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Abstract Quality of food is mainly governed by the condition it is transported
in. Wireless Sensor Networks have the potential to better control those transport
conditions. When moving the Wireless Sensor Networks from a lab environment
to the transport processes in harbors and shipping facilities, several challenges
have to be met. A system architecture and the challenges faced in a transfer pro-
ject with industry partners, i.e. radio propagation, autonomy, illustration of data
and housing are presented in this article.

Introduction

Food transports are characterized by a high degree of dynamism especially in-
flicted by the type of good or food in transport. The quality of food is determined
to a high degree by the conditions it is transported under. Wireless Sensor Net-
works, which actively monitor the transport conditions and actively report the
measurements (unlike passive RFID), allow the chance to react to changes in the
transport conditions early and appropriate. In the transfer project T4 of the Col-
laborative Research Center 637, Wireless Sensor Networks are applied in areas
from fruit transports to food distribution.

System Architecture

In order to make use of Wireless Sensor Networks and the possibilities they are
offering, a system architecture has been devised, which enables the gathered data
to be transmitted into the Internet. The system architecture is depicted in Fig. 1. In
subfigure (a) the system for land transport and in subfigure (b) the system for sea
transport is shown. These systems are slightly different due to interfaces to already
present telematic unit or to satellite communication systems. The architecture con-
sists of RFIDs and Readers for identification of the goods, Wireless Sensors for
supervision of the goods, a Communication Gateway giving the possibility to
autonomous selection of communication networks for the data transport. The data
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is transmitted to a server, which stores it in a database, and creates several dy-
namic web pages, RSS feeds and graphics. When a telematic unit is present, the
data from this unit, will be delivered to the web server using a Web Service.

am <
Fig. 1. System Architecture: (a) Land Transport (b) Sea Transport

Challenges

Although Wireless Sensor Networks have been a research field for several years
now [1-4], still multiple challenges have to be tackled to apply Wireless Sensor
Networks in food transport logistics. During experimental validation with indus-
trial partners, several test setups have been validated and the following four main
challenges have been identified: Radio Propagation, Autonomy, Illustration, and
Housing. More details on the challenges are explained in the individual para-
graphs:

Radio Propagation

Radio waves are attenuated while being transmitted from the sender to the re-
ceiver. The attenuation depends on the media between the receiver and the trans-
mitter. Food in many cases consists to big parts of water, which has worse propa-
gation attenuation than air. Especially, in a densely packed environment such as a
cargo container as depicted in Fig. 2 the spannable distance is reduced to less than
one meter. Similar propagation issues are persistent to RFIDs as well [5, 6] .
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Fig. 2. (a) Placement of Wireless Sensor Network node in the food box (b) Packed pallet (c)
Loaded cargo container

In Fig. 3 the Link Quality Indicator for links between Wireless Sensor Nodes (red
circles) in a cargo container is depicted. There are few excellent or good links
available, some bad links present, and many nodes are not connected at all. The
links that are excellent or good, are links that are mostly in an air channel at the
top of the cargo container. In order to have a good spatial resolution of the trans-
port conditions, several sensor nodes need to be deployed anyway. These sensor
nodes might therefore be used to forward data packets from other nodes in a mul-
tihop fashion tackling the challenge of high attenuation in the goods.

Excellent: LQI > 105.0

Fig. 3. Radio Link Quality Indicator (LQI) in a fully loaded cargo container

The Received Signal Strength Indicator (RSSI) of links of different media is
shown in Fig. 4 and 5 versus the distance between the nodes that constitute the
link. In Fig. 4 just links with air as a medium are considered, while in Fig. 5. only
links with food are considered. In both diagrams is a minimum squared error lin-
ear fitting included. This fitting starts for air medium at ~3dBi, while it starts at ~-
30 dBi for food as a medium. The slope for air is approximately -2.5dBi/m. The
slope for the second case is based on only a few measurements, thus giving little
confidence in it. However, the high attenuation has the effect that, the nodes in the
goods are less well connected.
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Experimental results of a multihop protocol are shown in Fig. 6 and 7. Fig. 6
depicts the neighborhood relations in a multihop network in a cargo container,
but still reachable by other nodes. Fig. 7 shows the paths packets are actually trav-
elling through the multihop network and the respective received signal strengths.

the nodes buried in deeper tiers (cargo links as in Fig. 5) are less well connected,

Fig. 5. Received Signal Strength in a cargo container (only radio links with cargo in between)
showing the top nodes being heavily meshed (mostly air links as in Fig. 4), while
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Fig. 6. Neighborhood Relations of Wireless Sensor Nodes in a fully loaded cargo container
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Fig. 7. Radio Packet Travel Paths through a Multihop Wireless Sensor Network

Autonomy

Another important acceptance factor for Wireless Sensor Networks in logistics is
autonomous operation and ease of deployment. The operation of Wireless Sensor
Networks should not impact the usual processes of the actors in logistics and put
additional burden on them. So, Wireless Sensor Networks and their attachment to
the Internet needs to autonomously configuring.

The challenge of autonomy has for example been tackled in the Communica-
tion Gateway depicted in Fig. 1. The improved architecture of the Communication
Service Module in the Communication Gateway can be seen in Fig. 8. It is based
on the Linux tool Network Manager, which autonomously monitors and selects
communication networks. Network Manager can deal with fixed Ethernet LAN
links, Wireless LAN, UMTS/GPRS and CDMA devices. However, the selection
of the device to use is based on static priorities. With developments that led to the
architecture depicted in Fig. 8. Network Manager’s priorities are dynamically and
autonomously updated based on the user applications executed on the gateway,
e.g. programs evaluating the data sensed by the Wireless Sensor Network. De-
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pending on the importance and amount of the data extracted at the evaluation
process, the best suitable communication network is chosen by the Communica-
tion Service Module.

Applications Applications Applications
Communication Servi lodule

NetworkManager

DBUS

Hardware

Fig. 8. Architecture of the enhanced Communication Service Module

User interface for data illustration

When implementing Wireless Sensor Networks in logistics, a way to analyze the
data gained from transport processes is necessary. A convenient way of presenting
and analyzing the data has been found based on a Web Framework named Django
Project [7]. This Web Framework enables HTML views on data stored in a data-
base and automatically delivers administration web pages and RSS feeds of the
data. A screenshot of one of the created pages is shown in Fig. 9, summarizing
conveniently the data from the telematic unit and from the Wireless Sensor Net-
work installed with it.

W e . ComNets | \iSAS SSHMITZ W Cmorns,

s
e

Fig. 9. Web Interface incorporating data from telematic unit and from the Wireless Sensor Net-
work
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Using the JavaScript libraries OpenLayers [8] and Dojo [9], the presentation of
data (geographical position of the goods in Fig. 10 and a temperature graph in Fig.
11) is conveniently generated from data in the database.

tap

Fig. 10. Display of the position using free and open map data
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Fig. 11. Graphical Representation of data from the Wireless Sensor Network

Housing

For the application of Wireless Sensor Network the housing of the individual
nodes has to meet several requirements. The housing e.g. needs to be water tight,
so that the electronics encased are safeguarded against it. The housing has to with-
stand cleaning with steam jet. Additionally care has to be taken that the housing is
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food safe, as it might come into contact with the transported food. Additionally,
the housing should not be made out of metal, as the this would inhibit or constrict
radio propagation between the nodes, further limiting the range of the devices al-
ready restricted as shown in first challenge. Fig. 12 to 14 show different genera-
tions of housings for the sensor nodes. The first generation housing was a simple
card box housing, while the second generation is a stock screwable plastic box.
For the third generation a rapid prototyping 3D printed housing will be custom
manufactured. This will fit custom rechargeable batteries and the sensor node and
is faster to assemble than the 2”d generation screwable housing.

Fig. 12. 1* generation card box housing Fig. 13. 2" generation screwable plastic box

Fig. 14. 3" generation rapid prototyping plastic housing

Conclusion

Four challenges that appear when bringing Wireless Sensor Network from the lab
and demonstrations to logistical processes were presented, namely: Radio Propa-
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gation, Autonomy, Illustration and Housing. Extensive implementations and
measurement campaigns have been conducted in the process of tackling the chal-
lenges. In conclusion it can be said that though several challenges in applying
Wireless Sensor Networks in logistics exist, most of the challenges are solvable
with today’s technologies.
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