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Abstract

In this paper, we present the design and preliminary performance evaluation of a novel external 

multi-channel readout circuitry for small-pixel room-temperature semiconductor detectors, namely 

CdZnTe (CZT) and CdTe, that provide an excellent intrinsic spatial (250 and 500 μm pixel size) 

and an ultrahigh energy resolution (~1% at 122 keV) for X-ray and gamma-ray imaging 

applications. An analog front-end printed circuit board (PCB) was designed and developed for 

data digitization, data transfer and ASIC control of pixelated CZT or CdTe detectors. Each 

detector unit is 2 cm × 2 cm in size and 1 or 2 mm in thickness, being bump-bonded onto a 

HEXITEC ASIC, and wire-bonded to a readout detector module PCB. The detectors’ front-end is 

then connected, through flexible cables of up to 10 m in length, to a remote data acquisition 

system that interfaces with a PC through USB3.0 connection.

We present the design and performance of a prototype multi-channel readout system that can read 

out up to 24 detector modules synchronously. Our experimental results demonstrated that the 

readout circuitry offers an ultrahigh spectral resolution (0.8 keV at 60 keV and 1.05 keV at 122 

keV) with the Cd(Zn)Te/HEXITEC ASIC modules tested. This architecture was designed to allow 

easy expansion to accommodate a larger number of detector modules, and the flexibility of 

arranging the detector modules in a large and deformable detector array without degrading the 

excellent energy resolution.
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1. Introduction

There is a rising demand for high-resolution room-temperature solid-state detectors 

(RTSDs), especially CZT and CdTe detectors, in clinical and preclinical nuclear imaging 

applications [1]. CZT and CdTe have shown clear advantages in comparison to the 

conventional scintillator materials (e.g. NaI(Tl)), such as an enhanced energy resolution due 

to the direct conversion of gamma rays to charge carriers, a fine spatial resolution due to the 

pixelated structure in the application-specific integrated circuit (ASIC), and a satisfactory 

detection efficiency for gamma rays emitted by commonly used radioisotopes in the clinical 

practice [1,2]. Lastly, a compact form factor and lightweight camera compared to the 

cumbersome photomultiplier tubes (PMTs) suggest that RTSD-based imaging sensors will 

slowly replace scintillation detectors for high-resolution nuclear medical imaging. An 

alternative to RTSDs is represented by solid-state readout devices such as SiPM- and APD-

based detectors, coupled with scintillators without the need of PMTs [3]. Those devices 

show a compact form factor comparable to Cd(Zn)Te-based detectors, but are outperformed 

in terms of energy and spatial resolution [4,5], providing a 10%–15% FWHM at 511 keV 

and 1–2 mm FWHM versus 1%–7% FWHM at 511 keV and 0.35–1 mm FWHM from CZT 

detectors [4].

Clinical single-photon emission computed tomography (SPECT) systems based on CZT 

technology are already being developed and commercially available [6–10]. These 

commercial successes indicate that, even if the cost of Cd(Zn)Te detectors is much higher, 

medical systems based on such detectors present an improved performance and, therefore, 

are an attractive and growing technology. On the other side, a massive research effort is 

addressed to advance the crystal growth and device fabrication process for CZT detectors, to 

make them more cost effective and widespread their use [11,12].

As the demand for SPECT systems with higher spatial resolution, energy resolution and 

sensitivity continues to rise, there is an increasing need to develop high-performance small-

pixel CZT and CdTe detectors and corresponding high-speed readout electronics. These 

detectors should ideally provide an excellent energy resolution, precise measurement of the 

interaction positions, an adequate detection efficiency over a broad energy range from 20 

keV to 600 keV, and a compact and flexible footprint.

The multi-channel readout circuitry reported here is based on the pre-existing High Energy 

X-ray Imaging Technology (HEXITEC) ASIC, developed by the Science and Technology 

Facilities Council’s (STFC) Rutherford Appleton Laboratory (RAL) [13,14]. The HEXITEC 

ASIC is 3-side buttable, with a functional area of 20 mm × 20 mm that accommodates an 80 

× 80 array of readout channels with 250 μm × 250 μm pitch [15–17]. The ASIC could be 

connected to p-type Si, GaAs, CdTe or CZT detectors with matching pixel patterns and 

allows for a readout speed of up to ~9k frames per second [14]. The HEXITEC ASIC was 
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designed with two user-selectable energy ranges of roughly 4–200 keV and 20–600 keV 

[18], respectively.

There have been several readout systems based on the HEXITEC ASIC developed for 

various applications, ranging from material science [19–21], homeland security [22], to 

astrophysics, solar spectroscopy [23,24], and medical imaging [15,25,26]. These are mainly 

single-module readout systems whose circuitry is able to control and acquire from only one 

detector module at time. In multi-detector medical imaging applications where many and 

closely packed detector modules are needed (from 10 s for preclinical applications to 100 s 

for clinical ones), these external readout electronics are not suited or optimized in terms of 

packaging, compactness, power consumption, cooling and usage of common resources, and, 

therefore, are not cost-effective. The need of a multi-channel external readout electronics 

that preserves the performance of the single detector module is stated in [27].

The multi-channel readout system reported in this paper is partially motivated by our current 

development of two preclinical imaging systems: the first is the second-generation of a 

MR(magnetic resonance)-compatible SPECT system, which is referred to as MRC-SPECT-

II system [28,29], based on 24 CZT/HEXITEC ASIC detector modules. The second 

development consists of a partial ring for X-ray fluorescence computed tomography (XFCT) 

applications [30,31]. The platform will be used for in vivo imaging of non-radioactive and 

metal-based therapeutic agents in small animals, such as gold, platinum and hafnium [32–

34].

The primary goal of this work is to develop a compact, modular, and scalable readout 

circuitry based on the HEXITEC ASIC, which would offer a fine imaging resolution and an 

excellent spectroscopic performance over a broad energy range of 20–600 keV. The design 

architecture allows for easy expansion to detection systems with a large number of detector 

modules (e.g. 500 units anticipated for a clinical SPECT system). We have intentionally 

incorporated flexi-cables within the digital readout system to allow the physical detection 

system to take an arbitrary shape optimized for the given imaging application. This readout 

system would find its use in many applications, such as spectral SPECT and XFCT, which 

we referred to as hyperspectral single-photon imaging. To demonstrate its feasibility, we 

have developed and evaluated a prototype readout system that could be connected up to 24 

Cd(Zn)Te/HEXITEC ASIC detector modules. The performance of the readout system was 

demonstrated with a CdTe/HEXITEC ASIC and a CZT/HEXITEC ASIC detector module 

connected to the readout system. Details of the prototype are discussed in the following 

sections and preliminary experimental results are presented.

2. Materials and methods

2.1. Cd(Zn)Te/HEXITEC ASIC detector modules

We have tested both CZT and CdTe detectors flip-chip bonded to the HEXITEC ASICs and 

then connected to the compact readout system described in this paper. The CdTe detector is 

1 mm in thickness and is procured by Acrorad Co Ltd [35] and the CZT detector is 2 mm in 

thickness and is procured by Redlen (http://redlen.ca/). Both the CZT and CdTe detectors 

have an active area of 20 mm × 20 mm. The CdTe elements are Schottky-diode type with a 
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large planar platinum cathode and a pixelated aluminum anode with 250 μm pitch (with 

individual metal contact of 200 μm × 200 μm in size and an inter-pixel gap of 50 μm). The 

CZT elements are ohmic type with a gold planar cathode and a gold pixelated 500 μm pitch 

(metal contact of 450 × 450 μm with an inter-pixel gap of 50 μm). Both the CdTe and CZT 

detectors were flip-chip-bonded to the HEXITEC readout ASIC using gold studs and silver 

epoxy [14,36,37]. All the specifications are summarized in Table 1.

As shown in Fig. 1, each channel of the HEXITEC ASIC consists of a charge-sensitive 

preamplifier with a leakage current compensation circuit, a shaping amplifier, a 2nd order 

low pass filter, and a peak-track-and-hold circuit [13,38]. Finally, a rolling shutter readout 

system reads out the pixel array frame row by row (4 parallel chains of 20 pixels for each 

row) allowing a fast readout rate of ~9 k frames per second for the entire ASIC [13,16]. The 

HEXITEC ASIC therefore provides precise interaction position and energy deposition for 

each gamma-ray interaction. The single frames of raw data are then processed and converted 

into single-pixel energy spectra. The ASIC can operate in high (2–200 keV) and low (6–600 

keV) gain mode depending on the switch in the branch with the 36 fF capacitor in Fig. 1, 

which extends the dynamic energy range of the detector. The Cd(Zn)Te/HEXITEC ASIC 

modules are then wire-bonded to a detector module PCB and mounted on an aluminum 

support. The wire-bonding pads of the ASIC, including the control signals, power feeds and 

output signals, are located on the non-buttable side, as shown in Fig. 2.

The intent to use two different types of detectors is based on application-specific imaging 

and spectroscopic requirements. The 1-mm-thick CdTe crystals have already shown superior 

energy resolution properties (1 keV at 140 keV [15]), which makes them well-suited for 

multi-isotope SPECT imaging or XFCT applications, while the 2-mm-thick CZT detector 

has an increased detection efficiency for gamma rays having energies >150 keV with slightly 

poorer spectral capabilities [36]. It is worth to note that the detection efficiency of 1-mm 

CdTe and 2-mm CZT at energies > 300 keV would be too low (9.50% and 18.09%, 

respectively), and thicker crystals are needed (≥ 5 mm). Based on this, a readout electronics 

with depth of interaction (DOI) capabilities is under development [39].

2.2. The multi-channel readout circuitry

The developed readout system for the multi-module CdTe/CZT detector system consists of 

two major parts. The front-end circuitry starts from two Cd(Zn)Te/HEXITEC ASIC detector 

modules connected to a custom-designed readout PCB (which will be referred to as the 

front-end PCB throughout this paper). It supplies HV bias and power, provides control logic, 

and digitalizes the amplified analog signals from the anode pixels. The front-end circuitry is 

then connected to a digital data acquisition (DAQ) system that allows direct streaming of all 

digitized pixel signal amplitudes to a mini PC through a USB3.0 interface. The front-end 

circuitry and the DAQ subsystem are connected through flexible cables of up to 10 meters in 

length. One of the emphases for the development of this readout system is to retain an 

ultrahigh energy resolution from the Cd(Zn)Te/HEXITEC ASIC detector modules [27]. The 

design of this readout system will be further detailed in the following sections.
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2.2.1. Overall readout system design considerations—The main considerations 

for the proposed design are summarized below. First, due to the rising demand for high 

energy and spatial resolution applications in medical nuclear imaging, the new external 

readout electronics need to retain the ultra-high energy resolution provided by the small-

pixel Cd(Zn)Te/HEXITEC ASIC detector modules.

Second, the readout system will be a reliable and high-speed platform able to manage data 

buffering and transferring of up to 1000 frames per second from 4 Cd(Zn)Te/HEXITEC 

ASIC detector modules simultaneously. Each detector module would allow to detect 

>100,000 events/cm2 per second, while maintaining excellent spatial and energy responses. 

The range of the detector widely satisfies count rates in clinical SPECT settings that are 

typically less than 50 kcps.

Third, the design would allow constructing an entire detection system based on multiple 

CZT or CdTe detector modules in a flexible and rearrangeable structure that can be easily 

tailored for different imaging applications, from the current preclinical MRC-SPECT-II and 

XFCT systems to future clinical imaging systems. The compact front-end PCB has reduced 

dimensions of 11.5 cm × 3.9 cm (Figs. 3–4) in comparison with the single-module 

HEXITEC PCB being 22 cm × 6 cm in size [14,37], and the flexi-cables used allow the 

detection system to take a shape optimized according to the imaging application. The 

modular and scalable design can be easily expanded adding one DAQ board and two front-

end PCBs every 4 Cd(Zn)Te/HEXITEC ASIC modules. Common components and resources 

are more efficiently used for an overall compact and cost-effective geometry.

2.2.2. Front-end electronics—The front-end readout circuitry is accommodate on the 

PCB as shown in Figs. 3–4. Each front-end PCB is connected to two CZT(or CdTe)/

HEXITEC modules through two 34-way zero insertion force connectors (visible in Fig. 3). 

The block diagram of the front-end board is shown in Fig. 4B, which consists of the 

following functional blocks: (1) a digitization circuitry with four parallel very low-power, 

fully differential two-channel amplifiers and an eight-channel 14-bit ADC receives the 

multiplexed data from the two ASICs and digitalizes the peak-hold signal amplitude on each 

channel; (2) a field-programmable gate array (FPGA) that provides the 21.25 MHz clocks 

for the ASIC, controls the readout operation and the data transferring process between the 

front-end PCB and the remote DAQ system; (3) a voltage regulation circuitry receives the 

power supply (3.8 V) from a remote power supply unit and generates two power lines at 1.65 

V and 3.3 V, respectively, to power each HEXITEC ASIC; and, finally, (4) an environmental 

monitoring circuitry that measures the temperature and humidity sensors on the PCB, 

measures the ASIC temperature from on an on-chip diode and feeds the readings to the 

FPGA and protecting logic to prevent the readout system from overheating. The high voltage 

bias, provided by the DAQ system or by an external power supply, is routed and decoupled 

on the front-end PCB, and it is connected to the CZT or CdTe sensors cathode via a wire 

bond. The signal from the FPGA acquired by two HEXITEC ASICs is then transmitted to a 

remote DAQ board through twisted-pair ribbon cables of up to 10 m in length as shown in 

Fig. 3.
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2.2.3. Digital data acquisition (DAQ) System—The remote DAQ board (Fig. 5) is 

connected to two front-end PCBs, which reads out 4 HEXITEC ASICs synchronously. In the 

prototype mentioned in this study, 10-m long twisted-pair cables are used to connect the 

front-end PCBs to the remote DAQ board. The DAQ board provides the necessary cable 

interface, trigger inputs, and control logic to operate the two front-end PCBs connected.

The DAQ board contains an additional FPGA (Xilinx Zynq-7030), which captures the raw 

data from the analog front-end PCBs and locally formats the data for transmission via 

USB3.0 interface. The control interfaces, on the backside of the box (Fig. 5A), consist of a 

12 V inlet for power, a USB 3.0 port for data output and a trigger interface. The applications 

interfaces available for the front-end PCBs on the front side of the DAQ box (Fig. 5B) are a 

Universal Asynchronous Receiver–Transmitter (UART), 40 FPGA pins for the input data 

transmitted through the twisted-pair ribbon cable according the Low-Voltage Differential 

Signaling (LVDS) standard, a power outlet that provides 12V/2A for powering the PCBs, a 

power outlet that provides 5V/6A and a PID circuit for powering and controlling the Peltier 

cooler units, and a power outlet for 0 to −750V HV bias supply.

A complete functional diagram is reported in Fig. 6 and presents the basic building block in 

the modular design. Each DAQ board is then connected to an Intel® NUC mini PC through 

USB-3 cable. Finally, the mini PCs are controlled by a control PC through Ethernet 

connection. The final readout circuitry consists of 12 analog front-end PCBs and 6 DAQ 

boards (Fig. 5C) to control synchronously up to 24 CZT/HEXITEC ASIC modules. The 

acquisition from each DAQ board is independent from the others and can be evaluated 

separately.

2.2.4. Experimental evaluation with a detector module prototype—We have 

developed a 4-detector module setup that is connected to two front-end PCBs as shown in 

Fig. 7A and C. In this setup, a 2 × 2 array of CZT/HEXITEC detector hybrids are mounted 

on an aluminum substrate, leaving a physical gap of around 200 μm between adjacent 

detectors (less than one pixel). The aluminum substrate also supports two frond-end PCBs 

connected to the detector modules from two opposite sides. Two Peltier cooling units and a 

copper heat sink are used for cooling and heat dissipation, and a 3D-printed plastic support 

with inlets for compressed air completes the design (Fig. 7A). The power consumption of a 

single ASIC is around 1.5 W, while the maximum power consumption of two analog front-

end PCBs and 4 Cd(Zn)Te/HEXITEC modules is 15.2 W.

It is worth to note that the 34-way zero insertion force connectors visible in Fig. 3 allow to 

mount the detector modules with the crystal surface parallel to the PCB surface (as shown in 

Fig. 7A and C), and the 2 × 2 arrays would be tiled only along one direction. To allow the 

tiling in both directions, 180° type connectors will be used, in order to have the crystal 

surface perpendicular to the PCB, as shown in Fig. 7B.

In order to evaluate the performance of the prototype readout electronics, a 1-mm-thick 

CdTe and a 2-mm-thick CZT detector were tested with the proposed prototype readout 

where the detector modules were installed on the analog front-end PCB connected to the 
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corresponding DAQ board. The same settings and experimental conditions were used for 

both detector modules as described below and summarized in Table 2.

A Co-57 point source of 0.029 mCi (photopeak at 122 keV and 136 keV) and Am-241 disk 

source of 0.098 mCi (photopeak at 59.5 keV) were used to irradiate the detector for 120 min 

from a distance of ~8 cm to ensure flat-field irradiation across the entire sensor (Fig. 7D). 

During the acquisition time, sufficient counts were detected in order to examine the single-

pixel spectra. A bias voltage of −500 V was applied across the 1-mm-thick CdTe detector 

while −600V was used for the 2-mm-thick CZT. The polarization phenomenon happening in 

CdTe crystals is well known in literature [40,41], and switching the bias voltage off for a 

short period allows the polarized detector to return to its normal state [42]. Based on this, the 

high bias voltage on the 1-mm-thick CdTe detector was refreshed for 10 s every 2 min.

For each acquisition, the energy range selected is the 4–200 keV range and the acquisition 

rate was 500 frames per second. This acquisition rate ensured that independent photons were 

not detected by adjacent pixels in the same frame and allowed performing off-line change-

sharing corrections. The CZT/CdTe detectors were operated at room temperature, however, 

because of the heat generated by the ASICs, the cooling system based on two Peltier units, 

compressed air and a vortex tube is used to keep the detectors’ temperature at 24 °C ± 1 °C.

3. Results

3.1. Detector spectroscopic performance

We have measured the energy spectra from each individual pixel on the 2-mm-thick CZT 

and 1-mm-thick CdTe detectors and used the 59.5 keV and 122 keV photopeaks to perform 

the energy calibration. The gain, offset and energy resolution values expressed as FWHM of 

the main peak were calculated per pixel. The gain is given as the number of ADC units 

(ADU) per keV, the offset in ADU, the FWHM in keV. 0.219% (14 out of 6400) and 4% (65 

out of 1600) of the pixels did not function properly in the 1-mm-thick CdTe and 2-mm-thick 

CZT detectors, respectively, and the bad pixel maps are shown in Fig. 8. These maps show 

the spatial distribution of pixels whose performance is poor or abnormal mainly due to either 

crystal defects or bad connections between crystal and ASIC pixels, located primarily on the 

detector edges. Being an intrinsic property for each Cd(Zn)Te/HEXITEC ASIC detector 

module and being independent from the multi-channel readout circuitry, each unit needs to 

be characterized by its own bad pixel map.

Figs. 9 and 10 show the gain and offset values across all the pixels and matching histograms. 

The CdTe detector has an average gain of 4.28 ± 0.048 ADU/keV, while the CZT has 4.28 ± 

0.18 ADU/keV. The offset shows a wider distribution around 0 with an average 0.56 ± 3.75 

ADU for the CdTe detector and 1.16 ± 3.43 ADU for the CZT detector, and an overall trend 

of progressively higher offset values when pixels are closer to the bonding wires. To 

determine the spatial distribution of the total number of counts in the first and second peaks, 

a 6.7% asymmetric window (asymmetry ratio 0.33) is used for the first peak, while a 3.3% 

asymmetric window (asymmetry ratio 0.33) is used for the second peak, respectively. As 

expected, the number of counts in the main peaks in a 500 μm × 500 μm CZT pixel is around 

4 times the number of counts in the main peaks in a 250 μm × 250 μm 1-mm CdTe pixel, 
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accounting for the different crystal thicknesses and material efficiencies [43] at 59.5 keV and 

122 keV. The pixel maps in Figs. 11–12 show a consistent uniform response in both sensors.

The distribution of the FHWM values of the first and second peaks in the 1-mm-thick CdTe 

and 2-mm-thick CZT for all the readout channels and matching histograms are shown in 

Figs. 13–14, respectively. For the 1-mm-thick CdTe detector, 96.85% of pixels have the 

FWHM of the first peak <1.5 keV with an average FWHM of 0.80 ± 0.17 keV, and the same 

pixels have an average FWHM of 1.05 ± 0.30 keV for the second peak. Analogous results 

are found in [14,44] where a single-module HEXITEC PBC is used. The stability of the 

detector spectroscopic performance under different temperature operating conditions were 

already reported in [18], showing small changes in the detector FWHM in the 5°−30° 

temperature range. Similarly, for the 2-mm-thick CZT detector, 95.12% of pixels have the 

FWHM of the first peak <1.5 keV with an average FWHM of 0.85 ± 0.08 keV, and the same 

pixels have an average FWHM of 1.62 ±0.26 keV for the second peak. The results are 

consistent with those obtained from Redlen CZT detectors bonded on HEXITEC ASIC in 

[37,38]. As shown in Figs. 11–14, border pixels tend to have inferior performance because 

of the irregular electric field and potentially increased leakage current close to the boundary 

of the crystal [45].

Typical single-pixel spectra from the 1-mm-thick CdTe and 2-mm-thick CZT detectors are 

shown in Figs. 15–16, respectively. Fig. 17 shows the energy spectra that include all events 

detected by these sensors. All the spectra exhibit excellent spectroscopic performance, 

where the main peaks at 59.5 keV and 122 keV are sharp and clearly visible. Additionally, a 

cluster of Cd and Te characteristic lines and escape peaks in the 23–40 keV region and 

characteristic emission peaks at 17.8–18, 20.8 and 33.2 keV from Np isotopes as decay 

products of Am-241 are noticeable in the <50 keV region (Fig. 17, central zoomed box). All 

the energy spectra are corrected for gain and pedestal variations, and both the raw data and 

charge-sharing corrected spectra are compared in the figures.

3.2. Detector charge sharing

To evaluate the level of charge sharing in the small-pixel detector unit, a charge sharing 

correction method is applied to the data using a very simple charge sharing discrimination 

(CSD) algorithm [18]. In every single frame, the pixel values are compared with their 

corresponding low-energy thresholds to determine whether there is a signal induced on each 

of the individual pixels. Gamma-ray interaction events inducing signals on multiple adjacent 

pixels in a 3 × 3 pixel region are removed from the final pixel spectrum. This procedure is 

less ideal since it reduces the total number of counts. However, it improves the energy 

resolution by reducing the low energy tailing effect. Considering the small pixel sizes in the 

detectors used (250 μm in CdTe and 500 μm in CZT), the charge sharing effect is 

considerable: for the 1-mm-thick CdTe detector with 250 μm pixel size, 60.19% of events do 

not have signal sharing, 30.33% events have signals shared by two edgewise adjacent pixels, 

2.33% events have signals shared by a paired of diagonally-neighboring pixels, and the 

remaining 7.15% have signals shared by three or more pixels. For the 2-mm-thick CZT 

detector with 500 μm pixel size, 66.7% events show no signal-sharing, 26.1% events have 

signal shared by two edgewise adjacent pixel, 2.1% events have signals shared by two 
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diagonally-neighboring pixels, and the remaining 5.1% of events have signals shared by 

three or more pixels. In this case, the bigger pixel size reduces the chance that a charge is 

shared over multiple pixels. Having ~40% of shared events in the CdTe detector and ~33% 

in the CZT suggests that a charge sharing correction algorithm that preserves the total 

number of detected events is needed, and the CSD algorithm do not represent an efficient 

solution. Finally, it is worth to note that the correction of charge-sharing events would 

improve also the spatial resolution properties of the detector unit, reducing the ambiguity of 

the interaction point. Based on this, other off-line correction algorithms are currently under 

investigation and the results will be discussed in future works.

4. Conclusions and future works

The rising demand for high energy and spatial resolution applications in medical nuclear 

imaging requires the complemental development of high-performance detectors and 

corresponding high-speed readout electronics. RTSDs, e.g. CZT or CdTe, are widely 

recognized as a promising replacement to bulky scintillation detectors for high-resolution 

nuclear imaging applications.

We have developed a compact multi-channel readout circuitry for spectroscopic imaging 

with small-pixel CZT and CdTe detectors read out with the HEXITEC ASIC. This is the first 

HEXITEC-based external readout system being designed and optimized specifically for real-

world SPECT and XFCT imaging applications. These detectors offer a fine spatial resolution 

(250 μm or 500 μm) and excellent spectroscopic performance (0.8 keV at 60 keV and 1.05 

keV at 122 keV) over a broad energy range of 20–600 keV. The readout electronics is 

distributed over two boards: the analog front-end PCB directly connected to two Cd(Zn)Te/

HEXITEC ASIC modules provides power and controls data acquisition and transfer, and a 

remote DAQ board performs the back-end operations. Each DAQ board controls two analog 

front-end PCBs simultaneously and the two boards are connected through twisted-pair 

ribbon cables, up to 10 m in length. One of the main emphases in this readout development 

is to preserve the ultrahigh energy resolution provided by the Cd(Zn)Te/HEXITEC ASIC 

detector modules.

Our design is dictated by the need of a compact, flexible and scalable readout electronics 

that could be eventually used in full-scale clinical SPECT systems. By design, the front-end 

circuitry is relatively compact and is connected to a remote DAQ system with flexible 

cables. One could use this architecture to form large arrays of different sizes and shapes 

tailored for different imaging applications. The current external readout circuitry will be 

used to develop a partial ring for preclinical XFCT imaging applications [30,31].

Our preliminary results demonstrated that the prototype multi-channel readout circuitry 

delivers an excellent spectroscopic performance with Cd(Zn)Te/HEXITEC ASIC modules. 

Both sensors tested, a 1-mm-thick CdTe and a 2-mm-thick CZT, demonstrated an excellent 

uniformity of spectroscopic performance consistent with previously published results 

[14,38,44].
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Future work is planned to address the charge sharing effect investigating other off-line 

correction algorithms that preserve the total number of detected events. Future development 

will consider the possibility to use the readout circuitry in a MR-compatible SPECT system, 

the MRC-SPECT-II system [28,29], that operates inside a strong magnetic field. Based on 

this, feasibility studies to evaluate the MR-compatibility of the circuitry will be carried out. 

Finally, the use of thicker crystals to improve the detection efficiency at higher energies 

(300–600 keV) has been considered. This would require crystals having a thickness ≥ 5 mm 

and a readout electronics with DOI capabilities is currently under development [39].
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Fig. 1. 
Block diagram of a single pixel electronics in a HEXITEC ASIC.
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Fig. 2. 
Single 1-mm-thick CdTe/HEXITEC ASIC module, 2 cm × 2 cm in size.
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Fig. 3. 
Two buffer analog front-end PCBs controlled by a single DAQ board, with power and data 

cables.
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Fig. 4. 
The analog front-end PCB: (A) the PCB layout and (B) the PCB functional block diagram.
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Fig. 5. 
The remote DAQ board: (A) the physical board (B) single DAQ box (C) 6 DAQ boxes used 

in parallel in the final readout system.
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Fig. 6. 
Complete functional block diagram of a single remote DAQ board (bottom) that controls and 

reads out two analog front-end PCBs (top) simultaneously.
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Fig. 7. 
(A) 3D drawing (exploded view) of the compact testing setup with an aluminum substrate 

that holds 4 detectors connected to two analog front-end PCBs. (B) 3D drawing of the 2 × 2 

array when 180° zero-force connectors between detector modules and analog front-end PCB 

are used. (C) Testing setup where four 1-mm-thick CZT detector modules are installed on 

the analog front-end PCBs connected to the corresponding DAQ board (D) Details of the 

experimental setup with top view.
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Fig. 8. 
Bad Pixel maps for (left) 1-mm-thick CdTe and (right) 2-mm-thick CZT detector module. 

Bad pixels have value 0, good pixels 1.
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Fig. 9. 
Gain pixel maps (first column) and matching histograms (second column) for 1-mm-thick 

CdTe (first row) and 2-mm-thick CZT (second row). The gain is given in ADU/keV. Bad 

pixels are not considered.
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Fig. 10. 
Offset pixel maps (first column) and matching histograms (second column) for 1-mm-thick 

CdTe (first row) and 2-mm-thick CZT (second row). The offset is given in ADU. Bad pixels 

are not considered.
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Fig. 11. 
Spatial distribution and matching histograms for the total number of counts in the 59.5-keV 

peak (first row) and in the 122-keV peak (second row) in the 1-mm-thick CdTe detector. Bad 

pixels are not considered.
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Fig. 12. 
Spatial distribution and matching histograms for the total number of counts in the 59.5-keV 

peak (first row) and in the 122-keV peak (second row) in the 2-mm-thick CZT detector. Bad 

pixels are not considered.
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Fig. 13. 
FWHM map and matching histograms for the 59.5-keV peak (first row) and 122-keV peak 

(second row) in the 1-mm-thick CdTe detector. The FWHM is given in keV. Bad pixels are 

not considered.
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Fig. 14. 
FWHM map and matching histograms for the 59.5-keV peak (first row) and 122-keV peak 

(second row) in the 2-mm-thick CZT detector. The FWHM is given in keV. Bad pixels are 

not considered.
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Fig. 15. 
Typical single-pixel spectra from the 1-mm-thick CdTe sensor. The raw spectrum is shown 

in blue (thin), the charge-sharing corrected in red (thick)..
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Fig. 16. 
Typical single-pixel spectra from the 2-mm-thick CZT sensor. The raw spectrum is shown in 

blue (thin), the charge-sharing corrected in red (thick)..
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Fig. 17. 
Energy summed spectra from all events detected by (left) the entire 1-mm-thick CdTe 

sensor, (right) the entire 2-mm-thick CZT sensor. The central image is the zoomed view for 

<50 keV peaks, including Cd and Te characteristic lines and escape peaks and characteristic 

emission peaks from Np isotopes as decay products of Am-241. The raw spectrum is shown 

in blue (thin), the charge-sharing corrected in red (thick). Bad pixels are not included..
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Table 1.

Specifications of the RTSDs used.

CdTe CZT

Manufacturer Acrorad Redlen

Type Schottky-diode Ohmic

Active Area 20 mm × 20 mm 20 mm × 20 mm

Thickness 1 mm 2 mm

Anode Platinum Gold

Cathode Aluminum Gold

Pixel array 80 × 80 pixels 40 × 40 pixels

Pixel size 250 μm × 250 μm pitch 500 μm × 500 μm pitch

Anode pad size 200 μm × 200 μm 450 μm × 450 μm

Inter-pixel size 50 μm 50 μm

Nucl Instrum Methods Phys Res A. Author manuscript; available in PMC 2021 November 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zannoni et al. Page 31

Table 2.

Specifications of the experimental setup.

CdTe CZT

Sources 0.029 mCi Co-57 (point source),

0.098 mCi Am-241 (disk source)

Distance 8 cm

Acquisition time 120 min

Acquisition rate 500 fps

HV bias voltage −500 V −600 V

HV bias refresh Yes, 10 s every 2 min No

Detector temperature 24.8 °C 23.9 °C
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