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Development of low power high speed readout
electronics for high resolution PET with LSO
and APD arrays

Gerard Visser, Simon Cherry, Martin Clajus, Yiping Shao, and Tiimay O. T{imer

Abstract—An ASIC-based readout electronics scheme is under
development for high resolution, compact PET imagers based on
independent readout of all channels of LSO scintillator and
avalanche photodiode (APD) arrays. Depth of interaction is
obtained by readout of both ends of the LSO crystals. A low
power, highly integrated design is critical. We report here on a
discrete electronics prototype, running at 22 mW per channel for
the preamplifier and discriminator. The measured timing
resolution is 3.6 ns FWHM, 9.2 ns full width at one tenth
maximum, relative to an LSO/PMT detector, energy resolution
is 13.3 % FWHM at 511 keV, and depth of interaction position
resolution is 2.5 mm FWHM throughout the full length of the
crystal. Work is in progress towards an ASIC and a full scale
prototype detector module suitable for a high resolution compact
PET instrument.

I. INTRODUCTION

HERE has been considerable interest in recent years in

developing dedicated high resolution positron emission
tomography (PET) systems for applications in breast cancer
imaging [1]-[7] and small-animal imaging [8]-[13]. The goal
in these systems is to achieve much higher spatial resolution
and sensitivity for specific tasks than is possible with whole-
body PET scanners designed for general purpose use. A
second goal is to produce relatively inexpensive, compact and
easy to use systems that make PET more accessible.
Generally, these dedicated systems use small scintillator
elements read out by position-sensitive or multi-channel
PMTs. In most systems, some form of signal multiplexing is
used to reduce the number of channels to a manageable
number. Since the predominant mode of interaction at
511 keV in all scintillators currently used for PET is Compton
scatter, multiplexing can lead to significant loss of position
information. Furthermore, depth of interaction (DOI) blurring
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becomes a prominent feature in these small diameter systems,
and therefore several groups have been exploring detector
approaches that can measure DOI [14]-[16].

Recently, avalanche photodiode (APD) arrays have become
available that when combined with Lu,SiOs (LSO) scintillator
crystals offer new opportunities for high resolution PET
detectors [14],[17]-[20]. This work focuses on the high-gain
APD arrays developed by RMD, Inc. (Watertown, MA) [17].
The APD arrays are available with a 2.48 mm (16 channels)
or a 1.27 mm pitch (64 channels); the 2.48 mm pitch array
which we work with here has a pixel active area of 2 mm x 2
mm, a gain of order 1000, and capacitance per pixel of 2.8 pF
[21]. For room temperature operation, the leakage current is
around 100 nA and the current noise is around 5 pA/VHz,
when operated near maximum gain (for optimal timing
resolution). The quantum efficiency is greater than 60 % at
420 nm, the peak emission wavelength of LSO. The work
reported here has been performed with a single channel APD
of the same 2mm x 2mm geometry and the same
specifications.

The compact geometry and low mass of the APD arrays
allow for double-ended readout of the LSO crystals, to make
DOI measurements, with the added engineering advantage of
identical readout electronics for both sides of the crystal
array. DOI measurement is critical to achieving uniformly
high spatial resolution in combination with high sensitivity in
an affordable instrument, with a ring diameter of about 20 cm.
Furthermore, the use of completely independent readout
channels for each crystal of the array, instead of a position
sensitive readout scheme, may enable the accurate analysis, or
the unambiguous rejection, of some events involving
Compton interactions in the scintillator array. Overall system
deadtime can also be significantly reduced by using
independent readout channels for each crystal of the array.

Individual readout of each crystal of the array places a high
premium on cost, power dissipation, and size and mass of the
readout electronics. Most readout functions, including all
functions required on a per-channel basis, will have to be
integrated into an ASIC before such a system becomes viable.
A complete, highly integrated, low power readout ASIC
optimized for high resolution PET imaging with LSO/APD
arrays is to date not available, although encouraging results
have been reported for individual circuit blocks such as the



preamplifier and discriminator [22], [23]. We are working to
develop such readout electronics, specifically optimized to
meet the crystal identification, timing, energy, and DOI
requirements of high resolution PET while minimizing system
complexity and cost. In this paper we present results from a
discrete electronics prototype, confirming that the architecture
and specifications of our readout electronics will deliver the
performance required for high resolution PET. We are
currently working towards an ASIC-based prototype
LSO/APD array module.

II. THE PROTOTYPE SYSTEM

The APD gain is sufficiently high that the principal
electronics noise contribution in the system is the current
noise of the APD itself. Therefore we use a transimpedance
amplifier input stage instead of a charge sensitive amplifier.
The design minimizes power while preserving the relatively
short (5 to 10 ns) risetime of the LSO/APD signal. Since the
APD capacitance is only about 2.8 pF, the transimpedance
amplifier can have a wide bandwidth with still relatively small
noise contributions from the voltage noise of the open loop
amplifier and the current noise of the feedback resistor.

Fig. 1. Prototype APD / transimpedance amplifier module. The APD is
mounted in a Delrin block on the back side of the board, and wired through
the holes seen near the middle of this photo. This assembly attaches (by
means of the three #0-80 screws) to another Delrin block holding the LSO
crystal. An identical APD assembly is on the other end of the LSO crystal.

A photo of the transimpedance amplifier input stage
mounted together with the APD is shown in Fig. 1. This stage
is followed by a second gain stage with differential output; the
overall transimpedance is 43.4 kQ to the differential output.
The bandwidth (calculated from response to an input pulse
step) is 77 MHz. Fig. 2 shows the noise voltage spectrum out
of the amplifier with and without the contribution of the APD
current noise. We have not yet had the opportunity to
optimize the system performance (especially timing
resolution) by selecting the amplifier bandwidth, but we do
plan to explore this. Excess bandwidth (beyond what is
required to faithfully follow the LSO/APD output pulses) will
be detrimental because of the added noise.

For the timing pick-off, a leading edge discriminator is
used. This will lead to time walk, although — since the system
noise is low enough to allow a threshold around 50 keV or

less — the time walk for energies relevant to PET is under
control. The long crystals, with surfaces optimized for DOI
measurement, add the complication that the pulse height, even
for the photopeak, may be small for one of the APDs; to cope
with this, we take the time pick-off from either the front or
back APD, whichever is the first to cross threshold.
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Fig. 2. Transimpedance amplifier output noise spectral density, with and
without contribution of APD current noise (APD bias 1755 V and 1600 V;
at 1600 V the gain is greatly reduced but the capacitance is essentially the
same). The spikes are artifacts of the oscilloscope FFT.

For the pulse height measurement we use a two-pole low
pass filter to shape the pulses with a peaking time of 180 ns,
and capture the pulse height in a sample and hold circuit
timed from the discriminator output. The pulse height is then
digitized by a 12-bit successive-approximation A/D
converter. (The ASIC will also include a sparse readout
circuit to read the pulse height from the front and back APDs
of all and only those LSO crystals which are over threshold
for a given event.)

1. RESULTS

The prototype system was studied for depth of interaction,
energy, and timing resolution. For all of these measurements
the APD bias voltages were 1752.3 V and 1737.3 V, with
absolute accuracy £ 1.5 %; stability and peak-to-peak noise is
less than 100 mV. The bias voltages were tuned for the
maximum reasonable gain, beyond which the preamplifier
output showed a significantly increased noise level. The
average photopeak pulse amplitudes seen from the two APDs
were within a factor of two of one another. The measured
temperature was 30 °C, but no active temperature control
system was used.

The discriminator thresholds were set at 177 nA and 99 nA,
respectively. Pulses from the 511 keV photopeak signal have
an amplitude around 1.9 pA, by comparison, so that in energy
terms the timing threshold is set less than 47 keV.

The LSO crystal dimensions were 2 mm x 2 mm x 20 mm;
the long faces were plain saw-cut surfaces and both 2 mm x
2 mm end faces were mechanically polished. The crystal was
wrapped in white teflon tape and coupled to the APDs with a
small amount of Bicron BC-630 optical grease.



The second detector for all our measurements was
composed of a polished 2 mm x 2 mm x 10 mm LSO crystal,
coupled end-on to a Hamamatsu R1635 PMT. A leading edge
discriminator (constructed from a Motorola MC100LVEL16
integrated circuit) was used for timing from the PMT.

A. Depth of Interaction

For the DOI tests, a 3.21 MBq *’Na source (diameter
1 mm) was placed at a distance of 48 mm perpendicularly
from the side of the LSO crystal. The LSO/PMT detector was
placed at a distance of 72 mm on the far side of the source.
Thus in coincidence a spot size of order of 1.4 mm FWHM is
illuminated on the 2 mm x 2mm x 20 mm LSO crystal,
ignoring the effects of the positron range and momentum. The
PMT and the source are fixed to a linear motion table parallel
to the 2 mm x 2 mm x 20 mm LSO crystal. The position of
the motion table, and hence of the illuminated spot on the
LSO crystal, is labeled here by the coordinate ‘z’. No absolute
position calibration was used; z =0 mm is arbitrary, though it
is near the back end of the crystal. We recorded 5000 events
at each z position from z = 0 mm to 21 mm by steps of 1 mm.
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Fig. 3. Front vs. back pulse height scatter plot, aggregate of four different
z positions (1 mm, 7 mm, 13 mm, 19 mm). The dashed line shows the

location of an approximate energy cut at 250 keV used in some of the
analysis (F/620 + B/525 >1).

DOI measurement proceeds by a comparison of the
scintillation light detected at the front and back ends of the
crystal. Fig. 3 shows a scatter plot of pulse height measured
on the front APD (F) vs. pulse height measured on the back
APD (B), with the source located successively at four
different z positions separated by 6 mm. The energy and DOI
capability can be quickly appreciated from a consideration of
this plot. The baseline level digitized from the A/D converter
with zero pulse input has been subtracted from this data (and
similarly for the remainder of this paper). No other
corrections have been applied to the pulse height data as
measured by the A/D converter.

For events at a given z position, the ratio of the front APD
pulse height to back APD pulse height is expected to be a
constant, and ideally there is a one-to-one correspondence
between z and the ratio F/B. It is convenient to use the ratio

F/(F+B), or the angle arctan(F/B), for analysis instead of the
ratio F/B. Fig. 4 shows histograms of the angle determined
from the front to back pulse height ratio.

DOI resolution is degraded for low-energy events, where
the angular separation in the front vs. back scatter plot
evidently is not as great. Typically, however, lower energy
thresholds of between 250 and 350 keV are used in a PET
system. We therefore also explore the effect of an energy cut
(shown by the dashed line in Fig. 3) on the DOI resolution.
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Fig. 4. Histograms of the angle determined by front to back pulse height
ratio for the same data shown in Fig. 3. These histograms are shown with
and without the energy cut at approximately 250 keV.
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Fig. 5. Measured relationship of z position to pulse height ratio, with a
polynomial fit.

The position of the event may be inferred from the
measured front to back pulse height ratio. From our data we
obtain the calibration curve shown in Fig. 5. The position
resolution is shown in Fig. 6. Over the central 16 mm of the
crystal, the position resolution averages 2.86 mm FWHM if
no energy cut is applied, and 2.53 mm FWHM when the
energy cut is used. The position resolution degrades at the
ends of the crystal, probably due to the effects of direct
interactions in the APDs and to the fact that this data is taken
at a constant number of events for each z position, obviously
increasing the relative contribution of Compton scattered
events when the main photon beam is past the end of the
crystal. However, if the physical constraint that the interaction
occurs inside the crystal is taken into account, then measured
position FWHM around 2.5 mm can be recovered.
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Fig. 6. DOI position resolution, with and without the cut at approximately
250 keV. At z = 20 mm the end of the crystal is hit, and the apparent DOI
resolution degrades considerably.

B. Energy

To discuss the energy resolution, it is again useful to start
with an examination of the front vs. back pulse height scatter
plot. With the same data set above, Fig. 7 shows the front vs.
back pulse height in aggregate for all z positions. (Note that
the distribution of events in z is roughly uniform, which will
not normally be the case in PET, of course.)
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Fig. 7. Front vs. back pulse height scatter plot, aggregate of all z
positions. The dashed line is a linear fit to the photopeak region.

As a first approximation, the energy may be expressed as
E = aF + [B. The relative coefficients are determined by

a line fit to the photopeak region in the scatter plot. The
resulting energy spectrum is shown in Fig. 8. The energy
resolution is 13.3 % FWHM. The observed photopeak to
Compton ratio is 0.707, which is roughly in agreement with
the 0.521 expected for a small LSO scintillator [24]. The
discrepancy probably can be attributed to the nonzero energy
threshold and to multiple-interaction events.

In the front-back scatter plot two effects are clearly visible
which can limit the energy resolution, at least in principle.
The photopeak does not appear as a perfectly straight line, but
rather is bowed in slightly in the middle region, indicating, as
is to be expected, a lower light collection efficiency for events

near the middle of the crystal. Also the photopeak is
broadened and reduced in amplitude near the ends of the
crystal, which can probably be attributed to total internal
reflection from the end of the crystal. The critical angle
between LSO and BC-630 grease is 53.6°, so this only begins
to occur within 1.47 mm of the ends.

The depth of interaction information may be applied in an
attempt to improve the energy resolution, writing the energy
as E=(aF + pB)f(F/B)
coefficients and the correction function f from a fit to the
photopeak region in the scatter plot. Unfortunately we
obtained no significant improvement in the energy resolution,
but in some cases there may be hope of a useful improvement.
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Fig. 8. Measured energy spectrum of 511 keV photons. The resolution is
13.3 % FWHM.

C. Timing

We studied the coincidence time resolution (Fig. 9) with
the LSO/APD and LSO/PMT detectors positioned in a line,
140 mm apart, and the source mid-way between them. The
time difference was measured using a TDS7104 digital
oscilloscope (bandwidth 1 GHz, sample interval 200 ps) in
delay measurement mode. With no explicit energy cut the
coincidence time resolution is 4.6 ns FWHM. Applying a cut
for greater than 250 keV, coincidence time resolution is
3.6 ns FWHM, 9.2 ns full width at one-tenth maximum; time
walk correction reduces this to 3.4 ns FWHM, 7.5 ns FWTM.
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Fig. 9. Coincidence time spectrum, for all events, for events with a
250 keV cut, and with a 250 keV cut and time walk correction applied.



The time walk scatter plot is shown in Fig. 10. Some
amount of time walk is evident at all energies, although above
250 keV the effect of time walk is minimal. If required,
residual time walk correction could be applied by
programmable logic resources on the detector module board.
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Fig. 10. Time walk scatter plot. Note that events below the main curve
show time walk in the LSO/PMT detector, and these errors are therefore not
correlated with the energy measured in the LSO/APD detector.

The resolution is limited by time walk in the LSO/PMT
readout (left side of the peak in Fig. 9), and possibly by noise
in the APD readout electronics. We will address these issues
by optimizing the amplifier bandwidth and gain, and by
making direct APD/LSO — APD/LSO timing measurements
(at present, we have used only a single APD/LSO detector).

IV. CONCLUSIONS

The work described above has demonstrated the potential
performance capabilities for a compact, high resolution PET
instrument based on LSO scintillator arrays with double-
ended readout by APD arrays. The depth-of-interaction,
energy, and timing resolution meet the requirements for high
resolution PET, although it must be considered that
performance with a scintillator array will be somewhat worse,
owing to the effects of optical and possibly electronic
crosstalk and of Compton scattering between crystal elements.
Our next stage will be to design and fabricate an ASIC to
implement the readout functions currently done with the
discrete electronics we described, and to instrument an LSO
crystal array with this ASIC and verify the performance under
these more realistic conditions. Since the DOI resolution
shown here is relatively good, there will probably be
sufficient margin to increase the crystal length beyond
20 mm, which will boost the detection efficiency further.
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