7.1 Scenario-7.1 Proposed Method 

  

Figure 5.35. Normalized Power vs Range/Angle for simulation-7.1. 

5.2.7.2 Scenario-7.2 Conventional Method 

 

Figure 5.36. Normalized Power vs Range/Angle for simulation-7.2. 
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5.2.8 Scenario-8 (k=2 with different range, close angle, different █╓) 

In this simulation, different range, close angle with different doppler frequency is 

analyzed. Same parameters given in Scenario-6 is used with different doppler 

frequencies. Similar with earlier simulations, scatterer with intended doppler 

frequency is focused on. 10 dB difference SNR level is set within two scatterers. In 

this simulation, scatterer with low level SNR is assumed as intended one.  

5.2.8.1 Scenario-8.1 Proposed Method 

Velocities are set as 10m/s for scatterer @104.3m with 10° and 500 m/s for scatterer 

@210m with 11°. Intended scatterers is chosen as scatterer @210m with 11°. 

 

 Figure 5.37. Range-Angle Map for simulation-8.1. 
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Figure 5.38. Normalized Power vs Range/Angle for simulation-8.1. 

5.2.8.2 Scenario-8.2 Conventional Method-1 

OFDM De-Correlator: Periodogram method is applied for same case. System cannot 

localize to desired range-angle bin. As same doppler frequency case, differences in 

doppler bin did not change systems’ reliability. 

 

Figure 5.39. Range-Angle Map for simulation-8.2. 
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Figure 5.40. Normalized Power vs Range/Angle for simulation-8.2. 

5.2.8.3 Scenario-8.3 Conventional Method-2 

Spatio Temporal-Doppler Matched Filtering method is applied for same case. 

Velocities are set as 10m/s for scatterer @104.3m with 10° and 500m/s @210m with 

11°. 

 

  Figure 5.41. Range-Angle Map for simulation-8.3. 
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Figure 5.42. Normalized Power vs Range/Angle for simulation-8.3. 

As can be seen from the results, Doppler filtering in proposed method supresses 

better the unintended scatterer ISI than conventional method 2. 

5.2.9 Scenario-9 (k=2 with different range, close angle, different █╓ȟ 

windowed) 

5.2.9.1 Scenario-9.1 Proposed Method 

Velocities are set as 10m/s for scatterer @104.3m with 10° and 500 m/s for scatterer 

@210m with 11°. Intended scatterers is chosen as scatterer @210m with 11°. 

Windowing is applied for Doppler filtering and IDFT processing.  

 

Figure 5.43. Range-Angle Map for simulation-9.1. 
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Figure 5.44. Normalized Power vs Range/Angle for simulation-9.1. 

Windowing reduces side lobes as given figure above. Simulation with same 

parameters without window function is given in Scenario 8.1. 

5.2.9.2 Scenario-9.2 Conventional Method-2 

Since conventional method-1 gives unreliable results, only Spatio Temporal-Doppler 

Matched Filtering method is considered. Velocities are set as 10m/s for scatterer 

@104.3m with 10° and 500m/s @210m with 11°. Intended one is @210m with 11°. 

 

Figure 5.45. Normalized Power vs Range/Angle for simulation-9.2. 
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5.2.10 Scenario-10 (k=2 with close range, close angle, different █╓) 

In this simulation, proposed method and conventional method-2 will be given. Since 

conventional method-1 provides unreliable result due to angular domain, this 

scenario is excluded. 

Close range, close angle with different doppler frequency is analyzed. Similar with 

earlier simulations, scatterer with intended doppler frequency is focused on. 10 dB 

difference SNR level is set within two scatterers. In this simulation, scatterer with 

low level SNR is assumed as intended one. 

5.2.10.1 Scenario-10.1 Proposed Method 

Velocities are set as 10m/s for scatterer @104.3m with 10° and 500 m/s for scatterer 

@108m with 11°. Intended scatterers is chosen as scatterer @104.3m with 10°. 

   

Figure 5.46. Range-Angle Map for simulation-10.1. 
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Figure 5.47. Normalized Power vs Range/Angle for simulation-10.1. 

5.2.10.2 Scenario-10.2 Conventional Method-2 

Spatio Temporal-Doppler Matched Filtering method is applied for same case. 

Velocities are set as same with Scenario 10.1; 10m/s for scatterer @104.3m with 10° 

and 500 m/s for scatterer @108m with 11°. Intended scatterers is chosen as scatterer 

@104.3m with 10°.  

  

Figure 5.48. Range-Angle Map for simulation-10.2. 



 

 

87 

 

Figure 5.49. Normalized Power vs Range/Angle for simulation-10.2. 

Compared to proposed method, proposed method suppresses better the unintended 

doppler valued scatterer. In other words, unintended scatterer point @108m with 11° 

appears at intended scatterer Power vs Range plot. 

5.2.11 Scenario-11 (k=2 with close range, close angle, different █╓ȟ 

windowed) 

5.2.11.1 Scenario-11.1 Proposed Method 

Velocities are set as 10m/s for scatterer @104.3m with 10° and 500 m/s for scatterer 

@108m with 11°. Intended scatterers is chosen as scatterer @104.3m with 10°. 

Window functions for doppler frame and range frame are applied as details were 

given in Chapter 4. 
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Figure 5.50. Normalized Power vs Range/Angle for simulation-11.1. 

  

Figure 5.51. Normalized Power vs Range for simulation-11.1. 

Sidelobes are reduced by windowing function.  

5.2.11.2 Scenario-11.2 Conventional Method-2 

Same parameters are driven for Scenario 10.2. Windowing function is applied for 

received signal. 

Proposed method suppresess unintended scatterer, however, with same velocities, 

conventional method-2 cannot suppreses ISI effect enough. Windowing function 

also gets effective with the higher doppler frequency differences. Therefore, rather 



 

 

89 

than ~22 doppler bin, ~42 doppler bin difference is applied in this scenario. 

Following figure is given with windowed function.  

 

Figure 5.52. Normalized Power vs Range for simulation-11.2, different Doppler 

bins. 

5.3 Performance 

5.3.1 CFAR Algorithm  

Proposed method and Spatio Temporal-Doppler Matched Filtering methods are 

driven based on given scenarios below. For 0ȟ close angle cases are analyzed. CFAR 

algorithm is used for performance of detection with mean and median calculation 

separately. Details of 0 was given in Chapter 4.3. 

Since conventional method-1 provides unreliable result due to angular domain, it is 

excluded from detection performances. 

Velocities are set 10m/s and 500m/s for different Doppler case and 10m/s and 50m/s 

for close Doppler case.  

Range-angle map and normalized power vs range plots of Pd-1 scenario are given 

below to visualize Pd scenarios in the following pages.  
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Figure 5.53. CFAR Calculation Visualization Example (for 10dB SNR Signal Level 

with 30dB ISI) 

Table 5.3 Scenarios for Detection Performance  

Scenario 

No 

Range 

Difference 

Doppler 

Difference 

Used 

Method 

CFAR Th. 

Calculation 

#Pd-1 Different Different P,C-2 Cell averaging 

#Pd-2 Close Different P,C-2 Cell averaging 

#Pd-3 Different Close P,C-2 Cell averaging 

#Pd-4 Close Close P,C-2 Cell averaging 

#Pd-5 Different Close P,C-2 Median 

 

 

Figure 5.54. Scenario Pd-1 vs Pd-3 Pd vs. SNR, Close Angle, Different Range, 

Different (Pd-1, left) / Close (Pd-3, right) Doppler for Proposed and Conventional 

Method. 
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As it can be seen from Figure 5.54 above, the Probability of Detection results of 

CFAR is consistent. The proposed method has the best performance with the 

windowing. The conventional method results become closer to proseposed method’s 

w.o. windowing results as expected from Scenario-8 and Scenario-9 in earlier 

section. As difference as in Doppler dimension of the datacube becomes higher, 

conventional method with spatio temporal-Doppler MF performance increases since 

the peak at the unintended scatterer with different Doppler diminishes. However, the 

proposed method gets better in both cases without effecting Doppler difference 

especially at high SNR values. 

 

Figure 5.55. Scenario Pd-2 vs Pd-4: Pd vs. SNR, Close Angle, Close Range, 

Different (Pd-2, left) / Close (Pd-4i right) Doppler for Proposed and Conventional 

Method. 

As it can be seen from Figure 5.55 above, the Probability of Detection results of 

CFAR is consistent. The proposed method has the best performance in these cases 

again and if one of the dimensions differ well from each other like in Pd-2 scenario, 

the windowing on the intended scatterer results gets even better. However, the 

conventional method performance decreases if the Doppler bin differences becomes 

closer no matter range and angle differences are. The results for different Doppler 

performance under close range and angle for conventional method (Scenario Pd-2) 

are given for twice the Doppler bin differences compared to the Monte Carlo applied 
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for proposed method. In the same Doppler bin difference with proposed method, the 

results did not change much for close Doppler bin scenario.  

As a result, for cell averaging CFAR performances, proposed method becomes a 

strong candidate to be used under given scenarios. In the next Figure, the CFAR 

performance is calculated for Scenario Pd-3 with median instead of cell averaging 

as given in Eq. 4.23. The results becomes better for each cases but proposed method 

becomes the strongest even in the low SNR values.  

 

Figure 5.56. Scenario Pd-3 Pd vs. SNR, Close Angle, Different Range, Close 

Doppler for Proposed and Conventional Method under Median (left) and Cell-

Averaging CFAR (right). 

5.3.2 Complexity 

The computational complexity of the proposed signal processing technique is given 

in terms of the number of arithmetic operations needed to obtain the range-angle 

maps. The Big-O notation and arithmetic operations for proposed and conventional 

methods are used to express complexities of models. 

[27] is referred for the Big-O notation details. 

CCM construction and received signal model are composed of following arithmetic 

operations given in Table 5.4. They are common for proposed and conventional 

methods.  
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Following tables express complexities. 

Table 5.4 The computational complexities of common terms.  

Complexity in 

Big-O Notation 
Complexity in Arithmetic Operations 

O(K NRNT) K(3+(NRNT))+(NRNT)+(NR
2)+ (NT2)+NR+NT 

 

Table 5.5 The computational complexities of methods.  

Method 
Complexity in 

Big-O Notation 
Complexity in Arithmetic Operations 

Proposed 

Method 
O(NM(SM)3) 

- Doppler Processing: KM+NMK 

- Doppler Windowing: M 

- Range Windowing: N 

- Channel Estimation: 2N+NM(SM)3 

- IDFT: N2(1+Nlog(N)) 

Resulted complexity: 

KM(1+N)+6N+M+N2(1+Nlog(N))+NM(SM)3 

Conventional 

Method-1 
O(N2M(log(N))) 

 - Adapting to MIMO structure: 2NM 

- Complex division operation: N2 

- IDFT: N2M(log(N)) 

- DFT: NM(log(M)) 

Resulted complexity: 

2NM+N2+ N2M(log(N))+NM(log(M)) 

Conventional 

Method-2 
O(N4M(log(N))2) 

 - Adapting to MIMO structure: 2NM 

- Convolution & IDFT: 2N4M(log(N))2 

- DFT: NM(log(M)) 

Resulted complexity: 

2NM+2N4M(log(N))2+NM(log(M)) 
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CHAPTER 6  

6 CONCLUSION AND FUTURE WORK  

Radar systems and communication systems play a vital role in military and 

commercial usage of information transmission. The concept of integration these 

systems in a single platform with joint waveform is called as RADCOM (Radar and 

Communication). Multiple transmit and multiple receiver antennas on co-located 

platform are considered in this thesis for RADCOM signal processing. In other 

words, in this thesis, co-located MIMO RADCOM systems that use signal sharing 

method with OFDM modulation are studied. Channels are spatially correlated Rician 

fading, i.e., channel model is composed of a line-of-sight path. Channel covariance 

matrix (CCM) is constructed parametrically depended on channel correlation 

information (angle of arrival and angular spreads). Doppler effects are considered. 

Hybrid beamforming methods are applied on both transmitted and received ends. 

Received signal from spatial channel is used to provide target map for spatially 

spread targets. Spatial Digital Maximum Ratio Tx/Rx Combiner technique is 

proposed to create radar data cube, i.e., target map by range, azimuth angle and 

doppler information. Combined results are obtained and analyzed to evaluate the 

proposed technique’s results. CFAR detection algorithm is used to compute 

probability of detection performance. Results and CFAR performances are compared 

with conventional methods. 

Compared with previous similar studies, spatial channel response is obtained 

parametrically both for transmit and receiver views, Rician fading is derived and 

targets’ velocities are considered in this thesis as doppler effect. Rather than point 

target, spatially spread targets are considered. The proposed method also provides 

select the sector of interest in parametrically. In order to improve radar systems 

performance, these parametric values can be determined specifically according to 

requirements of systems.  
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Moreover, the proposed method is simulated for multiple scenarios. Results shows 

that this study can be desirable candidate for future applications in the usage of multi-

user systems.  

Improved detector performance is provided by channel estimation method with 

proposed method. Channel estimation is calculated with the addition of doppler 

filtering in proposed method. The sidelobes are reduced by using the fundamental 

windowing technique.   

Finally, CFAR detection algorithm is developed in order to present probability of 

detection for proposed method. Adaptive threshold map is constructed for angle-

range-doppler radar cells by choosing one CUT at a time. Thresholds depend on cell 

averaging and median averaging are compared.  

Conventional methods give similar results for specific scenarios. However, 

conventional method-1 gives unreliable results for close angle scenarios. It requires 

specific waveform design to cancel out the effect of division at matched filter 

calculation. Conventional method-2 gives better results compared to method-1. On 

the other hand, proposed method has advantages with having doppler filtering and 

channel estimation technique in this dissertation. Hence, proposed method has 

acceptable performance for all scenarios. 

To conclude, proposed channel estimation, equivalent received system model and 

radar datacube construction resulted in improving RADCOM systems signal 

processing and detection performances. Adaptive CFAR detector based on Doppler-

Aware MIMO channel estimation is proposed. Its superiority compared to 

conventional methods are demonstrated. 

Future work that can be considered to improve this study is given below. 

¶ RF weights for known user equipment/targets can be added to channel 

characteristics.  

¶ Proposed signal processing method and channel parameters can be used for 

tracking, classification missions etc.   
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