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Figure 4. (a) Resonant frequency shifts and (b) changes of |s11| between pixels 
(0, 0) and (0, 17.1) with different tumor sizes at varied depths to test the 
detection sensitivities. 

Figure 3. Fused map from the normalized resonant frequency and |s11| maps. 
The tumor is located at (0, 0) with a depth of 8 mm. 

frequencies do not monotonically shift when the tumor location 
changes depth. The heatmaps then become noisy. This is due to 
the non-uniform and anisotropic field distributions in the 
tissues affecting the contribution of tumor permittivity to the 
effective permittivity experienced by the sensor. Different from 
our previous results that only utilized frequency shift data [8], 
the magnitudes of reflection coefficients can also be used to 
reconstruct heatmaps. The resonant frequencies and reflection 
coefficient magnitudes at each pixel are first normalized to 
their ranges between the minimum and maximum values. Two 
maps with scales from zero to one are generated. A weighting 
factor is selected to fuse these two heatmaps together to 
achieve a better contrast on the boundaries of pixels in order to 
identify the tumor location.  

 Figure 3 shows the fused image with a weighting factor of 
0.5 (meaning equal weights between two normalized maps), 
which is selected for illustration purpose. The implant location 
is clearly indicated with the dark pixel. The fused scales are 
zero at the center, and 0.84, 0.95, 0.97, and 0.74 at the neigh-
boring pixels, showing high contrasts. The weighting factor 
can be chosen from 0.01 to 0.99 to construct the map with the 
highest contrast. Furthermore, scans with smaller pixel sizes 

can increase spatial resolutions by oversampling. 

III. DETECTION SENSITIVITY

To investigate detection sensitivity, simulations are con-

ducted with smaller tumors with a cubic length from 6 to 17.1 

mm and at a depth range from 5 to 40 mm. Reflection coeffi-

cients are recorded with the sensor above the tumor at (0, 0) 

and its adjacent pixel (0, 17.1). Normalized resonant frequen-

cies and |s11| at (0, 0) with respect to those at (0, 17.1) are 

shown in Figs. 4(a) and (b). The trends in resonant frequency 

shifts show the limit of detection at about 15 mm, while with 

the normalized |s11| at 20 mm for different sizes of tumors. The 

trends do not monotonically change with tumor depth or size. 

Again, it is because the electrical field distributions in the 

tissues affect the effective permittivities. A tumor with longer 

lengths than 8 mm can be recognized up to a depth of 20 mm, 

and 15 mm for 6- and 8-mm sizes. The contrasts are only 

compared between two pixels in Fig. 4. The construction of 2-

D fused images with the normalized parameters among pixels 

and optimized weighting factors can further enhance the 

visibility of tumor boundaries. Further investigations with 

oversampling and beam-forming techniques are in progress to 

enhance the spatial resolutions at deeper tissues.   

IV. CONCLUSION

We have investigated the ability of a resonant loop that 

conforms to the skin to detect tissues’ effective permittivity 

variations in space. Electromagnetic fields are altered in the 

presence of a tumor and the high-quality factor resonance can 

sense the irregularity with a sufficient spatial resolution. A 

construction method of fused images from the maps of nor-

malized resonant frequencies and magnitude of reflection 

coefficients is demonstrated. The proposed nondestructive 

evaluation method to identify tissue abnormality in this work 

is safer without ionizing effects, and more convenient and 

efficient as the instrument is directly placed and confirmed on 

the skin. It can be applied as the first-step tumor-screening 

modality before conventional methods to increase accuracy. 
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