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Purpose of this Manual 
This User Manual contains the full description of the Digital Detector Emulator firmware and software GUI. The description is 
compliant with firmware release 2.12288 of the single-channel Digital Detector Emulator, with firmware release 2.16384 of the 
dual-channel Digital Detector Emulator, and software release 1.6.2.0. For future release compatibility please check the firmware 
and software revision history files.  
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Disclaimer 

No part of this manual may be reproduced in any form or by any means, electronic, mechanical, recording, or 
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1 Introduction  
 

The massive evolution of digital processors for radiation measurements has highlighted the extreme convenience to 
develop techniques for emulating the detection and acquisition systems. The process of debugging of systems as digital 
pulse processors, pulse discriminators, Time-to-Digital/Amplitude converters, etc, requires an ever-increasing effort of 
processing algorithms that are becoming more and more complex. The possibility to generate test vectors that are the 
as similar as possible to the actual data produced by the experiment, both in the software simulation and at the 
hardware level can extremely reduce the R&D projects time.  
 
All of this can be summarized in the need to generate an electrical signal with completely controlled characteristics that 
is compliant to the real output of a radiation detection setup. Although the use of a source and a detector is always the 
best way to generate a reliable data set, it involves considerable disadvantages, especially during preliminary feasibility 
studies. The use of the source inherently involves a risk for the health of the experimenters, and in addition requires 
labs equipped in accordance with the regulations in term of use of radioactive substances. 
Moreover, the emission spectrum depends on the nature of the source, e.g. the polarization of an X-ray tube or the 
process of decay. The statistical distribution of the events is Poissonian and usually the user can only control the rate, 
and has no control on the statists. The spectrum of noise, interferences and the pulse shape are issues on which the 
experimenter can hardly affect. Furthermore, the natural emission process is not repeatable and therefore it is not 
possible to evaluate the behavior of different implementations of the  processing system on a set of equal data. 
 
It is common practice to use electronic instruments to generate analog signals with similar features to real experiment. 
There are instruments able to generate exponential signals with fixed amplitude and Poissonian temporal distribution, 
that can emulate effects such as pile up. However they cannot modulate the amplitudes of generated signals according 
to a generic spectrum of emission. 
To overcome this problem hardware tools, called arbitrary waveform generators, have been developed. These 
instruments can generate long sequences of events at high rate (up to 1 GSPS), which have been synthetized off-line 
using simulation tools (e.g. MatLab). At present the most efficient tools have 1 Gword memory which means about a 
signal one second long  before a repetition or about 10 millions of counts. Obviously this is not enough for a good 
statistics of a complex spectrum. 
 
We therefore developed, in collaboration with Nuclear Instruments SrL and Politecnico of Milan, a multichannel digital 
instrument for emulating radiation detection systems. The processor is initialized with a reference pulse shape, with 
statistic distribution of amplitude and time. According to this information, the device generates a stream of events that 
can be also selectively summed together simulating the pile-up phenomenon. At each pulse can be superimposed noise 
arbitrarily generated and baseline deviation. 
 
The Digital Detector Emulator is therefore the only synthesizer of random pulses that is also an emulator of radiation 
detector signals with the possibility to configure the energy and time distribution. The stream of emulated signals 
becomes a statistical sequence of pulses, reflecting the programmed input features. When the emulation process is 
reset, the kernels of generators can be either re-initialized with new random data making the sequence always 
different, or they can be stored to reproduce the same sequence many times. 
The Digital Detector Emulator is able to emulate two different radiation sources at a time on the two output channels 
and to provide them either with fully independent parameters, or with some of them correlated. For example the 
events can be time correlated (steps of 12 ps), or a subset of events can share the same energy spectrum. It is also 
possible to set the channels in a master/slave configuration, where the first channel works as a trigger for the second 
one. 
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Main functionalities 
The main features of the Digital Detector System are: 

¶ Emulator/Pulser/Function Generator operation mode 

¶ Energy spectrum emulation 

¶ Time spectrum emulation 

¶ Pile-up emulation 

¶ Noise and periodic interference emulation 

¶ Continuous and pulsed reset emulation 

¶ Baseline drift 

¶ Debug mode: predictable sequence generation with step-by-step pulse generation 

¶ Windows software for full system management 

¶ USB 2.0 connection 

¶ DLL for automation of emulation process 

¶ Replay on analog channels of recorded or synthetized signals 

¶ Generation of shifted copy of a signal with 12 ps step (i.e. correlated event emulation) 

¶ Load / download in CSV format of parameters/shapes/spectra 
 

The description of this User Manual is compliant with the following products: 
 

Board Models Description Product Code 

DT5800D DT5800D - Dual Channel Desktop Digital Detector Emulator with channel correlation  WDT5800DXAAA 
DT5800S DT5800S - Single Channel Desktop Digital Detector Emulator WDT5800SXAAA 

NDT6800D NDT6800D - Dual Channel NIM/Desktop Digital Detector Emulator with channel 
correlation  

WNDT6800DXAAA 

NDT5800S NDT6800S - Single Channel NIM/Desktop Digital Detector Emulator WNDT6800SXAAA 

Tab. 1.1: Table of the supported Digital Detector Emulator models 
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2 Technical Specifications 

Energy emulation features 

ω {ƛƴƎƭŜ ƭƛƴŜ όсрр35 selectable levels) 
ω {ǇŜŎǘǊǳƳ ŜƳǳƭŀǘƛƻƴ όмсоуп ōƛƴǎ ǿƛǘƘ мп ōƛǘ ǊŜǎƻƭǳǘƛƻƴύ 
ω ҕ п ± ƻǳǘǇǳǘ ǊŀƴƎŜ, high impedence; ± 2 VΣ рл Ҡ ǘŜǊƳƛƴŀǘƛƻƴ 
ω мс ōƛǘ 5κ! ŎƻƴǾŜǊǘŜǊ 

Time emulation features 

ω /ƻƴǎǘŀƴǘ ǊŀǘŜ ŜƳǳƭŀǘƛƻƴ 
ω tƻƛǎǎƻƴ ŘƛǎǘǊƛōǳǘƛƻƴ 
ω tǊƻƎǊŀƳƳŀōƭŜ ǎǘŀtistical generation of events (256 bins, 8 bit resolution) 
ω ¦Ǉ ǘƻ мм a/t{Σ ōƻǘƘ ƛƴ Ŏƻƴǎǘŀƴǘ ŀƴŘ ǎǘŀǘƛǎǘƛŎŀƭ ŜƳǳƭŀǘƛƻƴ 
ω LƴǘŜƎǊŀǘƻǊ ŎƛǊŎǳƛǘ ŜƳǳƭŀǘƛƻƴ ǿƛǘƘƻǳǘ ǇƛƭŜ-up limitation 
ω ¦Ǉ ǘƻ мс ǇƛƭŜ-up events in the memory based algorithm 
ω tǊƻƎǊŀƳƳŀōƭŜ ŘŜŀŘ-time and emulation of parallelizable and non-parallelizable machines 
ω нл ƴǎ ǘƻ мл Ƴǎ ŜȄǇƻƴŜƴǘƛŀƭ ŘŜŎŀȅ ǘƛƳŜ 

Signal shape 

ω плфс Ǉƻƛƴǘǎ ǘƻ ǎǘƻǊŜ ǿŀǾŜŦƻǊƳǎ 
ω !ǊōƛǘǊŀǊƛƭȅ ǇǊƻƎǊŀƳƳŀōƭŜ ǎƘŀǇŜǎ 
ω {ƘŀǇŜ ƭŜƴƎǘƘ ŦǊƻƳ сп ƴǎ ǘƻ нс ˃ǎ όǿκƻ ƛƴǘŜǊǇƻƭŀǘƛƻƴύ κ нс Ƴǎ όƛƴǘŜǊǇΦύ 
ω {ŜǇŀǊŀǘŜŘ ǊƛǎƛƴƎ ŀƴŘ ŦŀƭƭƛƴƎ ŜŘƎŜ ƛƴǘŜǊǇƻƭŀǘƛƻƴ 
ω ¦Ǉ ǘƻ ǘǿƻ ǎŜǇŀǊŀǘŜ ǎƘŀǇŜǎ ƳƛȄŜŘ ƻƴ ǘƘŜ ǎŀƳŜ ŎƘŀƴƴŜƭ ǿƛǘƘ ƛƴŘŜǇŜƴŘŜƴǘ ǎǘŀǘƛǎǘƛŎ 

Noise emulation 

ω ²ƘƛǘŜ ƴƻƛǎŜ ŜƳǳƭŀǘƛƻƴ ό.² снΦр aIz) 
ω мκŦ ƴƻƛǎŜ ŜƳǳƭŀǘƛƻƴ 
ω wŀƴŘƻƳ ²ŀƭƪ όōŀǎŜƭƛƴŜ ŘǊƛŦǘύ 
ω LƴǘŜǊŦŜǊŜƴŎŜ ƎŜƴŜǊŀǘƛƻƴ όŜΦƎΦ Ǉƻǎǎƛōƛƭƛǘȅ ǘƻ ǊŜŎƻǊŘ ǎǇƛƪŜǎ ŦǊƻƳ ǎǿƛǘŎƘƛƴƎ ǇƻǿŜǊ ǎǳǇǇƭƛŜǎ ŀƴŘ ƛƴƧŜŎǘ ƛƴ ǘƘŜ 
output signal) 
ω LƴǘŜǊŦŜǊŜƴŎŜ ƎŜƴŜǊŀǘƛƻƴ ǿƛǘƘ ŦƛȄŜŘ ŀƳǇƭƛǘǳŘŜ ŀƴŘ ŦǊŜǉǳŜƴŎȅ ƻǊ ǊŀƴŘƻƳƭȅ ƳƻŘulated in amplitude and 
injection time 

Baseline ω .ŀǎŜƭƛƴŜ ŘǊƛŦǘ ǇǊƻƎǊŀƳƳŀōƭŜ ǿƛǘƘ ŀǊōƛǘǊŀǊȅ ǎƘŀǇŜ 

Correlated events 
emulation 

ω ¢ƘǊŜŜ ƻǇŜǊŀǘƛƻƴ ƳƻŘŜǎΥ мύ /ƘŀƴƴŜƭ м ό/Iмύ ƛǎ ǘƘŜ ǘƛƳŜ ǎƘƛŦǘŜŘ ŎƻǇȅ ƻŦ /ƘŀƴƴŜƭ н ό/Iнύ όмн Ǉǎ ǎǘŜǇύΤ нύ /Iн 
has its own statistics generator (i.e. different spectrum, different noise, etc.) but is triggered by CH1 (delayed by 
12 ps step); 3) A third emulator channel (with separate statistic properties) generates correlated pulses for both 
CH1 and CH2. In this way, only some events of the two channels are correlated  
ω мн Ǉǎ ǎǘŜǇ ǇǊƻƎǊŀƳƳŀōƭŜ ŘŜƭŀȅ όŦǊƻƳ лǇǎ ǘƻ онǳǎύΣ му C²IaΣ сл ǇǇƳ ƭƛƴŜŀǊƛǘȅ 
ω ¢ŜƳǇŜǊŀǘǳǊŜ ǎǘŀōƛƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ŘŜƭŀȅ ƭƛƴŜ 

Digital I/O 

ω н-input and 2-output programmable 
ω ¢ǊƛƎƎŜǊ ƻǳǘΣ ŀƴŀƭƻƎ ǎŀǘǳǊŀǘƛƻƴ ǿŀǊƴƛƴƎΣ ƳŀŎhine overload sensing 
ω ¢ǊƛƎƎŜǊ ƛƴΣ ǊŀƴŘƻƳ ƴǳƳōŜǊ ƎŜƴŜǊŀǘƻǊ ŎƻƴǘǊƻƭ όǊŜǎŜǘ κ Ǉƭŀȅ κ ǇŀǳǎŜύΣ ƎŀǘƛƴƎΣ ōŀǎŜƭƛƴŜ ǊŜǎŜǘ 

RNG (random number 
generation) 

ω у ƛƴŘŜǇŜƴŘŜƴǘ [C{wǎ ǿƛǘƘ сп ōƛǘǎ ƎŜƴŜǊŀǘŜ ǘƘŜ ōŀǎŜ ŦƻǊ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ŜƳǳƭŀǘƛƻƴ 
ω tƻǎǎƛōƛƭƛǘȅ ǘƻ ǊŀƴŘƻƳƛȊŜ the seeds of each RNG independently 
ω tƻǎǎƛōƛƭƛǘȅ ǘƻ ƛƴƛǘƛŀƭƛȊŜ ǘƘŜ wbD ǿƛǘƘ ŦƛȄŜŘ ǎŜŜŘǎ ǘƻ ƎŜǘ ǊŜǇŜŀǘŀōƭŜ ǎŜǉǳŜƴŎŜǎ ǘƻ ǘŜǎǘ ŘƛŦŦŜǊŜƴǘ 
processing architectures 
ω DŜƴŜǊŀǘƛƻƴ ƻŦ ŦƛƴƛǘŜ ƭŜƴƎǘƘ ǎǘǊŜŀƳǎ ƻŦ ǇǳƭǎŜǎ ǘƻ ŘŜōǳƎ ǎǘŜǇ-by-step the DUT 

Programmable sequence 
ω рлл ƪǇƻƛƴǘǎ ƻŦ ƳŜƳƻǊȅκ/I ǘƻ ǎǘƻǊŜ ŀ ǎŜǉǳŜƴŎŜ ƻŦ ǇŀƛǊǎ όŜƴŜǊƎȅΣ ǘƛƳŜ ƻŦ ƻŎŎǳǊǊŜƴŎŜύ ǘƻ ƎŜƴŜǊŀǘŜ ƭƻƴƎ 
predictable and defined sequences of pulses 

Arbitrary waveform 
generator 

ω м aǇƻƛƴǘǎκ/I ǘƻ ǎǘƻǊŜ ŀƴȅ ŀǊōƛǘǊŀǊȅ ǿŀǾŜŦƻǊƳ 
ω CǳƴŎǘƛƻƴ ƎŜƴŜǊŀǘƛƻƴΥ ǎƛƴΣ square, ramp, saw, pulse, sinc up to 10 MHz 

Output signal quality 
parameters 

ω LSB = 4 V/2 16 
ω Accuracy 

- Differential Non Linearity (DNL):  ±1.0 LSB 
- Integral Non Linearity (INL):  ±2.5 LSB 

ω Total Harmonic Distortion (THD): л Ř.C{ ҍфр Ř. 
ω Signal to Noise Ratio (SNR): 73 dB 
ω Signal to Noise and Distorsion Ratio (SINAD)*:  72.9 dB 
* log10 ((SNR*THD)/(SNR+THD)) 

Software and interface 
ω ²ƛƴŘƻǿǎ-based user interface managing more than one emulator 
ω ¦{. нΦл  

 
 



CAEN   Electronic Instrumentation 
 

UM3074 ς Digital Detector Emulator Rev. 3 10 

3 Power Requirements 
The module is powered by the external AC/DC stabilized power supply provided with the digitizer and included in the 
delivered kit. Please, use only the power supply shipped with this instrument and certified for the country of use. 

Input: 100-240 VAC , 50-60 Hz; Output: 12.0 V, 5.0 A .  

All I/O digital gates are LVCMOS compliant. The dynamic range of the analog outputs is 2.2 V @ 50 W output 
impedance and 4.4 V @ high impedance. 

 

 

 

Fig. 3.1: AC/DC power supply provided with the DT5800 kit 

 
The NIM/Desktop module can work either with the external AC/DC power supply or the power from NIM crates.  
 

 CAUTION. When using the NIM/Desktop module the user must pay attention to not supply the module with the 
AC/DC power supply together with the NIM crate power supply.  
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4 Panel Description 
Front panel device (DT5800D) 

The DT5800D front panel is as in the following picture. Numbered labels are explained in the table. 
 
 

 
 
 
 

Number Description 

1 
Blue LED ς Analog output CH1 power on status 
OFF: channel output disabled 
ON: channel output enabled 

2 Analog output CH1 

3 Digital input CH1 

4 Digital output CH1 

5 Digital output CH2 

6 Digital input CH2 

7 Analog output CH2 

8 
Blue LED ς Analog output CH2 power on status 
OFF: channel output disabled 
ON: channel output enabled 

 
 

 CAUTION. All I/O gates are LVCMOS compliant. The dynamic range of the analog outputs is 2.2 V @ 50 W output 
impedance and 4.4 V @ high impedance. 

1 8 

2 
 

3 
 

4 
 

5 
 

6 
 

7 
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Front panel device (DT5800S) 
The DT5800S front panel is as in the following picture. Numbered labels are explained in the table. 
 
 

 
 
 
 

Number Description 

1 
Blue LED ς Analog output CH1 power on status 
OFF: channel output disabled 
ON: channel output enabled 

2 Analog output CH1 

3 Digital output CH1 

4 Digital input CH1 

5 
Blue LED ς Analog output CH1 status 
OFF: normal operation 
ON: machine overloaded 

 
 

 CAUTION. All I/O gates are LVCMOS compliant. The dynamic range of the analog outputs is 2.2 V @ 50 W output 
impedance and 4.4 V @ high impedance. 
 

1 5 

2 
 

3 
 

4 
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Back panel device (DT5800D and DT5800S) 
 

 
The DT5800D and DT5800S back panel is as in the following picture. Numbered labels are explained in the table. 
 
 
 
 
 

 
 
 
 
 
 
 

Number Description 

1 Serial number 

2 ON/OFF switcher 

3 
Power Supply Connector 
(+12 V central terminal positive) 

4 USB Interface Connector 

 
 
 

1 2 

3 4 
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Front panel device (NDT6800D) 
The NDT5900 front panel is as in the following picture. Numbered labels are explained in the table. 
 

  
 
 
 

 CAUTION. All I/O gates are LVCMOS compliant. The dynamic range of the analog outputs is 2.2 V @ 50 W output 
impedance and 4.4 V @ high impedance. 

Number Description 

1 
Blue LED ς Analog output CH1 power on status 
OFF: channel output disabled 
ON: channel output enabled 

2 Analog output CH1 

3 Digital input CH1 

4 Digital output CH1 

5 Digital output CH2 

6 Digital input CH2 

7 Analog output CH2 

8 
Blue LED ς Analog output CH2 power on status 
OFF: channel output disabled 
ON: channel output enabled 

9 USB Interface Connector 

10 Serial Number 

2 
 

3 
 

4 
 

5 
 

6 
 

7 
 

8 

1
1 

9 

10 
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Back panel device (NDT6800D) 
 

 
The DT5800D front panel is as in the following picture. Numbered labels are explained in the table. 
 

 
 
 

Number Description 

1 
Power Supply Connector 
(+12 V central terminal positive) 

2 ON/OFF switcher 

3 NIM Power Supply 

 
 

1 2 

3 
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5 Hardware architecture 
Overview 

The hardware structure of the emulator is shown in Fig. 5.1.  The core of the system is a FPGA device Spartan 6 LX-150 
that contains all the logic resources necessary for the emulation. The instrument does not have a hardware user GUI 
interface and requires a permanent connection via USB/Ethernet to the host PC, on which complex software allows to 
program all the operating settings of the instrument. 

 

 

Fig. 5.1: The hardware architecture of the Digital Detector emulator 

 

 
The USB connection is performed at the physical layer via the interface FT2232H by FTDI. The FPGA is interconnected 

through two bus LVDS to a couple of 16-bit DACs, which generate the analog signals. Specific output stages convert the 

differential current signal from the DACs into single-ended voltage signals that are made available for the user. The 

FPGA is connected to two memories of 4 Mword (32-bit words) for the storage of the pulse shape. The power supply is 

a crucial point in the system. In fact, the digital circuits require high currents that are supplied by switching power 

architectures. 

The analog section of the system requires very pure power supplies with ripple below 1 mV. Moreover, the system is 

powered by a single +12 V source while the analog section needs both positive and negative voltage levels.  

 

Analog Outputs 
The analog stage has been designed to be at the same time at low noise and at high dynamic. We therefore used 

AD8045 amplifiers that allow to achieve a noise level of 820 uV rms with rise time of 5 ns or noise level of 200 uV rms 

with rise time of 30 ns. 

The filter sequence in the analog output stage is shown in Fig. 5.2. The two analog filters can be independently added 

by the user ƛƴ ǘƘŜ D¦L ƛƴǘŜǊŦŀŎŜΣ ǿƘŜǊŜ ǘƘŜȅ ŀǊŜ ŎŀƭƭŜŘ άŀƴǘƛ-ŀƭƛŀǎέ ŀƴŘ άƻǳǘǇǳǘέ ŦƛƭǘŜǊ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 
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Fig. 5.2: Filter sequence on the Digital Detector analog output stage 

 
 

 
 
 

 
 

The first filter has a single-pole at 90 MHz, and acts as an anti-aliasing filter directly connected to the DAC output. By 

slowing down the signal before the amplification stage, it makes the operational amplifiers not to be affected by slew-

rate limitation during the rise-time. If this filter is enabled, the rise time increases to 10 ns, depending on the amplitude 

within a range of ± 100 ps around the nominal value over the entire emulator output dynamics. If disabled, the range 

becomes about 1.5 ns. 

The second filter is a 7th-order Bessel filter with a 20-MHz bandwidth acting as a reconstruction filter. It avoids the 

output signal to have the typical step shape due to the 125 MSPS DAC, as in Fig. 5.3. 

 

  
Fig. 5.3: Signal output before (on the left) and after (on the right) the 20 MHz 

 
¢ƘŜ ŀƴŀƭƻƎ ƻǳǘǇǳǘ ƛǎ ŘŜǎƛƎƴŜŘ ǘƻ ƎŜƴŜǊŀǘŜ ŀ ǎƛƎƴŀƭ ŀƳǇƭƛǘǳŘŜ ƻŦ ҕ н ±ǇǇΣ ǿƛǘƘ рл Ҡ ǘŜǊƳƛƴŀǘƛƻƴΦ Lǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ 

terminate it with high impedance, having a final amplitude of ± 4 Vpp. In this case it is possible to have multiple signal 

reflections, if the signal edge is sharp. It is strongly recommended to enable both filters when using high impedances.  

   

Digital I/O 
 

The digital I/O functionalities can be set from the software GUI (refer to Chapter 8 for the complete list of 

functionalities). 

The digital outputs provide LVCMOS 0-3.3 V signals, as the inputs can receive signals with amplitude 0-3.3V. Inputs and 

outputs are protected with anti-ESD diodes. 

 

Feature Value 

Dynamic ± 2 V  
Linearity  10 ppm 

Rise Time No Filter 90 MHz 90 + 20 MHz 
5.5 ns 10 ns  30 ns 

Tab. 5.1: Analog output stage performances  
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Correlation Block 
 

In the two channel version of the Digital Detector Emulator it is possible to correlate the two analog outputs in three 
different ways.  

Delay generation 
 
The two channels can be used in a master-slave configuration. The master channel has its own time base generator, as 
the slave channel generates a signal with a programmable time delay with respect to the master one. This resolution on 
the programmable delay is 12 ps. This is a quite peculiar feature, and even if higher temporal resolution pulser devices 
are available, none of them are able to generate at the same time analog signals with fully programmable shape, energy 
and temporal distributions. The high resolution of the settable delay makes the instrument particularly useful for 
designing and debugging measurements involving times of flight, as in high-energy physics experiments, or temporal 
correlation, as in PET applications, where the correlation defines a window of acceptance of the photons. In this latter 
application, the required resolution is of the order of 100 ps, about 10 times worse than what achieved by the Digital 
Detector Emulator.  
 
Three operating modes are available: 

¶ In the first mode the slave channel generates the same event of the master channel, translated in time. 

¶ In the second mode the two channels are totally independent and only temporally correlated. This means that 
different energy spectra, noise contributions, interference, shapes, can be assigned to the two channels and 
the master channel only acts as a trigger for the slave one with a programmable temporal shift.  
 
The hardware and firmware architecture that realizes the emulation of the temporal correlation is shown in 
Fig. 5.4. A low jitter clock generator produces a signal that is divided over three different lines by a clock 
distributor. One of these is used as clock of the FPGA device. The two channels are synchronized with this 
clock signal. The other two outputs of the distributor are sent as inputs of two integrated delay lines, between 
which it is possible to insert a time lag by means of a control SPI bus. The lines delayed are then used 
respectively as the clock lines of the two DACs that are connected to the outputs of the two digital channels of 
the FPGA device. In this way the two channels, while being originated synchronous, are shifted by the 
programmed time interval.  
 

 
 
 
Fig. 5.4: Hardware and firmware generation of delay between the two output channels. 

 

¶ In the third operating mode the emulator can be programmed to generate energy and time correlated signals. 
Besides the two physical channels there is a third channel inside the emulator that can be used to inject 
correlated pulses. The third channel has a complete independent statistics, both in amplitude and time, and 
injects the same event in the two outputs (see Fig. 5.5).  
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Fig. 5.5: Generation of correlated events with the internal third channel. In blue the channel 1 signal, in red the channel 2 signal. The 
event with the yellow bullet is generated by the third channel. 

 
The thermal stability of the delays is guaranteed by variations kept below 0.03°C at 25°C through a Peltier cell and a 
high-speed control loop. It has been experimentally verified that from 15°C to 65°C, when the difference between the 
front of the clock of the DAC and that of the FPGA device is less than 2 ns, the DACs used in the device enter in a 
metastability condition. The delay lines may generate a total delay (advance on a DAC and delay on the other) of 16 ns 
while the clock period is 8 ns. Since 4 ns are inhibited due to metastability there are 12 ns available for the fine 
adjustment of the delay. Being greater than 8 ns, this delay gives the possibility of emulating any phase rotation. Since 
the delay inserted on each channel is 8 ns, it is evident that it is impossible to use a single delay line, since the time of 
adjustment is 6 ns. The system can prevent malfunction mainly because it has a priori knowledge of the delay to be 
emulated and on the basis of this a-priori knowledge it is possible to choose the best combination delay/advance on the 
two DACs to minimize the risk of metastability.  
 

 
Fig. 5.6: Generation of correlated events with the internal third channel. In blue the channel 1 signal, in red the channel 2 signal. The 
event with the yellow bullet is generated by the third channel. 

 
The delay line is used to shift the phase of the two channels with a resolution of 11.6 ps on a scale ranging from 0 to 32 
ps. 
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6 Firmware architecture 
 
Overview 

The hardware of the Digital Detector Emulator slightly differs from a classic arbitrary function generator. The great 

innovation is the ensemble of algorithms that allow the synthesis of digital signals in real-time with specific controlled 

characteristics. The number of operations that enables the real-time emulation of signal the closest as possible to 

reality is really huge. The emulator is able to generate each sample of the stream at the rate of 125 Msamples/s, taking 

into account the emission spectrum, the statistic of emission and therefore also the pile-up between the events, the 

shape of the signal, the contributions of noise and interferences, the fluctuations and drift of the baseline, the shaping 

of the conditioning electronics. 

The hardware is from 100 to 10,000 times faster than the equivalent software that we have developed in Matlab to 

characterize the system. To be able to accelerate as much as possible the calculation, the spatial distribution of the 

processing resources into the FPGA device has been deeply exploited. Fig. 6.1 shows the structure of the firmware. 

An algorithm for getting the first order statistical characteristics of a random process from a histogram of events has 

been devised and implemented. The algorithm returns the statistical distribution of amplitudes and occurrence times of 

the events. The generator of occurrence times acts as the trigger for the output of the signal shape, whose amplitude is 

scaled according to the sorted amplitude value. The user can load into the system memory the shape of the signal to be 

emulated. The stored shape (called reference pulse) is normalized to the unit maximum value. The algorithm then 

extracts a value of starting time and amplitude, and generates the reference shape rescaling its amplitude.  

There are three independent data-paths for the pulse generation. 

¢ƘŜ ŦƛǊǎǘ ŎŀǎŜ ƛǎ ŎŀƭƭŜŘ άŎǳǎǘƻƳ ǎƘŀǇe data-ǇŀǘƘέΦ ¢ƘŜ ŘŜǾƛŎŜ ǇǊƻǾƛŘŜǎ мс ƎŜƴŜǊŀǘƻǊ ƳŀŎƘƛƴŜǎ ǘƘŀǘ Ŏŀƴ ǘǊƛƎƎŜǊ 

independently with the extracted starting time. The shapes generated can be summed together to emulate the pile up. 

Any kind of shapes can be emulated with this data-path, even custom shapes that can be loaded through a file. The only 

limitation is the number of piled-up events that cannot exceed 16. 

¢ƘŜ ǎŜŎƻƴŘ ŎŀǎŜ ƛǎ ǘƘŜ άŜȄǇƻƴŜƴǘƛŀƭ Řŀǘŀ-pathέ ǘƘŀǘ emulates a real analog pulser with no limits on the generation of 

piled-up events. It can only emulate exponential shapes. 

¢ƘŜ ǘƘƛǊŘ ŎŀǎŜ ƛǎ ǘƘŜ άǇǳƭǎŜŘ ǊŜǎŜǘ Řŀǘŀ-ǇŀǘƘέ ǘƘŀǘ Ŏŀƴ ŜƳǳƭŀǘŜ ǇǳƭǎŜŘ ǊŜǎŜǘ ŘŜǘŜŎǘƻǊǎΦ 

In addition, the instrument implements the emulation of the baseline drift, noise, and analog output interferences. The 

drift of the baseline value is not statistical but is introduced by the user as a deterministic shape, in order to allow the 

emulation of deterministic variations, like periodic interferences or couplings. At the rate of 125 MHz, the system is able 

to emulate a drift profile up to 7 s long. 

White and 1/f sources of stationary noise and generic disturbances can be emulated as well. The range of frequencies 

of the 1/f noise extends from few Hz to more than 100 kHz. The power spectral density of the 1/f noise is obtained by 

properly shaping the power spectral density of a white noise generated by a LSFR. The shaping transfer function is 

obtained as the superposition of ten first-order low-pass filters with poles positioned at equal distance on a logarithmic 

scale in the range of frequencies where the 1/f shaping is desired. 

The device can also emulate the random drift of the baseline. 
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Fig. 6.1: Digital Detector Emulator firmware architecture. 
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Random Number Generation 
 

The emulation process is based on the generation of pseudo-random sequences that statistically reproduce the input 
programmed features. For example the user can set the desired energy spectrum; then the device will convert the 
spectrum into a sequence of numbers representing the pulse amplitudes. A very good source of pseudo-random 
numbers is required in order to have very long sequences, with no pattern and artefact. This will ensure that the 
emulator output is as close as possible to a real output. Moreover a pseudo-random generator allows to reproduce 
many times the same sequence, or to generate any times a statistically independent sequence. This is quite 
straightforward since the user has only to store the initial άseedέ that enables the number generator. The seed is a 64 
bit number, used as a starting point for the pseudo-random generator.  
 

 
 
The use of a simple Linear-Feedback Shift Register (LFSR) allows to generate pseudo-random sequences with statistical 
properties that limits the good result of the emulation. For this reason the LFSR are used to program a 32 bit LookUp 
Table-Shift Register (LUT-SR) generator that generates numbers with very small auto-correlation. The  LUT-SR has a very 
long period, up to 2

1024
 clock cycles. Refer to [RD1] for further details about this method.  

The structure of the number generation is shown in the figure above. 

 

From custom distributions to a set of values 
 

In emulating a radioactive source, a primary task is to generate the energy values following a user-defined energy 
spectrum and the Poisson distribution of the pulse occurrence times.  
Those distributions have to be converted into a stream of values, whose probability distribution follows the input 
spectra. Being a statistical variable x described by a density probability distribution f(x), it can be modelled by the 
cascade of a generator of uniformly distributed random numbers and the transform function F(x). In this way, the 
quality of the generated statistic values depends only on the uniform number generator, which can be used for every 
emulated source, characterized only by F(x). Therefore from a white spectrum it is possible to get any kind of spectrum.  
In order to explain how the algorithm works, let us consider that the energy spectrum is a histogram composed by 16 
energy bins, from E0 up to E15, with a maximum dynamic range (DR) equal to 16. The bin width is the spectrum 
resolution, while the DR is the maximum height of each histogram column. Of course, the higher is the number of bins 
and the DR, the better is the represented spectrum. However, increasing the accuracy of the spectrum is simply a 
matter of the number of bits that can be used and this is not a problem with modern digital devices.  
Each column of the histogram can be thought as composed by a number of small squares; if a generic bin x is twice 
higher than a bin y means that there is twice the probability for an event to have energy Ex rather than energy Ey. In 
fact, the height of the column of the bin x represents the density probability that the event has energy between Ex-1 and 
Ex+1. The product of the column value by the bin width returns the probability. The ratio of the probabilities that an 
event has energy in a certain interval rather than in another one is simply the ratio between the corresponding areas 
below the density probability curve.  
With reference to Fig. 6.2, each square of each column is sequentially numbered. Consider the simplified case in which 
the total number of squares under the curve is a power of 2, e.g. 2

5
=32. Using 5 bit in the random number generator, all 

the 32 numbers can be obtained with the same probability, i.e. the random numbers map completely the area under 
the spectrum curve. Every time a random number is generated, the algorithm searches the number in the spectrum 
area and, when finds it, delivers the bin number n thus indicating the corresponding energy value En. If we consider 
again a generic x bin two times higher than a y bin, it is easy to see that, since the random numbers with equal 
probability map all the squares, there is twice the probability that the random number picks up a square in x rather than 
in y column, which means that generated pulses with Ex energy are twice those with Ey energy.  
In practice, an array is loaded with the cumulative energy spectrum Hc(Ex) that is computed from energy spectrum H(E)  
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In this way, only one memory cell per bin is required. Using the cumulative spectrum, it is still possible to identify the 
bin that contains the generated random number by means of an extension of the described algorithm. For instance (see 
Fig. 6.2), if the random number is 18, it is easy to see that it belongs to the memory cell number 10: in fact, the cell 
number 10 contains a number that is higher than 18 (20), while the previous cell contains a number that is lower (16); 
this means that bin number 10 contains the squares that go from 16 to 19, exactly the range in which 18 belongs. So the 
output energy value correspondent to the random number 18 is 10.  

 
Fig. 6.2: Emulation of a spectrum. 

 
 

Energy Datapath 
The energy of a pulse represents the area under the pulse, and for a constant shape it is proportional to the pulse 
amplitude itself. 
The emulator has three ways to modulate the energy, as shown in the following figure. 
 

 
Fig. 6.3: The three ways to emulate the energy. 

 
¢ƘŜ άŦƛȄŜŘ ŜƴŜǊƎȅέ ƳƻŘŜ ƎŜƴŜǊŀǘŜǎ ǇǳƭǎŜǎ ǿƛǘƘ ǘƘŜ ǎŀƳŜ ŀƳǇƭƛǘǳŘŜΤ άǎǇŜŎǘǊǳƳέ generates pseudo-random sequences 
of values that follow ǘƘŜ ǇǊƻƎǊŀƳƳŜŘ ƛƴǇǳǘ ŜƴŜǊƎȅ ǎǇŜŎǘǊǳƳΤ άǎŜǉǳŜƴŎŜέ ŀƭƭƻǿǎ ǘƻ ƭƻŀŘ ŀ ŦƛƭŜ ǿƛǘƘ ŀ ǎŜǉǳŜƴŎŜ ƻŦ ǇǊŜ-
defined energy values that the emulator will reproduce repetitively. The sequence is copied into the internal memory of 
the device; ǘƘŜǊŜŦƻǊŜ ǘƘŜ ƳŀȄƛƳǳƳ ŀƭƭƻǿŜŘ ƭŜƴƎǘƘ ƛǎ рллY ǾŀƭǳŜǎΦ ¢ƘŜ άǎǇŜŎǘǊǳƳέ Řŀǘŀ-path uses the algorithm 
explained in the previous section. Fig. 6.4 shows an example of generation of a set of amplitudes starting from an 
energy spectrum.  
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Fig. 6.4: Conversion of a programmed energy spectrum into an amplitude sequence. Evaluating the histogram on the output vector 
user gets the same input spectrum. 

 

Timebase Datapath 
Lǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ƎŜƴŜǊŀǘŜ ǘƘŜ ǘƛƳŜ ƻŦ ƻŎŎǳǊǊŜƴŎŜ ƻŦ ŀ ǇǳƭǎŜ ƛƴ ŦƻǳǊ ǿŀȅǎΣ ŀǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŦƛƎǳǊŜΥ άŦƛȄŜŘ ǊŀǘŜέΣ 
άtƻƛǎǎƻƴέ ŘƛǎǘǊƛōǳǘƛƻƴΣ ǘƘƻǳƎƘǘ ŀ άŎǳǎǘƻƳέ ŘƛǎǘǊƛōǳǘƛƻƴΣ ƻǊ ŀ άǎŜǉǳŜƴŎŜέ ƻŦ ƳŀȄƛƳǳƳ рллY ŜǾŜƴǘǎΦ 
 

 
 
The Poisson distribution is obtained through the Bernoulli Trials method. Repeated independent trials in which there 
can be only two outcomes are called Bernoulli trials. Bernoulli trials lead to the binomial distribution. If the number of 
trials is large, then the probability of k success in n trials can be approximated by the Poisson distribution.  
The generation process of Poissonian events is shown in Fig. 6.5. For each clock cycle the device generates a pseudo-
ǊŀƴŘƻƳ ƴǳƳōŜǊΦ LŦ ǘƘƛǎ ƴǳƳōŜǊ ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ ʰ Ґ ǊŀǘŜκŦclk, then the event is generated. 
 

 
Fig. 6.5: Generation of Poisson distributed events using the Bernoulli Trails method. 

 
The άŎǳǎǘƻƳέ generation with programmable statistics use an algorithm similar to the algorithm that converts the 
energy spectrum into amplitude values. It generates a sequence of values that fluctuates around the mean rate 
according to the programmed statistics. The programmable resolution is 256 values. A scale fŀŎǘƻǊ όάƛƴǘŜǊǇƻƭŀǘƻǊέύ Ŏŀƴ 
be used to extend it.  
 












































































































































































































