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Abstract: Traceability is important for identifying the root-causes of production related 

quality problems. Traceability can often be reached by adding identification markers on 
products, but this is not a solution when the value of the individual product is much lower 
than the incurred cost of a marking system. This is the case for continuous production of 

granular media. The use of Radio Frequency Identification (RFID) technique to achieve 
traceability in continuous granular flows has been proposed in the literature. We study, 
through experiments, different methods to improve the performance of such an RFID system. 
For example, larger transponders and multiple readers are shown to improve the RFID system 

performance. 

1. INTRODUCTION 

Defective products appear in most production processes due to, for example, human errors, 

failing production equipment or flaws in the raw materials. It may take a while before the 

operators detect that the process is off target, and the staff may hence need to identify the root-

cause of the defects afterwards using off-line analysis. A production system therefore needs 

some element of traceability, that is, the ability to trace, track, and predict the movement of a 

physical lot and the subcomponents through the supply chain. Traceability has other benefits as 

well, such as to minimize the extent of product recalls (Fisk and Chandran, 1975; Jacobs and 

Mundel, 1975) and for continuous improvements (Mahoney and Thor, 1994). Furthermore, 

traceability is important for process control (Oakland, 1995) and often requested through 

quality management systems (ISO 9001, 2008, 7.5.3). 

Kvarnström and Oghazi (2008) argue that continuous processes have special characteristics that 

complicate traceability. Continuous processes are defined as processes where products are 

refined gradually and with minimal interruptions through a series of operations (Fransoo and 

Rutten, 1993; Dennis and Meredith, 2000). 

Some of the products produced in continuous processes are in granular form, that is, 

conglomerates of discrete macroscopic particles, such as piles of wheat grains or gravel. 

Granular materials can behave as a solid, fluid or gas depending on material preparations (Jaeger 

et al., 1996). For an introduction to the physics of dry granular materials, see Duran (2000). 

Granular materials are often excavated directly from natural sources, and the physical 

characteristics of the granular materials, such as density, shape and size, therefore often exhibit 

large variation. 
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Granular materials tend to segregate due to differences in physical characteristics, especially 

size, but also density (Ottino and Khakar, 2000; Hjortsberg and Bergquist, 2002), which 

further complicates traceability. Kvarnström and Oghazi (2008) propose that the RFID (radio 

frequency identification) technique might be suitable for tracing granular material flows, as it is 

durable, offers automatic identification that does not require line of sight, and provides a 

unique identification. The use of the RFID technique in continuous granular flows has been 

demonstrated by Kvarnström and Vanhatalo (2010). However, we argue that the performance 

of an RFID system needs to be studied further. In this article we, therefore, investigate factors 

that may affect the performance of RFID systems in granular flows. 

The article has the following structure. In Section 2 we introduce the RFID technique and in 

Section 3 outline the studied case process. In Sections 4, 5, and 6 we identify and discuss 

methods to improve the performance of RFID systems and present our four research 

questions. Section 7 describes the two performed experiments and the RFID equipment. We 

describe the results of the experiments in Section 8 and 9 and draw conclusions and discuss the 

experimental findings in Section 10. 

2. RADIO FREQUENCY IDENTIFICATION (RFID) 

RFID is a wireless and automatic data capturing technique that has gained an increased interest 

during recent years (Chao et al., 2007; Ngai et al., 2008). The technique uses radio waves for 

identification of objects, and it is often used as a complement to bar codes (Lehpamer, 2008). 

RFID applications can for instance be found for vehicle identification, ticketing, baggage 

handling, food production control, and mail and shipping (Shepard, 2005). Furthermore, 

Kvarnström and Oja (2010) present RFID applications in continuous processes. 

An RFID system consists of readers, transponders, and a database, and it works as follows. The 

reader antenna constantly emits a radio signal. If a transponder is within the transmission field 

of the reader, it is triggered and returns a signal. The transponder signal is collected by the 

reader and stored in a database. 

The design of the RFID system depends on many factors related to the considered application. 

The read range (the greatest distance at which a transponder can be read), cost sensitivity, and 

reader environment need to be considered (Lehpamer, 2008). Two RFID techniques exist, the 

more common one based on integrated circuits, and a technique based on surface acoustic 

waves. The experiments in this article use the technique based on integrated circuits, and this 

technique is hereafter called RFID. For an extensive description of the different RFID 

techniques and how to design an RFID system, see Finkenzeller (2003), Shepard (2005), or 

Lehpamer (2008). 

The RFID transponders are usually attached to individual units or batches. However, it would, 

for all cases we can think of, be too expensive to equip all granules with RFID transponders, 



Senast ändrad av: Björn Kvarnström 22 juni 2010 

 

3 

since the value of each granule is low compared to the transponder. Furthermore, it is not 

possible to mark batches in continuous granular flows since the continuous flow implies that 

there are no batches. A solution is to create virtual batches, with transponders acting as markers 

of the batch borders, so that the movement of these batches may be monitored. 

3. THE CASE 

Luossavaara-Kiirunavaara AB (LKAB) is a Swedish mining company which produces iron ore 

pellets (hereafter pellets). The company has two major production sites, and in this article the 

Kiruna plant and its pellets distribution chain has been studied. From Kiruna, the product is 

transported 170 km to the harbor of Narvik, Norway, for later shipment to customers 

worldwide. The distribution chain from Kiruna to the customers contains continuous granular 

flows and it is therefore a suitable process for the study. 

The distribution chain includes three intermediate storage steps, two longer transports (one by 

train and one by boat), and several shorter transports on conveyors between storages and the 

longer transports, see Figure 1. The production process and distribution chain together contain 

a mixture of continuous and batch flows, and can therefore be categorized as a semi-

continuous process. The inflow to the buffer silos at the product plant is continuous, while the 

remaining flows are batch flows. The batch volumes of pellets going into or out of the process 

sections are not constant. Instead, the buffer levels and arrival or departure of trains and boat 

determine the batch volumes. Traceability in the distribution process is further complicated by 

the design of some process steps, where the flow includes mixing or reflux. The combination 

of intermittent and continuous flow induces variation in the residence time (the time it takes for 

a unit to move between two locations) of the granules. 
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Figure 1. The studied pellets production and distribution chain at LKAB. 

Today, LKAB does not have a formal method to trace a customer complaint to the production 

of the product. The management of LKAB does, however, believe that an improved 

traceability can increase competitiveness and profitability by making identification of cause-
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effect relations between process conditions and product quality easier. Another benefit would 

be that an improved traceability could aid production and separation of costumer-specific 

products or products used for product development purposes. Finally, LKAB hope to manage 

the supply chain more effectively, due to better understanding of the individual process stages. 

4. PERFORMANCE OF AN RFID SYSTEM 

The performance of an RFID system is primarily determined by the read rate (the rate of 

transponders read) and the read range. The read range also defines the systems’ reading field, that 

is, the three-dimensional volume in which a reader can read a transponder. 

The read rate is affected by several factors, see for instance Wyld (2006) and Porter et al. 

(2004): 

 the transponder type, 

 the transponder response threshold (transponder power absorption needed for response), 

 the transponder position and orientation, 

 the reader antenna selection, position, and orientation, 

 the reader settings, 

 the orientation of the transponder when passing the reading field, 

 the motion speed of the transponder, 

 the number of transponders in the reading field, and 

 the presence of water and metal in the reading field. 

Furthermore, the transponder response threshold, the transponder orientation and the 

propagation environment determine the read range (Rao et al., 2005). The maximum read 

range varies between systems. Liu et al. (2009, page 331) describe an RFID system with a read 

range up to 100 meters. However, according to Kitayoshi and Saway (2005) the read range for 

RFID systems were 2005 normally limited to less than three or ten meters depending on 

frequency band. According to our experience, the normal read ranges still lies within the latter 

interval.  

In this article we focus on the transponder type, the transponder response threshold, the 

transponder position and orientation, the reader antenna position and orientation, and the 

orientation between the transponder and the reader antenna, since we assume them to be 

easiest to change in a system while the other characteristics are hard to change. The first three 

characteristics are discussed in Section 5 and the remaining two in Section 6. 
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5. TRANSPONDER SELECTION  

The first choice for an RFID system designer is if the transponder should be passive or active. 

Active transponders offer longer read ranges than the passive transponder and the active 

transponder can also log data from sensors. On the other hand, the passive transponders are 

smaller and cheaper. The next choice is the system’s radio frequency band. High-frequency 

(HF) transponders have longer read ranges, but a low-frequency (LF) radio signal has a superior 

penetration ability. The size of the transponder antenna also has a direct effect on the read 

range. Larger transponder antennas produce longer read ranges but demand larger 

transponders. See also Liu et al. (2010). 

5.1 Granular segregation 

In this article, transponders are inserted into the granular product flow. Any granular flow 

where the properties of individual granules differ tend to segregate. The transponders therefore 

need to have similar behavior as the granular media when the purpose is to trace it. It is 

reasonable to model that a transponder with similar size, shape, and density as a granule will 

behave similarly and thus follow the granular product. Some RFID applications may, 

nevertheless, need larger transponders, for example, when the granular product size is smaller 

than the smallest transponders available or when the smallest transponders are unsuitable for 

other reasons. Small transponders will, for example, usually have lower read rates (Rao et al., 

2005). 

The risk for segregation occurs where the granular media exhibit flow gradients, for example, 

during discharge of silos or other buffer systems. It may, however, be possible to compensate 

differences in one physical property by changing another. Several researchers have investigated 

how to avoid segregation due to vertical vibrations, the so-called Brazil-Nut effect. To 

minimize the effect of vertical vibrations Hong et al. (2001) conclude that spheres with 

different diameters could be given the density according to the following equation 

 
pt

p t

d

d




  (1) 

where sd  is the diameter of the smaller sphere, td  is the diameter of the larger sphere, 
p  is 

the density of the smaller sphere, and t  is the density of the larger sphere. 

5.2 Transponder selection  

For the LKAB distribution chain, we decide to use passive transponders due to their smaller 

size, and LF transponders due to their superior penetration ability. Kvarnström and Vanhatalo 

(2010) have shown that transponders with similar size as the granule have low read rate 

(approximately 20 %). The use of larger transponders may increase the read rate (Kvarnström 

and Vanhatalo, 2010), but larger transponders may segregate. Therefore, this study aims to 

investigate the following research questions: 
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1) May transponder density be used to compensate for segregation due to size differences?  

2) May the transponder size and casing affect the performance of the RFID system? If so, in 

what way? 

These research questions are here explored using transponders with different sizes and different 

types of protective casings. Each combination of transponder size and protective casing is 

denoted as a treatment to underline that both transponder sizes and casing combinations may 

vary. 

6. READER ANTENNA POSITION AND ORIENTATION 

The RFID system performance is closely related to the reader and reader antenna design. 

Longer read ranges may be obtained if the antenna power is increased, but at the cost of an 

increased background noise. The antenna power may also be limited due to local restrictions. 

The antenna power that gives the best signal to noise ratio within the antenna power limits 

should therefore be selected. (Finkenzeller, 2003) 

This optimal antenna power is determined by the position and orientation of the antenna, the 

background noise, and the transponder type. However, in bins or storages the range between 

the transponders and the reader may be too far even with optimal antenna power, but 

transportation locations, for example, conveyors may offer suitable read ranges.  

The orientation between the reader antenna and the transponder antenna in a system also 

affects the read range. Systems where the required read range is larger than the read range for 

the worst combination of reader and transponder orientation are called orientation sensitive. 

The read rate for orientation sensitive systems will thus vary if the orientation of the 

transponder cannot be controlled. 

6.1 Design of reader antenna and dropping mechanism 

The reader and transponder antenna design for this study is orientation sensitive and described 

further in Kvarnström and Vanhatalo (2010). One remedy for such systems is to use three-

dimensional transponder antennas. However these transponders are larger than suitable in this 

application and are therefore disregarded. Another option is to use reader antennas placed at 

different orientations to be able to detect different transponders, which is used here. We 

hypothesize that multiple readers with different antenna orientations and positions will 

improve the read rate. The reader performance as a function of the antenna orientation or 

position is also of interest. We therefore examine the following research questions: 

3) May multiple reader antennas improve the performance of an RFID system? If so, in what 

way? 

4) May the reader orientation or position affect the performance of an RFID system? If so, in 

what way? 
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According to Lehphamer (2008), the presence of multiple transponders in the reading field of a 

reader antenna increases the read time. This may be problematic since the transponders only 

stay less than two tenths of a second within the reading field. Therefore, the transponders are 

inserted into the product stream at specific intervals with a dropping mechanism. The dropping 

mechanism used is located between the pelletizing plant and the buffer silos at the plant and it 

records the time for insertion and the transponder identity. 

7. RESEARCH METHOD 

Two experiments were performed to seek answers to the research questions. The first 

experiment was analyzed before the second one was performed to be able to adjust the design 

of the second experiment if necessary. To simplify analysis of the experiments even if data from 

one block was lost and to allow for analysis of the effect on the behavior when silo levels and 

production speeds differed the experiments were performed in blocks. The dropping 

mechanism was charged with the transponders in random order within each block.  

Two RFID readers (reader 1 and 2) with different antenna orientations and positions were 

installed at a conveyor between the buffer silos and the product silos at the plant, see Figure 2 

and Table 1. The readers were installed 20 meters apart to avoid reader-to-reader disturbances. 

Table 1. Descriptions of the readers. 

Reader 
Antenna  

position 

Antenna 

orientation 

Length 

(meters) 
Width 

(meters) 

Speed of 

conveyor 

(meters/second) 

Reader 1 Below 

conveyor 

Lying below the 

conveyor 
2,0 0,5 

3 

Reader 2 Around 

conveyor 

Standing around 

the conveyor 
2,0 0,5 

3 
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Figure 2. Left: Reader 1 and 2 mounted between the buffer silos and the product silos at the 

production plant. Right: The two reader antenna shapes. The antenna of reader 1 is mounted under the 
conveyor and the antenna of reader 2 is mounted around it. 

We used two response variables for the analysis of the experiments. The first response variable 

measures if the reader have read the transponder or not. The second response variable measures 

the residence time, i.e. the time the transponder have been in the process. In the analysis we 

must, however, use a residence time compensated for the interruptions in the discharge due to 

the discontinuous outflow. The compensation is necessary to avoid differences in residence 

time induced by the discontinuous flow. Note that residence time was only available for the 

read transponders. 

8. EXPERIMENT 1 

In the first experiment we investigated three so called treatments described below.  

Treatment A is a transponder with a similar size, shape, density, and surface structure as a 

regular pellet, and it was used to emulate the pellet’s flow behavior. The pellets are normally 

spherical, with a diameter ranging from nine to fifteen millimeters and the density of a pellet is 

approximately 4.3 g/cm3. Treatment A contained a 12 mm long low radio frequency passive 

transponder, see Figure 3, and the transponder is inserted in a spherical protective casing, see 

Table 2. 

 

Figure 3. The transponder type and shape used for the experiment. 

The other two treatments (B and C) had larger transponders. Treatments B and C both 

contained a 22 mm long transponder, but their casing design differed. Treatment B had a 

casing with a cylinder shape, a length of 24 mm, and a diameter of 12 mm. A spherical casing 

was used for treatment C with a diameter of 24 mm. B’s casing was more similar to the pellets 

in volume and in size in two dimensions, whereas C maintained the spherical shape of a pellet, 
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albeit being larger. For more details about the treatments, see Table 2. The densities of all 

treatments were set according to equation (1). 

The first experiment was performed in three blocks, and all three treatments were used in each 

block. The higher read rate for the 22 mm transponders observed by Kvarnström and 

Vanhatalo (2010) was reflected in the design, and each block therefore contained 40 treatment 

A transponders but only 16 transponders each of treatments B and C, see Table 3. The number 

of read transponders are also given in Table 3. 

Table 2. The treatments used in experiment 1. For a picture of the transponder designed used see 
Figure 3. 

Treatment 
Transponder 

size [mm] 

Treatment characteristics 

Material mixture for casing 
Density 

(grams/centimeter3) 

Casing shape and size  

 [mm] 

A 12  

35 % lead oxide,  

25 % dolomite and 

40 % epoxy 

4,3 
Sphere with diameter 

14  

B 22  

20 % lead oxide,  

40 % dolomite and 

40 % epoxy 

3,2 

Cylinder 

length 24 and  

diameter14  

C 22  

10 % lead oxide,  

50 % dolomite and 

40 % epoxy 

2,5 
Sphere with diameter 

24  

Table 3. Summary of the number of inserted and read transponders in experiment 1. 

Block Treatment 

Number of 

transponders 

inserted 

Number read by 

reader 1 

Numbers read 

by reader 2 

Overall number 

read (reader 1 

or reader2) 

1 

A 40 0 5 5 

B 16 12 13 16 

C 16 10 13 13 

2 

A 40 0 6 6 

B 16 9 9 11 

C 16 8 6 10 

3 

A 40 0 8 8 

B 16 7 10 13 

C 16 9 8 16 

In total 216 55 78 98 

8.1 Comparison of the residence time 

The residence time in each block in experiment 1 differed largely because of the discontinuous 

out-flow from the silo. However, no data regarding discharge times were stored in the process 
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and the level measurement within the silos was too inexact to use. We, therefore, had to make 

a coarse estimation of the discharge times. Figure 4 and Table 4 show the residence time for 

each block after it was compensated for the estimated discharge times. 
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Figure 4. Dot-plots for the estimates of the residence time within each block, coded according to 
treatment. Block 1 at the top, block 2 in the center, and block 3 at the bottom. Note that the mean 
level of the residence time differs between the blocks. 

Table 4. The number of read transponders for each treatment within each block, the mean residence 
time for the treatments within the block, and the standard deviation in residence time for the 
treatments within the block. 

Block Treatment Number of observations Mean residence time [s] 
Standard deviation, 

residence time[s] 

1 

A 4 4152 1374 

B 9 5827 810 

C 9 5168 1216 

2 

A 4 60558 2591 

B 10 61494 1571 

C 8 61631 1294 

3 

A 3 6392 777 

B 7 7559 1077 

C 8 7414 1320 

Both Figure 4 and Table 4 indicate a shorter residence time, and thus a different flow behavior 

for treatment A compared to the other treatments. Furthermore, in two of the three blocks 
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(block 2 and 3) there is only a small difference in mean residence time between treatment B 

and C.  

8.2 Comparison of the read rate for treatments and readers 

We are also interested in how the treatments and readers affect the read rate. It is reasonable 

that the number of read transponders can be modeled using a binomial distribution. Hence, we 

fit a logistic regression model to analyze the read rate data. The general logistic regression 

model is 

 exp( ) 1

1 exp( ) 1 exp( )



 

   

i

i i

x β

x β x β
 (2) 

where   is the probability to read a transponder,  1 21, , ,i kx x x x  is the vector of regressor 

variables, and  0 1 2, , , , k   '
β  is the corresponding vector of coefficients. This model is 

a special case in the family of generalized linear models (GLM). For a GLM with a binomial 

distributed response, the logit link function used in model (2) is the standard choice, see Myers 

et al. (2010). For more details about GLM, see Dobson and Barnett (2008) or Myers et al. 

(2010). The logistic regression model estimated here, including interaction terms, is 

 

  0 1 1 2 2 3 3 4 1 3 5 2 3

1

1 exp x x x x x x x


     


      
 (3) 

where , 1, 2,...,5i i   are the coefficients, 1x  is 1 for treatment B and else –1, 2x  is 1 for 

treatment C and else –1, and 3x  is 1 for reader 2 and –1 for reader 1. We use the GLM option 

in JMP® 8.0.2 for the analysis of model (3). Moreover, we apply the Firth bias adjusted 

estimates technique implemented in JMP® 8.0.2 for the analysis, since the technique improves 

the estimation of the coefficients, see Firth (1993).  

In the fitted model, the main effects of treatment as well as the treatment-reader interactions 

effects are significant at 5% significance level, see Table 5, and the main effect of the reader is 

close to the significance threshold of 5% (Prob.>Chi-Sq. = 0.0596). The likelihood ratio test 

shows that the full model is significantly better than the minimal model. The Pearson chi-

square and the deviance goodness-of fit test methods compare the performance of the fitted 

model to the saturated model. Since the probabilities Prob.>Chi-Sq. are well above 0.05 for 

both tests we conclude that the fitted model provides a satisfactory fit to the data. Furthermore, 

the residual analysis does not give reasons to reject the fitted model. For a thorough discussion 

of the model tests see, for example, Collett (1991), Hosmer and Lemeshow (2000), and 

Dobson and Barnett (2008). 
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Table 5. The result of the logistic regression analysis based on model (3). ˆ , 0,1,...,5
i

i  are the 

estimated coefficients in (3). 

Parameter Estimates 

Predictor   Coefficient S.E. Coef. Chi- Sq. Prob.>Chi-Sq. 

Intercept 0̂  0,3749 0,1602 8,9674 0,0027* 

Treatment B 1̂  2,0354 0,4087 106,2938 <,0001* 

Treatment C 2̂  1,9067 0,4078 89,9268 <,0001* 

Reader  3̂  0,0871 0,1602 3,5488 0,0596 

Treatment B*Reader 4̂  -0,8717 0,4087 13,3324 0,0003* 

Treatment C*Reader 5̂  -0,9588 0,4078 16,6405 <,0001* 

Goodness-of Fit Tests 

Method  Chi-Sq.  DF Prob.>Chi-Sq. 

Pearson  14,1569  12 0,2908 

Deviance  15,2859  12 0,2262 

Likelihood Ratio Test 

   -Log Likelihood  DF Prob.>Chi-Sq. 

Difference between 

reduced and full model 
 67,0778  5 <,0001* 

Model (3) has similar coefficient estimates for B and C and the two estimated coefficients for 

the treatment-reader interactions are also similar. We therefore suspect the transponder size, 

and not the casing differences, to be the primary reason for the difference in the read rates. 

Note that treatments B and C have the same transponder size and only differ in casing, see 

Table 2. Hence, the following simplified logistic regression model is considered 

 

  6 7 3 8 4 9 3 4

1

1 exp x x x x


   


    
 (4) 

where 3x  is 1 for reader 2 and –1 for reader 1, and 4x  is 1 for the 22 mm transponder and –1 

for the 12 mm transponder. Table 6 gives the result of the analysis of model (4).  

Table 6 shows that the coefficients for the main effects of the transponder size and the reader, 

as well as the reader-transponder size interaction effects are all significant, with Prob.>Chi-Sq. 

< 0.001. Furthermore, neither the likelihood ratio test, the goodness-of fit tests, or the residual 

analysis gives reason to reject the fitted model. After comparison of models (3) and (4), we 

conclude that (4) performs slightly better, since all parameters in (4) are significant with low 
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values of Prob.>Chi-Sq. Furthermore, the values of Prob.>Chi-Sq. for the Pearson chi-square 

and the deviance goodness-of fit tests are larger for model (4) than (3). Model (4) is also more 

parsimonious. Based on the conclusion that model (4) is slightly better, we conclude that 

differences in transponder size is the major cause for differences in read rate. The effect on the 

read rate due to the casing design is hence not discernible. 

Table 6. The result of the logistic regression analysis based on model (4). ˆ , 6,7,8,9
i

i  are the 

estimated coefficients in model (4). 

Parameter Estimates 

Predictor   Coefficient S.E. Coef. Chi-Sq. Prob.>Chi-Sq. 

Intercept 6̂  -1,5955 0,3685 87,1104 <,0001* 

Reader  7̂  1,0015 0,3685 25,4714 <,0001* 

Transponder size 22 8̂  1,9717 0,3685 161,4487 <,0001* 

Reader *Transponder size 22 9̂  -0,9161 0,3685 20,7004 <,0001* 

Goodness-of Fit Tests 

Method  Chi-Sq.  DF Prob.>Chi-Sq. 

Pearson  15,3908  14 0,3520 

Deviance  16,4276  14 0,2880 

Likelihood Ratio Test 

   -Log Likelihood  DF Prob.>Chi-Sq. 

Difference between  

reduce and full model 
 84,2662  3 <,0001* 

Figure 5 shows the 95 % confidence intervals for the expected read rate according to the fitted 

model (4) for both transponder sizes and readers. For details about calculations of the 

confidence intervals, see Myers et al. (2010, pp. 141-143). Note that the confidence intervals 

for the two readers overlap for the larger transponders. Hence, the mean read rate is not 

significantly different for the two readers when large transponders are used. The confidence 

intervals in Figure 5 for the small transponders do not overlap. Hence, for the small 

transponders there is a significant difference in the mean read rate. Moreover, there is a 

significant difference between the read rate for large and small transponders for both readers 

and we conclude that the 22 mm transponder gives a significantly higher read rate compared to 

the 12 mm transponder. 
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Figure 5. 95 % confidence intervals for the expected read rate according to model (4) for the reader 
and transponder size combinations. 

8.3 The effect on the read rate using multiple readers 

The effect on the observed read rate from using multiple readers is seen in Figure 6. The 

comparison does not include treatment A, since treatment A is not read by reader 1. Figure 6 

shows that the combination of reader 1 and 2 increases the read rate for treatment B in all 

three blocks and for treatment C in 2 out of 3 blocks. From Table 3 we see that, if ignoring 

treatment A, 55 transponders were read by reader 1 and 59 were read by reader 2. Using the 

two readers jointly 79 of all 96 transponders were read. Hence, using two readers instead of 

one increases the average observed read rates for all blocks for treatment B and C from 

approximately 60 % to approximately 80 %. Comparing the overall read rate using two readers 

to the read rate from reader 1, we find the difference in read rate to be at least 14%, using an 

approximate 95% one-sided confidence interval. Comparing the overall read rate to the read 

rate of reader 2 gives, correspondingly, a difference in read rate of at least 10%. Hence, two 

readers with different antenna orientations and positions will improve the performance for the 

RFID system, if the system uses the 22 mm transponders. Note that since not only the 

orientation versus the conveyor differs, but also the position of the antenna, we cannot isolate 

which of these or if both affect the read rate. 
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Figure 6. A column chart over the read rates for each of the readers (reader 1 and reader 2) and the 
read rates if information from both readers is used (overall).  

8.4 Conclusions and discussion of experiment 1 

The purpose of experiment 1 is to see if transponder casing properties and transponder size, as 

well as the use of multiple readers with different reader antenna orientations and positions 

affect the performance of the RFID system. In this section we discuss research questions 1 to 4, 

in light of the results of experiment 1. 

Research question 1: The result in experiment 1 indicates that treatments B and C have longer 

residence times than treatment A. Hence, the density and size compensation method based on 

equation (1) does not appear to work for the granular distribution system in this study. 

Research question 2: Figure 5 shows that the two transponder sizes have different read rates. 

The difference between the read rates for treatments that contain the same transponder sizes is 

small with overlapping confidence intervals, and we therefore assume that it is the transponder 

size, rather than casing design that determines read rate. 

Research question 3: There is a significant increase in read rate for the 22 mm transponders 

when information from two readers was used instead of information from one reader only. 

The smaller transponders are only read by one of the readers. Two readers with different 

antenna positions and orientations may, therefore, increase the read rate. 

Research question 4: Experiment 1 shows that for the 12 mm transponder the two readers 

performs differently, but the difference in read rate for the 22 mm transponders was 
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insignificant for the two readers. Hence, the reader arrangement affects the read rate for small 

transponders. 

In experiment 1, the storage volumes varied between the blocks, but if these differences did 

affect the results is difficult to say due to the large variation. However, the conclusions related 

to our research questions are more or less consistent for all blocks. We therefore assume that 

the result should be valid within the range of tested storage volumes. It also seems likely that 

the conclusions hold true for storage volumes outside the experimental region. 

9. EXPERIMENT 2 

Since the low density treatments B and C had longer residence times than treatment A in the 

first experiment, the second experiment was set up to study two new treatments (M and H) 

with a higher density, than A see Table 7. Moreover, both treatments were shaped as C, that 

is, as spheres. We also decided to perform the experiment in five blocks instead of three to 

cover a larger range of storage volumes in the experiments. Instead fewer transponders were 

used in each block to produce a similar number transponders read as in the first experiment. 

Another difference between the experiments was that a new volume measurement technique 

had been installed at the buffer silos that improved the precision in the residence time 

compensations. A summary of the second experiment is given in Table 8.  

Table 7. The treatments used in experiment 2. Note 1) that treatment M and A have the same density 

as the pellets. Note 2) that treatment H has a higher density than the pellets and the other treatments. 

Treatment 
Transponder 

size [mm] 

Treatment characteristics 

Material mixture for casing 
Density 

(grams/centimeter3) 

Shape and size  

 [mm] 

A 12  

35 % lead oxide,  

25 % dolomite and 

40 % epoxy 

4,3 
Sphere with diameter 

14  

M 22  

35 % lead oxide,  

25 % dolomite and 

40 % epoxy 

4,3 
Sphere with diameter 

24 

H 22  

60 % lead oxide,  

0 % dolomite and 

40 % epoxy 

6,1 
Sphere with diameter 

24 
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Table 8. Summary of the number of inserted and read transponders in experiment 2. 

Block Treatment 

Number of 

transponders 

inserted 

Numbers read 

by reader 1 

Numbers read 

by reader 2 

Overall number 

read (reader 1 

or reader2) 

1 

A 30 0 3 3 

M 6 5 4 5 

H 6 4 3 5 

2 

A 30 0 5 5 

M 6 3 4 4 

H 6 6 4 6 

3 

A 30 0 5 5 

M 6 6 4 6 

H 6 4 2 4 

4 

A 30 0 3 3 

M 6 6 4 6 

H 6 6 2 6 

5 

A 30 0 2 2 

M 3 2 2 2 

H 9 6 5 6 

In total 210 48 52 68 

9.1 Comparison of the residence time 

The compensated residence time for each transponder is shown in Figure 7, where two 

possible outliers are seen. We exclude the two outliers from further analysis, since the 

discontinuous discharge can explain the difference in residence time for these two 

transponders. Figure 7 also shows that the average residence times differ between blocks. We 

continue the analysis and perform a two-way ANOVA with treatment and block as factors to 

compare the residence time for the treatments. Table 8 shows that the number of read 

transponders differs for the treatment and block combinations. Hence, the two-way ANOVA 

will be unbalanced. This implies that a general linear model is needed to analyze the 

experiment, see, for example, Milliken and Johnson (2009). 
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The following model is assumed: 

  ( )

1,2,3; 1,2, ,5; 1,2, ,

ijk i j ij ijk

ij

y

i j k n

        

  
 (5) 

where   is an overall mean, i is the i-th treatment effect, j  is the j-th block effect, ( )ij  is 

the interaction effect between the i-th treatment and the j-th block, and 
ijk  is the normally 

and independently distributed N(0, 2 ) random error term for the k-th observation of the i-th 

treatment in the j-th block. 
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Figure 7. Scatter plot showing the compensated residence time for each transponder within each 
block. Note 1) that two transponders with treatment M within block 3 show a deviating residence 
time. Note 2) that the average residence times differ between the blocks. 

The residual analysis of the ANOVA for model (5) shows violation of the constant variance 

assumption and that the variance differs between the blocks. We therefore perform a weighted 

ANOVA by analyzing a simple transformation of the residence time according to the following 

model: 

 
( )

1,2,3; 1,2, ,5; 1,2, ,

ijkt

ijk i j ij ijk

j

ij

y
y

w

i j k n

         

  

 (6) 

where 
jw  is the standard deviation of residence time for the j-th block. In model (6), the 

standard deviation 
jw  is unknown and in the analysis, the estimated standard deviation is used. 

We use JMP® 8.0.2, with 
t

ijky  as response for the calculations. The residual analysis of the 

estimated model in (6) does not show that the model assumptions are unreasonable. 

Table 9 presents the result of the ANOVA. The only significant effect at 5% significance level 

is the block effect, see also Figure 7. Hence, there is no reason to reject the assumption that 
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treatments H and M have a similar residence time as treatment A within the studied buffer 

silos. 

Table 9. The ANOVA for the weighted general linear model in (6) for the residence time 

Source DF 

Adjusted Sum 

of Squares 

Adjusted 

Mean Square F-ratio P-value 

Block 4 2360,18 590,04 631,15 0,000 

Treatment 2 0,06 0,03 0,03 0,967 

Block*Treatment 8 12,83 1,60 1,72 0,117 

Error 52 48,61 0,93   

Total 66     

9.2 Comparison of the read rate for treatments and readers for experiment 2 

To compare the read rate for treatments and readers in experiment 2 we use logistic regression 

analysis. The logistic regression model used to fit the results of experiment 2, including the 

interaction terms, is: 

 

0 1 1 2 2 3 3 4 1 3 5 2 3

1

1 exp( ( ))x x x x x x x


     


      
 (7) 

where ,  1,2,...,5i i   are the coefficients, 1x  is 1 for treatment M and else –1, 2x  is 1 for 

treatment H and else –1, and 3x  is 1 for reader 2 and –1 for reader 1. The result of the analysis 

of model (7) is similar to the result of the analysis in experiment 1. We therefore suspect that 

the transponder size can be the primary reason for the difference, as in experiment 1. Hence, 

the following simplified logistic model is considered: 

 

6 7 3 8 4 9 3 4

1

1 exp( ( ))x x x x


   


    
 (8) 

where ,  6,7,8,9i i   are the coefficients, 3x  is 1 for reader 2 and –1 for reader 1, and 4x  is 1 

for the 22 mm transponders and –1 for the 12 mm transponders. Table 10 gives the result of 

the analysis based on model (8). 

Table 10 shows that the coefficients for the reader, the transponder size, and the reader-

transponder size interaction are all significant, with Prob.>Chi-sq<0.001. The likelihood ratio 

test, the goodness-of fit tests, and the residual analysis show no reason for rejection of model 

(8). After comparisons of models (7) and (8), we conclude that the models perform similar but 

model (8) is more parsimonious and therefore preferable. 
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Table 10. Logistic regression results based on model (8): ˆ ,  6,7,8,9
i

i   are the estimated coefficients 

in model (8). 

Parameter Estimates 

Predictor   Coefficient S.E. Coef Chi-Sq. Prob.>Chi-Sq. 

Intercept 6̂  -1,5141 0,3184 74,1640 <,0001* 

Reader  7̂  0,6616 0,3184 13,0226 0,0003* 

Transponder size 22 8  2,3239 0,3184 267,3075 <,0001* 

Reader *Transponder size 22 9̂  -1,2076 0,3184 46,8416 <,0001* 

Goodness-of Fit Tests 

Method  Chi-Sq.  DF Prob.>Chi-Sq. 

Pearson  18,7303  26 0,8476 

Deviance  23,2271  26 0,6201 

Likelihood Ratio Test 

   -Log Likelihood  DF Prob.>Chi-Sq. 

Difference between  

reduce and full model 
 158,4281  3 <,0001* 

Figure 8 shows the 95 % confidence intervals for the expected read rate according to model (8) 

for the different transponder sizes and readers. The figure shows that there is no significant 

difference in the read rate for the two readers when the 22 mm transponders are used, since 

the confidence intervals overlap. However, we see a significant difference in read rate between 

the two readers for 12 mm transponders. Figure 8 also shows that the use of a 22 mm 

transponders instead of a 12 mm transponder gives a significant higher read rate for both reader 

1 and reader 2. 

The two logistic regression models for the experiments, model (4) and (8), do have similar 

parameters estimates. Hence, we may compare the analysis results of the two experiments for 

validation purpose. 
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Figure 8. The 95 % confidence intervals for the reader and transponder size combinations based on 
(8). 

9.3 The effect on the read rate using multiple readers  

One purpose of the experiment was to test if use of multiple readers improve the read rate, and 

the effect of multiple readers on the read rate is seen in Figure 9. The read rate comparison 

does not include treatment A, since treatment A was not read by reader 1. In all but one block, 

reader 1 reads the most transponders, and the overall read rate is improved by the use of the 

additional reader 2 in two cases, see Figure 9. From Table 8 we see that, if ignoring treatment 

A, 48 transponders were read by reader 1 and 34 were read by reader 2. Using the two readers 

jointly 50 transponders were read among the 60 transponders dropped. Hence the use of two 

readers in experiment 2 gives an average read rate exceeding 80 % for the 22 millimeter 

transponders. A similar read rate was observed in the first experiment using two readers.  

Comparing the overall read rate using two readers to the read rate from reader 2 we find the 

difference in read rate to be at least 13%, using an approximate 95% one-sided confidence 

interval. Hence, the use of two readers gives a significantly higher read rate than the use of 

only reader 2. Although we found transponders that we would not have found using only 

reader 1 and thus logically find a positive effect of having two readers, this difference is not 

statistically significant. The increase in the read rate for the 22 mm transponders when 

information from both readers are used is therefore not as pronounced in experiment 2 as in 

experiment 1. 
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Figure 9. The observed read rates for the readers (reader 1 and reader 2) and the read rates using 
information from both readers (overall) for experiment 2.  

9.4 Conclusions and discussion of results from experiment 2 

 We now discuss research questions 1 to 4, in light of the results of experiment 2. Research 

question 1: The result of experiment 2 does not indicate that the residence time differs 

between treatment A and the two other treatments. Hence, the experiment indicate that 

density can be used to avoid segregation due to size differences. In the experiment, a density 

equal or higher than the smaller spherical transponder treatment gave the two larger treatments 

similar residence times as the pellets shaped transponder. 

Research question 2: Experiment 2 shows that the transponder size affects the read rate. The 

experiment does not, however, show difference in read rate for the two treatment densities 

with the same transponder size. The two experiments consequently give similar results. 

Research question 3: In experiment 2, we could logically see that the use of two readers 

increased the read rate slightly compared to using only reader 1 since reader 2 detected two 

transponders that had passed reader 1 undetected, but the increase was not statistically 

significant. The increase was however significant compared to using only reader 2. The 

increase in read rate from using two readers were larger in experiment 1. 

Research question 4: Based on experiment 2, we conclude that reader 2 has a significant 

higher read rate than reader 1 for the 12 mm transponder. The read rate for the 22 mm 

transponder is higher with reader 1 than reader 2, but the difference is small and not statistically 

significant. The two experiments, hence, gave similar results concerning research question 4. 
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10. CONCLUSIONS AND DISCUSSION 

The article aimed to study how the performance of an RFID system in continuous granular 

flows can be improved. Table 11 summarizes the research questions and the experimental 

findings. 

Table 11. A summary of the experimental results connected to the four research questions. 

Research question Findings 

1 

May transponder density be used 

to compensate for segregation 

tendencies that occur due to size 

differences? 

We did not detect segregation tendencies if the larger 

transponder treatment had equal or higher density than the 

smaller transponder with similar physical characteristics as 

the granular product. 

2 

May the transponder type and 

casing affect the performance of 

the RFID system? If so, in what 

way? 

Transponder sizes had a significant effect on the 

performance of the RFID system. The analysis of the 

experiment showed no effect in the performance 

depending on the transponder casing. 

3 

May multiple reader antennas 

improve the performance of an 

RFID system? If so, in what way? 

A significant increase in read rate was seen for the 22 mm 

transponders using two antennas instead of one in most of 

the experimental runs. The read rate for the 12 mm 

transponder was not increased by using multiple antennas, 

which is because only one of the two readers could detect 

it. 

4 

May the reader orientation or 

position affect the performance of 

an RFID system? If so, in what 

way? 

For the 12 mm transponder, the two readers with different 

orientation and position performed differently, where the 

reader under the conveyor belt did not detect any 

transponders. We cannot conclude if the orientation or the 

position was the reason behind the difference. No 

significant difference was found between the two readers 

for the 22 mm transponder. 

We identified two methods to increase the performance of an RFID system in a continuous 

granular flow. The largest performance increase was obtained by the use of larger 22 mm 

transponders, instead of 12 mm transponders. However, the casing design is important to avoid 

the segregation tendencies occurring with the larger transponders. Nevertheless, larger 

transponder casings could be designed to have similar residence time as smaller transponders 

with pellet like properties. The read rate could also be improved using multiple RFID reader 

antennas with different orientations and positions, but the improvement obtained by adding a 

reader below the conveyor was prominent only for the 22 mm transponders, whereas the 

smaller transponders only were detected by the antenna mounted around the conveyor. 
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That the 22 mm transponders could be read by an antenna below the conveyor belt is 

interesting since conveyor belts tend to oscillate sideways and may thereby damage antennas 

mounted around the them. Placing antennas below the conveyors also makes assembly and 

disassembly of the reader antenna easier. 

Finally, conducting experiments in the continuous distribution chain of pellets led to many 

difficulties. We agree with Vanhatalo and Bergquist (2007) that experimentation in continuous 

processes implies special considerations that need to be tackled already during the planning 

phase. The complexity of experimentation in continuous processes may lead to that some 

experimental runs fail, and consequently, to missing data, and it is therefore important that the 

experimental designs are robust versus missing data. Evaluation of antenna positions and 

orientations is time consuming and difficult. Another option is to use simulations, at least as a 

preliminary tool before installation, see Lindgren et al. (2010). 

ACKNOWLEDGMENT 

The authors gratefully acknowledge the financial support from the Swedish mining company 

LKAB, Electrotech, VINNOVA (The Swedish Governmental Agency for Innovation 

Systems), and the Regional Development Fund of the European Union, grant 43206, which 

made this research possible.  

ABOUT THE AUTHORS 

Björn Kvarnström is a PhD student at the Division of Quality Technology, Environmental 

Management, and Social Informatics Luleå University of Technology (LTU), Luleå, Sweden. 

He holds an MSc degree in Industrial and Management Engineering from LTU and a 

Licentiate degree of Engineering in the subject of Quality Technology and Management from 

LTU. His current research is focused on methods to improve traceability in continuous 

processes. He is a member of ENBIS. 

Bjarne Bergquist is Professor and Chair of Quality Technology and Management at Luleå 

University of Technology. He holds a MSc degree in Mechanical Engineering from Luleå 

University of Technology and a PhD in Materials Science from Linköping University, 

Sweden. His main research interest is focused on process control and experimental design, 

especially for continuous process applications. He is a member ENBIS. 

Kerstin Vännman is a Professor in Statistics with special emphasis on Industrial Statistics at the 

Department of Mathematics, Luleå University of Technology, and Professor of Statistics at 

Umeå University. Her main research interest is currently in the field of statistical process 

control, including capability analysis, as well as the design of experiments and multivariate data 

analysis, but she also has an interest in statistical education. She is a member of ISI and ASA 

and ENBIS. 



Senast ändrad av: Björn Kvarnström 22 juni 2010 

 

25 

REFERENCES 

Chao, C.-C., Yang, J.-M. & Jen, W.-Y. (2007). Determining Technology Trends and 

Forecasts of RFID by a Historical Review and Bibliometric Analysis from 1991 to 2005. 
Technovation, Vol. 27, No. 5, pp. 268-279. 

Collett, D. (1991). Modelling Binary Data, London, Chapman & Hall. 

Dennis, D. & Meredith, J. (2000). An Empirical Analysis of Process Industry Transformation 
Systems. Management Science, Vol. 46, No. 8, pp. 1085-1099. 

Dobson, A. J. & Barnett, A. G. (2008). An Introduction to Generalized Linear Models, Third ed., 
Boca Raton, Florida, Chapman and Hall/CRC. 

Duran, J. (2000). Sands, Powders, and Grains, New York, Springer Verlag. 

Finkenzeller, K. (2003). RFID Handbook: Fundamentals and Applications in Contactless Smart 
Cards and Identification, 2nd ed., Hoboken, N.J, John Wiley & Sons. 

Firth, D. (1993). Bias Reduction of Maximum Likelihood Estimates. Biometrika, Vol. 80, No. 
1, pp. 27-38. 

Fisk, G. & Chandran, R. (1975). Tracing and Recalling Products. Harvard Business Review, 
Vol. 53, No. November-December, pp. 90-96. 

Fransoo, J. C. & Rutten, W. G. M. M. (1993). A Typology of Production Control Situations 
in Process Industries. International Journal of Operations & Production Management, Vol. 14, 
No. 12, pp. 47-57. 

Hjortsberg, E. & Bergquist, B. (2002). Filling Induced Density Variations in Metal Powder. 

Powder Metallurgy, Vol. 45, No. 2, pp. 146-153. 

Hong, D. C., Quinn, P. V. & Luding, S. (2001). Reverse Brazil Nut Problem: Competition 
between Percolation and Condensation. Physical Review Letters, Vol. 86, No. 15, pp. 

3423-3426. 

Hosmer, D. W. & Lemeshow, S. (2000). Applied Logistic Regression, 2nd ed., New York, John 
Wiley & Sons, Inc. 

ISO 9001 (2008). ISO 9001:2008, International organization for standardization. 

Jacobs, R. M. & Mundel, A. B. (1975). Quality Tasks in Product Recall. Quality Progress, Vol. 
8, No. 6, pp. 

Jaeger, H. M., Nagel, S. R. & Behringer, R. P. (1996). The Physics of Granular Materials. 

Physics Today, Vol. 49, No. 4, pp. 32-38. 



Senast ändrad av: Björn Kvarnström 22 juni 2010 

 

26 

Kitayoshi, H. & Sawaya, K. (2005). Long-Range RFID-tag for Sensor Networks. In 62nd 

IEEE Vehicular Technology Conference. pp. 2696-2700. 

Kvarnström, B. & Oghazi, P. (2008). Methods for Traceability in Continuous Processes: 
Experience from an Iron Ore Refinement Process. Minerals Engineering, Vol. 21, No. 10, 

pp. 720-730. 

Kvarnström, B. & Oja, J. (2010). Sustainable Radio Frequency Identification Solutions. In 
Radio Frequency Identification Fundamentals and Applications, editor Cristina, T. Vukovar, 
Croatia, IN-TECH. 

Kvarnström, B. & Vanhatalo, E. (2010). Using RFID to Improve Traceability in Process 
Industry. Journal of Manufacturing Technology Management, Vol. 21, No. 1, pp. 139-154. 

Lehpamer, H. (2008). RFID Design Principles, Norwood, MA, Artech House, Incorporated. 

Lindgren, T., Kvarnström, B. & Ekman, J. (2010). Monte Carlo Simulation of an RFID 
System with Moving Transponders using the Partial Element Equivalent Circuit 
Method. Accepted for publication in IET Microwaves, Antennas & Propagation, Vol., No. 

Liu, H., Bolic, M., Nayak, A. & Stoymenovic, I. (2009). Integration of RFID and Wireless 

Sensor Networks. In Encyclopedia on Ad Hoc and Ubiquitous Computing -- Theory, and 
Design of Ad Hoc, Sensor , and Mesh Systems, eds Agrawal, D. P. & Xie, B. Singapore, 
World Scientific Publishing Co. Pte. Ltd. 

Mahoney, F. X. & Thor, C. G. (1994). The TQM Trilogy: Using ISO 9000, the Deming Prize, 

and the Baldrige Award to Establish a System for Total Quality Management New York, 
American Management Association. 

Milliken, G. A. & Johnsson, D. E. (2009). Analysis of Messy Data: Volume 1 Designed 

Experiments, 2nd ed., Boca Raton, Fl, Chapman & Hall/CRC. 

Myers, R. H., Montgomery, D. C., Vining, G. G. & Robinson, T. J. (2010). Generalized 
Linear Models with Applications in Engineering and the Sciences, 2nd ed., Hoboken, New 
Jersey, John Wiley & Sons, Inc. 

Ngai, E. W. T., Moon, K. K. L., Riggins, F. J. & Yi, C. Y. (2008). RFID Research: An 
Academic Literature Review (1995–2005) and Future Research Directions International 
Journal of Production Economics, Vol. 112, No. 2, pp. 510-520. 

Oakland, J. S. (1995). Total Quality Management Text with Cases, Oxford, Butterworth-
Heinemann. 

Ottino, J. M. & Khakar, D. V. (2000). Mixing and Segregation of Granular Materials. Annual 
Review of Fluid Mechanics, Vol. 32, No. 55-91. 



Senast ändrad av: Björn Kvarnström 22 juni 2010 

 

27 

Porter, J. D., Billo, R. E. & Mickle, M. H. (2004). A Standard Test Protocol for Evaluation of 

Radio Frequency Identification Systems for Supply Chain Applications. Journal of 
Manufacturing Systems, Vol. 23, No. 1, pp. 46-55. 

Rao, K. V. S., Nikitin, P. V. & Lam, S. F. (2005). Antenna Design for UHF RFID Tags: a 

Review and a Practical Application. IEEE Transactions on Antennas and Propagation, Vol. 
53, No. 12, pp. 

Shepard, S. (2005). RFID Radio Frequency Identification, New York, McGraw-Hill. 

Vanhatalo, E. & Bergquist, B. (2007). Special Considerations When Planning Experiments in a 

Continuous Process. Quality Engineering, Vol. 19, No. 3, pp. 155-167. 

Wyld, D. C. (2006). RFID 101: the Next Big Thing for Management. Management Research 
News, Vol. 29, No. 4, pp. 154-173. 

 
 


