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II. SYSTEM DESIGN

A. 1mm3 Resolution Detector
A Dual-LSO-PSAPD module, shown in Fig. I, consists of

two 8x8 arrays of I mm3 LSO (lutetium orthosilicate)
scintillation crystals coupled to two PSAPDs mounted on flex
circuits. These modules are stacked to form our detector
panel.

The PSAPD is a 10xiO mm2 device made by Radiation
Monitoring Devices (RMD), Inc. As shown in Fig. 2, this
PSAPD has four comer contacts (spatial channels) on a
resistive sheet deposited on the n+-doped side for positioning
interactions using a position dependent charge splitting. The
p-doped side has one contact that acts as a common. The
PSAPD is biased with about -1750V applied to the common
contact.
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I. INTRODUCTION

We are developing a I mIn3 resolution Positron Emission
Tomography (PET) system for breast cancer imaging [1]-[2].
Together, the two 16cm x 9cm x 2cm detector panels
comprise 4608 Position Sensitive Avalanche Photodiodes
(PSAPDs) coupled to lxlxl mm3 Lutetium Oxyorthosilicate
(LSO) scintillation crystal arrays. Analog multiplexing of the
PSAPD output signals simplifies the readout electronics.
However, multiplexing is difficult in PSAPD-based designs
since PSAPDs typically have a factor of 1000 less gain than
photomultiplier tubes (PMTs), which limits the number of
channels that can be multiplexed. We present a readout
multiplexing circuit that allows two PSAPDs to be
multiplexed together without significantly degrading
performance.

Fig. 1. Dual-LSO-PSAPD module. Flex circuit shown in light-orange.
Scintillation crystal arrays are placed on top of PSAPDs.

Abstract- We are developing a 1 mm3 resolution breast
dedicated Positron Emission Tomography (PET) system with
4608 Position Sensitive Avalanche Photodiode (PSAPD)
detectors. This paper focuses on three aspects of the system's
front-end electronics: multiplexing of the PSAPD analog output
signals, scaling the dynamic range of the PSAPD output signals
using charge attenuation, and positioning of individual
interaction energy depositions that are below the 511 keV
photo-peak.

We present a circuit that multiplexes the PSAPD output
signals without significantly degrading performance. This
simplifies the wire routing and reduces the number of ASIC
channels needed to read out two PSAPDs from 12 to 8. Unlike
other multiplexing schemes where the channel count is reduced
after the first stage of electronics, we multiplex immediately at
the PSAPD output pins. Without multiplexing, the measured
energy resolution is 14.6±0.8% FWHM at 511 keV and the
paired coincidence time resolution is 7.3±0.2 ns FWHM. With
multiplexing, the energy resolution is 14.4±0.8°/0 FWHM at
511 keV and the paired coincidence time resolution is 7.3±0.2 ns
FWHM. Also, with multiplexing, the figure of merit for crystal
position identification within the flood histograms is only on
average approximately 10°/0 worse and there is no significant
degradation in photon sensitivity.

Secondly, we present a charge attenuation method that splits
the common signal of the PSAPD into a high gain common and a
low gain common. This enables us to scale the signals to fit into
the input dynamic range of the ASIC and also enables
improvement to coincidence time resolution.

Finally, our detectors and electronics can position individual
photon interactions in the LSO with energies from 200 to
590 keV. If in the system we accept multiple low energy
interactions per event that occur in different LSO arrays (due to
Compton interactions and photoelectric absorption) that
together sum to photo-peak energies, we will increase our
intrinsic single 511 keV photon detection efficiency to -61 °/0
from -42 °/0 for the case of accepting only single interaction
events in the photo-peak.

Since there is no significant energy, temporal, spatial, or
sensitivity performance degradation measured with the
proposed methods, we are implementing this multiplexed
architecture in our system, resulting in a 40°.t'o reduction in wire
routing density and a 33°/0 reduction in channel count.
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Fig. 2. Schematic of a PSAPD
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B. Readout ASIC and Necessary Signal Attenuation
The RENA-3, developed by NOVA R&D, contains 36

channels, each consisting of preamplifier, Gaussian shaper,
trigger, sample-hold, and fast time stamp circuitry. The two
user-selectable full-scale input dynamic ranges are 9fC and
54fC [3]. Since the estimated charge output from a PSAPD
coupled to LSO is roughly 331 to 1150 fC, the signals from
the PSAPD exceeded the dynamic range of the RENA-3. We
needed to reduce the charge entering each RENA-3 channel,
and we wanted to do so with the least amount of signal-to
noise-ratio (SNR) degradation possible.

For the common signal, we took advantage of the excess
charge by splitting the signal into two RENA-3 channels
using a capacitive divider (see Fig. 3), choosing a division
ratio so that one is a low gain common and the other is a high
gain common that is saturated. A SPICE simulation, modified
from [4], estimated the ratio of capacitors required.

Splitting the charge has several advantages. By using two
RENA-3 channels instead of shunting the charge to ground
using a capacitor, the capacitance at the input of either
preamplifier, and hence the input referred preamplifier noise,
is almost the same as in a design without this signal
attenuation. Since the input referred preamplifier noise is
dependent on the preamplifier input capacitance~ the input
referred preamplifier noise is not increased by this signal
attenuation. Secondly, the rising edge slope of the pulse is
greater for the high gain common, so time resolution for the
high gain common is improved because time resolution is
inversely proportional to the slope. Also, most of the pulses
for the high gain common are saturated, reducing amplitude
walk~ further improving time resolution. Finally, we trigger
on both commons, each with a different threshold, to obtain
two independent measurements of the time of the pulse and
use this extra information to improve time resolution.
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C. Analog Signal Multiplexing Configuration
The spatial channels of the two PSAPDs on a flex circuit

are multiplexed together by connecting their output terminals
directly together, as shown in Fig. 5. The commons are kept
independent (un-multiplexed) so that we can identify in
which PSAPD an interaction occurred. This configuration
was previously simulated in [4]. This is unlike other
multiplexing schemes where the channel count is reduced
after the first stage of electronics. Since we are multiplexing
the PSAPD outputs directly (which are analog signals)
instead of multiplexing the signals after digitization, we call
this "analog signal multiplexing".

Fig 5. Multiplexing configuration (For simplicity, only the preamplifier
for channel A is shown and DC blocking and attenuation capacitors are
omitted)

III. METHODS

A. SPICE Simulation
The PSAPDs, bias circuitry, and preamplifiers were

modeled as lumped circuit elements using H-SPICE and
Verilog-A. Details are described in [4]. A transient simulation
was performed to predict the voltage that \vould be measured
at the output of the preamplifier from a signal generated by a
511 keV photon incident on the detector, assuming 15 light
photons are produced in LSO per keY, 0.6 quantum
efficiency, and 0.9 efficiency of photons hitting the detector.
A noise simulation predicted the root-mean-square noise
voltage that would be measured at the output of the
preamplifier due to noise from the PSAPD and the electronics.
Then, the SNR is computed.

Ccs~mll
Low gain
common

DC blocking capacitor
1000pF

From common ~
terminal of ------1~
PSAPD

Fig 3. Signal attenuation scheme for the common signal. CcJarge and
Cc_small form a capacitive divider. The common terminal of the PSAPD has a
DC value of -1750V, which is blocked by the IOOOpF capacitor. The IMn
resistor is necessary to ensure the DC value of node X remains at OV so that
Cc_small and CcJarge do not need to be rated for high voltage.

For the spatial channel signals, splitting each signal into
two channels \vas not feasible because that would require
17,920 additional channels in the system. Therefore, we
attenuate the signal by shunting some charge to ground using
a capacitor, as shown in Fig. 4.

DC blocking capaCItor

From spatial 1000~F
Channeltermlna~

of PSAPD ..1.'
TC_c

Fig 4. Signal attenuation scheme for the spatial channels. Catten and the
DC blocking capacitor form a capacitive divider.

A. Experimental Setup
The spatial and common channels of a PSAPD coupled to

an LSO array were read out by a RENA-3 data acquisition
evaluation board. A 4 ~Ci Na-22 source was placed l.5cm
above the LSO array for energy and flood measurements. For
time resolution measurements, two LSO arrays (each coupled
to a PSAPD) were placed 6.2 cm apart (measured center-to
center), and a 10 ~Ci Na-22 source was placed between them
so that the LSO arrays are irradiated edge-on. The
coincidence time resolution was corrected for amplitude walk
and correlated noise using list-mode event based post
processing algorithms [5]. For the photon sensitivity
measurements, hvo PSAPDs were irradiated edge-on with a
10 ~Ci Na-22 source, with one PSAPD in the front (labeled
"PSAPD #1") and one PSAPD in the back (labeled ·'PSAPD
#2"). The PSAPD in the front was 3.1 cm away from the
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TABLE II' FoM FOR MIDDLE Row OF CRYSTALS IN FLOOD HISTOGRAM

The FoM for the middle row of each flood histogram is
summarized in Table II.

VI. CONCLUSIONS

Since there is no significant energy, temporal, spatial, or
photon sensitivity performance degradation, we are
implementing this multiplexed front-end architecture in our
1 mm3 resolution PET system for breast imaging, resulting in
a 40% reduction in wire routing density and a 33% reduction
in channel count. This design also features a high and low
gain common for improved time resolution, as well as the
ability to localize individual interaction energy depositions in
multiple detectors that sum to within the 511 keV photo-peak
to improve overall photon sensitivity.

depositions above 400keV whereas about 61 % of all events
have individual energy depositions above 200 keY
C'all events" = events where the sum of all the individual
energy depositions in that event have energy inside the photo
peak; details in [6]). Algorithms [7] can estimate the first
interaction location for an event comprising a sequence of
multiple interactions.

Table III showed that the crystals are separable for
interaction energy depositions from 200 to 400keV. The
degree of crystal separation in the flood histograms is
quantified by the following Figure of Merit (FoM) using a
profile through the middle row of crystals:

(1)FoM = distance between peaks

standard deviation of peak

Gated to this energy range (keV)
ungated 200-300 300-400 511 peak

No multiplexing 4.4±2.1 6.0 ±3.6 8.2 ±5.1 11.6±7.0

With multiplexing 4.3 ±1.9 5.7 ±3.3 7.2 ±4.9 10.7 ±6.5
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SNR(dB)
Channel No multiplexin2 IMultiplexing
Low !ain common 19 I 19
Spatial channel 43 I 40

B. Experimental Results
Measurements of energy resolution, crystal separation, time

resolution, and module photon sensitivity were made with
and without multiplexing, and the results are summarized in
Table III. All error bars in the results are calculated based on
the estimated statistical error~ systematic error was not
accounted for.

A. Detection ofLow Energy Events
System photon sensitivity is improved by including energy

depositions outside the 511 keV photo-peak due to individual
interactions (Compton scatter, photoelectric absorption). The
detectors we are developing can localize the 3-D coordinates
of these individual interactions, provided each interaction is
above the electronic noise threshold, which currently is
200keV. Monte Carlo simulations showed that only about
42% of all events have individual interaction energy

TABLE I: SNR FROM SPICE SIMULATIONS, ASSUMING THE SIGNAL IS
GENERATED FROM THE ENERGY DEPOSITED BY A511 keY PHOTON

IV. RESULTS

V. DISCUSSION

The experimental results for energy and time resolution
with and without PSAPD signal multiplexing are the same
within statistical errors. This is expected since the common
was not multiplexed, and this was also predicted by the
SPICE simulation which showed that the SNR of the low
gain common was unchanged with multiplexing.

The flood histograms show that there is more noise in the
spatial channels, which agrees with the SPICE simulation
which predicted degradation in the spatial channel SNR (3 dB
degradation seen in simulation). The increase in noise is
because the uncorrelated shot noise from the multiplexed
PSAPDs is summed in the spatial channels. However, the
FoM for the flood histograms is on average only
approximately 10% smaller and the crystals are still separable
for all energies from 200 to 511 keV.

The photon sensitivity was similar with or without
multiplexing. The small discrepancies between the numbers
could be due to statistical error and small differences in the
manual placement of the source. Note that the number of
events per second is larger in PSAPD #1 than in PSAPD #2
because PSAPD #1 is closer to the source.

source and the PSAPD in the back was 5.9 cm away from the
source (measured center-to-center). Data was acquired for a
period of time (ranging from 6 to 7 minutes) and the number
of energy depositions detected was recorded. The number of
events per second was calculated.

A. Simulation Results
As shown in Table I, SPICE simulations showed that the

SNR degrades by 3 dB for the spatial channels, but there is
no SNR change for the low gain common.
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TABLE III: ENERGY SPECTRA, FLOOD HISTOGRAMS, TIME RESOLUTION, AND SENSITIVITY.

Without Multiplexing (with signal attenuation) With Multiplexing (with signal attenuation)

Na22 energy spectrum (for 64 crystals; includes correction for per-crystal gain differences)

400 500 600
Energy [keY]

300200100
oo

~o

1000

1500

600400 500

Energy [keV]
300200100

o
o

! 4oo0~
~L 1

I 3~Or
~~ ~o

lJl 2500
§
8 2000

Flood histogram for 8x8 LSO crystal array (windowed on -440 to 590 keV events)

'f

-..

::~ .:: ~ '. .": ...
20~ • •• :" .' .. : • .' \

I Ji~lt:s"'a~JN\fi\
~; .0.8 .06 .0.4 .0.2 0 0.2 04 06 0.8

x-coordinate

Histogram of x-coordinate for crystals In middle row of flood
::~-~_'_~-~,~--~:~-

I I' \
l60r

l40~
III l20~

E I

~ lOOt
u 80

..... '

f

"....: ..... .~200

8 150

Gated to 511 keV peak Histogram of x-coordlnate for crystals in middle row of flood Gated to 511keV peak
350 --,---.-----.------.-~--,--.-.----___._____.

Flood Histograms windowed on energy ranges outside the 511 keV photo-peak
200-300 keV 300-400 keV

Coincidence time resolution (windowed on -440 to 590 keV events)

-50 -40 -30 -20 -10 0 10 20 30 40 50
Nanoseconds

Paired Coincidence Time Resolution (gated for 511 keV photopeak)
6000r~,--~-~----~~---- --~-~-r----r---'--J

Time Resolution at FWHM
= 7.3 ± 0.2 ns paired
= 5.2 ± 0.1 ns unpaired

o~~

1000"

1/1 4000"
c:

83000i

1000~

o~- ~~
-50 -40 -30 -20 -10 0 10 20 30 40 50

Nanoseconds

Paired Coincidence Time Resolution (gated for 511 keV photopeak)

5000~~-~' I
l Time Resolution at FWHM

4000
1

= 7.3 ± 0.2 ns paired
~ 3000~ = 5.2 ± 0.1 ns unpaired

82000l

Photon sensitivity
Note: Since PSAPD #1 was closer to the source than PSAPD #2 it has a larger number of events per second

Number of events per second in each PSAPD Number of events per second in each PSAPD
(PSAPD #1 and PSAPD #2 are not multiplexed together) (PSAPD #1 and PSAPD #2 are multiplexed together)

All events above noise floor Events between -440-590 keV Events between -440-590 keV
PSAPD #1 PSAPD #2 PSAPD #1 PSAPD #2 PSAPD #1 PSAPD #2
282.2 ± 0.4 77.4 ± 0.4 70.2 ± 0.3 14.68 ± 0.01 72.6 ± 0.9 14.80 ± 0.03
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