


82 Chapter 6: Discussion

For clinical use, real time performance is not a requirement. The localization could be
performed with stored RSS measurements, and the distance estimation is performed
by use of the positional data. However, for the localization, the complexity of the
system decreases if the positions could be obtained in real time. By reducing the grid
resolution and optimizing the performance of the localization algorithms, this could
be feasible.

6.5 Future work

Although interesting results have been presented in this thesis, more work must be
done in order to use the localization and tracking system clinically. Some suggestions
for future work will be presented in the following.

The main problem that has not been considered in this thesis, is the extension to
three dimensions. As previously mentioned, both the localization and tracking system
can be extended to three dimensions following the same approach as this thesis. It is
expected that the performance will decrease when this extension is done due to the
increased dimensionality of the system. However, some new possibilities arise when
operating in 3D e.g. different receiver constellations. This issue has been addressed
to some degree in [25], but it seems likely that more work can be done on this topic.

One weakness with the results presented in this thesis is that the amount of tested
datasets could have been higher. The UWBI1-3 results are somewhat more reliable,
being based on 30 datasets. But the performance of the NB and UWB3-5 setups
have only been tested with three different sets, thus lowering the reliability of the
results. In order to get a proper conclusion in the comparison between NB and UWB,
more simulations should be performed. This is also true for the tracking and distance
estimation results, although the random generation of the two datasets used in this
thesis limits this problem to some degree.

For the localization algorithm, increased performance can likely be achieved if a better
selection of receivers are employed. The rudimentary outlier detection and removal
developed in this thesis increased the performance compared to no removal. A more
advanced scheme, where only the best measurements are used, should yield better
results. One possible starting point for this topic is the usage of the variance estimates
of the BCS algorithm.

The tracking method can be developed further by integration with the localization
algorithm. It is likely that the performance can be increased by turning this in to a
one-step process. Another interesting direction would be to combine RSS localization
and video tracking, as in [8], but with more focus on the distance estimation part of
the problem.



Chapter 7

Conclusion

This thesis has investigated localization and tracking of a WCE in the intestines. The
localization has been performed by RSS measurements using compressive sensing in the
frequency bands 915 MHz, 2.4 GHz, 1-3 GHz and 3-5 GHz. The RSS measurements
have been obtained from in-body EM simulations on a human voxel model. The
tracking has been done by Kalman- and particle filters, and the estimated velocity has
been used to determine the distance the WCE has travelled in the intestines.

It was found that localization accuracy of a few millimeters is possible under ideal
conditions, when the RSS measurements are generated from a path loss model. When
using path loss data from the EM simulations, the accuracy was lowered to a minimum
error of 19 mm when using NB signals. Use of UWB signals resulted in localization
errors between 35-60 mm, depending on frequency range and bandwidth. Thus, no
benefit was found when using a wider bandwidth. The EM simulation path loss results
was found to correspond with the UWB 1-6 GHz path loss model in [74].

Due to limited accuracy in the position estimates from the localization algorithm,
generated datasets were used to evaluate the tracking- and distance estimation per-
formance of the filters. From position data generated from the intestines, it was found
that the travelled distance can be found with an error of a few millimeters under
moderate levels of observation noise, when using the VNL Kalman filter. Under large
amounts of noise, with the filters adjusted for a lower level of observation noise, the
VNL Kalman had problems detecting the mode changes. This increased the error in
the estimated distance. For this specific scenario, the Kalman filter performed better.

The results are found from a limited amount of data. In order to increase the confidence
in the presented results, the performance of the localization and tracking algorithms
should be evaluated with more datasets.
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Appendix A

Attachments

A.1 Plots
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(a) Directivity in the azimuth plane. (b) Directivity in the elevation plane.

Figure A.1: Directivity for the 915 MHz half-wave dipole antenna.
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Figure A.2: Directivity for the 2.4 GHz half-wave dipole antenna.
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body 2.4 GHz half-wave dipole antenna.
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Figure A.4: Directivity for the 1-3 GHz trapezoidal monopole antenna.

Directivity, XY plane Directivity, XZ plane
Bliasssait)

120°
f=3GHz =
f=4GHz| ~—F7
f=5GHz 150°
10 dBi
+180°
(a) Directivity in the azimuth plane. (b) Directivity in the elevation plane.

Figure A.5: Directivity for the 3-5 GHz circular monopole, shown for the center frequency
and the upper and lower boundary.
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Path loss for the planar loop
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Figure A.6: Path loss results from one EM simulation for the 1-3 GHz planar loop, with
all 24 receiver antennas shown.
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Figure A.7: Localization results visualized for one run using the UWB 1-3 GHz setup with
range f = 1 — 1.1 GHz and the MT-BCS algorithm. The mean localization error is 35.5 mm.
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A.2 Tables

Table A.1: Dimensions of the 915 MHz coil antenna.

Description Name Dimension
Length l 5 mm
Radius r 2.1 mm
Wire diameter t 0.4 mm
Turns N 5

Table A.2: Dimensions of the trapezoidal monopole antenna.

Description Symbol Value

Trapezoid width top Uty 36.03 mm
Trapezoid width bottom Uiy 16.37 mm
Trapezoid height h 36.21 mm
Ground plane depth la 31.55 mm
Ground plane width tw 31.55 mm
Ground plane height tg 1.25 mm
Gap hg 1.38 mm

Table A.3: Dimensions of the circular monopole antenna.

Description Symbol Value

Circle radius R 49.22 mm
Ground plane depth la 59.62 mm
Ground plane width tw 59.62 mm
Ground plane height tg 4.47 mm
Gap hg 2.74 mm
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Table A.4: In-body to off-body path loss model parameters for 402, 868 and 2400 MHz [90].

Valid for d = 100-500 mm.

Frequency Measured n

Simulated n

402 MHz
868 MHz
2.4 GHz

1.90
2.00
2.80

1.85
1.90
2.60

Table A.5: UWB 1-5 GHz in-body to on-body path loss model parameters [92].

d [mm] PLoas n s Os

10 0.30 1.87
20 1.47  4.25
30 3.39  5.92
40 447  7.12
50 4.78 7.49
60 5.74 8.32
70 6.92 9.07
80 1.407 3.397 7.45 9.37
90 7.11  9.08
100 7.14  8.65
110 7.52 8.36
120 7.11  8.15
130 7.67 8.69
140 5.18 7.10
150 6.29 7.18
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Table A.6: Mapping of tissues between HUGO and Gabriel’s data.

HUGO Gabriel
Marrow BoneMarrow
FatTissue Fat

Bones BoneCortical
WhiteSubstance BrainWhiteMatter
GraySubstance BrainGreyMatter
Skin SkinDry

Eye EyeSclera
SkeletonMuscle Muscle

Blood Blood
NeuronalFabric Cerebellum
Lens Lens
NervusOpticus Nerve
Cartilages Cartilage
MucousMembrane  MucousMembrane
Air Air

Lung LungInflated
Intestine Smalllntestine
Kidney Kidney

Liver Liver

Glands Gland

Spleen Spleen
Stomach Stomach
Pancreas Pancreas
Bladder Bladder
GallBladder GallBladder
IntestineContents ~ Smalllntestine
VentriclesRight Heart
VentriclesLeft Heart
ForecourtRight Heart
ForecourtLeft Heart

BloodV Blood

BloodA Blood







Appendix B

Matlab code

Parts of the MATLAB code used in this thesis are shown in this appendix. Only
a small portion is included out of relevance and length constraints. Code used for
localization is found in Sec. [B:I} while filters used for tracking the intestinal paths are

shown in Sec. [B-2

B.1 Localization

Listing B.1: The compressive sensing class CompressiveSensing.m.

classdef CompressedSensing < Localization

properties

c = 3e8;

Psi;

Phi;

Theta;

unit;

grid@Grid
end

methods
% Create the CS object
function obj = CompressedSensing(N, unit)
obj.N = N;
obj.unit = unit;
end

% Localization

function [x,X,theta,Sigma] = localize(obj,y,gamma,algo,ortho,iter,sigma)

% Settings

tolerance = le—9;%le—9;
epsilon = sigma;
lambda® = 1/sigma”2;
numlIt = iter;

Eb = 0.000001;

% Orthonormalization
Theta = obj.Phixobj.Psi;
Q = orth(Theta’)’;

if ortho

y_mark = Qxpinv(Theta)=xy;
else

y_mark = vy;

Q = Theta;

93
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40 end

41

42 % Initial starting point BP

43 theta_0 = Q'xy_mark;

44

45 % Use the specified 11 minimization algorithm

46 switch algo

a7 case 'BP’

8 theta = lleq_pd(theta_0,Q,[],y_mark,tolerance);

49 case 'BPDN’

50 theta = l1lqc_logbarrier(theta_0,Q,[],y_mark,epsilon,tolerance);
51 case 'ST-BCS’

52 [theta,Sigma] = ST_BCS(y_mark,Q,lambda0,0,0bj.M,obj.N,numIt,Eb);
53 case 'MT-BCS’

54 disp(’Use the multi—task localization algorithm instead’);
55 otherwise

56 error(’'Please provide a valid algorithm’);

57 end

58

59 % Find the position as the centroid of values larger than gamma
60 [x,X] = obj.findCentroid(theta,gamma);

61 end

62

63 % Multi—task localization

64 function [res] = localizeMT(obj,y,Phi,Psi,gamma,algo,ortho,iter)
65 % Settings

66 P = length(y);

67 lambda® = 1/0.01"2;

68 numIt = iter;

69 Eb = 0.000001;

70

71 % Orthogonalization

72 if iscell(Phi) && iscell(Psi)

73 Theta = cellfun(@(a,b) axb,Phi,Psi, ’UniformOutput’,0);

74 Q = cellfun(@(a) orth(a’)’,Theta, 'UniformOutput’,0);

75 if ortho

76 R = cellfun(@(a,b) axpinv(b),Q,Theta, UniformOutput’,0);
77 y = cellfun(@(a,b) axb,R,y, ’UniformOutput’,0)’;

78 end

79 else

80 Theta = obj.Phixobj.Psi;

81 Q = orth(Theta’)’;

82

83 if ortho

84 y = cellfun(@(a,b) bxa,y,repmat({Q«pinv(Theta)},1,P), UniformOutput’, 0)";
85 end

86 end

87

88 % Localization

89 switch algo

%0 case 'BP’

91 theta = cell(1,P);

92 for i=1:P

93 theta_0 = Q'xy{i};

94 theta{i} = lleq_pd(theta_0,Q,[1,y{i},1e—9);

95 end

£ mu = theta;

97

98 case 'ST-BCS’

99 mu = cell(1,P);

100 sig = cell(1,P);

101 for i=1:P

102 if i==1

103 [mu{i},sig{i}, lambda@,lambda] = ST_BCS(y{i},Q{i}, lambda®,®,0bj.M,obj.N,50);
104 else

105 [mu{i},sig{i}, lambda®,lambda] = ST_BCS(y{i},Q{i}, lambda®, lambda,obj.M,obj.N,50);
106 end

107 end

108

109 case 'MT-BCS’

110 [mu,sig] = MT_BCS(y,Q,lambda®,obj.M,obj.N,P,numIt,Eb);

111

112 otherwise

113 error(’'Please provide a valid algorithm’);

114 end

115

116 % Find the position as the centroid of values larger than gamma
117 res = cell(1,P);

118 for i=1:P

119 [res{i}.x,res{i}.X] = obj.findCentroid(mu{i},gamma);

120 if ~isequal(algo, 'BP")

121 res{i}.sigma = sig{i};

122 end
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123 res{i}.mu = mu;

124 end

125 end

126

127 % Adaptive localization

128 function [x,X,theta,Sigma] = localizeAdap(obj,y,gamma,algo,ortho,iter,Eb)
129 % Settings

130 tolerance = 1le—9;%1e—9;

131 epsilon = le—6;

132 lambdab® = 1/0.01°2;

133 numIt = iter;

134

135 for i=4:1length(y)

136 %[~,1dx] = datasample(y,i, 'Replace’,false); % random sampling
137 idx = chooseAntennas(1,length(y),i); % even spatial spreading
138 Theta = obj.Phi(idx,:)=*obj.Psi;

139

140 % The algorithm to use

141 switch algo

142 case 'ST-BCS’

143 Q = orth(Theta’)’;

144 y_mark = Qxpinv(Theta)=xy(idx);

145 theta_0 = Q'xy_mark;

146 [theta,Sigma,~,~,broken] = ST_BCS(y_mark,Q,lambda®,0,0bj.M,obj.N,numIt,Eb);
147 case 'MT-BCS’

148 Theta = cellfun(@(a,b) axb,Phi,Psi, 'UniformOutput’,0);
149 Q = cellfun(@(a) orth(a’)’',Theta, 'UniformOutput’,0);
150 R = cellfun(@(a,b) axpinv(b),Q,Theta, 'UniformOutput’,0);
151 y = cellfun(@(a,b) axb,R,y, UniformOutput’,0)’;

152 [theta,Sigma,broken] = MT_BCS(y,Q,lambda®,obj.M,obj.N,P,numIt,Eb);
153 otherwise

154 error(’'Wrong algorithm name.’);

155 end

156

157 if broken

158 break;

159 end

160 end

161

162 % Find the position as the centroid of values larger than gamma
163 [x,X] = obj.findCentroid(theta,gamma);

164 end

165

166 % Find and remove outliers

167 function [y,Phi] = findOutliers(obj,y_db,th)

168 y = 10.7(y_db./10);

169

170 [a,~,c] = histcounts(y);

171 if (a(end—1)==0 && a(end)~=0)

172 i = length(a);

173 iGlob = c==1i;

174 else

175 iGlob = zeros(1,length(y));

176 end

177

178 fprintf(’'Found %i global outliers\n’,sum(iGlob==1));

179

180 Phi = obj.findPhi(iGlob’);

181

182 y = y(~iGlob);

183 y = 10x1log10(y);

184 end

185

186 % Find the phi matrix when outliers are removed

187 function Phi = findPhi(obj,outlierIdx)

188 numQutliers = sum(outlierIdx);

189 M = length(outlierIdx)—numOutliers;

190 if numOutliers>0

191 Phi = zeros(M,obj.N);

192 iP = sub2ind(size(Phi),1:M,0bj.T(~outlierIdx));

103 else

194 Phi = zeros(obj.M,obj.N);

195 iP = sub2ind(size(Phi),1:0bj.M,0bj.T);

196 end

197 Phi(iP) = 1;

198 end

199

200 % Find the position as the centroid of localization vector
201 function [x,X] = findCentroid(obj,theta, lambda)

202 idx = theta>0.99;

203 idx2 = theta>0.1;

205 % Different behaviour depending on number of values larger than gamma
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if (isnan(theta))
disp(’NaNs in theta. Something is wrong’);
x = NaN;
X = NaN;
elseif (~isempty(idx) && (sum(idx)==1) && (sum(idx2)==0))
disp(’'Unity value in Theta array found.’);

X = idx;
X = obj.grid.findCenterFromTileIndex(idx);
else

S = find(theta > lambda);
if ~isempty(S)
if (length(S) > 1)
s = zeros(length(S),2);
for i=1:length(S)
s(i,:) = obj.grid.findCenterFromTileIndex(S(i,1));
end
X = sum(s)/length(s);
x = obj.grid.findTileIndexFromPos (X);
fprintf(’'Centroid calculated from %i points\n’,length(s));
else
fprintf('Only one value larger than lambda. Centroid not calculated. Theta = %.2f\n’,theta(S)

);
X = obj.grid.findCenterFromTileIndex(S);
X =S;
end
if (sum(idx)>=1) && (sum(idx2)>0)
disp(’Values in theta are larger than unity. Centrid calculated, but might be bogus.’);
end
else
if ~isequal(max(theta),0)
fprintf(’'No values are larger than lambda... Using the maximum value of %E.\n',max(theta));
x = find(theta == max(theta));

X = obj.grid.findCenterFromTileIndex(x);

else
fprintf(’'Theta contains only zero values...\n');
x = NaN;
X = NaN;

end

end
end

end

% Generate path loss from model
function [y,d] = generatePL(obj,X,PL0®,d0,freq, fLow, fHigh,dim, centered, shadowing,type,db)
pl = PathLoss;

% Placement of receivers, real pos or exactly on grid center
if centered
T = obj.T_pos;
else
T = obj.T_real;
end
obj = obj.addTargets(T);

% Extract PL at specified frequencies
f = fLow:0.1:fHigh;
if (size(PLO,1) > 1 || size(PLO,2) > 1)
PLused = zeros(size(f));
for i=1:1length(f)
PLused(i) = PLO(findDec(freq,f(i),1.5E-3))

end

PLOf = PLO;

PLO = PLused;
end

if isequal(dim,3)

d = matNorm(T — repmat(X,size(T,1),1));
else

d = matNorm(T(:,1:2) — repmat(X(1l:2),size(T,1),1));
end

% Choose the path loss model
y = zeros(obj.M,size(freq,2));
switch type

case 'IB_800' % 868 MHz IB model

PLO = 11.9;
n=109;
do = 20;

for i=1:length(d)
y(i,:) = pl.logDistancePL(n,PLO,d0,d(i));
end
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287 case 'IB_1000_5000' % 1-6 GHz IB model

288 for i=1:1length(d)

289 if (size(f,2) > 1)

290 pathloss = zeros(1l,size(f,2));

291 for j=l:size(f,2)

292 pathloss(j) = pl.inBodyPL(PLO(]),d0,f(j),1,d(i));
293 end

294 y(i,:) = meanLog(pathloss,2);

295 else

296 y(i,:) = pl.inBodyPL(PLO,d0O,freq,1,d(1i));
297 end

298 end

299 if ~db

300 y = 10.7(y./10);

301 end

302 end

303 end

304

305 % Add shadowing to the path loss if wanted

306 if shadowing

307 for i=1:1length(d)

308 for j=1:10:1length(f)

309 y(i,j) = y(i,j) + pl.findShadowing(d(i));
310 end

311 end

312

313 end

314 end

315

316 % Find the sparsity matrix

317 function [obj,Psi] = sparsityMatrix(obj,type,freq, fLow,fHigh,d0,PLO,shadowing,db)
318 PL = PathLoss();
319

320 f = fLow:0.01:fHigh;

321

322 % Extract PL at specified frequencies

323 if (size(PLO,1) > 1 || size(PLO,2) > 1)

324 PLused = zeros(size(f));

325 for i=1:length(f)

326 PLused(i) = PLO(findDec(freq,f(i),1.7E-3));

327 end

328 else

329 PLused = PLO;

330 end

331

332 %Find distance

333 d = bsxfun(@hypot,bsxfun(@minus,obj.grid.gridPosX’,obj.grid.gridPosX),bsxfun(@minus,obj.grid.
gridPosY’,obj.grid.gridPosY));

334

335 % Find sparsity matrix corresponding with the path loss model chosen

336 switch type

337 case 'IB_ 800"

338 PLO = 11.9;

339 n=19;

340 do = 20;

341 obj.Psi = PL.logDistancePL(n,PL0O,d0,d);

342 obj.Psi(1l:length(Psi)+1:numel(Psi)) = 0;

343

344 case 'IB_1000_5000’

345 if (size(f,2) > 1 || size(f,1) > 1)

346 pl = zeros(obj.N,obj.N,size(f,2));

347 for i=1l:size(f,2)

348 pl(:,:,i) = 10.~(PL.inBodyPL(PLused(i),d0,f(i),1,d)./10);

349 end

350

351 Psi = 10x«logl0@(mean(pl,3));

352 else

353 Psi = PL.inBodyPL(PL0O,d0,f,1,d);

354 end

355 if ~db

356 Psi = (10.7(Psi./10));

357 end

358 obj.Psi = Psi;

359 end

360 end

361

362 if shadowing

363 Xs = PL.findShadowing(d);

364 obj.Psi = obj.Psi + Xs;

365 end

366 end

367
368 % Plot grid
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function plot(obj,text)
if (obj.N > 2000)
disp(’Grid too large to be plotted’);
else
obj.grid.plotGrid(obj.T,text,0);
end
end

% Add targets to Phi
function obj = addTargets(obj,T)
obj.M = size(T,1);

for i=l:size(T,1)
0bj.T(i) = obj.grid.findTileIndexFromPos(T(i,:));
obj.T_pos(i,:) = obj.grid.findCenterFromTileIndex(obj.T(i));

end

obj.T_real = T;

Phi = zeros(obj.M,obj.N);

iP = sub2ind(size(Phi),1:0bj.M,0bj.T);

Phi(iP) = 1;

obj.Phi = Phi;
end

% Make the grid
function obj = createGrid(obj,pos,T,0)

obj.0 = 0;
obj.T = size(T,1); % added 06.06
switch 0
case 2
obj.grid = Grid2(obj.N,pos);
case 3
obj.grid = Grid3(obj.N,pos);
end

obj = obj.addTargets(T);
end

end

Listing B.2: The path loss class PathLoss.m.
classdef PathLoss

properties
c = 3e8;
end

methods
% 1—-6 GHz path loss model
function P = inBodyPL(obj,PL0O,d0,f,comp,d)
if (comp)
Compensation
= —0.800;
= 7.839;
= —3.647;

o°

o° M

—
SnToO=ZwLonoo

o o

compensation
—0.813;
7.817;
—3.235;

o
>

if (f(1) > 0.1e9)

disp(’'Converting frequency to GHz');
f = f./1e9; % Frequency in Hz to GHz
end

N =a.xf.”2 + b.xf + c;

if (size(PLO,1) == 1 && size(PLO,2) == 1)

P = repmat(PLO,size(d,1),size(d,1)) + 10.xN.xlogl@(d./d0);
else

P = PLO + 10.xN.xlogl0(d./d0);
end

% Remove Infs
P(P=—Inf) = 0;
end

% Log—distance path loss model
function P = logDistancePL(obj,n,PLO,d0,d)
P = repmat(PL®,size(d,1),size(d,2)) + 10.xn.xlogl0(d./d0);
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P(P=—Inf) = 0;
end

% Find shadowing distribution UWB

function Xs = findShadowing(obj,d)
dMod = 5:10:150;
mu = [0.30 1.47 3.39 4.47 4.78 5.74 6.92 7.45 7.11 7.14 7.52 7.11 7.67 5.18 6.29];
sigma = [1.87 4.25 5.92 7.12 7.49 8.32 9.07 9.37 9.08 8.65 8.36 8.15 8.69 7.10 7.18];

o

% If a d matrix is provided find shadowing for each element
if (size(d,1) > 1 || size(d,2) > 1)
Xs = zeros(size(d,1),size(d,2));
a = ones(size(d,1),size(d,2));
for i=2:(length(dMod)—1)
idx = double(d > dMod(i—1) & d < dMod(i));
distr = random(’'normal’,mu(i—1),sigma(i—1),size(d,1),size(d,2));
Xs = Xs + idx.xdistr;
end
% Shadowing for single d
else
idx = find(abs(dMod—d)<5);

if isempty(idx)
if d > dMod(end)
idx = dMod==dMod(end) ;

else
idx = dMod==dMod(1);

end

end

Xs = random('normal’,mu(idx),sigma(idx),size(d,1),size(d,2));

end
end
end

B.2 Tracking

Listing B.3: The particle filter class ParticleFilter.m.

classdef ParticleFilter < Filter

properties
LinearModel;
end

methods
function [data] = FilterDataNoInit(obj,rawData,model,N,sigmaN@,sigmaN)
if (model.dim == 4)
X0 = [rawData(1l,1) O rawData(1l,2) 0]';
elseif (model.dim == 6)
X0 = [rawData(1l,1) 0 rawData(l,2) 0 rawData(1l,3) 0]1’;
elseif (model.dim == 9)
X0 = [rawData(1l,1) 0 0 rawData(l,2) O 0 rawData(1l,3) 0 0]’;
else
disp(’'Model dimensions not supported’);
end

[data] = obj.filtering(rawData,X0,model,N,sigmaN®,sigmaN);
end

methods (Access=private)
function [X_est] = filtering(obj,X,X®,m,N,sigmaN@,sigmaN)
X_est = zeros(length(X),4);

% Initial particles
Xp = repmat(X0,1,N) + sigmaN@.xrandn(4,N);

for i=1:length(X)
% Update state and add noise for each particle
Xp = m.AxXp + sigmaN.xrandn(4,N);

% Find measurement residual and evaluate particle likelihood
if i>1
v = norm(m.AxX_est(i-1,:)'—X_est(i-1,:)")/m.T;
Pi = repmat([X(i,1:2) v]’',1,N) — [Xp(1:2:3,:); bsxfun(@hypot,Xp(2,:),Xp(4,:))];
p = mvnpdf(Pi’, [0 0 0],diag([m.R(1,1) m.R(2,2) m.R(3,3)]1));
else
Pi = repmat(X(i,1:2)’,1,N) — m.CxXp;
p = mvnpdf(Pi’, [0 0],[m.R(1,1) m.R(2,2)]);

end
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% Update the weights and normalize
= p./sum(p);

=

% Resample
Xp = obj.resampling(Xp,w,N);

% Save estimate
X_est(i,:) = sum(Xp.xrepmat(w’,4,1),2);

% Break if values are NaN
if isnan(X_est(i,:))
X_est = NaN(length(X_est),4);
disp([’'Estimate of state are NaN after
break;
end
end
nans = false;
end

’

% Resampling function

function [x] = resampling(obj,x,w,N)
u=rand(N, 1);
wc=cumsum(w) ;
wc=wc/wc (N) ;
[~,ind1l]=sort([u;wc]);
ind2=find(ind1<=N);
ind=ind2—(0:N-1)";
x=x(:,ind);

end

end

num2str(i)

’

iterations’]);

Listing B.4: The VNL Kalman filter class KalmanVNL.m.

classdef KalmanVNL < Filter

properties
tau;
r;
n;

end

methods

function [data,modeChanges]= FilterDataNoInit(obj, rawData,model,tau,r,n)

if (model.dim == 4)
x = [rawData(1,1) 0 rawData(1,2) 0]';
elseif (model.dim == 6)

x = [rawData(1,1) O rawData(l,2) 0 rawData(1,3) 0]’';

elseif (model.dim == 9)

x = [rawData(1,1) 0 0 rawData(1,2) @ 0 rawData(1,3) 0 0]1’;

else
disp(’Model dimensions not supported’);
end
P = eye(model.dim);
obj.tau = tau;
obj.r = r;
obj.n = n;
[data,modeChanges] = filtering(mod, rawData,x,u,z,P)
end
end

methods (Access=private)

function [data,modeChanges] = filtering(obj,mod, rawData,x,u,z,P)

m=1;

err = 0;

kNoManuver = 0;

kMode2 = 0;

Q = mod.Ql;

modeChanges = 0;

data = zeros(length(rawData),mod.dim);
eps = zeros(length(rawData),1);

fficients moving average filter

% Coe
=1; b = ones(1,0bj.n)/obj.n;

a

for i=0:1length(rawData)—1
X_ = mod.Axx + mod.Bxu;
P_ = mod.AxPxmod.A’+Q;

Pi = (z(i+l,:)’—mod.Cxx_);
S = mod.CxP_xmod.C’+mod.R;
K = P_xmod.C’'*inv(S);
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eps(i+l) = Pi’xinv(S)=*Pi;

% Moving average of eps

if (i > obj.n)
tmp = filter(b,a,eps(i—1:i,:));
err = tmp(end);

elseif (i > 0)
tmp = filter(b,a,eps(l:i,:));
err = tmp(end);

end

% Check for maneouver
if (err > obj.tau &% kNoManuver > obj.r)
fprintf(’'i=%i Changing mode from 1 to 2\n’,i);
modeChanges = modeChanges + 1;
Q = mod.Q2;
P = diag([mod.R(1,1) mod.Q2(2,2) mod.R(2,2) mod.Q2(4,4)]);

m=2;

kNoManuver = 0;
else

kNoManuver = kNoManuver + 1;
end

% Check if has been in mode 2 long enough
if isequal(m,2)
kMode2 = kMode2 + 1;
if (kMode2 > obj.r)
fprintf(’'i=%i Changing back to mode 1\n’,i);

Q = mod.Ql;
P = diag([mod.R(1,1) mod.Q1(2,2) mod.R(2,2) mod.Q1(2,2)]);
m=1;
kMode2 = 0;
kNoManuver = 0;
end

end

if ~isequal(kNoManuver,0)
P = P_—Kx«mod.CxP_;

end

X = X_+K«Pi;

data(i+l,:) = x';

end

end
end






Appendix C

CST simulation framework

Some examples from the CST simulation framework are shown in this appendix. Due
to the large amount of code, only a small portion of the total framework is included
here.

In Lst. one of the simulation scrips is shown. Lst. shows a function from the
simulation framework that was used to generate the planar loop antenna. In Lst.
the functionality for importing the HUGO model with frequency dependent tissue
properties is shown. Last, in Lst. [C.4] the power data export file format can be seen.

Listing C.1: The script used to produce parts of the UWB1-3 datasets.
Option Explicit

Dim studio, mws, fs, funcFile, funcPath, functions, treePath, resID, resComplex
Dim fregLow, freqHigh, addSpace, boundary, receiverPos, exitationPort, status
Dim stepsWaveNear, stepsWaveFar, stepsBoxNear, stepsBoxFar, ratioLimit

Dim X,Y,Z,1

Dim w(15,3)

Sub LoadFunctionsCST
Set English locale used for decimal separator etc.
SetlLocale(1033)

' Load functions

funcPath = "..\functions.vbs"

Set fs = CreateObject("Scripting.FileSystemObject")
Set funcFile = fs.OpenTextFile(funcPath,1,False)
functions = funcFile.ReadAll

funcFile.Close

Set funcFile = Nothing

Set fs = Nothing

ExecuteGlobal functions

' Load CST
Set studio = CreateObject("CSTStudio.Application™)
Set mws = studio.NewMWS

End Sub

' Receiver positions
posArr = LoadAntennaPositions("103 points_ z30_ inc_width.dlm")

" Transmitter positions

w(0,0) = "0" : w(®,1) = "0" : w(0,2) = "0"

w(l,0) = "96" : w(1,1) = "-45" : w(1l,2) = "—6.500e+001"
w(2,0) = "95" : w(2,1) = "-40" : w(2,2) = "—6.500e+001"
w(3,0) = "92" : w(3,1) = "-31" : w(3,2) '—6.500e+001"
w(4,0) = "91" : w(4,1) = "-27" : w(4,2) = "—6.500e+001"
' Settings

freqLow =1

fregHigh =4

addSpace = 50
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boundary = "open"
stepsWaveNear = 10
stepsWaveFar = 10
stepsBoxNear = 10
stepsBoxFar =1
ratiolLimit = 10
exitationPort =1

' Load functions and set up simulation

Call LoadFunctionsCST()

Call SetupSimulation(freqLow, freqHigh,addSpace,boundary)

Call SetMesh(stepsWaveNear,stepsWaveFar,stepsBoxNear,stepsBoxFar, ratioLimit)
Call LoadPlanarLoopParameters()

Call LoadTrapzParameters()

"Import Hugo

Call ImportHugo(2,freqLow,freqgHigh,0,0,—-300,0.212121,0.824916,0,1,0.238248,0.471154)
Call MakeMeshgroup("hugo",2,2,2,—1,0)

Call AddToMeshgroup("hugo","voxeldata","Human Model","")

'Make transmitter

Call MakePlanarLoop("loop",1,0,0,0)

Call MakeMeshgroup("loopMesh",0.3,0.3,0.3,0,1)

Call AddToMeshgroup("loopMesh","solid","loop","coating")

'Make receivers
Call MakeMeshgroup("trapzDenseMesh",0.5,0.5,0.5,0,1)
Call MakeMeshgroup("trapzCoarseMesh",2,2,2,0,1)
For i = 0 To UBound(X)
Call MakeTrapezoidalMonopole("trapz" & CStr(i+l1),CStr(i+2),X(1),Y(1),(Z(1)))
Call AddToMeshgroup("trapzDenseMesh","solid","trapz" & CStr(i+l),"coax shield")
Call AddToMeshgroup("“trapzCoarseMesh","solid","trapz" & CStr(i+l),"ground_plane")
Next

mws.SaveAs "E:\Master\Prosjekter\Simulations\" & Replace(Wscript.ScriptName,".vbs",".cst"),

For i = 1 To UBound(W)
Call MoveVector("loop","Shape",w(i—1,0),w(i—-1,1),w(i—1,2),w(i,0),w(i,1),w(i,2))

Call MoveVector(CInt(exitationPort),"Port",w(i—1,0),w(i—1,1),w(i—1,2),w(i,0),w(i,1),w(i,2))

status = mws.Solver.Start

If CInt(status) <> 1 Then
mws .ReportWarningToWindow("Simulation failed for point i=" & CStr(i))
Exit For

Else
mws .ReportInformationToWindow("Simulation finished for point i=" & CStr(i))
mws .RunMacro("export_wideband")
mws .RunMacro("export_wideband sparam")

End If

mws .DeleteResults

Next

Listing C.2: Function used to generate the planar loop antenna.

Sub MakePlanarLoop(name, portNum, x, y, z)
Call DefineMaterial("Taconic")
Call DefineMaterial("Copper")
Call DefineMaterial("Teflon")
mws . Component.New CStr(name)

'Substrate
With mws.Cylinder
.Reset
.Name "substrate"
.Component CStr(name)
.Material "Taconic RF—41 (loss free)"
.OuterRadius "loop_R"
.InnerRadius "0.0"
.Axis "z
.Zrange "0", "loop_ts"
.Xcenter "0"
.Ycenter "0"
.Segments "0"
.Create
End With

'Loop
With mws.Cylinder
.Reset
.Name "loop"
.Component CStr(name)
.Material "Copper (annealed)"
.OuterRadius "loop Rl+Lloop w/2"
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.InnerRadius "loop_Rl—loop_w/2"

.Axis "z
.Zrange "loop_ts", "loop_ts+loop_tc"
.Xcenter "0"
.Ycenter "0"
.Segments "0"
.Create
End With
"Gap in loop
mws .Pick.PickCirclecenterFromId CStr(name) & ":loop", "4"

mws.
mws .
.WCS.RotateWCS "v", "90.0"

.Solid.SliceShape "loop", CStr(name)
mws.
mws.

mws
mws

mws

mws .
mws .
.WCS.RotateWCS "u", "90.0"

mws

mws .
mws .
.Solid.Add CStr(name) & ":loop", CStr(name) & ":loop_1_1"

mws

mws .

Pick.MovePoint "—1", "loop_g/2", "0.0", "0.0", "False"
WCS.AlignWCSWithSelected "Point"

WCS.ActivateWCS "global"

Pick.PickCirclecenterFromId CStr(name) & ":substrate", "2"
.Pick.MovePoint "-1", "-loop_g/2", "0.0", "0.0", "False"
WCS.AlignWCSWithSelected "Point"

Solid.SliceShape "loop_1", CStr(name)

Solid.SliceShape "loop_ 1", CStr(name)
Solid.Delete CStr(name) & ":loop 1"

Solid.Add CStr(name) & ":loop", CStr(name) & ":loop_1 2"

mws .WCS.ActivateWCS "global"
'Port
mws.Pick.ClearAllPicks

mws
mws

.Pick.PickEdgeFromId CStr(name) & ":loop", "43", "32"
.Pick.PickEdgeFromId CStr(name) & ":loop", "29", "22"

With mws.DiscreteFacePort

.Reset

.PortNumber CStr(portNum)

.Type "SParameter"

.Label ""

.Impedance "50.0"

.VoltagePortImpedance "0.0"

.VoltageAmplitude "1.0"

.SetP1l "True", "0.5", "—3.9681187850687", "1.61"
.SetP2 "True", "—0.5", "—3.9681187850687", "1.61"
.LocalCoordinates "False"

.InvertDirection "False"

.CenterEdge "True"

.Monitor "True"

.UseProjection "False"

.ReverseProjection "False"

.Create

End With

'Coating

With mws.Cylinder
.Reset
.Name "coating"
.Component CStr(name)
.Material "Teflon (PTFE) (lossy)"
.OuterRadius "loop_R+Lloop_ti"
.InnerRadius "0.0"

.Axis "z
.Zrange "—loop_ti", "loop_ts+loop_tc+loop_ti"
.Xcenter "0"
.Ycenter "0"
.Segments "0"
.Create
End With
With mws.Solid
.Version 9
.Insert CStr(name) & ":coating", CStr(name) & ":substrate"
.Version 1
End With
With mws.Solid
.Version 9
.Insert CStr(name) & ":coating"”, CStr(name) & ":loop"
.Version 1
End With

'"Move component and port

Call Move(name, "Shape",x,y,z)

Call Move(portNum,"Port",x,y,z)
End Sub
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Listing C.3: The functions used to import the HUGO model with frequency dependent

material properties.

' Function to import frequency dependent material properties for human tissues
Sub ChangeTissueMaterials(fLow, fHigh)

Dim fs, textFile, files, materials, pathMat

Dim mapArr(32,2), colorArr(32,3)

Dim hugo, ifac, strArr, fLowIdx, fHighIdx, i, j

pathMat = "..\materials\"

files = Array("tissues_0500.csv","tissues_1000.csv","tissues_1500.csv","tissues_2000.csv
tissues_2500.csv", "tissues _3000.csv","tissues_3500.csv","tissues _4000.csv","tissues_4500.csv

tissues_5000.csv")
materials = LoadBodyMaterials(pathMat, files)
Wscript.Echo "Loaded material files"

Set fs = CreateObject("Scripting.FileSystemObject")

Set textFile = fs.OpenTextFile(pathMat & "mapping.csv",1)
hugo = Split(textFile.ReadLine(),",")

ifac = Split(textFile.ReadLine(),",")

Set textFile = fs.OpenTextFile(pathMat & "colors.csv",1)

i=0
Do While Not textFile.AtEndOfStream
strArr = Split(textFile.ReadLine(),",")

colorArr(i,0) = strArr(0)
colorArr(i,1) = strArr(1)
colorArr(i,2) = strArr(2)
i=1+1

Loop

Set textFile = Nothing
Set fs = Nothing

For i = 0 To UBound(hugo)
mapArr(i,0) = hugo(i)
mapArr(i,1) = ifac(i)

Next

For i = 0 To UBound(materials,?2)
If CStr(materials(mapArr(0,1),1,0)) = CStr(fLow) Then

fLowIdx = 1
End If
If CStr(materials(mapArr(0,1),1,0)) = CStr(fHigh) Then
fHighIdx = i
End If
Next

If Not IsEmpty(fLowIdx) And Not IsEmpty(fHighIdx) Then

mws .ReportInformationToWindow("Loading frequency dependent dielectric properties for tissues...

For i = 0 To UBound(mapArr)
If mws.Material.Exists("Voxel Data/" & CStr(mapArr(i,0))) Then
With mws.Material
.Reset
.Name CStr(mapArr(i,0))
.Folder "Voxel Data"
.FrqType "all"
.Type "Normal"
.MaterialUnit "Frequency", "GHz"
.MaterialUnit "Geometry", "mm"
.MaterialUnit "Time", "ns"
.MaterialUnit "Temperature", "Kelvin"
.Epsilon "1"
.Mue "1"
.Sigma "0"
.TanD "0.0"
.TanDFreq "0.0"
.TanDGiven "False"
.TanDModel "ConstTanD"
.EnableUserConstTanDModelOrderEps "False"
.ConstTanDModelOrderEps "1"
.SetElParametricConductivity "False"
.ReferenceCoordSystem "Global"
.CoordSystemType "Cartesian"
.SigmaM "0"
.TanDM "0.0"
.TanDMFreq "0.0"
.TanDMGiven "False"
.TanDMModel "ConstTanD"
.EnableUserConstTanDModelOrderMue "False"
.ConstTanDModelOrderMue "1"
.SetMagParametricConductivity "False"

’

")
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Ne

'mws .ReportInformationToWindow("Using frequency dependent dielectric properties for tissues.")

Else

mws .ReportWarningToWindow("The frequency range specified for HUGO is not valid. Using constant

End
End Su

.DispModelEps
.DispModelMue

.UseOnlyDataInSimFreqRangeNthModelEps "False"

"None"

"None"
.DispersiveFittingSchemeEps "2nd Order"
.MaximalOrderNthModelFitEps "10"
.ErrorLimitNthModelFitEps "0.1"

.DispersiveFittingSchemeMue "Nth Order"
.MaximalOrderNthModelFitMue "10"
.ErrorLimitNthModelFitMue "0.1"

.UseOnlyDataInSimFreqRangeNthModelMue "False"

.DispersiveFittingFormatEps "Real Tand"
For j = fLowIdx To fHighIdx
.AddDispersionFittingValueEps CStr(materials(mapArr(i,1),j,0)), CStr(materials(mapArr(i,1),]j

,2)), CStr(materials(mapArr(i,1),j,3)),

Next

.UseGeneralDispersionEps "True"
.UseGeneralDispersionMue "False"
.NLAnisotropy "False"
.NLAStackingFactor "1"
.NLADirectionX "1"
.NLADirectionY "0"

.NLADirectionZ
.Rho "0"

ugn

.ThermalType "Normal"
.ThermalConductivity "0"
.HeatCapacity "0"

.MetabolicRate
.BloodFlow "0"

.VoxelConvection

ngn

ngn

.MechanicsType "Unused"

.Colour CStr(colorArr(i,0)), CStr(colorArr(i,1)), CStr(colorArr(i,2))

.Wireframe "False"
.Reflection "False"
.Allowoutline "True"
.Transparentoutline "False"
.Transparency "0"

.Create
End With
End If
xt

dielectric properties.")

If
b

' Load tissue parameters from csv file

Function LoadBodyMaterials(pathMaterials, ByRef files)

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

' material; freq; property: freq,cond,eps,tanD,lambda,penet

Dim

Set fs = CreateObject("Scripting.FileSystemObject")

For

Set textFile = fs.OpenTextFile(pathMaterials & files(i),1)

1i

i
j
strLine
lineNum
strArr
freq

fs
textFile

propArr(56,9,6)

i =0 To UBound(files)

neNum = 1

j=0
Do While Not textFile.AtEndOfStream
strLine = textFile.ReadlLine()
strArr = Split(strLine,",")

If lineNum = 1 Then

freq = strArr(3

)

ElseIf lineNum > 3 Then

j = lineNum—4

propArr(j,i,0)
propArr(j,i,1)
propArr(j,i,2)
propArr(j,i,3)
propArr(j,i,4)
propArr(j,i,5)

CStr(CDbl(strArr(1)/1e9))
strArr(2)
strArr(3)
strArr(4)
strArr(5)
strArr(6)

" .g"
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propArr(j,i,6)

End If

lineNum = lineNum + 1

Loop
textFile.Close

Next

Set textFile = Nothing

Set fs = Nothing

LoadBodyMaterials

End Function

Format vl

Project

Mesh type PBA

Min cell 0.3

Max cell 7.14286

Mesh cells 48064956 (48064956)

strArr(7)

propArr

Listing C.4: The file format used to export power data from CST.

Critical cells 0
Excitation port 1

Frequency range

Samples 1001

Time matrix calc
Time solver
Data

RPRERRERERREERRHERER SRR RER R R REB RS

—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118
—6.4559898382118

(eloooooooooloooooololololoooNo o o No No Jo o o o o Ro No No Bo)

13 min
228 min
Port, Port x, Port y, Port z, Freq, Power

FRRPRRERRPRRRPRRERRPRRRPRRRPRRERPRRRRERPRRRRERPRRRHRERPRHRERRERHRRERRSF

1-3 GHz

.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61
.61

PFRPRPRRPRPRPRPRERPRPHERPHERPHERPHERPHERPHERPHERPHERPRPHERPRHERRREE

0.458137904424962

.003
.006
.009
.012
.015
.018
.021
.024
.027
.03

.033
.036
.039
.042
.045
.048
.051
.054
.057
.06

.063
.066
.069
.072
.075
.078
.081
.084
.087
.09

.093
.096
.099
.102
.105

0.
0.458062193147349
0.458023973112524
0.457985542554547
0.457946925340932
0.457908144995039
0.457869224694647
0.457830187264558
0.457791055164593
0.457751850472851
0.457712594866087
0.457673309597748
0.457634015475153
0.457594732837002
0.457555481532505
0.45751628090331
0.457477149769211
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

458100178443079

457438106418696

.457399168604744
.457360353546612
.457321677937712
.45728315795941

.457244809300789
.457206647183508
.45716868639127

.45713094130308

.457093425929069
.45705615394813

.457019138745975
.456982393452803
.456945930979422
.45690976405105

.456873905237949
.456838366982408
.456803161621721

E:\Master\Prosjekter\Simulations\planar_loop_movement
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