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P. Galajda, A. Pietrikova, P. Kazimir and M. Svecova 

Technical University of Kosice, Kosice, Slovakia 
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Ultra Wide Band (UWB) radar is a very perspective technology for short-

range tracking of moving persons. UWB radar sensor network employing the 

centralized data fusion method can significantly improve tracking capabilities of 

more people in complex building environments. We present design prototype of 

sensor node based on M-sequence UWB radar front-end and embedded Linux 

based control unit as a basic building block of such sensor network. Embedded 

control unit provides processing power for preprocessing of received raw radar 

signals and compression of data sending to the data fusion center. Estimation of 

coordinates is performed by application of signal processing algorithms running 

locally in sensor node on high performance quad-core ARM CPU. Low-rate 

data stream of compressed target coordinates is send from the sensor node to 

the data fusion center by using narrow-band FSK modulation in free Short 

Range Devices (SRD) 868-870 MHz frequency band concurrently with 

operation of UWB radar front-end. Communication and synchronization of 

sensor node and data fusion center is controlled by ARM Cortex-M3 

microcontroller that is also part of embedded control unit. The first 

experimental results obtained from our prototype show very good performance 

of developed UWB sensor node with significantly lower power consumption than 

previously used PC platform. 

 

I. INTRODUCTION 

The Ultra Wide Band (UWB) radar systems have a variety of potential 

applications including through wall and through fire detection and tracking of 

moving persons in surveillance systems and during security operations. UWB 

radars use for these scenarios relatively low frequency 100 MHz to 5 GHz 

signals with large fractional bandwidth. This allows create a UWB sensor with a 

suitable tracking resolution that also has an ability to penetrate many common 

materials such as wood, ground, snow, plastic, concrete, rock, light foliage, etc. 

Another potential advantage is providing only low-resolution images that do no 

not break human privacy in surveillance systems in contrary to e.g. camera 

based systems. Such sensors are able to detect moving person by measuring 

changes in the impulse response of the environments [1]. In the above outlined 

applications, a short-range UWB radar (range up to 20-25 m) is usually applied 

and we refer these scenarios as short-range tracking. 

mailto:Dusan.Kocurg@tuke.sk
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Pseudo-noise maximum length binary sequence (Msequence) UWB radar 

[2], [3] provides several inherent advantages for short-range tracking. It can emit 

continuous low power UWB signals in the range only a few mW even for 

through-wall monitoring applications. This is orders of magnitude lower power 

level than typical GSM mobile or even WiFi hotspots emit during transmission 

and M-sequence UWB radar can be safely used for tracking of people. Absence 

of short-time large power peaks in emitted M-sequence UWB radar signals 

allows use relatively simple electronic components in the radar front-end. In 

contrary to standard radar, M-sequence radar must perform additional 

deconvolution of received signals in order to provide Time of Arrival (ToA) 

required for further steps of applied tracking algorithms. This additional 

processing step must be performed by radar signal processing unit and can be 

regarded as disadvantage of Msequence radar in comparison with traditional 

radars using narrow-pulse UWB signals. 

Fortunately, nowadays Central Processing Units (CPU) can perform this 

deconvolution only with a fraction of their processing power so this is not a 

problem in real people tracking applications. M-sequence UWB radars could 

even be used for detection of large static objects (e.g. large walls in buildings 

[4]) but such applications require more complex radar configurations, 

significantly more processing power and typically provide worst results in 

comparison with detection and tracking of moving persons. 

The problem of short-range detection and tracking of moving persons have 

been studied e.g. in [5], [6], [7], [8], [9]. However, the problem of multiple 

human tracking in real complex environments has been less well addressed. 

Experiences received at several measurement campaigns with UWB radar 

systems for through wall tracking of moving persons have shown that a single 

handheld radar (with one transmitting and two receiving antennas) is able to 

detect very often a person moving closest to the radar antennas only, whereas it 

is not able to detect the remaining targets [10]. This phenomenon results from 

the fact that due to the frequency band employed by the UWB radar a person 

moving nearby the radar antennas reflects and absorbs the energy of 

electromagnetic waves emitted by the transmitting antenna but only a negligible 

part of electromagnetic wave energy is transmitted through the person body to a 

certain region located behind the person where the second target can be located. 

The similar effect can be identified, if the person moving nearby the radar 

antennas is located between the second target and receiving antenna what results 

in that this person absorbs the energy of the electromagnetic waves reflected by 

the second targetand hence, only a negligible part of energy of electromagnetic 

waves reflected by the second target can be received by the radar. 

In order to solve this problem, a novel approach for shortrange tracking of 

moving persons was proposed in [11]. This approach uses application of a UWB 

sensor network employing proper data fusion methods. The UWB sensor 

network considered in [11] was represented by a set of sensors - UWB radars 
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(each with one transmitting and two receiving antennas) connected by LAN 

communication network. The particular sensors have to be located in the 

monitored region in such a way as to cover the region of interest as best as 

possible. At the same time it is expected they are able to provide some diversity 

with regard to targets positioning. Each sensor is able to detect some persons 

from the total number of targets and at the same time it is able to estimate their 

coordinates. The target coordinates provided by all sensors are transmitted to the 

data fusion center and subsequently they are processed by data fusion methods. 

In this paper we present new prototype of sensor node based on M-

sequence UWB radar front-end and embedded Linux based control unit as a 

basic building block for the sensor network employing proposed data fusion 

method. Estimation of coordinates is performed by application of signal 

processing algorithms running locally in the sensor node CPU and lowrate data 

stream of compressed target coordinates is send wirelessly from the sensor node 

to the data fusion center by using narrow-band FSK modulation in free Short 

Range Devices (SRD) frequency band. 

 

II. TOPOLOGY AND PERFORMANCE OF UWB SENSOR 

NETWORK WITH DATA FUSION CENTER 

Supported UWB sensor network uses star topology with one master and 

several slave UWB sensor nodes. Sensor nodes are represented by M-sequence 

radars and data fusion center is implemented in a standard Personal Computer 

(PC). Data fusion for considered UWB sensor network has centralized 

architecture shown in Fig. 1 [11]. The radar signals acquired by each sensor are 

independently processed by the procedure for through wall tracking of multiple 

moving targets proposed in [12]. It consists of several phases, namely 

background subtraction, weak signal enhancement, detection, ToA estimation, 

wall effect compensation [13] and target localization. Then, the target 

coordinates are processed by the fusion center. Here, we assume that the data 

provided to the fusion center are time-synchronized and transformed into the 

common coordinate systems. The sets of such data from each sensor node 

represents the input data for MTT system. 

The performance of the proposed approach for short-range tracking of 

moving persons was demonstrated by processing of real signals acquired by the 

UWB sensor network consisting of two M-sequence UWB channel sounders and 

two M-sequence UWB radars in [11]. The measurement scenario is given in the 

Fig. 2(a) representing a school corridor of approximate size 7 m� 15 m. Sensor 

nodes were placed in the opposite room corners and labelled as sensor S1, S2, 

S3 and S4 (Fig. 2(a)). 

Each UWB sensor node was equipped with one transmitting (Tx) and two 

receiving double-ridged horn antennas (Rx1, Rx2). The raw radar signals have 

been independently processed by methods of background subtraction 

(exponential averaging), detection (CFAR detector), ToA estimation (so called 



243 

ToA association responsible also for deghosting task solution [14]) and 

localization (direct calculation). The estimated target coordinates after time-

synchronization and transformation into the common coordinate system are 

depicted particularly for each sensor in Fig. 2(b)-2(e). As we can see from these 

figures, all sensors have captured the biggest amount of target reflections in their 

vicinity whereby sensors S1 and S2 have covered approximately 1=4 of the 

monitored area but sensors S3 and S4 only around 1=8 of it. The low 

performance of the sensor S3 in comparison to the sensor S1 was due to the 

application of an older type of antennas for the sensor S3. The decreased 

coverage of the monitored region by the sensor S4 results from its short-range 

capability.  

 

 
Fig. 1. Centralized data fusion architecture including MTT system. Sensor 

and Signal processing block are included in each sensor node, Fusion Center 

is implemented in a PC. 

 

These results clearly demonstrate significantly improved tracking precision 

of proposed UWB sensor network approach. Further details about used 

algorithms can be found in [11]. Note that described experimental results were 

acquired by UWB sensor network with wired communication channels from 

sensors to the data fusion center. Sensor nodes were represented by large 

experimental M-sequence UWB radar and channel sounder systems. Next 

sections describe new compact hardware UWB sensor node prototype developed 

within TECHNICOM project in cooperation with TU Ilmenau Service GmbH 

(ILMSENS) [15], our German cooperating partner in the TECHNICOM project. 

Our new UWB sensor node contains powerful embedded CPU and wireless 

communication channel that can be used for communication with data fusion 

center concurrently with UWB radar front-end operation. 

 

III. PROPOSED UWB SENSOR NODE ARCHITECTURE 

We build-up UWB sensor around the control unit based on 11 cm � 8:5 cm 

embedded UDOO minicomputer equipped with Freescale i.MX 6 ARM Cortex-

A9 quad-core 1 GHz CPU and Atmel SAM3X8E ARM Cortex-M3 

microcontroller (MCU) [16]. UDOO is an open hardware, low-cost computer 

platform for which complete schematic is publicly available. Relatively unusual 

combination of high-performance CPU with embedded MCU on one board 
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allows to separate signal processing and communication algorithms by running 

communication and synchronization functions on the MCU. On board CPU and 

MCU are fully user programmable and this feature provides high flexibility 

during firmware development. Moreover we can extend functionality of CPU 

and MCU by using available interfaces and General Purpose Input Output 

(GPIO) that are well documented for all UDOO hardware components. Main 

features of developed UWB sensor node are summarized in the following 

subsections. 

 

 
 

Fig. 2. Experimental confirmation of target tracking coordinates estimation 

improvement by using MTT based signal processing in data fusion center [11]: 

(a) measurement scenario - corridor scheme with the antennas layout for whole 

UWB sensor network, (b) local estimation by sensor S1, (c) local estimation 

by sensor S2, (d) local estimation by sensor S3, (e) local estimation by sensor 

S4, (f) final estimation by data fusion from sensors S1&S2&S3&S4. 

 

A. UWB Radar Front-End 

Our UWB sensor node uses M-sequence UWB radar frontend with 12th 

order M-sequence developed by ILMSES. The front-end has 1 Tx and 2 Rx 

connectors and contains integrated custom high frequency Linear Feedback 

Shift Register (LFSR) pseudo-noise generator, 12.8 GHz clock generator, high-

performance wide-band amplifiers, two AD converters working in sub-sampling 

mode and FPGA interface board. The UWB font-end is connected to our control 

unit by using standard USB interface. FPGA configuration bitstream is 

downloaded to the front-end FPGA by our control unit during sensor node start-

up phase. The front-end provides pair (for each of 2 RX channels) Impulse 

Responses (IR) and each response has 212 � 1 = 4095 elements. Number of IR 

per second (IR/s) are configurable by selection of number of averaging 
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performed in the front-end FPGA hardware. For detection and tracking of 

moving people we typically use UWB radar front-end with 10-20 IR/s. 

B. Data Processing 

Data processing algorithms are performed by quad-core CPU, the most 

powerful component of the control unit. We implemented all processing blocks 

shown in Fig. 3 as portable ANSI-C functions to provide high flexibility for the 

final sensor node firmware development and future extensions. Measured 

impulse responses are obtained from Correlation block that performs 

deconvolution of received UWB radar signals by using highly optimized 

Hadamard transform and signal components permutations. The Background 

subtraction blocks extract week dynamic signals representing moving persons 

from static reflections. This operation significantly improves input signal to 

noise ratio that is required for proper operation of the following signal 

processing algorithms. Detection, Localization and Tracking blocks execute 

series of operations with the goal to estimate locally coordinates of moving 

people in the analyzed area. All computations are performed in 32-bit floating-

point arithmetic by using quadcore CPU. Source codes and compiler settings are 

optimized for exploitation of SIMD based NEON extension available in ARM 

Cortex-A9 CPU. Thanks to multi-core architecture and 1 GHz clock frequency 

of CPU there is no problem with realtime data processing capabilities of used 

hardware and there is even reserve for more complex algorithms to be 

implemented in future. 

 
 

Fig. 3. Main components and signal processing blocks of UWB sensor node. 

 

C. Support by Operating System 

Control unit has to communicate with the radar front-end by using high 

high-level USB interface. In order to simplifysensor node firmware development 

and ensure simple portability to alternative hardware platforms in future we 

decided to use Operating System (OS). UDOO minicomputer can run Linux or 
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Android OS [16]. The Android is user oriented OS that is hard to customize. So 

we chose Linux to power our sensor node. There are several choices of Linux 

distributions for UDOO such as Ubuntu, Arch Linux ARM or Yocto Linux. We 

chose Yocto Linux because it is the minimalistic Linux distribution with very 

small footprint size and it is built for the target platform rather than distributed 

as a pre-compiled image. We used minimal Yocto image with just a USB 

storage driver installed. We also developed custom USB driver for UWB radar 

front-end which was available only for PC Windows OS. Yocto Linux, data 

processing and complete sensor node custom functions have 165 MB and are 

stored on the SD card. They are downloaded to the control unit DRAM memory 

during sensor node start-up booting phase. 

 
 

Fig. 4. Block diagram of complete UWB sensor node including interfaces 

and communication channels. GPIO pin of MCU synchronizes operation of 

UWB radar-front end with sub-millisecond precision. 

 

D. Wireless Communication and Synchronization 

In proposed sensor network we transmit data from the sensor node to the 

data fusion center for further processing. We are using the RF network working 

in license-free narrow-band SRD 868-870 MHz. As RF transceivers we use 

Radiocrafts RC1180 radio modules with narrow-band FSK modulation [17]. 

Locally estimated target coordinates that are computed by quad-core ARM CPU 

are sent to the SAM3X MCU via debug UART shared by ARM CPU and 

SAM3X MCU. The RF communication of the sensor node is controlled via 

USART1 interface by the Atmel SAM3X MCU on the UDOO board. Block 

diagram of complete UWB sensor node is shown in Fig. 4. The MCU performs 

also wireless synchronization of sensor node by using pilot signals (special 

synchronization packets) transmitted by data fusion center RF interface. 

Separation of data processing CPU and communication/synchronization MCU 

significantly simplified firmware development and allows real-time 



247 

synchronization of sensor nodes with precision better than 1 ms that is much 

better than required for proper detection and tracking of moving people. MCU 

firmware is developed as bare-metal application by using GNU development 

tools for ARM MCUs. 

E. Power Consumption 

We selected UDOO based control unit not only due to it’s compactness and 

high-performance of quad-core ARM CPU, but high priority in selection process 

was a possibility to operate it without active cooling. UDOO board can be 

operated from a 6-15 V DC switching power supply and total power 

consumption is 3.12 W @ 9961 MHz clock frequency. The power consumption 

can be slightly decreased to 2.90 W @ 792 MHz and 2.58 W @ 396 MHz, 

respectively. Complete standalone control unit including MCU and RF 

transceiver can be operating with only passive cooling thanks to the large 

metallic cooler attached directly to the quad-core ARM CPU. 

 

IV. EXPERIMENTAL UWB SENSOR PROTOTYPE 

Main components of developed UWB sensor node prototype are shown in 

Fig. 5. Complete embedded UWB sensor node prototype including also UWB 

radar front-end is placed in the aluminium box shown in Fig. 6. The basic 

functionality of prototype was confirmed by comparison of computed targets 

coordinates with reference Matlab computations. The prototype will be used for 

development and optimalization of CPU and MCU firmware as well as for final 

OS configuration. The prototype has no ventilation holes in order to allow 

testing thermal behavior of all sensor node components. It is expected that final 

design will require additional thermal optimalization as UWB radar front-end is 

additional significant source of heat. 

 

 
 

Fig. 5. Building blocks of developed UWB sensor node prototype: UDOO 

based control board with RF communication module (left), UWB radar frontend 

developed by ILMSENS (middle), back panel (right). 
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V. CONCLUSIONS 

We described new UWB sensor node prototype developed with the 

TECHNICOM project in cooperation with ILMSENS company. Our UWB 

sensor node is optimized for star topology of wireless sensor network with 

centralized data fusion center. It uses M-sequence UWB radar frontend with 

12th order pseudo-random sequence developed by partner ILMSENS company. 

We build up complete UWB sensor around the control unit based on embedded 

UDOO minicomputer running Yocto Linux distribution optimized for embedded 

applications. Radar signals preprocessing and locally executed signal processing 

algorithms are performed by quad-core ARM Cortex-A9 CPU @ 1 GHz 

available on UDOO minicomputer. Compressed estimations of target 

coordinates are transferred to the data fusion center by using narrow-band FSK 

modulation in free SRD 868-870 MHz frequency band concurrently with 

operation of UWB radar front-end. We control communication between sensor 

node and data fusion center as well as network synchronization by using ARM 

Cortex-M3 microcontroller that is also part of UDOO minicomputer and is 

running in parallel with main quad-core ARM CPU. Our developed firmware for 

both ARM processors was tested and results were compared with Matlab 

reference implementation of signal processing algorithms. First experimental 

results confirmed correctness of implemented algorithms and also correct 

operation of UWB sensor node initialization, control, communication and 

synchronization functions. Power consumption of our control unit is only 3 W. 

Developed hardware has modular architecture that we can easily extend from 

hardware as well software point of view. We will use these features in future 

development steps when UWB radars acquired within TECHNICOM project 

will be available and used in the complete UWB sensor network performance 

testing. 

 

 
 

Fig. 6. Complete UWB senzor node with all components placed in aluminium 

box. Back panel contains SMA connector for RF antenna in SRD frequency 

band, power switch, diagnostic LEDs, configuration switches, USB and UART 

interfaces to be used for further firmware development. 
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