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Abstract — This work presents the experimental char-
acterization and digital post-distortion (i.e., digital lin-
earization) of a MHz-range ADC analog front-end for
gamma radiation spectroscopy measurements. The
front-end was firstly characterized by means of a con-
ventional approach yielding Total Harmonic Distortion
(THD) and Effective Number Of Bits (ENOB). Then,
it was tested using ps-range pulsed excitations, which
are the typical waveforms encountered in gamma spec-
troscopy. After applying digital post-distortion, the lin-
earized receiver shows a THD reduced by more than 20
dB, a substantial improvement in ENOB, and a higher
accuracy in the acquisition of pulsed waveforms.

I. INTRODUCTION

Gamma radiation spectroscopy, which studies the en-
ergy spectra of gamma radiation, is an important tool in
nuclear physics, as well as in many other fields like geol-
ogy [1, 2] and security [3]. Spectroscopy measurements
aim at quantifying the energy of gamma particles coming
from a targeted source, and at creating a histogram of the
measured energies, referred to as the energy spectrum. The
energy spectrum, in turn, allows to devise the nuclear com-
position of a measured radiation source.

A gamma spectrometer consists of an ionizing radiation
detector and an electrical signal receiver. The detector con-
verts the radiation energy of the incoming particles into
voltage pulses with rise/fall times determined by the de-
tector hardware (e.g., hundreds of nanoseconds), while the
pulse amplitude is proportional to the energy of the parti-
cle. The most commonly used type of detector consists of
a scintillation detector (scintillator) coupled with a Photo-
multiplier Tube (PMT), while the receivers are nowadays
based on electronic digitizers using fast Analog-to-Digital
Converters (ADCs) [4]. After the acquisition, the cap-
tured voltage pulses must be integrated in time to quan-
tify the energy of the particles, and the accuracy of the
retrieved energy spectra heavily depends on the receiver
performance.

A block diagram of the typical spectroscopy system is
shown in Fig. 1. The ADC analog front-end serves two

purposes. Firstly, it performs signal conditioning, such as
attenuation and filtering. In order to maximize the acquisi-
tion accuracy, the signal conditioning within the front-end
is typically set to match the ADC dynamic range with the
amplitudes received from the target radiation. However,
when measuring the target sources of radiation such as ma-
terial samples, higher-energy cosmic radiation might inter-
fere with the measurements, causing voltage pulses with
much larger amplitudes. These voltage spikes will typi-
cally exceed the ADC full scale, possibly damaging the
receiver. Therefore, a second purpose of the front-end is
protecting the ADC by means of an analog limiter circuit.
Unfortunately, both the signal conditioning and the analog
limiter will likely introduce nonlinear distortion, reducing,
in practice, the receiver dynamic range.

Digital linearization is an effective approach introduced
in the last decades for compensating the nonlinear distor-
tion caused by hardware [5, 6, 7]. The idea consists of
the extraction of a suitable mathematical description of the
nonlinear dynamic behavior displayed by the device, often
derived from the Volterra series representation [7, 8, 9].
The chosen mathematical model is identified through a set
of measurements, either using time or frequency domain
approaches. Once a suitable direct model of the device is
extracted, linearization can be performed by implement-
ing an inverse of the identified model using digital signal
processing techniques. Whereas this process is known as
digital pre-distortion when linearizing signal generators,
transmitters, or power amplifiers [10, 11], it can be im-
plemented as digital post-distortion in the case of receivers
[6,7, 12, 13].

In this work, an analog front-end for gamma spec-
troscopy measurements has been characterized, both with

Detection Measurement
Gamma
radiation —
¥\> Scintillation Analog aDC |l FPGA
\) detector front-end

Figure 1. Block diagram of a modern gamma radiation
spectroscopy system.
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standard methods, using sine wave excitations, as well as
using pulsed signals typical of gamma spectroscopy appli-
cations. Then, a digital post-distortion approach was suc-
cessfully implemented, substantially improving the linear-
ity performance of the receiver.

II. EXPERIMENTAL CHARACTERIZATION OF
THE ADC FRONT-END

The block diagram of the ADC front-end is shown in
Fig. 2. It features a diode, which is aimed at protecting the
circuit from nanosecond-range pulses exceeding the full-
scale of the ADC, and a signal conditioning stage. The
signal conditioning stage is composed by a digital step at-
tenuator for the adjustment of the measurement range, by a
fully differential amplifier for signal buffering and single-
ended to a differential conversion, and by an anti-aliasing
filter.

The characterization of the front-end has been per-
formed by means of the measurement setup shown in Figs.
3 and 4. The output of a 2 GSa/s, 14-bit Arbitrary Wave-
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Figure 2. Block diagram of the designed analog front-end
under test.
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Figure 3. Block diagram of the measurement setup for the
characterization of the ADC analog front-end.
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Figure 4. Picture of the measurement setup for the charac-
terization of the ADC analog front-end.
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form Generator (AWG, Agilent 81150a) was equally split
by means of a power splitter in order to feed two paral-
lel acquisition chains with the same excitation. In the first
chain, to be considered as a reference acquisition path, the
output of the splitter directly feeds a 100 MHz, 14-bit dig-
itizer board (National Instruments PXI-5122). In the other
chain, the input signal is applied to the analog front-end
under test. Then, a high-linearity instrumentation ampli-
fier (Tegam 4040) was used to transform the differential
output of the front-end into another channel of the same
PXI-5122 digitizer board.

Firstly, only the receiver chain comprising the front-end
under test was characterized. The test procedure was car-
ried out using sinusoidal tone excitations, and measure-
ment data was then processed according to Standard IEEE
1241 [14]. The considered figures of merit, i.e., the To-
tal Harmonic Distortion (THD) and Effective Number of
Bits (ENOB), are reported in Figs. 5 and 6, respectively,
for a set of acquired frequencies and amplitudes. As can
be seen, a clear dependency on the input signal amplitude
was found. While the distortion at -12 dBFS could be satis-
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Figure 5. Total harmonic distortion (9 harmonics) of the
acquisition chain including the ADC front-end.

10 ‘
9
8
o
Q7
w ——_1 dBFS
6 —=—_6 dBFS
-12 dBFS
5 .
e i
4 ‘

2 3

10
Frequency (kHz)

10

Figure 6. Effective number of bits of the acquisition chain
including the ADC front-end.



factory over the measured frequency range, it substantially
deteriorates when the excitation approaches the full scale,
reporting THD as high as -30 dB and minimum ENOB of
around 5 at -1 dBFS. This could be attributed to the non-
linear characteristic of the diode, as well as to the low-
frequency performance of the switching circuitry inside of
the digital step attenuator.

Then, the front-end was tested for application-like spec-
troscopy measurements. Indeed, in a realistic scenario, the
ADC front-end will only receive specific signals, namely
exponential pulses of a given duration and different ampli-
tudes. Therefore, an additional characterization was per-
formed employing pulsed excitations modeled from ex-
perimental data of an actual scintillator. These pulsed
waveforms could be easily generated by programming the
AWG in Fig. 1. Then, the impact of the front-end on the
pulse shape was quantified by comparing the waveforms
distorted by the front-end under test with those acquired
through the reference path, which can be considered ideal
for the applied excitations.

In particular, 1-us and 0.5-us pulse-width waveforms
were generated with both positive and negative polarities,
and sequences of 20 pulses with increasing amplitudes
from zero up to the full scale of the ADC front-end were
programmed into the AWG. All acquired signals were nor-
malized in amplitude and delay to allow for numerical
comparison. Additionally, spectrum equalization was per-
formed to compensate for the baseline wander effect due
to the presence of AC-coupling capacitors in the front-end.

In order to characterize the performance of the front-
end with respect to the ideal reference, two quantities were
used. Firstly, the Normalised Root Mean Square Deviation
(NRMSD) between the waveforms acquired from the two
channels was calculated. Secondly, as in actual gamma
spectroscopy systems, each of the pulses was integrated
over time. Then, the NRMSD between the integral values
calculated from the actual and reference receivers were ob-
tained, quantifying the deviation that would directly trans-
late into the measured energy spectrum.

Table 1 reports the calculated deviations, while Figs. 7
and 8 show the shape of a single pulse with amplitude
equal to the full scale for both acquisition paths. While
the negative pulses do not show substantial deviation from
the reference, the positive pulses are significantly distorted
at full-scale, hinting at the presence of nonlinear dynamic
effects.

III. DIGITAL POST-DISTORTION

In order to improve the linearity performance of the re-
ceiver under test, a digital post-distortion method was im-
plemented. With post-distortion, the acquired signals are
post-processed by inverse modeling of the receiver. In
this case, we used a memory polynomial model, which
is derived from the Volterra series representation and ne-

glecting the memory cross-terms [10]. Such a mathemat-
ical description is well suited for modeling the non-linear
dynamic behaviour, and it finds broad use in digital pre-
distortion of radio-frequency (RF) power amplifiers. The
following memory polynomial formulation was considered
[10]:

M K
y(n) =D > ampz(n —m)le(n —m)* (D)

m=0 k=1

where M is the memory depth and K is the nonlin-
ear order. In theory, a higher order of the model can be

Table 1. Deviations obtained for 0.5-us and 1-us pulses.

Positive polarity | Negative polarity
Deviation 1 us 05pus | 1us 0.5 pus
type
NRMSD (%) 5.19 3.34 1.31 1.77
Integral 3.44 2.62 1.14 | 0.88
NRMSD (%)
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Figure 7. 1-us positive pulse with full-scale amplitude, af-
ter passing through the two signal acquisition chains.
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Figure 8. I-us negative pulse with full-scale amplitude af-
ter passing through the two signal acquisition chains.
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provide better accuracy, as it would include stronger non-
linearities. However, the identification of a large amount
of model coefficients can become ill-conditioned, as one
should collect an increasingly larger dataset of independent
responses. In this research, different tests were carried out
by progressively increasing K and M. It was found that
increasing the model order beyond K = 5 and M = 3 did
not provide improved prediction capabilities. Then, two
particular cases are considered: a static (M = 0) polyno-
mial model with K = 5, and a memory polynomial model
with K =5 and M = 3.

Rather than inverting the direct model by means of iter-
ative or nonlinear optimization algorithms, an indirect ap-
proach was used for the identification of the inverse model
from time-domain measurement data, using the method in
[15]. In a first characterization, the inverse models were
trained on a dataset composed by acquisitions of sine-wave
excitations at 10 kHz, 100 kHz, and 1 MHz. Then, the
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Figure 9. Total harmonic distortion (9 harmonics) of the
acquisition chain including the ADC front-end after digital
post-distortion, measured at -1 dBFS.
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whole receiver chain including the analog front-end and
the post-distortion processing was characterized according
to the IEEE 1241-2010 standard in the frequency range
from 1 kHz to 1 MHz. The THD and ENOB calculated
after post distortion are respectively plotted in Figs. 9 and
10. In the frequency range from 1 kHz to 1 MHz, an im-
provement in THD of up to 15 dB was obtained with the
static polynomial model, and of up to 20 dB with a mem-
ory polynomial model. The corresponding improvement
in ENOB is more than 2 bits using the static polynomial
model, and more than 3 bits using the memory polynomial
model.

Digital post-distortion was also applied for the acquisi-
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Figure 11. I-us positive pulse with full-scale amplitude

after digital post-distortion.

Table 2. NRMSD (%) after post-distortion for different
pulsed excitations.

Positive polarity Negative polarity
Linearization || 1 us 0.5 us 1 us 0.5 us
method
None 5.19 3.34 1.31 1.77
Static 2.39 1.71 1.23 1.75
polynomial
Memory 1.2 1.09 1.0 0.83
polynomial

Table 3. Integral NRMSD (%) after post-distortion for dif-
ferent pulsed excitations.
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Figure 10. Effective number of bits of the acquisition chain
including the ADC front-end after digital post-distortion,
measured at -1 dBFS.
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Positive polarity Negative polarity
Linearization || 1 us 0.5 us 1 us 0.5 pus
method
None 3.44 2.62 1.14 0.88
Static 1.35 1.19 1.03 0.84
polynomial
Memory 0.97 1.0 1.03 0.79
polynomial




tion of pulsed waveforms. In this case, the inverse models
were separately trained for 0.5-ps and 1-us pulse lengths,
as well as for positive and negative polarities. Fig. 11
shows the pulse shape obtained after post-distortion using
different models, and in comparison to the reference chan-
nel. Tables 2 and 3 report the values of the deviations from
the reference in all tested cases. A significant reduction
in the deviations was achieved for positive pulses, which
showed the highest distortion. For example, the NRMSD
was lowered more than 4 times in the case of 1-us pulses.
For negative pulses, the post-distortion had less impact, as
the behavior of the front-end was found to introduce less
distortion. Using an inverse model with memory brings
a further improvement only in the case of 1-us positive
pulses, as the other cases do not show substantial dynamic
effects.

IV. CONCLUSION

In this work, a post-distortion methodology has been ap-
plied to improve the linearity performance of a ADC ana-
log front-end designed for gamma radiation spectroscopy
measurements. The results demonstrate the viability of
the approach for both sine-wave excitations as well as for
application-like pulsed excitations. Since gamma spec-
troscopy systems work with pulsed signals having prede-
termined rise/fall times, inverse models for post-distortion
can be accurately trained, providing a considerable im-
provement of the receiver dynamic range.
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