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A ZigBee based sensor network for road traffic monitoring 

Emil E. Vladkov  

 

ZigBee is a popular wireless networking protocol for building self-configuring sensor networks. 

It proves to be both reliable and cost-effective, which makes it a preferred choice for the design of a 

traffic counting and monitoring network. The actual technology which performs the task of vehicle 

monitoring is well developed and practically tested and usually relies on AMR sensors near every lane 

of the road collecting vehicle passing count information on periodically basis. The goal of the 

proposed implementation is to build the wireless part of the system to implement and to use a simple 

and uniform networking protocol without gateways to other technologies so the whole complex system 

of hundreds of sensor nodes can be build and maintained with minimum human intervention and every 

node can act as a gateway to collect the necessary traffic information about the whole system from 

every physical location in the reach of the network. ZigBee is the clear and definitive choice as nodes 

can act both as end devices and routers and the necessary information can be spread to the whole 

network using broadcast transmissions. The article briefly describes the benefits of using ZigBee and 

the topology of the network and proposes a method for building a distributed converging data-base, 

which every node updates with short effective broadcast messages transmitted periodically to all other 

participants of the network. 
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I. Introduction 

Different traffic monitoring systems exist, which 

can both supply quantitative information about the 

traffic intensity, the number of incoming/leaving 

vehicles in an urban area and even about the 

population of the parking zones and take decisions to 

control traffic lights and restrictions. Some of the 

systems are build upon existing or new camera 

installations, other are based upon different physical 

phenomena sensors, placed in or in the vicinity of the 

road structure [1], [2]. The purpose of the system 

described here is to collect data (vehicle counts) about 

vehicles entering or leaving a city area – the future 

practical realization targets are the Blue and Green 

parking zones in Sofia downtown area. Unlike the 

other existing proposals the described system shall be 
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build upon one technology and not a combination of 

different wireless techniques (WiFi, ZigBee and 

3G/4G data networks). This will result in a 

significantly lower price and much easier 

implementation with minimum human intervention for 

setup and maintenance due to the low protocol 

translation burden as no gateway exists in such a 

homogenous system. As in previous proposals the 

described system shall be accessible for data 

collection at any node, which results in a distributed 

database as the natural solution. The technology 

chosen is IEEE 802.15.4 (ZigBee) [3]. 

II. Topology of the ZigBee sensor network 

The typical ZigBee network consists of 3 type of 

devices – Coordinators (C), Routers (R) and End 

Devices (ED). The End Devices can only be the 

source or destination of a packet, but they can not 

route packets for neighbour nodes. In the proposed 

network topology every node shall be as universal as 

possible, so that the future grow of the system is 

build-in as new sensors are added. The use of End 

Device nodes will constrain the placement of new 

nodes to the coverage area of router nodes or End 

Device nodes shall be reprogrammed with Router 

firmware in case the network expansion is in a 

direction far away from Router nodes. This moves 

away from the initial design goal – self-organizing 

future-proof traffic information system with minimum 

human intervention at setup and maintenance 

(reprogramming not necessary). So in the proposed 

topology only Router and one Coordinator nodes are 

deployed as shown in Fig.1. The Coordinator node is 

obligatory for every ZigBee network, but the choice of 

one node as Coordinator is arbitrary, as every node in 

the proposed network will execute the same code for 

maintaining the distributed data base. The different 

role of the Coordinator is in the management process 

of the whole network (adding new nodes) at the 

network layer of the protocol, which together with 

routing of packets is fully automated by the ZigBee 

protocol itself and is out of the scope of this proposal. 

This is one of the strengths of the presented system – 

it is build upon well documented and mature protocols 

for routing, so the designer does not care about how 

the packets reach every destination, but only what 

these packets are carrying as payload. This makes the 

system very simple, easy to upgrade and expand 

(automated process) and easy to program (every 

device has identical program functions). The only 

restriction in such Router-only network is battery life 

of the nodes (End devices are especially battery-

aware), but the wireless connectivity will be not the 

only drain of power for the node in this case, as every 

system shall be equipped with an Anisotropic 

Magneto-Resistive (AMR) sensor [2], [4] and a 

controller board, which shall maintain the database, 

take database entry update decisions and periodically 

transmit its own AMR data through the wireless node, 

which calls for a better high capacity battery or 

permanent supply. In case a power-efficient system is 

the design goal the proposal can migrate to the XBee 

DigiMesh concept, which introduces a special sleep 

mode with “sleeping routers”. 

The AMR sensors and their sensitivity define the 

location of the nodes near the road/street structures 

(Fig.1) and act by sensing the distortion of the Earth’s 

magnetic field by the high ferrous content of the 

engine block of the passing vehicles [2]. Every vehicle 

has a specific distortion signature, so the node 

microcontroller can classify the data collected upon 

the vehicle type (personal or public transportation 

vehicles). One good candidate for the sensor 

subsystem in the node is the  Honeywell HMC1021 

AMR sensor [5]. 

The Zigbee module for every node in the mesh 

network shown in Fig.1 is the Digi International XBee 

Series 2 [6], [7] as it is very cheap and robust and has 

a well documented protocol for serial communication 

with a host microcontroller [8]. 

 

 

Fig.1. ZigBee XBee mesh network with AMR sensor boards. 
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The data collecting node, which presents the 

information as the gateway to the system 

administrator for future processing, is a just a simple 

Router node without AMR sensor, but with PC 

connectivity. 

III. Structure of the wireless sensor node 

Every sensor node in the ZigBee mesh network 

regardless of being a Coordinator or a Router has the 

same design, depicted on Fig.2. This uniformity is one 

of the strengths of the presented system, as nodes have 

one and the same hardware structure and run one and 

the same firmware algorithms. Even the data 

collecting management node is build upon the same 

hardware with the exclusion of the sensing part. 

The sensing subsystem is build upon the 

Honeywell HMC1021 AMR Wheatstone bridge 

constructed from permalloy thin-film on silicon 

patterned as resistive strip elements [5]. The IC 

chosen has one sensitive axis and acts a simple field 

detector. Its differential output signal is amplified and 

conditioned before being converted to a digital sample 

by the ADC (10-bit resolution proves to be adequate). 

To recover sensitivity and demagnetize the AMR 

sensors in the presence of strong magnetic fields the 

microcontroller applies periodically a Set/Reset pulse 

to the HMC1021 chip through the corresponding 

driver circuitry. The microcontroller (part of the 

controller subsystem) performs many tasks in the node 

– it samples through the ADC the changing magnetic 

flux disturbed by passing vehicles, compares the 

sensor data to known profiles of different types of 

vehicles, increments the internal counters, exchanges 

serial frames with the XBee module through the 

UART and takes decisions on updating the local 

database of the node, part of the distributed traffic 

system database. The serial communication with the 

XBee occurs through a standard serial interface, 

consisting of Data In (DI), Data Out (DO) and 

handshaking (RTS\, CTS\) signals. 

 

 

Fig.2. Wireless ZigBee sensor node. 

IV. Maintenance of a distributed traffic 

database in every sensor node 

The distributed database is maintained in every 

network node and should have quasi-equivalent 

entries compared to the other nodes – it converges to 

an identical state on all nodes (as the database is build 

progressively by the node itself small variances are 

possible). This concept allows for updating the 

database by very short messages broadcasted by the 

nodes to the network, containing only the traffic 

information collected by the node itself. The whole 

database is not transmitted from node to node, but is 

constructed by every node, so can be respectively 

derived by the collecting station at every location of 

the ZigBee network. 

The database consists of following entries as 

depicted on Fig.3: 

• NAddr – Node address (network address): an 

unique 16-bit value, 0x0000 for the Coordinator; 

• NID – XBee Node Identifier: A string of up to 

20 ASCII characters (20 bytes) with a short 

description of the node and/or its location. In 

case of a resources constrained controller 

subsystem this string can be reduced to a 4 bytes 

sensor node number in ASCII representation, in 

which case the exact node location lookup shall 

be performed by the data collecting station;  

• TP –  Data collecting time period: an 8-bit value 

representing the interval in minutes during  

which the traffic count was registered. The 

maximum allowed period is 255 minutes, or 

slightly more than 4 hours. After this period has 

passed the node should transmit its own count 

values in a broadcast message to the network; 

• InCnt – Incoming traffic count: a 16-bit value 

representing the number of vehicles registered 

by the local AMR sensor to enter a specific 

zone; 

• OutCnt – Outgoing traffic count: a 16-bit value 

representing the number of vehicles registered 

by the local AMR sensor to leave a specific 

zone. Depending on the road, traffic direction 

and the number of monitoring devices placed on 

it the respective node can have only InCnt, 

OutCnt or both of them if in possession of 

several AMR sensors for both directions of 

traffic flow; 

• TI – Time Integral: a 16-bit value representing 

the integral time in minutes passed since the 

local sensor node was switched on or since the 

last reset command during which traffic data was 

collected. The value is produced by successive 

accumulations of the TP value to TI at data 

XBee  
RF module

DI 

CTS\ 

DO 

RTS\ 

VCC ADC 

Distributed 
database 

U
A

R
T

 

uC 

Differential 
Amplifier 

H
M

C
1

0
2

1
 

Set/Reset 
demagn. 
and 
sensitivity 

Sensing 
subsystem 

Signal 
conditioning 

Controller 
subsystem 



“Е+Е”, 1-2/2014 29

update instants of own counter data. This data 

field is big enough to cover 45 days of collected 

data; 

• InCntI – Integral Incoming traffic count: a 24-

bit integral value produced by accumulating the 

consecutive InCnt values; 

• OutCntI – Integral Outgoing traffic count: a 24-

bit integral value produced by accumulating the 

consecutive OutCnt values; 

• NewFl – New data flag: an 1-bit flag (residing in 

a 1 Byte field in the broadcasted data frames due 

to packet length reasons) following the sequence 

-1-0-1-0-1- of alternating values. If a ZigBee 

router node receives a new data frame 

broadcasted from another station it updates its 

own database entry for this station only by the 

first reception of the new frame (in case of 

several receptions of one and the same frame due 

to a broadcast storm or alternative routes) and 

routes it forth. To accomplish this selective 

update the receiving station compares the data 

frame NewFl flag value with its own flag value 

entry and updates the whole database entry only 

if they differ. The broadcasting station has to 

toggle the transmitted flag value for every new 

collecting period data frame, so updating of all 

distributed database entries is possible. Actually 

the NewFl concept  is a precaution measure, as 

every Router maintains an 8-seconds lasting 

entry in a local broadcast transmission table to 

prevent endless retransmissions. 

 

Fig.3. Distributed database residing in each node. 

When a data collecting station extracts the 

information from the distributed database within the 

maximum 45 days time interval, it has to issue a TI, 

InCntI and OutCntI reset command, so that this 

integral data does not become meaningless from this 

point on. Of course the data collecting station can be 

constantly logged on to the system to obtain the 

consecutive counter values for the TP interval and 

store them in an external more powerful database to 

obtain statistical hour-of-the-day and day-of-the-week 

traffic information. In this case the TI, InCntI and 

OutCntI fields can be omitted in the database. 

V. Algorithm for updating the database through 

periodic broadcast messages 

Depending on the value of the data collecting time 

period TP set for the node during setup or through a 

dedicated command by the data collecting PC through 

its ZigBee module every sensing node periodically 

broadcasts to all other nodes its state – the values of 

the fields NID, TP, InCnt, OutCnt and NewFl 

(Fig.4).  

 

Fig.4. Updating the database through periodic broadcasts 

and routing. 
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through a dedicated API TX Request data frame with 
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to the node XBee transceiver. In-between these 

periodic updates of the distributed database the node 

serves as a router for other stations broadcast 

messages and updates its own version of the database 
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and the device controller maintaining the local 
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with the local database entries as shown in Fig.3 – in 

case a match is found the corresponding fields are 

updated and the old counter and timer values are 

accumulated in the TI, InCntI and OutCntI fields (only 

if the update frame is a new frame – check the NewFl 

value). In case no match with the addresses is found a 

completely new entry in the local database is made. 

Such a situation can arise as new sensor nodes are 

added to the traffic monitoring network. 

Outdated entries in the database for nodes which 

have left the network (shut-down or malfunctioning) 

are removed by the node controller in a decision 

process based on  the TP value, the integral time TI 

value not changing for several TP time intervals 

passing and the local controller timer. 

VI. TX and RX API data frames structure and 

types 

The structure of the TX and RX API data frames is 

shown in Fig.5, Fig.6, Fig.7 and Fig.8 for the different 

types of user data transmitted [6], [7], [8]. These 

frames are exchanged on the serial link between the 

node controller and the XBee module. The RF frames 

transmitted or received by the XBee are related to 

these “wired” packets but they are solely covered by 

the ZigBee standard and not the subject of this design 

implementation. Both TX Request and RX Receive 

frames serve the purpose of transmitting or receiving 

user data – in this case the data has a defined structure 

of fields and can be considered as part of the 

Application Support Layer (APS) of the standard  

(sometimes called “profile”) with the corresponding 

data clusters (consisting of cluster specific data 

fields). 

Fig.5. API TX Request frame with broadcasted traffic 

counter information . 

The API frames start with a Start Delimiter (0x7E), 

followed by the Length bytes (the length is calculated 

between the length bytes and the checksum). The API 

Identifier (Frame type) values follow, which differ for 

the TX and RX frames, being 0x10 and 0x90 

respectively – they determine the interpretation of the 

following identifier-specific data.  

For the TX Request frames a Frame ID follows, 

that is used to correlate the frame with an 

acknowledgement  (ACK) from the recipient. In the 

described broadcast scenario the  ACK does not seem 

reasonable, so the field contains 0x00 to disable ACK. 

The 16-bit destination address follows, which is set to 

0xFFFE for broadcast transmission to all sensor 

nodes. The Broadcast radius field next is set to 0x00, 

which enables the maximum hops value (specified 

through a separate AT command NH together with 

other network specific parameters like the PAN ID). 

The Options byte is set to 0x01 too to disable ACK 

and retries. The user data comes next, which in the 

case of the ZigBee traffic monitoring network consists 

of the APS-fields with counter information used to 

update the distributed database, but can also contain a 

specific user-defined command for the nodes. 

The RX frame continues after the API identifier 

with the source address of the sending node – this 

address is used as one of the APS fields for look-up in 

the database update process and is part of the data 

extracted from the API frame by the node controller. 

The next byte contains the Received Signal Strength 

Indicator (RSSI) – a value in –dBm indicating RF 

reception conditions. The following Options byte shall 

reflect the fact that the frame received was a broadcast 

frame and it was not acknowledged, so the value will 

be 0x02. The APS-fields with counter information or 

command data follow. 

Fig.6. API RX data frame with look-up source address data 

and traffic counter information . 

In the APS section of the user data in TX and RX 

frames there is a special APS Profile ID field set to 

the private Traffic Monitoring Profile value and an 

Cluster ID field to discriminate between different 

types of data clusters within this profile: broadcasted 

counter information cluster (Cluster ID 0x00) and 

command data clusters. The two commands specified 
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currently are the command for resetting the Integral 

Counters and Timers on all devices in the network 

(Cluster ID 0x01) and the command for specifying the 

data collecting timer period TP for an individual de-

vice (Cluster ID 0x02). As shown on Fig.7 the Reset 

command contains practically no cluster data (no spe-

cific parameters for the data collection process), so the 

Cluster ID is used as the command identifier. The TX 

Request frame containing the TP update command 

(Fig.8) is not a broadcast frame in this case, as this 

frame shall reach and update only the specified sensor 

node set by the management of the network. Usually 

such a frame with an TP update command is issued 

after it becomes evident that the data collecting period 

on a specific node is not optimal: too short and the 

counter values are very small and meaningless, or too 

extended so that counter overflows occur or important 

events (peaks in traffic) are missed. It is a good idea to 

use the Frame ID (set to 0x01) in the TP update com-

mand TX Request frame to enable an ACK and an 

API TX status response frame to trace the success or 

failure of the command. 

Fig.7. API TX Request frame containing the command for 

resetting integral counters and timers on all nodes. 

Depending on network management needs addi-

tional commands in form of command clusters can be 

specified with their new own Cluster IDs. As there is 

no special public profile dedicated to traffic and traffic 

monitoring at the time of this writing the Profile_ID is 

chosen in the manufacturer specific ID values range: 

0xbf00 – 0xffff [9], [10]. 

The TX Request and RX data frames end with an 

8-bit Checksum value, which is calculated as 0xFF – 

(the 8-bit sum of all data past the frame length till the 

Checksum byte) and serves the error detection tasks 

on the serial link between controller and XBee module 

of the node. 

Note: In the S2 and S2B hardware versions of the 

XBee modules there is an additional 64-bit node ad-

dress inserted just before the 16-bit network address 

(omitted in the figures for clarity) and the RSSI byte 

in the RX data frame is missing [7]. 

 

Fig.8. API TX Request frame with the data collecting time 

period TP update command. 

VII. Design range and throughput 

considerations 

It is recommended to use the power-amplified 

versions of the XBee modules – XBee-PRO as they 

allow extended-range applications (up to 90m for 

indoor/urban use and up to 1600m for outdoor line-of-

sight).  

The data throughput empirical test results of Digi 

(Table 1, [7]) show the capability of a ZigBee mesh 

network to transfer nearly 43 frames/sec for the worst 

case of 29 bytes of data in a typical TX Request  

frame with broadcasted traffic counters. Such a 

troughput will be fine even with a huge mesh network, 

consisting of more than 2500 sensor nodes with TP = 

1 minute (unrealistic scenario) despite the typical data 

collecting time period in the urban environment for 

traffic monitoring tasks will be more than 10 min. 

Table 1 
Data throughput of a ZigBee mesh network (XBee) 

Configuration Data, kbps Data, pps 

1 hop, router to router, 

security disabled 
35 150 

4 hops, router to router, 

security disabled 
10 43 

 

VIII. Conclusion 

The proposed traffic monitoring sensor network 

topology and implementation scales especially well 

for large scale networks as typical urban monitoring 

networks are. The original distributed database 

concept and the update by broadcasted messages 

makes the accomplishment with many hops between 

the router sensor nodes applicable, where traditional 

on-demand distance vector routing protocols do not 

scale well (poor network performance due to regularly 

occurring route rediscoveries because of limited 

routing tables space on ZB nodes). The presented 

system is especially user-friendly and easy to use 

because of the uniform node design and the automated 
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joining of new nodes and database updates. For 

smaller networks of ZigBee sensor nodes the same 

topology can use the Many-to-One routing algorithm 

[7] with a centralized database at the data collector 

station, which will receive the individual nodes 

counter data in the same message format but unicasted 

and not broadcasted. 
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