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Abstract 

A detailed analysis of scientific work done in tracking an embedded object with special 

reference to telemetry capsules in the gastro-intestinal (GI) tract using radio frequency 

(RF) signals is presented in this paper. 

We fully discuss the mathematical analysis of our tracking procedure as well as 

experimental validation of our tracking concept. Experimental validation is accomplished 

by using a radio frequency (RF) signals at 433MHz (Free Industrial Scientific and 

Medical centre frequency in EMEA regions), Analog Devices 8052 based microcontroller 

with ADC capability and a means of transferring the received signal strength intensity 

(RSSI) voltage converted to digital, from the microcontroller to the personal computer 

(PC). The primary focus of this paper is practical way of achieving these tasks using 

basic mathematical and computing principles. Consequently, our algorithm-based 

tracking results for experiments in a liquid medium yielded an average error of less than 

21%. These results were validated with the Bland-Altman plots using semi-automated 

manual measurements as gold standard. 

 

Keywords: Gastro-intestinal tract, Trilateration, Wireless Endoscopy, Real -Time 
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1. Introduction 

Various technologies have been used to implement wireless positioning systems 

including ultrasound and radio frequency (RF) identification (RFID). These positioning 

implementations require specialized hardware and infrastructure and are often expensive. 

Within the gastro-intestinal (GI) tract for example, traditional methods of radio 

localization based on time and/or angle based methods (Time Of Arrival, Time 

Difference Of Arrival and Angle Of Arrival) are not feasible due to the dense multi-path 

characteristics of the digestive organs. Such a positioning problem is worsened by non-

line-of-sight (NLOS) conditions due to intestinal shifting, routing, filling and emptying - 

resulting in intermittent total signal loss. Therefore, to accurately determine the position 

of an object in the GI tract, simultaneous RSSI measurements from several access points 

(AP) are needed.  

Some previous basic works in the field are reported in [1-5]. Most of these works 

incorporate devices with radio transmitters, camera, and in some cases, storage. Usually, 

the device is capable of delivering medication to an identified location in the GI tract. It 

could identify a specific location based on pictures taken by the camera and, 

consequently, it could deliver medication or take samples from such identified locations. 

Other capsules are developed with a facility to measure pH level temperature and 
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pressure changes inside the GI tract. With the incorporated camera technology most of 

the products are able to transmit pictures of the intestine to a base station. However, these 

devices have no way of determining the physical position of the capsule in real-time, and 

consequently, their passage through the GI tract are not easily reproducible. Considerable 

effort around the world has been devoted to exploring the application of micro and nano 

technology to issues broadly related to human health. There is ongoing research in 

analyzing more complex biological system such as living cells by combining micro-

fabrication and microfluidic technologies. Various types of embedded cores and 

miniaturized hardware are gaining significance in clinical medicine for disease diagnosis 

applications.  

The potential applications for an indoor wireless positioning system are many. For 

example, such systems could be used for an indoor navigation system, or to enable 

resource management by tracking physical assets and people or to provide a multitude of 

location based services. Various technologies have been used to implement wireless 

positioning systems including ultrasound [6, 7], infrared [8] and radio frequency 

identification (RFID) [9]. These positioning implementations require specialized 

hardware and infrastructure and are often expensive. Consequently, in medical 

applications, a wireless positioning implementation with non-specialized, relatively 

inexpensive hardware is desirable. As demonstrated in this paper, positioning can be 

implemented by using received signal strength (RSS). Received signal strength is a 

measure of the power received by a radio receiver from a radio transmitter and provides 

information about the proximity of the transmitter. Indeed, RSS intensity is location 

dependent because it is affected by factors such as distance from the transmitter and 

attenuation due to medium of propagation and other barriers. Useful RSSI ranges are 

usually between -105dB and -50dB in radio communication [10]. Consequently our 

experimental results are confined to this range. 

The remainder of this paper is organized as follows: Section 2 discusses biological 

tissue and antennae and the relationship between them at 433MHz; Section 3 introduces 

our method for performing tracking on the human GI tract model; Section 4 presents the 

mathematical methods employed to achieve the object tracking; and finally, the results 

are summarized in the conclusions section. 

 

2. Biological Tissue & Antennae 

There are two primary requirements for antennas for on-body links. First the antenna 

needs to be insensitive to the proximity to the body; second, the antenna needs to have a 

radiation pattern shape that minimizes the link loss [11]. The matching of antennas is 

naturally affected by their proximity to the body, due to the influence of the body on the 

antenna reactive fields. There are various ways of matching antennas. These are 

discussed in [12]. Antenna matching is outside the scope of this paper but a basic 

understanding of the subject is necessary to the success of the tracking procedure. 

It is to be noted that at ultra high frequencies (UHF) and microwave frequencies, 

body-worn antennas can suffer from reduced efficiency due to electromagnetic 

absorption in tissue, radiation pattern fragmentation and variations in feed-point 

impedance. The significance and nature of these effects are system specific and depend 

on the operating frequency, propagation environment and physical constraints on the 

antenna itself. However, biological tissue is, for practical purposes, non-magnetic with 

permeability μ (H m
-1

) close to that of free space [13]. Interaction between radio 

frequency electromagnetic waves and living systems therefore requires consideration of 

the influence of both external and internally induced fields. Energy exchanges may occur 

with either free charges or dipolar (asymmetrically charged) structures such as water. In a 

rapidly alternating field, free charges may be accelerated, giving rise to conduction 

currents and corresponding resistive losses, while dipoles suffer reorientation, producing 
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frictional resistance caused by the viscous biological medium. Both phenomena result in 

tissue temperature rise and account for the bulk absorption of RF energy by the biological 

body. The absorption effects vary in magnitude with both the frequency of the applied 

field and the characteristics of the tissue material, which is largely based on water and 

ionic content. Consequently, biological tissues suffer wavelength shortening and raw 

attenuation as well as reflections at interface boundaries. These factors are usually of 

utmost importance when studying wave propagation in tissue due to an embedded RF 

transmitter at a certain frequency f. The accumulated effects of the above factors are 

known to cause a reduction in radiated power from the body [14]. 

Wavelength shortening and raw attenuation are not the only factors of concern for 

wave propagation and object detection in tissue due to an embedded RF transmitter 

(capsule) at a frequency f. There usually are reflections at material boundaries, which 

further reduces radiated power from the body. For a normally incident wave on a 

dielectric material boundary, the reflection coefficient  is given by equation (1): 

12
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where 
1

  is the intrinsic complex impedance of the incident medium and 
2

  is the 

intrinsic complex impedance of the medium beyond the boundary [15]. The intrinsic 

impedance of a dielectric medium can be calculated from the material parameters using 

equation (2): 
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where-s eff is the effective conductivity, e r is therelative permittivityand w is

frequency  
Usually for a lossy material like tissue, it is the dissipated power rather than the quality 

(Q-value), that is the most important quantity in the design of an efficient antenna. Table 

1 [6] shows the average transmission factor for normal RF signal incidence at the selected 

boundaries at 403MHz. 

Table 1. Transmission Factor for Normal Wave Incidence (403MHz) 

Interface Field Reflection 

Coefficient 

Power Transmission 

Factor (%) 

Muscle to Fat 0.41 83.2 

Fat to Skin 0.37 86.3 

Skin to Air 0.78 39.2 

 

For a lossy material it has been shown that the optimal value of the radiation efficiency 

(ηeff) for any antenna is the one obtained for a magnetic dipole [16]. It is notable that the 

optimal value of the directivity of an electric or a magnetic multi-pole antenna of order 

one, i.e., a dipole antenna, is 1.5. This value is the same as the directivity of each partial 

wave antenna of orders one. For higher order antennas the directivity of a partial wave 

antenna of order n is always smaller than the maximum directivity of the multi-pole 

antenna of order n [16]. The radiation efficiency, the directivity and effective power of 

the transmitting antenna inside the capsule (a dipole) are therefore utilized at the 

receivers for tracking purposes to ensure optimum link between the transmitter and the 
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receivers. Ingestible or implanted devices may be powered for some short-term 

applications by integral batteries, or they may utilize inductive coupling to charge a 

capacitor for burst operation. As the operating frequency is increased the efficiency of 

such compact antenna increases rapidly as they become less electrically small. Above 

500 MHz, the absorption of electromagnetic energy by the human body increases rapidly 

due to the high losses caused by the high water content of body tissues [17]; this may 

result in overall lower telemetry system efficiency at frequencies beyond 500MHz. 

At the heart of many positioning methods is the mathematical concept of triangulation: 

Triangulation is essentially the use of the properties of triangles to calculate distances. 

Because of its significance in modern positioning methods, a basic description is given 

here. Originally, triangulation was used for surveying [18] and civil engineering 

purposes, and later for finding the range of targets for artillery strikes. Given any two 

reference points it is possible to calculate the distance from one reference point to an 

object with knowledge of the angles between both references and the object and also the 

distance between the reference points. 

Given any two reference/access points (AP) denoted (AP1, AP2), it is possible to 

calculate the distance from one reference point to an object with knowledge of the 

angles between both references and the object and also the distance between the 

access points. With this amount of information, distances from the object can be 

computed. These distances represent the radii of circles drawn from the receivers at 

the specific access points to the location of the object. As shown in Figure 1, three 

of such circles intersecting will provide the true position of the object in 2 -D. If the 

distances from one access and the neighboring ones are known, it is possible to 

fully determine the resulting triangle and as such, the real -time location of the 

object. The solution presented in this paper is based on a modified form of 

triangulation, called trilateration, whereby there is in no need for angular 

calculations. This method is found to be suitable for adaptation into telemetry 

capsules for tracking purposes [6]. 

 

 

Figure 1. Object Location in 2-D 

3. Solution to the Tracking Problem 

The following section gives full details of how to solve the tracking problem in the GI 

tract. Schematic diagrams of the arrangement, both experimental and model, are as 

shown in Figure 2. This illustrates the general overview of the entire concept from data 

capture through data processing, and to translation of data into graphical form on a 

personal computer. 

As shown in the model view of Figure 2(a), four receivers (Pods) are placed on a pre-

determined position on the patient’s abdomen. In the experimental setup shown in Figure 

  

AP 3 

Object is at intersection of three loci 

AP 2 

AP 1 
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2(b), the Pods are wired onto an industry standard Data logger with adequate memory to 

save location data coming from the microprocessor over the time range of investigation. 

Consequently at the end of investigation, the saved data are uploaded to a PC running 

custom software (algorithm). All computation, approximation and compensations are 

made at this stage. The Analog Devices ADuC841 (or better) was used for the prototype 

design. 

Some of the features of the device that made it suitable for this application are as 

follows:  

 A four channel analog inputs, a high performance self calibrating multi-channel 

ADC (having a dynamic range of 0.6mV for an internal VREF of 2.5 V), 

 A dual DAC, and an optimized single-cycle 20 MHz 8-bit MCU (8051 

instruction set compatible), etc. 

 These facilitated the collection of weak RF signals and processing them into 

corresponding voltages (RSSI) using the 12-bit ADC hardware. 
 

 

 

Figure 2(a). Model View - Capsule Tracking with RSSI Output 

 

Figure 2(b). Experimental – Capsule Tracking with RSSI Output 

At the data collection stages, there are two established methods to obtain the needed 

positional reference or a-priori position information needed for the algorithm. These are:  

1. Through actual measurements – map based propagation model or  
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2. Through probabilistic distribution function (PDF) – mathematical deterministic 

propagation models. 

In map based propagation model, approximate distance measurements are made from 

the fixed Pod positions to some pre-determined, capsule positions. This is done by 

arbitrarily selecting the coordinates of the capsule inside the cylinder model. Real 

distances are then calculated based on the approximate distances using the non-linear 

least square methods. This method consists of a database of RSS indicator vector 

measurements associated with their corresponding locations. The object can be 

positioned using the RSSI vector measurement and any of known classification 

techniques. Radio map propagation model require a burdensome data collection phase 

where a large number of signal strength measurements must be recorded along with the 

corresponding location [9]. If the location of the APs or the environment changes then the 

data collection process must be repeated, because the data due to the old configuration 

would have become invalid.  

It would be preferable to be able to predict RSS values with a propagation model 

rather than having to manually collect them as explained above. Although the focus of 

previous research has been mainly on radio map type algorithms, which avoid radio 

propagation theory and treat the location estimation problem as a classification problem 

of associating a RSSI vector to a location. Among the work already done using indoor 

propagation models, little research has been published in applying probabilistic indoor 

propagation models to positioning algorithms. For example, [19-21] all use deterministic 

propagation models. In [22], the proposed algorithm estimates the client’s position by 

first determining a maximum-likelihood estimate for the client’s distance from each AP 

using the derived probability distribution function of the received power. These distance 

estimates along with the known locations of the APs are then used to trilaterate the 

estimated position of the object. As stated above, the location of capsule can be estimated 

from the voltage strengths at the receivers. The voltages are translated into distance in the 

relevant section of the trilateration algorithm. 

In our implementation, an initial position location vector is generated based on 

information from the RSSI voltages and the mathematical method of Linear Least 

squares. This starting vector (a-priory information) is used to compute the initial position, 

which is supplied to the Non-Linear least squares algorithm to iteratively compute the 

most feasible location using the Newton’s iteration. An integral part of the work 

presented in this paper is a fully developed C++ application consisting of four major 

interrelated programs for achieving capsule triangulation [22]. The approach that we 

employed is not to solve for object position based on the intersection of 3 circles, but to 

use the linear approximation techniques on the data received from RSSI conversion 

process to predict the position of the object and based on the initial prediction, the final 

position of the object can be computed. As discussed above, we employed the method of 

trilateration for the object position tracking. Indeed, this approach facilitates the 

implementation of fully automated real-time position measurements by eliminating the 

need to measure angles. 

The fact that the geometric volume of the target (human torso) is fairly small in space 

makes the analysis easier since for practical purposes, analysis in 3-D could be 

implemented by simply eliminating the third axis (z-axis). This consequently reduces the 

problem to a 2-D analysis problem. Capsule position is determined by considering the 

magnitude of the received RSSI signals at the four APs respectively located inside the 

four quadrants of the cylindrical volume representing the abdomen. 

As illustrated in Figure 3, both the Pod position and the capsule positions/locations are 

configured with respect to N0 at (0, 0) in software. This facilitates the partitioning of the 

cylinder model into four quadrants in order to simplify sundry geometric computations. 

Using the translated distances from the RSSI voltages at the Pods, the algorithm is able to 
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determine the approximate value of rni. This is later utilized by the Non-Linear Least 

Squares methods to compute the precise location of the capsule. 
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Figure 3. Determination of Capsule Position Relative to Origin, N0 (0, 0) 

4. Mathematical Analysis 

Given n
th
 sequence of capsule location at any time as n, and the i

th
 Pod as i then, while 

n ≥ 0 and for i = 1...4;  

1. The fixed position Pods for collecting data are labeled APi. The three-

dimensional coordinates of the capsule, (x, y, z), stand for the approximated 

coordinate of the capsule in any of the quadrants and the real coordinate of the 

pods are represented by (xi, yi, zi). Such coordinate positions will be represented 

as Pi.  

2. The approximate distance between any access point and the capsule is 

represented by the vectors ri. For the exact distances, these are simply shown as 

i
r


 

3. The 2-Dimensional coordinates of the time-related positions of the capsule in the 

GI tract, which are unknown in the abdominal space are denoted as x, y and are 

represented by Pn (x, y).  

4. The knowledge of Pn-1 and that of Pn are combined to tract the trajectory of the 

capsule within the period of non-invasive examination.  

If the 3 coordinates x, y, z are considered, the exact distance 
i

r


 (radii) is calculated 

from the approximate values and the coordinates of the Pods (xi, yi, zi) as equation (3):  

222
)()()(

iiii
zzyyxxr 


  i = 1, 2, 3, 4   (3) 

The coordinates of the capsule is denoted as x, y, z. (from any arbitrary reference 

origin (0, 0, 0))  

Determining these unknown coordinates is our first main task:  
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DW

DW

DH

 

Figure 4. Dimension of Abdomen for Cylinder Model 

As shown in Figures 2 and 3, each Pod has pre-determined position vectors ri 

dependent on the physical size of the patient, for some arbitrary capsule location within 

the GI tract. This is computed in software based on input parameters DW and DH shown 

in Figure 4. These physical data, together with other modeling parameter data are used to 

compute the position matrix as shown in the next section. 

The general way of solving this kind of positioning problem is to treat the coordinates 

of the capsule P(x, y, z) as the point of intersection of several spheres, whose centers are 

the locations of the Pods. The known exact distances between the capsule and the Pods, 

ri, are the radii of the individual spheres. The equation for any of these spheres is given 

by equation 3 as:  

222
)()()(

iiii
zzyyxxr 


or 

2222

)()()(
iiii

zzyyxxr 


 (4) 

The point of intersection of the surfaces of n of these spheres is obtained by letting i = 

1, 2, 3...n, and solving the resulting n non-linear equations simultaneously to eliminate 

two coordinates. This solution technique is quite involved because it produces a non-

linear equation of high degree (5 for n = 4). Furthermore, since the equations are 

quadratic, many cases for sign changes would have to be considered.  

The approach presented in this paper is to linearize the system of equations. 

Mathematically, this will reduce the degree of equation, and convert the problem into one 

of finding the point of intersection of several planes. When the exact distances 
i

r


 from 

the Pods are available, the solution of the resulting system of equations is fully 

determined. In our case, there will be 2 equations and 2 unknowns when any combination 

of 3 Pods is used to produce a 2-D position solution or 3 equations with 3 unknowns 

when any combination of 3 Pods are used to produce a 3-D position solution – see future 

works. 

We shall now briefly discuss the basic conversion processes for transforming the 

tracking data through various stages of the algorithm that are fully discussed in [12]. 

 
A. RSSI-to-distance Conversion is Implemented as Follows:  

The starting point is to obtain the initial approximate distance by using data obtained 

from the RSSI signals.  



International Journal of Hybrid Information Technology 

Vol.8, No.12 (2015) 

 

 

Copyright ⓒ 2015 SERSC  457 

As stated above, the location of capsule is estimated from the voltages at the receivers. 

The voltages are translated into distance in the relevant section of the custom algorithm 

by using equations (5, 6):  

RSSI(V) = 
nbatt

CountsADC
V

2

_
.  .       (5) 

where Vbatt = 2.5V (Internal Voltage Reference)  

ADC_Counts = Processor counts of data events using transceivers connected to a 

suitable ADC and n = resolution of the ADC.  

If source impedance is 50Ω and n = 12 as is the case in this work, then equation (5), 

through the inverse square law, can be reduced to distance as:  

)(
2

07.7

RSSIVV

R
dr          (6) 

As shown in Figure 5, it is possible to use the cosine rule to compute the length of 

intestinal segment which the capsule have traversed between the time periods ti-1 and ti. 

The end result of all data collection, transformation and manipulation is a final human 

readable version of the data, which can be displayed graphically on the computer screen 

for the physician to interpret.  

 
B. The Least Squares Method  

The 3-D location of the capsule is first approximated by transforming the magnitude of 

the strength of pulse signals received at the Pods to distance. For 2-D localization, only 3 

Pods are selected to determine the approximate coordinate. These are usually the 

combination of any of 3 Pods with the largest voltage magnitude, indicative of the fact 

that the capsule is somewhere around the vicinity of those Pods. 

 

Origin of Model 

Cylinder

r n
-1

=
B

N0 (0,0)

L

Direction of travel

r n
 =

 A

Capsule at  

Pn-1(x, y, z)

Capsule at  

Pn(x, y, z)

 

Figure 5. Successive, Accumulated Intestinal Length Computation 

The algorithm is programmed for the above operations. Of course, the data are sorted 

in order of magnitude before usage in order to unambiguously map the four Pods to ADC 
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channels 1 to 4. The resulting linear system can easily be written in matrix form as 

equation (7):  

bxA


       (7) 
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where b


is directly related to
j

r , 
i

r  and the distance between Pods i and j. The 

linear system of equation (7) has 3 equations in 3 unknowns. Therefore, 

theoretically only four Pods are needed to determine the unique position of the 

capsule in 3-D or, as presented in this work, three Pods are needed in order to 

determine the unique position of the capsule in 2-D. 

 

C. Solution Constraints: 

Given a square complex or real matrix A, a matrix norm ||A|| is a nonnegative number 

associated with A fulfilling the condition that ||A|| > 0 when A ≠ 0 and ||A|| 0 iff A = 0. 

The most frequently used norms in linear algebra are the Frobenius norm [23]; given by: 

 
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     (11) 

i.e. Square root of the sum of squares of the matrix elements 

A well-conditioned matrix has a finite determinant; whereas an ill-conditioned matrix 

has a non valid determinant; i.e., singular matrix with a zero in the denominator. The 

transpose of matrix A is denoted by A
T 

 

For example, Let A


 be any 2x2 matrix formed from A. The validity of the solution 

will partly depend on the condition number c ( A


), which is defined as the product of the 

norm of A


 and the norm of the inverse of the coefficient matrix A


, given by equation 

(12): 
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The equations should be “well conditioned” in order to be able to determine all 

components of x


 with a good accuracy. The change x
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the changes of A
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 and b
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 [24] is given by equation (13):  
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where M = 
1

1
, with   = 1).(

1



AA


 . Both the data b


 and the position of 

the APs (reflected in A


) can be modified to optimize the calculation of the position x


 of 

the capsule. 

Mathematically, the coordinates of positions obtained by applying the linear least 

squares method to the linear system of equation (7) are generally more accurate than the 

coordinates obtained by solving four equations from the linearized system of equations (3 

or 4) directly [24].  

However, since the distances ri are only approximates, the problem requires the 

determination of x such that  ≈ . 

 

D. Minimizing the Residuals: 

Minimizing the squares of the residuals .-  .yields equation (14): 

)()( xAbxAbrrS
TT 

  ,     (14) 

which leads [26] to the normal equation: bAxAA
TT


    (15) 

There are several methods to solve equation (15) for x.  

According to [24] the condition number of A
T
A determines which method is best. 

 If A
T
A is non-singular and well conditioned, then the solution [26] of 

bAxAA
TT


  is given by equation (16): 

bAAAx
TT
 1

)(


        (16) 

 However, if A
T
A is singular (det (A) = 0) then the normalized QR decomposition 

[25] of A could be used to solve for x


 [QR decomposition is not referenced 

beyond this point in this work]. 

In reality, a “Bad record” exception is thrown by the custom algorithm whenever A
T
A 

resolves to zero. In that case, processing will proceed to the next record. In some cases, 

the location estimate x may not correspond to a feasible physical position, i.e. the 

estimate may lie outside the cylinder model space of Figure 4. In those cases, the location 

estimate is usually replaced by the closest (in the cylindrical model space) feasible 

location. This scenario is fully documented in the algorithm presented in [22].  

Various methods were discussed in [27] to solve the system of linear equation (7). 

However, due to heavy dependence on approximate distances (ri) in the tracking problem, 

we decided to adhere to the method of non-linear least squares to solve the system of 

linear equations. The main constraint on this solution is that the capsule must not escape 

outside of the cylindrical space. Also, due to the relatively small size of the resulting 

cylinder model, it is possible to work in 2-D, by approximating the z-axis to zero. So the 

four Pods determine the 2-D coordinate of the capsule based on a selection of three out of 

four Pod data where RSSI signals are greatest. The logic of this approach is that the 

receivers closest to the physical location of the capsule will most certainly detect a signal 

with stronger power level than those well away from the capsule. 

Non-linear least squares method is based on the fact that the sums of the squares of the 

errors on the distances are minimized. This solution yielded a reasonably accurate result 

even when the distance error in ri is appreciable. 

Recall that ri denotes the approximate distance between the capsule and the i
th
 Pod; 

and that 
i

r


 stands for the exact, unknown distance, i.e. from equation 4, we arrived at: 

2222

)()()(
iiii

zzyyxxr 

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Therefore, in order to minimize the sum of squares of the errors on distances, we need 

to minimize the function given by equation (17): 






n

i

i

n

i

ii
zyxfrrzyxF

1

2

1

2
),,()(),,(      (17) 

with  

iiiiiii
rzzyyxxrrzyxf 

222
)()()(),,(


   (18) 

where fi is the square of error in coordinate distance at point i. Minimizing the sum of 

the square errors is a fairly common problem in applied mathematics for which various 

algorithms are available [28]. Newton’s iteration was selected from among the numerous 

methods to find the ‘optimal solution’ ),,( zyxP


[29]. To do this, a good initial guess for 

(x, y, z) is obtained from the linear square method of equation (7). The only case 

considered in this work is the case for which the lowest value of F(x, y, z) – the 

derivative of f(x, y, z) given by fi (Fmin) > 0, i.e., positive.  

Differentiating equation (17) with respect to x yields 


 







n

i

i

i

x

f
f

x

F

1

2         (19) 

The formulae for the partials with respect to y and z are: 


 







n

i

i

i

y

f
f

y

F

1

2          (20) 

and 
 







n

i

i

i

z

f
f

z

F

1

2  respectively.      (21) 

The solution to the linear system bxA


  can be obtained starting with P

0 
, and using 

a suitable iteration scheme, i.e., Newton’s iteration. If P
0 

is carefully chosen, a sequence 

P{k} is generated which converges the solution P, i.e.  . A sufficient condition for 

the method to be applicable is that A is strictly diagonally dominant or diagonally 

dominant and irreducible.   

The matrix A is strictly diagonally dominant if:  










n

ij

ji

i

j

jiii
aaa

1

,

1

1

,,
||||.||  for i = 1, 2,...n     (22) 

ai,i =diagonalelements,andai, j = off -diagonalmatrixelements 

Solution via Jacobi iteration depends on the number of iterations and the required 

accuracy. As implemented in the custom miapsNLLS.cpp program [22], the algorithm is 

constrained around a maximum of 10 iterations and a configurable accuracy, i.e., 20%. 

Introducing vectors f


, g


 and the Jacobian matrix J, equations (17 - 21) translates to:  

g


 = 2 fJ
T


         (23) 

where 
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Introducing the solution vector 








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     (27) 

Newton iteration [24, 25] gives: 
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where 
}{ k

R


 denotes the k
th 

approximate solution. The subscript [30] in J and f


 means 

that these quantities are evaluated at 
}{ k

R


. Obviously
T

zyxR ),,(
}1{


 , the initial 

solution obtained with the Linear Square methods. 

Denoting the components x


 by (x, y, z). Using the explicit form of 

function ),,( zyxf
i

, then the matrix J
T

x )(


 J )( x


 can be written as equations (29, 30): 
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and 





















































































n

i ii

ii

n

i ii

ii

n

i ii

ii

T

rf

fzz

rf

fyy

rf

fxx

fJ

1

1

1

)(

)(

)(

)(

)(

)(


       (30) 

Usually, this type of iteration works fast, in particular when matrix J
T
J is augmented 

by a diagonal matrix. This effectively biases the search direction towards that of steepest 

descent (gradient descent). Consequently as the solution is approached, the modifications 

can be expected to have a decreasing effect. Equations (29 - 30) are then used in the 

Newton’s iteration - equation (28). 

 

5. Error Analysis: The Bland-Altman Plots  

The Bland-Altman plot [31] is a statistical method to compare two measurements 

techniques (X1 and X2). In this graphical method the differences (or alternatively the 

ratios) between the two techniques are plotted against the averages of the two techniques; 

i.e. (X1 – X2) vs. (X1 + X2)/2. None of the classical ways of error measurements 

(regression, correlation, etc.) tells us whether the results of manual measurements and 

that obtained from the tracking algorithm can be considered equivalent. A generally 

accepted way of interpreting the plot in order to confirm agreement is to analyze the 

behavior of the cluster of points around the zero line, and also to examine the percentage 

of points outside the confidence interval (1.96SD) lines. 

 

6. Experimental Results 

As shown in Figures 6(a-d), Intestinal length can be computed piece-wise by linearly 

following the curve of the trajectory with respect to time. Processing of data from the 

tracking operation was performed on a local host computer (PC). Host computer 

processing is particularly useful since the algorithm is based on solving a fair amount of 

matrices at different levels. Such number intensive processing generally suits a dedicated 

local host computer. Finally, a human readable version of data is generated and displayed 

on the computer screen for the physician to visually locate a particular section of the 

intestine based on real-time computed length of intestines. The Bland-Altman plot was 

used to validate the results obtained since there is no other established reference with 

which such tracking results could be benchmarked.  

Figures 6(a-c) shows the trajectory of object in liquid medium due to the algorithm for 

three instances of tracking experiments. Figure 6(d) is the graph of object tracking 

(average of three experimental and manual measurements of capsule position). Likewise, 

Figures 7 (a-d) show the corresponding Bland-Altman plots as discussed, due to manual 

and the algorithm (experimental) capsule location measurements. 
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Figure 6. (a) Trajectory of Object in Liquid - Algorithm (Experiment #1) 
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Figure 6. (b) Trajectory of Object in Liquid - Algorithm (Experiment #2) 
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Figure 6. (c) Trajectory of Object in Liquid - Algorithm (Experiment #3) 
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Figure 6. (d) Real Trajectory of Object vs. Average Trajectory of Object 

 

Figure 7. (a) The Bland-Altman Plots for the First Tracking Experiment 

 

Figure 7. (b) The Bland-Altman Plots for the Second Tracking Experiment 
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Figure 7. (c) The Bland-Altman Plots for the Third Tracking Experiment 

 

Figure 7. (d) The Bland-Altman Plots for the average of Three and the Real; 
i.e., the Two Methods of Tracking the Object 

7. Discussion  

Within the last ten years, the Federal Communications Commission (FCC) rules have 

been modified to meet medical short-distance communication needs. Of course a major 

limitation of power source continues to plague engineering design of medical short-range 

devices. However, solutions, such as a design for low duty cycle, the use of repeaters, or 

body area networks design with efficient power are practical. Wireless telemetry is tipped 

to make bio-medical measurements more efficient and more reliable and in some cases 

bring improved health care at a major reduction in cost. This paper described the theory 

and implementation of a method of tracking an object in inaccessible tubing both in air 

and also in an environment similar in electrical characteristics to the human GI tract. A 

custom radio transmitter unit at 433 MHz was used as a test case capsule while the PC 

interface unit was constructed with adequate electronics for signal capture, signal 

digitizing and communication with a personal computer. 

It was noted that the error in liquid tracking experiments could not be represented 

intelligently as a ratio. Therefore another way of quantifying the error in tracking had to 

be used. As discussed in Section 5, none of the classical ways of error measurement 

(regression, correlation, etc.) could tell us whether the results of manual measurements 

and that obtained from the tracking algorithm can be considered equivalent. In that case, 

the Bland-Altman plots could be employed for comparative analysis as explained in the 
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previous sections. Consequently the custom algorithm was put to use for tracking the 

transmitter unit (capsule model). This was accomplished by following the transmitter 

electronics along the trajectory of the 90cm tubing in three different experiments. The 

segment length and total final tube lengths produced by the algorithm compares quite 

reasonably with the record obtained by physical measurements with less than 21% error. 

From the method comparison graphs shown in Figures 7 (a-c), the systematic biases in 

the three experiments are obvious. The presence of systematic bias or CB indicates that 

the test method measures consistently higher or lower in comparison with the reference. 

This is very true and can be confirmed from Figures 6 (a-c). A systematic adjustment 

may correct for this by eliminating errors due to measurements and experimental 

conditions. Using aggregate values as shown in the AVE (Average) plot of Figure 6(d) 

produced a more acceptable graph with a fairly reasonable negative mean value at the 

computed standard deviation. There are no outliers, and all test points are decisively 

captured within the confidence interval.  

 

8. Conclusion 

An in-depth discussion of a rigorous mathematical method for achieving object 

tracking which could be extended into tracking ingestible capsules for diagnosing 

intestinal problems in humans was presented in this paper. A practical implementation of 

object tracking with RF at very small distance (less than 100cm) was covered. Effects of 

conditions for variability in RF transmission and reception were discussed and finally, 

object detection and tracking was demonstrated and the output results from the tracking 

experiments was shown to be very satisfactory for the target application. The Bland-

Altman plots were used for comparative analysis on the results from physical 

measurements and position information, which were produced by the algorithm for the 

tracking events. The analysis confirmed that the method presented in this paper could be 

used with fair degree of accuracy to track a capsule using RSSI signals. The inherent 

imprecision in experimental procedures are equally captured in the Bland-Altman graphs 

and these do not have any significant effects on the analysis. Also, the Bland-Altman 

analysis does not rely on number of runs or sample size. However, the results became 

more meaningful when more than one set of experiments were considered, in which case 

average of values were used for the comparative analysis. 

From the error analysis graphs shown in Section 6, a constant bias was observed in 

most of the results. In real life experiments, constant biases cannot be totally eliminated 

but could be minimized. This can be achieved by minimizing the effects of human, 

environment, instruments, etc. on the measuring process. These sources of error in form 

of path-loss variables were compensated for inside the accompanying custom algorithm. 

Subsequently, a maximum error less than 21% was achieved with three runs of 

experiments using fluid with similar electrical characteristics as the fluids of the human 

abdomen as the main medium of propagation. Although the range of position results 

obtained conforms to theoretical expectations, it is understandable that practical 

implementation inside the human GI tract will introduce some additional variations in the 

final results due to the effects of noise, organ-interface reflection, hardware and true 

nature of the human tissue. Future works will involve the Finite-difference time-domain 

(FDTD) simulation of the antenna in layers of tissue representing the human organs, 

validating the radiation pattern with more path-loss variables and validating the tracking 

algorithm under near-live scenario. A more accurate investigation will also be considered 

by modifying the algorithms to operate in 3-D. 
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