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A B S T R A C T   

Purpose: Large scintillation crystals-based gamma cameras play a crucial role in nuclear medicine imaging. In this 
study, a large field-of-view (FOV) gamma detector consisting of 48 square PMTs developed using a new readout 
electronics, reducing 48 (6 × 8) analog signals to 14 (6 + 8) analog sums of each row and column, with reduced 
complexity and cost while preserving image quality. 
Methods: All 14 analog signals were converted to digital signals using AD9257 high-speed analog to digital (ADC) 
converters driven by the SPARTAN-6 family of field-programmable gate arrays (FPGA) in order to calculate the 
signal integrals. The positioning algorithm was based on the digital correlated signal enhancement (CSE) algo-
rithm implemented in the acquisition software. The performance characteristics of the developed gamma camera 
were measured using the NEMA NU 1-2018 standards. 
Results: The measured energy resolution of the developed detector was 8.7 % at 140 keV, with an intrinsic spatial 
resolution of 3.9 mm. The uniformity was within 0.6 %, while the linearity was within 0.1 %. 
Conclusion: The performance evaluation demonstrated that the developed detector has suitable specifications for 
high-end nuclear medicine imaging.   

1. Introduction 

Given the extensive use of gamma cameras as a medical diagnostic 
instrument for characterizing the biodistribution of gamma-emitting 
radiopharmaceuticals administered to patients [1–3], significant 
research was carried out to improve the performance of gamma cameras 
[4]. In a gamma camera, first the gamma rays emitted from the patient’s 
body are collimated using a collimator, subsequently interacting with a 
monolithic scintillation crystal (commonly used NaI(Tl)). The produced 
light is converted to a signal by an array of large area photomultiplier 

tubes (PMTs) located on the opposite side of the crystal. The PMT output 
pulses are fed into readout electronics to extract the information on both 
the absorbed energy and the position of the interaction within the 
crystal [5]. The information is then used to create a 2D distribution map 
of a radiotracer material administered to the patient. The selected 
radiotracer is usually a short-lived 99mTc compound [6]. The function 
of the different organs can be evaluated according to the tracer bio-
distribution [7,8]. 

An optimized camera with high uniformity and linearity and good 
spatial resolution enables improved visual quality and quantitative 
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accuracy from the obtained images [9]. The quality of the images is 
determined by different parameters, such as the scintillation crystal, 
PMT, light guide, readout electronics, positioning algorithm, calibration 
algorithms, etc… [10–18]. Multiple positioning algorithms have been 
developed since 1958 to estimate the 2-D coordinates of the interaction 
point position in the scintillation crystal [1]. Anger logic, based on the 
center of gravity algorithm, is a well-known method but suffers from 
poor spatial resolution and strong FOV compression [14]. Different al-
gorithms have been introduced to improve the spatial resolution in 
gamma cameras [19–22]. Since square PMTs were used in developed 
detector, the correlated signal enhancement (CSE) method was chosen 
as the positioning method. The digital CSE positioning algorithm ach-
ieves the best performance with square PMT-based gamma cameras 
[19,21]. In this algorithm, the rows and the columns of the PMT signals 
are summed, and subsequently, CSE processes two one-dimensional 
(1D) outputs to achieve a two-dimensional (2D) position (x and y) for 
each event. 

Today, gamma camera read-out circuits benefit from full digital 
methods of processing and analyzing the PMT signal due to gaining 
higher energy and spatial resolution. In large area detectors equipped 
with a high number of PMTs, full digital methods increase the 

complexity of read-out circuits, for example, requiring a high number of 
fast ADCs as well as fast current amplifiers, more professional processor, 
more complex circuit design, and so forth, resulting in a more expensive 
acquisition board. By introducing a combination of digital and analog 
read-out electronics for systems with PMTs, the complexity and the cost 
can be decreased. The majority of gamma cameras commonly use an 
array of N × M PMTs, each one producing a separate signal. To date, 
many techniques have been developed to multiplex these individual 
signals [23]. In this study, a new readout electronics is introduced which 
reduce N × M analog signals into an N + M analog sum of each row and 
column. This method reduces analog and digital complexities enabling 
improved cost design. In what follows, used methods are elaborated and 
the performance of the developed gamma camera is evaluated. 

2. Materials and methods 

2.1. Gamma camera 

Developed gamma camera utilizes large square PMTs (R6237, 
Hamamatsu, Japan) and includes an NaI (Tl) crystal with an area of 58 
× 42 cm2 with a thickness of 9.5 mm attached to an 18-mm thick glass 

Fig. 1. Column (left) and row (right) summation circuits. Each PMT signal (located on CmRn) contributes to two summation circuits (columnm and rown).  

Fig. 2. Developed pizza board consisting of preamps and summation circuits. Each preamp is placed close to the corresponding PMT to minimize track length 
and noise. 
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light guide followed by an arrangement of 6 × 8 square PMTs measuring 
76 × 76 mm2 in area. A Silicon-based compound is used as an optical 
adhesive to improve the optical coupling between the crystal and the 
PMTs. 

2.2. Readout electronics 

The large area gamma camera on which this readout method is 
implemented has 48 large square PMT arranged in a 6 × 8 matrix array. 
First, the generated signals of the PMTs were amplified with a series of 
48 fast current-feedback amplifiers, and the current signals of PMTs 
were converted to voltage signals. The amplifier circuit is an amplifier 
that uses a capacitor in feedback, “a charge sensitive amplifier.” The 
length of the PMT voltage signals can be adjusted by changing the value 
of the feedback capacitor in the amplifier circuit. The length of the signal 
is set to 1 µsec to achieve the best quality of signal while preventing 
signal overlap. 

Subsequently, a circuit has been designed to sum up the PMT’s sig-
nals by rows and columns in an analog way. This circuit is a resistor 
network containing the same value of resistances. A schematic of this 
circuit is shown for the row and column in Fig. 1. By utilizing analog 
summation, six signals presenting the sum of row PMTs and eight signals 
presenting the sum of column PMTs, or 14 signals in total, will be 
generated instead of 48 signals representing each of the PMTs in the 
traditional full digital methods. 

All amplification and summation circuits are in the pizza board and 
its daughter boards inside the detector (Fig. 2). 

Next, these 14 voltage signals are transformed into differential sig-
nals to enhance the SNR in conveying these signals to the analog-to- 
digital converter (ADC) to be sampled into digital signals. The ADC 
utilized in the acquisition board is AD9257 (Analog Devices, U.S.A.), 
which has an 8-channel input, up to 65 MHz sample rate, 14 bits sam-
pling resolution, and serial output format. The sampling rate of ADCs is 
set at 20 million samples per second to ensure the quality of sampling 
and meet the Nyquist frequency. Since the output channels of the ADCs 
operate in serial mode and transmit data at the rising edge as well as the 
falling edge of the clock, the frequency of transmitting data from ADC 
output channels is 140 MHz. As such, it is crucial that the length of all 
paths from ADC output channels (every 14 of them) to the field- 
programmable gate array (FPGA) chip be the same to ensure the 
concurrency of the digital signals. The FPGA utilized in the signal 
acquisition board is XC6SLX100 of the SPARTAN-6 family (Xilinx, U.S. 
A.). All ADCs and FPGA are in the ACQ board (Fig. 3). In traditional full 
digital methods, the cost of converting 48 channels to digital signals is 

higher because it would require more ADCs and more complicated FPGA 
code. 

The DC value of the digital row/column signals is not constant; 
rather, it continuously changes at a slow pace. Additionally, some 
fluctuations and disturbances can be seen in these signals. Subsequently, 
a pulse DC-rejection module was designed on the FPGA to be immune to 
sudden and significant changes in the signal value and follow the DC 
value changes correctly over time. After the DC-rejection module, to 
measure the value of the row/column AC signals, the threshold pulse 
integration technique was used to calculate the pulse area of these sig-
nals. The obtained integrations were then transmitted to the acquisition 
computer software for positioning through the UDP Ethernet protocol 
via the W5300 (WIZnet) chip, and the module that provided this 
transmission was implemented on the FPGA. The software to perform 
linearity, energy, and uniformity calibrations and to quantitatively 
evaluate planar images was written in Python. 

Fig. 3. Developed ACQ board consisting of high-speed ADCs, FPGA and WIZnet.  

Fig. 4. Energy spectrum after energy calibration showing clearly visible Tc-99 
m 140 keV photopeak. 
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2.3. Positioning 

The positioning algorithm utilized to determine the position of the 
hit gamma-ray into the gamma camera’s surface was based on the digital 
CSE algorithm, because in gamma cameras equipped with large square 
PMTs, other positioning algorithms, such as Anger’s algorithm require 
more sophisticated correction techniques. The digital CSE algorithm 
requires column and row summation of PMT signals; this algorithm 
performs two identical processes to determine the position of each event 
in one-dimension (1D), and then combines the results of these two 
processes to produce a two-dimensional (2D) (x and y) position of this 
event. This algorithm is implemented on the acquisition software on a 
computer. It processes the x position of each event by getting eight 
summed-up column signals and obtains the y position of the events by 
getting six summed-up row signals. All input values are summed up and 
stored as energy values. 

2.4. Calibration 

The first step is to adjust the PMTs gain. Then, 2D linearity calibra-
tion data acquired with a well-collimated beam of gamma rays normal to 
the face is needed. Two lead masks with parallel vertical and horizontal 
slits 1 mm in width and spaced 10 mm from the adjacent ones were used 
for X and Y linearity calibrations. 

The next step was uniformity and energy calibration, and for this 
purpose a Tc-99 m point source placed far from the detector face. A 

minimum of 10 k counts for each central pixel must be collected. These 
calibration methods have been described in previous works [19]. 

3. Results 

The performance characteristics of the developed detector were 
characterized using the NEMA NU 1-2018 standard [24]. For this pur-
pose, energy resolution, spatial linearity, spatial resolution, and uni-
formity were measured. In the developed detector, the useful field-of- 
view (UFOV) is 54 × 38 cm2, whereas the central field-of-view 
(CFOV) is 46.7 × 32.9 cm2. 

The energy spectrum was measured based on NEMA standards. The 
full width at half-maximum (FWHM) energy was 13 % before calibration 
and 8.7 % after calibration. Fig. 4 shows the energy spectrum for Tc-99 
m at 140 keV after energy calibration. The sensitivity was 78cps/MBq on 
Low Energy High Resolution (LEHR) collimator surface. 

The uniformity of the detector was measured by placing a point 
source far from its face. Fig. 5 shows the flood-field image before and 
after uniformity calibration. The intrinsic flood-field uniformity was 
measured according to the NEMA NU 1-2018 standard protocol [24]. 
The results are summarized in Table 1. 

Fig. 6 shows the slit mask lead images after calibrations. The intrinsic 

Fig. 5. Flood image before (left) and after (right) uniformity calibration. As expected, at the edge area of the detector, the intensity is high due to lack of positioning 
data. This area is masked after calibration. 

Table 1 
Summary of the results achieved for the intrinsic flood field 
uniformity of the detectors.  

Intrinsic flood field uniformity Value 

Differential CFOV (%)  0.4 
Differential UFOV (%)  0.4 
Integral CFOV (%)  0.4 
Integral UFOV (%)  0.6  

Table 2 
Intrinsic values of spatial linearity.  

Intrinsic spatial linearity Value 

(Horizontal) Differential CFOV (mm) 0.04 
Differential UFOV (mm) 0.04 
Absolute CFOV (mm) 0.04 
Absolute UFOV (mm) 0.04  

(Vertical) Differential CFOV (mm) 0.03 
Differential UFOV (mm) 0.04 
Absolute CFOV (mm) 0.1 
Absolute UFOV (mm) 0.1  

Fig. 6. Vertical (left) and horizontal (right) slit mask lead images after calibrations.  
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differential linearity was measured as the standard deviation (SD) of 
peak locations in slit images. The intrinsic absolute linearity was 
measured as the maximum displacement of peaks in comparison with 
parallel lines spaced 10 mm apart fitted to the image. The results 
regarding intrinsic spatial linearity are available in Table 2. To measure 
the intrinsic spatial resolution (without collimator), an image of 1-mm 
wide slits spaced 10 mm from the adjacent ones was used. The FWHM 
and full width at tenth maximum (FWTM) was calculated using the 
extracted line spread function (LSF) of each line as spatial resolution. 
The intrinsic spatial resolution results are reported in Table 3. 

4. Discussion 

In this study, a gamma camera detector using large square PMTs 
which minimizes the required number of PMTs to cover the crystal area 
is introduced. 6 × 8 analog signals were also reduced into 6 + 8 analog 
sum of each row and column, enabling reduced analog and digital 
complexities and improved cost. 14 signals 1 µsec in length converted to 
digital using AD9257 high-speed ADCs. The SPARTAN-6 family of FPGA 
was used to drive ADCs at a rate of 20 million samples per second and to 
calculate integral values of 14 channels after DC-rejection. Subse-
quently, the obtained integrations were transmitted to the acquisition 
computer software for positioning through the UDP Ethernet protocol. 
The positioning algorithm was based on the digital CSE algorithm which 
was implemented in the acquisition software. 

The performance characteristics of the developed gamma camera 
were measured using the NEMA NU 1-2018 standard. The measured 
energy resolution in the developed detector was 8.7 %, intrinsic spatial 

resolution was 3.9 mm, uniformity was within 0.6 %, and linearity was 
within 0.1 %. The developed detector’s parameters compared with the 
GE Discovery NM630 [25], GE Infinia [26], and Siemens Symbia S [27]. 
The properties of all detectors are summarized in Table 4. All detectors 
had similar NaI(Tl) crystal thickness and UFOV area (within 5 %). The 
detector had 48 square PMTs, while others had a total of 59 PMTs 
(circular and hexagonal). Using square PMT, the detector showed su-
perior energy resolution, because it left no uncovered area. Spatial 
resolution was in good agreement with the other detectors, in compar-
ison with non-square PMTs. The linearity and the uniformity were su-
perior to the reported designs. The performance evaluation showed that 
the developed detector has proper specifications for imaging purposes at 
a lower cost and with less complexity. 

5. Conclusion 

In this study, we introduced a new readout electronics for scintilla-
tion detectors using square PMTs. Our approach combined analog and 
digital signals in positioning, reduced 48 signals to 14 signals and 
improved complexity and cost considerations, while preserving image 
quality. The NEMA NU 1-2018 results confirmed that the designed 
gamma detector had excellent performance and can be used reliably for 
nuclear medicine imaging applications. Future challenges would be to 
add another analog circuit to PMTs signal before summation and digi-
tization for automatic PMTs amplitudes tunning. 
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