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Abstract

We have developed a new set of Application-Specific Integrated Circuits (ASICs) of the TARGET family (CTC and

CT5TEA), designed for the readout of signals from photosensors in cameras of Imaging Atmospheric Cherenkov

Telescopes (IACTs) for ground-based gamma-ray astronomy. We present the performance and design details. Both

ASICs feature 16 channels, with CTC being a Switched-Capacitor Array (SCA) sampler at 0.5 to 1 GSa/s with a

16,384 sample deep storage buffer, including the functionality to digitize full waveforms at arbitrary times. CT5TEA

is its companion trigger ASIC (though may be used on its own), which provides trigger information for the analog

sum of four (and 16) adjacent channels. Since sampling and triggering takes place in two separate ASICs, the noise

due to interference from the SCA is suppressed, and allows a minimal trigger threshold of ≤ 2.5 mV (0.74 photo

electrons (p.e.)) with a trigger noise of ≤ 0.5 mV (0.15 p.e.). For CTC, a maximal input voltage range from −0.5 V up

to 1.7 V is achieved with an effective bit range of > 11.6 bits and a baseline noise of 0.7 mV. The cross-talk improved

to ≤ 1 % over the whole −3 dB bandwidth of 220 MHz and even down to 0.2 % for 1.5 V pulses of 10 ns width. Not

only is the performance presented, but a temperature-stable calibration routine for pulse mode operation is introduced

and validated. The resolution is found to be ∼ 2.5 % at 33.7 mV (10 p.e.) and ≤ 0.3% at 337 mV (100 p.e.) with

an integrated non-linearity of < 1.6 mV. Developed for the Small-Sized Telescope (SST) and Schwarzschild-Couder

Telescope (SCT) cameras of the Cherenkov Telescope Array Observatory (CTAO), CTC and CT5TEA are deployed

for both prototypes and shall be integrated into the final versions.
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1. Introduction

The Cherenkov Telescope Array Observatory

(CTAO) will be the next generation Imaging Atmo-

spheric Cherenkov Telescope (IACT) array. It will

exceed the sensitivity of current IACTs by an order of

magnitude in the energy range of 100 GeV to 10 TeV

[1] and will extend the IACT energy coverage down

to 20 GeV and up to 300 TeV. Three different-sized
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camera [8]. A single pair of CTC and CT5TEA com-

bined with an FPGA is sufficient to set up a 1 GSa/s

waveform digitizer with self triggering capabilities.

Key features are 16 channels per ASIC, an adjustable

sampling rate between 0.5 and 1 GSa/s, 16,384 sam-

ple deep storage resulting in ≈ 16 µs buffer time for

telescope and coincidence trigger between distant tele-

scopes, continuous sampling without dead time, random

access full waveform readout, input voltage range of

2.2 V digitized in 12 bits, mean power consumption of

60 mW per channel, single-shot trigger with adjustable

threshold and output signal width.

The paper is organized as follows. Section 2 de-

scribes the architecture of both ASICs. Section 3 pro-

vides an overview of the hardware and software used.

Section 4 is split into calibration and performance of the

trigger and digitizer path with a comparison to previous

generations of TARGET at the end. An overview of the

different applications of TARGET is given in Section 5.

The conclusion and outlook are drawn in Section 6.

2. The Cherenkov TARGET C architecture

The functional blocks of the ASICs are trigger

(CT5TEA), analog sampling with a 16,348 deep storage

buffer and analog-to-digital converters (ADCs) for sig-

nal digitization (CTC) and digital-to-analog converters

(DACs) for internal operation settings. The trigger and

sampling paths are split into two separate ASICs, reduc-

ing cross-talk between the sampling and trigger paths,

providing a lower trigger threshold and larger dynamic

range [9, 10]. Figure 1 presents an overview of both

signal paths.

Each ASIC processes 16 individual channels in par-

allel. An adjustable DC baseline per channel, the opera-

tional pedestal voltage, is set by DACs in CT5TEA. By

summing the analog signals of four adjacent channels,

four trigger groups are formed per CT5TEA. If the sum

in one trigger group exceeds an adjustable threshold, a

trigger signal is output as Low-Voltage Differential Sig-

naling (LVDS). An FPGA can then collect these outputs

for further processing as for example giving out readout

instructions to CTC.

For the sampling in CTC, a small Switched-Capacitor

Array (SCA) of 32 + 32 cells is used to keep the capac-

itive load at a minimum. The cells are following the

signal until disconnected sequentially with a 1 ns de-

lay, retaining a proportional charge. The 1 ns delay be-

tween the sampling cells result in a nominal sampling

speed of 1 GSa/s. The 64 1 ns delays are generated by

a temperature-stabilized internal time base. A delay-

locked loop keeps the transition from last to first sam-

pling cell in phase with an external 15.625 MHz clock

(SST clock). The SCA is arranged in two blocks of 32

cells, allowing it to store one block while the other block

samples the applied signal to avoid any dead time (ping-

pong mode). The readout signal is transferred to the

16,348 sample-deep ring buffer storage array arranged

in 512 blocks of 32 cells, buffering 16 µs at 1 GSa/s. The

samples are continuously overwritten until a waveform

is to be read out. Then, the blocks where the trigger oc-

curred will no longer be overwritten while the sampling

continues for the rest of the storage buffer. Blocks of 32

are random-accessible for digitization.

In the case of a readout/digitization instruction, each

cell of the 32-cell blocks is digitized in parallel by

Wilkinson ADCs. Here, the storage cell voltage is com-

pared with a reference voltage ramp produced by charg-

ing an external capacitor with a constant current, which

defines the slope of the ramp. At the start of the digi-

tization, a 12-bit Gray code counter is reset and counts

up with the speed of the externally applied Wilkinson

clock. When the ramp voltage gets larger than the cell

voltage, the counter’s value is written to a register as

the digitized value. With the currently used Wilkinson

Clock of 208 MHz, it takes about 20 µs to digitize a full

block [6].

3. Evaluation board and software

An evaluation board has been developed for the

performance evaluation of CTC and CT5TEA, which

customizes all elements needed to operate the ASICs.

This board is shown in Figure 2. The control of

the ASICs is handled by an FPGA piggyback board

(Trenz TE0714-03- 35-2I) featuring an Xilinx Artix

7. A gigabit Ethernet link is used for slow control

and data transmission to a computer. There is an

MMCX connector for each input into the 16 channels

of TARGET, terminated with a 50Ω resistor and AC

coupled via a 1 nF capacitor. A low-noise, 2.5 V

output low-dropout (LDO) regulator (Analog Devices

LT3045) is placed in close proximity to power the

ASICs. The board can be triggered by an external

signal, fed from an MMCX connector or created by

the FPGA, based on signals from the CT5TEA or

the FPGA itself. Additionally, there are four MMCX

connectors where signals and functions of the ASICs

and FPGA can be monitored. In this work, two evalua-

tion boards were used, designated SN0001 and SN0002.

Figure 3 shows a schematic representation of all mea-

surement setup configurations. Each signal can be indi-

vidually plugged into one of the inputs of the evaluation
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Table 1: Input used from [9]. For comparability to the older generation of TARGET, a scaling of 3.37 mV
p.e.

is used.

TARGET 5 CTC + CT5TEA

Characteristics

Number of channels 16 16

Sampling frequency (GSa/s) 0.4 - 1 1

Size of storage array 16384 16384

Digitization clock speed (MHz) 700 208

Samples digitized simultaneously 32 × 16 32 × 16

Trigger (sum of four channels) integrated companion

Power consumption per channel (mW) 20 ∼ 60

Performance

Dynamic range (V) 1.1 ≥ 2.2

Integrated non-linearity (mV) 70 ≤ 1.6

Resolution at 10 p.e. (%) 8 2.5

Resolution at > 100 p.e. (%) 2 ≤ 0.3

Minimum trigger threshold (mV) 20 ≤ 2.5

Minimum trigger noise (mV) 5 ≤ 0.5

although baseline noise beyond 0.6 mV is achievable

with decreased positive dynamic range. Due to the new

block-dependent DC transfer function, it is also possible

to lower the 0.2 ADC
K

drift while the ASIC is operating.

The - 3 dB bandwidth of 220 MHz is sufficient for

pulse operation down to 3.6 ns width. The cross-talk

is reduced to ≤ 1 % over the whole - 3 dB bandwidth

down to 0.2 % for large amplitude pulses. It is mainly

observed in the next-neighbor channel due to the layout

of the evaluation board, not the ASIC itself.

With the new AC correction, the resolution improves

to 2.5 % at 10 p.e. and ≤ 0.2 % at 100 p.e. at a con-

version factor of 3.37 mV
p.e.

and is temperature-stable

over several degrees with an integrated non-linearity of

1.6 mV. This is an order of magnitude improved com-

pared to previous generations of the ASIC.

The trigger performance has also improved by an

order of magnitude compared to the TARGET 5 due

to the separation into two separate ASICs. The min-

imum achievable effective trigger threshold is now

(2.80 mV ± 0.15) mV, significantly below one p.e.. The

trigger noise for a 33.7 mV (10 p.e.) effective trigger

threshold is down to (0.52 mV ± 0.16) mV.

Within the CTAO project, the CTC/CT5TEA ASICs

are ready to be deployed in the SST and SCT cameras.
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