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Abstract— As an approach to all-digital positron emission tomography (PET) that extracts both energy and time-of-flight
resolution (TOFPET), we have built two channels of a multithreshold discriminator, each with up to 8 independent thresholds
that can be set externally. The extraction of event timing and
energy can be done using the digitized times of the leading and
trailing edge-crossings of a signal for each of the thresholds,
measured using the CERN HPTDC. Two Hamamatsu R9800
photomultiplier tubes (PMTs) coupled with LSO crystals (6.25mm
x 6.25mm x 25mm) were spaced 4.5cm apart, and a Na-22 positron
source was placed approximately in the middle of the two PMTs.
Each signal was fed into a multi-threshold channel, and the timing
information from the leading and trailing edge transitions of 4 of
the thresholds per PMT were read out by a Tektronix TDS6154C
oscilloscope at 20 GHz. The event timing was determined using
1, 2, 3, and 4 thresholds. Using a linear fit to the crossing times
from 3 thresholds and comparing to the oscilloscope sampling,
we find that the use of three thresholds contributes an additional
52 ps (FWHM) to the single-channel timing resolution. Using 2
thresholds, the time resolution on the coincidence between the two
crystals was measured to be 341 ps (FWHM). The pulse shape
also was reconstructed based on the timing of falling edges, with a
reconstructed 18% energy resolution (FWHM), compared to 13%
obtained with the oscilloscope sampling. Details of the results on
the timing and energy resolutions by using the multi-threshold
method indicate that it is a promising approach for all-digital
PET.

I. I NTRODUCTION
We have previously investigated a scheme for digitizing PET
event waveforms in determination of the event time [1]. The
scheme includes the use of a few thresholds (called the multithreshold method below) for sampling the waveform at preset
voltage levels. In the multi-threshold method, the event time is
defined as the intercept of the least-square fitting line to the
digital samples obtained on the rising edge of an event pulse
with the zero-voltage level. We employed a digital oscilloscope
to digitize PET event pulses at a 20GHz sampling rate and
emulate the multi-threshold method.
We have built a prototype electronics to implement the
concept. In this abstract, we report our implementation of
the multi-threshold method and its measured performance.
We have developed multi-threshold discriminator boards by
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using the ADCMP851 comparators. The board provides eight
programmable voltage thresholds from 0 to 700 mV (Fig. 1). It
connects directly to the PMT output with no pre-amplification
applied. Currently, we have two multi-threshold boards and
installed four comparators on each board.

Fig. 1. A discriminator board installed with four adjustable threshold channels.

II. E XPERIMENTAL S ETUP
Our setup for testing the multi-threshold method and implementation is depicted by Fig. 2. Two Hamamatsu R9800
photomultiplier tubes (PMTs) coupled with LSO crystals
(6.25×6.25×25mm3 ) were spaced 4.5cm apart, and a Na-22
positron source was placed approximately in the middle of the
two PMTs. Both PMTs operated at -1300V at which nominal
gain is about 106 . The thresholds level was set typically at
100, 200 and 300 mV. Currently the outputs of discriminators
were connected to a Tektronix TDS6154C oscilloscope and
sampled at a 20 GHz sampling rate. The trigger signal to the
oscilloscope was provided by using Lecroy 623B discriminator
and coincidence unit.
The sampled waveforms of the multi-threshold board outputs
and of the PMT input the multi-threshold board are analyzed
to investigate the timing characteristics of the multi-threshold
board. Coincidence timing resolution, energy resolution and
precision in the determination of the scintillation decay time
constants were also determined for the multi-threshold method
with two thresholds.
III. R ESULTS
A. Timing resolution of the multi-threshold board
Fig. 3 shows measured time differences between two
discriminator outputs due to difference in the signal path within
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Fig. 2. Block diagram of the test setup. The oscilloscope can be replaced by
the TDC board.
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the board. In this measurement, a pulse generator output was
used for the input to the board. The thresholds were set
at 100 mV for all channels. The measured time differences
between channels were used for the timing corrections in results
reported below. The time differences have been measured for all
installed channels on both boards; the average time resolution
was estimated to 13.3 ps in FWHM for a single discriminator
channel.
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Fig. 4. Pulse shape reconstruction.(Top)6(3x2) timings information from a
discriminator board are marked with red points. The original PMT signal was
shown with blue color.(Bottom)The leading edge part are magnified.

gives the event energy. The event time and energy are similarly
determined from the event waveform digitized at 20 GHz. The
decay portion of this waveform is also fitted with an exponential
function to obtain the scintillation decay constant.
Figure 5 compares the pulse-height spectra obtained by using
the multi-threshold method with three thresholds and by using
the waveform digitized at 20 GHz. The results indicate a 18%
energy resolution in FWHM at 511 keV with the former
method, and 13% energy resolution in FWHM with the latter.
Thus, the use of only three thresholds can already acceptable
energy resolution for PET imaging.
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Fig. 3. A sample histogram showing the time offset between the outputs of two
channels on the same multi-threshold board. The peak position gives the time
offset between the two channels and the width shows the timing jitter, which
is ˜16.8 ps in FWHM in this case. The width of the other channel combination
shows similar values, and the average timing jitter is ˜13.3 ps in FWHM.
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B. Pulse shape reconstruction
Using the six samples generated by the multi-threshold board
with three thresholds, we investigate the accuracy and precision
in reconstructing the event pulse shape from these six samples.
The three thresholds currently considered are 100, 200, and
300 mV. Figure 4 shows the input PMT signal to the multithreshold board, the six sampled points generated by the board
(after time corrections using measurements obtained above),
the line fitting to the three sampled points on the rising edge
of the pulse, and the exponential-curve fitting to three samples
points on the decay portion of the pulse. The event time and
energy are determined from 6 sampled points as follows: (a)
the intersection of the fitting line on the rising edge with the
zero-voltage level is defined as the event time of the pulse;
(b) the total area under the fitted line and exponential curve
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Fig. 5.
Integrated charge distribution of reconstructed pulse(red). The
integrated charge for original PMT pulse is also superimposed for comparison(blue).

Figure 6, on the other hand, shows the scintillation decay
constants obtained. Using the digitized waveform, we obtain
a mean value of 47 ns, with a width of ˜4 ns FWHM. In
comparison, by using three thresholds we obtain a mean value
of 43 ns, with a width of ˜14 ns FWHM. Thus, by using only
three thresholds we already obtained an accuracy and precision
that is promising for use in pulse shape discrimination.
We obtain the difference between the event time determined
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Fig. 6. Time constant of the exponential fit on the reconstructed pulse(red).
The time constant for original PMT pulse is also superimposed for comparison(blue).

by using three thresholds and using the digitized waveform. The
resulting histogram, not shown, shows that the use of three
thresholds contributes to an additional 52 ps FWHM singlechannel timing resolution.
C. Coincidence timing resolution
We also measured the coincidence timing resolution that can
be achieved by using only two thresholds, setting at 100 and
300 mV, on each of the two multi-threshold boards. Figure 7
shows the histogram of the differential time determined. The
result shows a coincidence time resolution of about 341 ps in
FWHM. This result can be compared to the previously reported
∼300 ps of time resolution using the conventional analog CFD
[1].
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Time difference of coincidence events.

IV. C ONCLUSION
We have electronically investigated the multi-threshold
method for use in PET event processing. Our initial results
show that by using only three thresholds the method can
already generate very promising timing and energy resolution,
as well as good estimate for the scintillation decay constant.
Our next step is to test the technology with the TDC and
using four thresholds. We will also investigate the use of more
advanced methods for determining event time, event energy,
and scintillation decay constant.
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