
IEIE Transactions on Smart Processing and Computing, vol. 4, no. 5, October 2015 
http://dx.doi.org/10.5573/IEIESPC.2015.4.5.305 

 

305

IEIE Transactions on Smart Processing and Computing

Design and Simulation of Depth-Encoding PET Detector 
using Wavelength-Shifting (WLS) Fiber Readout  

Su Jung An, Hyun-il Kim, Chae Young Lee, Han Kyeol Song, Chan Woo Park, and Young Hyun Chung* 

Department of Radiological Science, Yonsei University / Wonju, South Korea  
crystal8374@yonsei.ac.kr, hyunil@yonsei.ac.kr, lcy225@yonsei.ac.kr, shg2848@yonsei.ac.kr, 
cksdn9432@yonsei.ac.kr, ychung@yonsei.ac.kr  

* Corresponding Author: Young Hyun Chung 

Received October 14, 2015; Revised October 21, 2015; Accepted October 25, 2015; Published October 31, 2015 

* Regular Paper 

 

Abstract: We propose a new concept for a depth of interaction (DOI) positron emission 
tomography (PET) detector based on dual-ended-scintillator (DES) readout for small animal 
imaging. The detector consists of lutetium yttrium orthosilicate (LYSO) arrays coupled with 
orthogonal wavelength-shifting (WLS) fibre placed on the top and bottom of the arrays. On every 
other line, crystals that are 2 mm shorter are arranged to create grooves. WLS fibre is inserted into 
these grooves. This paper describes the design and performance evaluation of this PET detector 
using Monte Carlo simulations. To investigate sensitivity by crystal size, five types of PET 
detectors were simulated. Because the proposed detector is composed of crystals with three 
different lengths, degradation in sensitivity across the field of view was also explored by 
simulation. In addition, the effect of DOI resolution on image quality was demonstrated. The 
simulation results proved that the devised PET detector with excellent DOI resolution is helpful for 
reducing the channels of sensors/electronics and minimizing gamma ray attenuation and scattering 
while maintaining good detector performance.  
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1. Introduction 

As the importance of animal model–based research has 
increased [1], dedicated small-animal positron emission 
tomography (PET) scanners have been actively developed 
[2-10]. The small-animal PET scanner has a small ring 
diameter and contains both thin and long scintillation 
crystals to enhance sensitivity and spatial resolution [11]. 
It degrades spatial resolution at the peripheral region of the 
field of view (FOV) due to parallax error. The parallax 
error can be reduced by measuring the interaction point of 
photons along the crystal length [12]. Many depth of 
interaction (DOI)-encoding methods have been proposed 
[13-19]. 

One promising DOI detection method is a dual-ended-
scintillator (DES) readout, which employs two photo-
sensors on both ends of a scintillator array and measures 
the signal ratio from sensors at each end to determine DOI 
[20, 21]. This approach provides continuous DOI informa-

tion. According to recent reports, DOI resolution of 2 mm 
can be achieved with this technique [22, 23]. However, the 
DES readout technique requires additional photosensors 
and electronics to acquire DOI information [24]. They 
demand more resources for signal readout (e.g. Analog-to-
digital converter (ADC) and Field programmable gate 
array (FPGA)). These requirements also increase cost. 
Even with advances in these devices, there are still 
problems regarding heat generation and the large number 
of interconnections required to implement a large number 
of channels. Gamma ray attenuation and scattering caused 
by photosensors and electronics at the front of the crystal 
array should also be considered [25]. 

We propose a new concept DOI PET detector with a 
drastically reduced number of readout channels. Our 
method is based on a DES readout technique using a 
wavelength shifting (WLS) fiber readout. In this paper, we 
describe the detector concept and assess performance with 
Monte Carlo simulations. 
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2. Materials and methods 

2.1 Detector design 
The detector is based on a 23 × 23 array of lutetium 

yttrium orthosilicate (LYSO) crystals coupled with 2 × 2 × 
46 mm3 WLS fibers. The crystal elements have three 
different sizes: 2 × 2 × 16 mm3, 2 × 2 × 18 mm3, and 2 × 2 
× 20 mm3. As shown in Fig. 1, on every other line, crystals 
that are 2 mm shorter are arranged in the X-direction on 
top and the Y-direction on the bottom of the array to create 
grooves for WLS fiber insertion. WLS fibers are inserted 
into these grooves, and one end of each WLS fiber is 
coupled to a single-channel photosensor for detection of 
scintillating lights trapped in the fiber. By photon 
absorption and re-emission in WLS fibers, light photons 
entering the WLS fiber are channeled toward the pho-
tosensor so that X and Y locations of gamma interac-tion 
can be determined [26]. 

Crystal pixels placed in odd rows can be identified by 
finding the photosensor showing the largest signal, as 
illustrated in Fig. 2(a). In contrast, light photons generated 
in pixels of even rows can be detected by two adjacent 
WLS fibers, as shown in Fig. 2(b). Continuous DOI 
information is acquired from the ratio of signals at either 
end of the array. 

2.2 Monte Carlo simulation of scanner 
geometries 

The Geant4 Application for Emission Tomography 

(GATE) Monte Carlo simulator was used to evaluate the 
performance of the detectors [27]. Fig. 3 shows the 
simulated detector geometry. The simulated small-animal 
PET scanner has an inner diameter of 80 mm, an axial 
FOV of 46 mm, and is composed of six detectors in a ring. 
The detector design is described in Section 2.1. WLS 
fibers were set to polystyrene with 1.05 g/cm³ density. 
Table 1 summarizes the parameters of the simulated PET 
detectors. 

2.3. Sensitivity 
Sensitivity was defined as the percentage of total 

events that were recorded as coincidence events. A 1.11-
MBq point source emitting mono-energetic back-to-back 
511-keV photons was positioned at the center of the FOV, 
and acquisition time was set to 5 s. All simulations in this 
paper were performed with a coincidence window of 10 ns 
and energy resolution of 26%. 

To estimate sensitivity depending on crystal size, five 
different types of detectors were simulated. The crystal 
sizes of the simulated detectors are summarized in Table 2. 
As mentioned in previous sections, on every other line, 
crystals that are 2 mm shorter are arranged in the X-
direction on the top of the array and the Y-direction on the 
bottom. All detectors have identical scanner radii. 

 

Fig. 1. Schematic of DOI-encoding detector module
composed of a 23 × 23 array of LYSO crystal readout 
by 2 × 2 × 46 mm3 WLS fibers. 

 

    
                   (a)                                         (b) 

Fig. 2. The principle of crystal identification in a detec-
tor module: (a) Crystal pixels placed in odd rows can
be identified by finding the photosensor showing the
largest signal, (b) Light photons generated in pixels of
even rows can be detected by two adjacent WLS fibers.

 

Fig. 3. Schematics for GATE simulation of scanner 
geometries. The simulated small-animal PET scanner 
has an inner diameter of 80 mm, an axial FOV of 46 
mm, and is composed of six detectors in a ring. 

 
Table 1. Parameters of simulated PET detectors. 

Parameter New DOI PET scanner 
Crystal material LYSO 

2 × 2 × 16 mm3 
2 × 2 × 18 mm3 Crystal size 
2 × 2 × 20 mm3 

2 × 2 × 16 mm3 × 144
2 × 2 × 18 mm3 × 264Crystal array 

23 × 23 
(crystals/ 
module) 2 × 2 × 20 mm3 × 121

WLS fiber 2 × 2 × 46 mm3 
Top: 12, Bottom 12 (Total: 24) 

Number of detectors 6 (1 ring) 
Number of crystals 3174 

Ring diameter 80 mm 
Axial FOV 46 mm 
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Sensitivity was measured in three energy windows around 
the 511-keV photo-peak. The upper level discriminator 
(ULD) was set to 650 keV, whereas the lower level 
discriminator (LLD) was set to 250, 350 and 450 keV. 

The proposed detector is composed of crystals with 
three different lengths. This may change the sensitivity 
pattern across the FOV. Therefore, sensitivity across the 
FOV was evaluated by varying the radial offset of a point 
source from -16 mm to +16 mm at 2-mm intervals and by 
varying the axial offset from -15 mm to +15 mm at 5-mm 
intervals. The results were compared with three traditional 
cuboid detectors consisting of 23 ×  23 arrays of 2 ×  2 ×  
16 mm3, 2 ×  2 ×  18 mm3, and 2 ×  2 ×  20 mm3. The 
energy window was set to 350-650 keV. 

2.4 Spatial resolution according to DOI 
resolution 

A 5.55-MBq point source emitting mono-energetic 
back-to-back 511-keV photons was simulated. The source 
location was varied from the FOV center to a 32-mm 
offset at 4-mm intervals in the radial direction. From 
GATE simulations, the location of the center of mass for 
the interaction of annihilation photons in the scintillator 
was acquired [28]. In the case of a gamma multiple hits Pi, 
i = 1, …, n, each with energy mi that are located in a space 
with coordinates ri, i = 1, …, n, the coordinates R of the 
position are calculated as 

 

 
1

1R
n

i

miri
M =

= ∑   (Eq. 1) 

 
where M is the sum of the energies of all of the gamma 
reactions.  

To model a finite DOI resolution, the data were sorted 
into 20, 10, 4, 2 and 1 (no DOI) DOI bins (corresponding 
to 1, 2, 5, 10 and 20 mm DOI resolution, respectively). Fig. 
4 shows sorted DOI bins to demonstrate the effects of DOI 
resolution on image quality. 

Sinograms were generated using sorted coincidence 

events corresponding to the DOI bin. The images were 
reconstructed using two-dimensional filtered back-
projection (FBP) with a ramp filter, and full-width at half-
maximum (FWHM) was measured for radial and 
transverse (tangential) directions. 

3. Results 

3.1. Sensitivity 
Simulated sensitivity values with different crystal 

lengths are summarized in Table 3. Crystals with three 
different lengths were used for WLS fiber insertion. The 
reported sensitivity was 4%, 2%-4% and 3.8% for the GE 
eXplore Vista PET system [29], Gamma Medica-Ideas 
PET system [30] and ClearPET LYSO/LuYAP phoswich 
scanner [31], respectively, at the center of the FOV with a 
lower level discriminator setting of 250 keV. The 
sensitivity of the proposed scanner with a 16-18-20 mm 
crystal length is comparable to that of commercial state-of-
the-art systems with a 350-650 keV energy window. 

Table 2. Crystal sizes of simulated detectors for sen-
sitivity analysis. 

Detector Crystal array 

Detector 1 
2 × 2 × 10 mm3 × 144 
2 × 2 × 12 mm3 × 264 
2 × 2 × 14 mm3 × 121 

Detector 2 
2 × 2 × 12 mm3 × 144 
2 × 2 × 14 mm3 × 264 
2 × 2 × 16 mm3 × 121 

Detector 3 
2 × 2 × 14 mm3 × 144 
2 × 2 × 16 mm3 × 264 
2 × 2 × 18 mm3 × 121 

Detector 4 
2 × 2 × 16 mm3 × 144 
2 × 2 × 18 mm3 × 264 
2 × 2 × 20 mm3 × 121 

Detector 5 
2 × 2 × 18 mm3 × 144 
2 × 2 × 20 mm3 × 264 
2 × 2 × 22 mm3 × 121 

 

      
                         (a)                                     (b) 

 

 
(c) 

Fig. 4. The sorted DOI bins for demonstrating the 
effects of DOI resolution on image quality. (a) 1 DOI bin 
(no DOI), (b) 2 DOI bins (10 mm DOI resolution), (c) 4 
DOI bins (5 mm DOI resolution)  

 
Table 3. Sensitivity depending on crystal length for 
three energy windows. 

Crystal 
length (mm) 250-650 keV 350-650 keV 450-650 keV

10-12-14 3.24% 2.90% 1.52% 

12-14-16 4.09% 2.97% 2.00% 

14-16-18 4.93% 3.64% 2.49% 

16-18-20 5.73% 4.31% 2.96% 

18-20-22 6.51% 4.99% 3.44% 
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Figs 5(a) and (b) , respectively, illustrate sensitivity 
measured with 1.11-MBq mono-energetic back-to-back 
511-keV photons at 4-mm increments in the radial 
direction and 5-mm increments in the axial direction. This 
shows that maximum sensitivity is found at the center of 
the FOV. The sensitivity pattern of the proposed scanner 
was similar to that of a traditional cuboid scanner across 
the entire FOV. The comparison shows that the sensitivity 
of the proposed scanner is greater than the sensitivity of 
the scanner based on cuboid arrays with a 16-mm crystal 
length, less than that of a 20-mm crystal length cuboid 
scanner, and close to that of a cuboid scanner with an 18-
mm crystal length. 

3.2. Spatial resolution according to DOI 
resolution 

Spatial resolution with varying DOI resolutions across 
the FOV is shown in Fig. 6. The tangential spatial 
resolution was not considerably degraded by source 
position and DOI resolution, and it remained 2 mm 
FWHM. However, radial spatial resolution depends 
strongly on source radial position and DOI resolution.  

Figs 7 and 8, respectively, describe reconstructed 
images and profiles of point sources located at a radial 
offset of 32 mm from the center of the FOV employing 
different DOI resolutions. 

4. Discussion and conclusion 

Simulation results indicate that the proposed system 
has sensitivity in the same range as state-of-the-art small-
animal PET systems, and the pattern of sensitivity did not 
degrade significantly across the FOV. As expected, 
improved DOI resolution led to considerably improved 
uniformity in radial resolution. A small-animal PET 
scanner with a diameter of 80 mm and 16-, 18-, and 20-

 
(a) 

 

 
(b) 

Fig. 5. Sensitivity was measured with 1.11-MBq mono-
energetic back-to-back 511-keV photons (a) at 4-mm 
increments in the radial direction and (b) at 5-mm 
increments in the axial direction. 

 

 
(a) 

 

 
(b) 

Fig. 6. (a) Tangential and (b) radial spatial resolution 
for varying DOI resolutions across the FOV. 

 

  

 

Fig. 7. Reconstructed images of point sources located 
at a radial offset of 32 mm from the center of the FOV 
employing different DOI resolutions.  
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mm-long crystals shows uniform spatial resolution across 
the FOV when the DOI resolution of the detector is better 
than 5 mm. 

In this work, light transportation through the WLS fiber 
did not affect light collection efficiency and wavelength 
shifting efficiency. Loss of light collection with the use of 
WLS fibers is a significant problem that may degrade both 
spatial and energy resolution. In the next study, we will 
investigate the effect of light collection with WLS fibers 
on detector performance. 

We propose a new DOI encoding detector design that 
allows N2 crystals to be decoded with just (N+1)/2N 
channels of sensors and electronics. Using this method, the 
channels of sensors and electronics can be reduced 
dramatically. Furthermore, the described detector design 
separates photosensors from detectors using a WLS fiber 
readout. This minimizes gamma ray attenuation and 
scattering caused by photosensors and electronics. We 
expect this design to solve the problems surrounding DES 
readout while maintaining competitive detection per-
formance. 
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