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ABSTRACT

Transverse Field Detector (TFD) sensors are tunable, full spatial resolution, color sensors, 
currently still under development (Langfelder 2009). One of their main advantages over 
common imaging systems is that their spectral sensitivities can be modulated by applied 
voltage and also that they can achieve full spatial resolution by exploiting the wavelength-
dependency of the penetration depth of photons in silicon (Langfelder 2012). Some previ-
ous works have studied their properties, functionality, and some limitations arising when 
they are used as part of a multispectral imaging system (Langfelder 2011). This work aims 
to improve TFD performance beyond its initial ‘raw’ capabilities by narrowing down their 
VSHFWUDO�VHQVLWLYLWLHV�ZLWK�DGGLWLRQDO�FRORU�¿OWHUV�DGGHG�WR�WKH�VHQVRU�PDWUL[��DQG�VR�DFKLHYLQJ�

better quality of estimated spectra trading off full spatial resolution to some extent. Results 
show that decreasing spatial resolution by 1/6 using a Color Filter Array (Murakami 2012) 
(CFA) with 6 different transmittances and tuning alternate pixels to two different biasing 
FRQGLWLRQV��ZH�FDQ�JHW����FKDQQHOV�LQ�RQH�VKRW��VLJQL¿FDQWO\�RXWSHUIRUPLQJ�H[LVWLQJ�WUDGL-
tional imaging capture devices both spectrally and colorimetrically.

1. INTRODUCTION

In previous work (Martínez 2012), TFD sensors were already proposed as part of multi-shot 
multispectral imaging systems. Additional channels were obtained via a tuning procedure. 
3UHYLRXV�UHVXOWV�KDYH�VKRZQ�WKDW�WKHLU�VSHFWUDOO\�EURDG�VHQVLWLYLWLHV�KDYH�D�QHJDWLYH�LQÀXHQFH�

LQ�WKH�TXDOLW\�RI�WKH�HVWLPDWHG�VSHFWUDO�UHÀHFWDQFHV�IURP�7)'�VHQVRU�UHVSRQVHV��,Q�WKLV�ZRUN�

ZH�KDYH�VWXGLHG�ZKHWKHU�LQFOXGLQJ�VRPH�EDQG�SDVV�FRORU�¿OWHUV�DV�SDUW�RI�D�&)$�7)'�V\VWHP�

could increase the device performance, making the loss of spatial resolution be worthy. We 
have demonstrated that, unlike in the previous works, now including the CFA in the TFD-
EDVHG�V\VWHP��LW�FDQ�RXWSHUIRUP�D�VFLHQWL¿F�5*%�FDPHUD�ZLWK�D�GRXEOH�VKRW�FRQ¿JXUDWLRQ�

XVLQJ�D�FXW�RII�¿OWHU��6LQFH�7)'V�DUH�VWLOO�RQO\�D�SURWRW\SH��VLPXODWLRQV�ZHUH�GRQH�WR�JHW�WKH�

noisy sensor responses of all compared systems. With these sensor responses, a kernel-based 
UHJUHVVLRQ�PHWKRG�ZDV�DSSOLHG�WR�UHFRYHU�WKH�VSHFWUDO�UHÀHFWDQFHV�RI������FRORU�VDPSOHV�EH-
longing to the NCS color atlas. The assessment of the performance of each system was done 
E\�FDOFXODWLQJ�û(���FRORU�GLIIHUHQFH��506(�DQG�*)&�PHWULFV��,Q�6HFWLRQ���ZH�H[SODLQ�WKH�

methods used in the simulations and calculus of results. In Section 3 we show the results and 
GLVFXVV�DERXW�WKHP��DQG�¿QDOO\�LQ�VHFWLRQ���ZH�GHGXFH�VRPH�FRQFOXVLRQV�

2. METHOD

7KLV�VHFWLRQ�LV�GLYLGHG�LQ�WKUHH�VXEVHFWLRQV��)LUVW�ZH�H[SODLQ�KRZ�ZH�VHOHFWHG�WKH�¿OWHUV�DQG�

the biasing conditions of the TFD out of all the available ones to do the simulations. Sec-
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3 RQGO\�ZH�GHVFULEH�WKH�VLPXODWLRQ�RI�WKH�QRLV\�VHQVRU¶V�UHVSRQVHV��DQG�¿QDOO\�ZH�H[SODLQ�WKH�

spectral estimation procedure.

2.1 Channel selection

,Q�WKLV�ZRUN�ZH�GH¿QH�FKDQQHO�DV�WKH�FRPELQDWLRQ�RI�RQH�VHQVRU�VHQVLWLYLW\�DQG�D�¿OWHU�WUDQV-
PLWWDQFH��:H�VHOHFWHG�D�VHW�RI����EDQG�SDVV�FRORU�¿OWHUV�FRYHULQJ�WKH�YLVLEOH�VSHFWUXP�DQG�

ZLWK�VRPH�RYHUODSSLQJ�EHWZHHQ�WKHP��RXW�RI�D�GDWDEDVH�RI�UHDO�H[LVWLQJ�¿OWHUV�WKDW�EHORQJV�WR�

$QGRYHU�&RUS��86$���$QGRYHU���:H�FDQ�VHH�LQ�¿JXUH���D��WKH����QRUPDOL]HG�WUDQVPLWWDQFHV�

RI�WKHVH�¿OWHUV��DQG�LQ�¿JXUH���E��WKH�UHODWLYH�UHVSRQVLYLWLHV�RI���GLIIHUHQW�ELDVLQJ�YROWDJH�

conditions provided by TFD developers (Langfelder 2012).

)LJXUH����D��OHIW�����FDQGLGDWH�¿OWHU�WUDQVPLWWDQFHV��E��ULJKW�����7)'�VHQVLWLYLWLHV�

Combining the 13 transmittances and the 24 sensitivities we get a total of 312 channels. 
2XU�DLP�LV�WR�¿QG�WKH�RSWLPDO�FRPELQDWLRQ�RI�WKHP�XVLQJ�RQO\�D�PD[LPXP�RI���GLIIHUHQW�

biasing conditions, since TFD does not allow for more than 2 different biasing voltages ap-
SOLHG�LQ�VLQJOH�VKRW�FRQ¿JXUDWLRQV��,QFUHDVLQJ�WKH�QXPEHU�RI�VKRWV�RQ�WKH�RWKHU�KDQG�ZRXOG�

increase the capturing time, complicating the real time capture applications. Then we apply 
the voting PFA method explained in (Lu 2007) and (Chatzis 2007) and chose the 6 channels 
corresponding to the two most voted biasing conditions. Therefore tuning half of the total 
SL[HOV�ZLWK�HDFK�ELDVLQJ�FRQGLWLRQ��DQG�WDNLQJ�LQWR�DFFRXQW�WKDW�ZH�KDYH�VHOHFWHG���¿OWHUV�

to be placed in front of 3 sensitivities each, we get up to 18 channels in just one shot. The 
RWKHU�FRPSDUHG�V\VWHPV�ZHUH����VKRWV�DQG���VKRWV�7)'�FRQ¿JXUDWLRQV�ZLWKRXW�DQ\�FRORU�

¿OWHU����DQG����FKDQQHOV�UHVSHFWLYHO\�ZLWK�IXOO�UHVROXWLRQ���D���VKRWV�V\VWHP�FRPSRVHG�E\�

VFLHQWL¿F�5*%�FDPHUD� �PRGHO�5HWLJD�������XVLQJ�DQ� ,5�89�FXW�RII�¿OWHU� �RQH� VKRW�ZLWK�

WKH�¿OWHU�LQ�IURQW�DQG�RQH�ZLWKRXW�LW��\LHOGLQJ���FKDQQHOV�DQG�����UHVROXWLRQ���DQG�D�FRPPRQ�

monochrome silicon sensor with the CFA placed in front of it (one shot, 6 channels and 1/6 
resolution).

2.2 Sensor’s responses simulation

Since there is still no imaging system that includes the prototype TFD sensor in it, we have 
computed the sensor responses including additive noise. We assumed standard D65 illu-
mination, then we calculated the photocurrent and checked for saturation in order to set an 
optimal integration time for the 1700 NCS samples. Finally we add the thermal noise, dark 
current noise and quantization noise. This approach was used in the simulation of all systems 
examined in this study.

����6SHFWUDO�UHÀHFWDQFH�UHFRYHU\

As shown in (Martínez 2012), a suitable candidate algorithm for spectral estimation from 
TFD sensor responses is kernel-based regularized regression. In this work we used an inho-
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3mogeneous polynomial kernel (Heikkinen 2007). We assessed the performance of the dif-

ferent systems by a 10-fold cross validation method. We divided the data set of samples in 
ten parts of equal size. Then in each iteration we separated one of these parts for evaluation 
and optimized the kernel parameters with the remaining 9 parts. The optimization was also 
GRQH�XVLQJ����IROG�FURVV�YDOLGDWLRQ��)RU�HDFK�RSWLPL]DWLRQ�LWHUDWLRQ�ZH�FDOFXODWHG�WKH�û(���

error surface for the parameter grid range (for imaging systems colorimetric accuracy is very 
LPSRUWDQW���DQG�IRXQG�LWV�PLQLPXP�WR�JHW�WKH�NHUQHO�SDUDPHWHUV��SRO\QRPLDO�GHJUHH�1�DQG�

UHJXODUL]DWLRQ�WHUP�����6HH�)LJXUH���

Figure 2: Error surface for an optimization iteration and its minimum found (green dot).

3. RESULTS AND DISCUSSION

,Q�7DEOH���ZH�FDQ�VHH�WKH�VXPPDU\�RI�WKH�UHVXOWV�IRU�WKH�H[SHULPHQW��&RQ¿JXUDWLRQ���FRP-
bines half sensor polarized in one way and other half differently with the CFA. Takes one 
VKRW�DQG�XVHV�DOO���FKDQQHOV�XQGHU�HDFK�¿OWHU�RI�WKH�&)$��&RQ¿JXUDWLRQV���DQG���XVH���DQG���

VKRWV�UHVSHFWLYHO\��ZLWK�WKH�ZKROH�VHQVRU�SRODUL]HG�GLIIHUHQWO\�IRU�HDFK�VKRW��&RQ¿JXUDWLRQ�

��XVHV�WZR�VKRWV�RI�DQ�5*%�FDPHUD��RQH�RI�WKHP�SODFLQJ�D�,5�89�FXW�RII�¿OWHU�LQ�IURQW�RI�LW�

�SURSRVHG�LQ��0DUWtQH]���������&RQ¿JXUDWLRQ���XVHV�D�QRUPDO�PRQRFKURPH�VLOLFRQ�VHQVRU�

WRJHWKHU�ZLWK�WKH�VDPH�&)$�XVHG�LQ�FRQ¿JXUDWLRQ���

Table 1. Summary of the results from the experiment.

System # shots # channels Resolution û(�� 506( GFC

1 TFD + CFA 1 18 1/6 0.336 0.009 0.999

2 TFD double shot 2 6 1 3.149 0.017 0.998

3 8 24 1 1.892 0.014 0.998

4 RGB + Cut-off 2 6 1/3 0.662 0.010 0.999

5 Monochrome + CFA 1 6 1/6 2.870 0.032 0.993

Config #

TFD multi shot

$V�ZH�FDQ�VHH��WKH�EHVW�FRORULPHWULF�DQG�VSHFWUDO�UHVXOWV�DUH�IRXQG�IRU�WKH�¿UVW�FRQ¿JXUDWLRQ��

Adding the CFA we are reducing the spatial resolution in 1/6, but the 18 narrow channels we 
get improved color metric results in 89.3% compared with a full resolution system that takes 
��VKRWV��FRQI�����DQG�������IURP�D�V\VWHP�WKDW�WDNHV���VKRWV��FRQI������LQFUHDVLQJ�VLJQL¿-
FDQWO\�WKH�H[SRVXUH�WLPH�UHTXLUHG�IRU�D�FDSWXUH��:H�DOVR�VHH�KRZ�FRQ¿JXUDWLRQ���RXWSHUIRUPV�

the effect of the CFA itself together with a silicon monochrome sensor in a 88.3% (conf. 5). 
7KH�FORVHVW�UHVXOW�ZH�FRXOG�DFKLHYH�ZDV�XVLQJ�WKH�5*%�FDPHUD�ZLWK�WKH�FXW�RII�¿OWHU��FRQI��

4). We would need to take 2 shots and the spatial resolution would still be 1/3, and also the 
TFD+CFA would be better by a factor of almost 2 in colorimetric quality. Regarding spectral 
PHWULFV��WKH�*)&�LV�DOVR�EHVW�IRU�¿UVW�FRQ¿JXUDWLRQ��WRJHWKHU�ZLWK�WKH�IRXUWK�RQH���DQG�WKH�

506(�LPSURYHV�D�PLQLPXP�RI�����UHVSHFW�WR�WKH�IRXUWK�FRQ¿JXUDWLRQ�DQG�D�PD[LPXP�RI�

������UHVSHFW�WR�WKH�¿IWK�RQH�
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3 4. CONCLUSIONS

:H�KDYH�SURSRVHG� D� QHZ�&)$�EDVHG� FRQ¿JXUDWLRQ�ZKLFK� LPSURYHV� WKH� FRORULPHWULF� DQG�

spectral performance of TFD multispectral imaging systems, outperforming previous full 
spatial resolution TFD-based approaches and also other common systems like RGB cameras 
or monochrome sensors with CFAs. The improvement was achieved by trading off spa-
tial resolution down to 1/6 compared to full spatial resolution systems (1/2 compared with 
common RGB systems). The new approach will provide an elegant single-sensor, one-shot, 
18-channels, portable size multispectral imaging system.
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