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Abstract
State-of-the-art (SoA) electronic readout for silicon photomultiplier (SiPM)-based scintillation
detectors that demonstrate experimental limits in achievable coincidence time resolution (CTR)
leverage lownoise, high frequency signal processing to facilitate a single photon time response that is
near the limit of the SiPMs architecture. This readout strategy can optimally exploit fast luminescence
and prompt photon populations, and promisingmeasurements showdetector concepts employing
this readout can greatly advance PETdetector CTR, relative to SoA in clinical systems.However, the
technique employs power hungry components whichmake the electronics chain impractical for
channel-dense time-of-flight (TOF)-PET detectors.We have developed and tested a lownoise and
high frequency readout circuit which is performant at low power and consists of discrete elements
with small footprints,making it feasible for integration into TOF-PETdetector prototypes. A 3× 3
mm2BroadcomSiPMwith this readout chain exhibited sub-100 ps single photon time resolution at
10mWof power consumption, with a relativelyminor performance degradation to 120± 2 ps
FWHMat 5mW.CTRmeasurements with 3× 3× 20mm3LYSO and fast LGSO scintillators
demonstrated 127± 3 ps and 113± 2 ps FWHMat optimal power operation and 133± 2 ps and
121± 3 ps CTR at 5mW.BGOcrystals 3× 3× 20mm3 in size show271± 5 ps FWHMCTR
(1174± 14 ps full-width-at-tenth-maximum (FWTM)) at optimal power dissipation and 289± 8 ps
(1296± 33 ps FWTM) at 5mW.The compact and lowpower readout topology that achieves this
performance thereby offers a platform to greatly advance PET systemCTR and also opportunities to
provide high performance TOF-PET at reducedmaterial cost.

1. Introduction

Precise estimation of 511 keV photon arrival time at the detector elements of positron emission tomography
systems allows their origin to be accurately estimatedwithin a region along system response lines dictated by the
coincidence time resolution (CTR) of the detectors. Incorporating this information into the image
reconstruction enables time-of-flight (TOF)-PET,which can produce significant gains in reconstructed image
signal-to-noise-ratio (SNR) by localizing annihilation along lines of response (Conti 2008). Themagnitude of
this SNRboost scales with improvedCTR, and state of the art (SoA) clinical systems achieve approximately
200–400 picoseconds (ps) FWHMCTR, depending upon systemdesign (Miller et al 2015,Hsu et al 2017, van
Sluis et al 2019). This CTRperformance provides 3–6 cmof event localization and an estimated 3.7–2.6 fold
improvement in reconstructed image SNR (as calculated by estimated SNR gain fromTOF technique in Conti
(2008)), relative to reconstructionwith noTOF information incorporated. Improving time resolution in TOF-
PET continues to be a subject of intense study as several research efforts strive to improve system-level CTR far
below the 100 ps threshold, towards the limit of event localization dictated by positron range in tissue (Lecoq
et al 2020), at approximately 10 ps for 18F.
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Lownoise and high frequency front-end electronic readout of silicon photomultipliers (SiPMs) (Cates et al
2018, Gundacker et al 2019) is a primarymethod for demonstrating the latest experimental limits in achievable
CTRwith fast scintillation detectors and detectionmedia that derive 511 keV photon interaction time
estimation from small populations of promptly emitted optical photon signatures (Gundacker et al 2020, 2021,
Kratochwil et al 2021, Loignon-Houle et al 2021). Byminimizing the influence of electronic noise jitter on signal
processing, this readout topology can provide single photon time resolution (SPTR) for large area SiPMs that is
near the limit dictated by the device architecture (Cates et al 2018), and it also provides excellent SNR for leading
edge time estimators. The downside to this approach has been the high power consumption required from the
developed readout scheme (�200 mW for a single channel of readout, in some implementations). In addition,
the footprint of this readout circuit can be relatively large. Thus, without optimization of power consumption
and electronic footprint, the advances in achievable CTRdemonstratedwith this readout topology cannot be
practically realized inmultichannel TOF-PETdetector readout.

To address this, we have assembled and tested a compact, lowpower circuit to create electronic readout
topologies that are tractable for integration into large area PETdetectormodules, aiming to realize the excellent
benchtop performance capabilities demonstratedwith high frequency chains in prototype PET imaging
systems.Newer generations of lownoise amplifiers leveraging SiGe bipolar transistors (such as SiGe:C (Knoll
et al 2000)), more commonly used in telecommunications applications, can offer ultra-wide bandwidth (10 s of
GHz) and high gain (10–30 dB per element) at very low lower noisemetrics (∼1 dB). Since the frequency domain
relevant to radiation detection instrumentation ismuch narrower than these newer devices achieve with optimal
power supply, operating voltage can be significantly reduced and stillmaintain adequate frequency response,
alongwith fast rising edge slew and reduced noise, without affecting operability or stability. In this way, these low
noise amplifiers can be implemented in a readout that provides the benefits of high frequency SiPM readout at
greatly reduced power consumption.

In this work, we designed and implementedmicro-balun transformers and low power, high performance,
SiGe:Cmonolithicmicrowave integrated circuit (MMIC) amplifiers into a test circuit which includes a
commercial, near-ultra-violet (near-UV) sensitive SiPM.We evaluated achievable SPTRwith the SiPMand
readout combination as a function of power consumption. CTR for fast scintillators and crystals withmoderate
Cherenkov yieldwas also studiedwith the readout as a function of the readout circuitʼs power consumption.We
show the achievable performancewith the test circuit is essentially identical to that achievedwith previous
implementations of high frequency SiPM readout that requiremuch higher power supply for operation.

2.Materials and experimentalmethods

Twomajor hurdles to translating the excellent CTR that lownoise and high frequency front-end signal
processing has demonstrated for various Cherenkov and scintillation detectors are the footprint and high power
consumption of balun transformer andRF amplifiers, respectively. Concerning the footprint of the balun
transformer,micro-balun transformers used in transmission line impedancematching, such as those listed in
table 1, can be used to reduce that component’s impact on readout footprint. These components integrate
wound cores into small packages which are slightly larger than 1millimeter (mm) on each side and can be sub-
mm in height. Their frequency ranges and port impedances are also generally wellmatched to fast front-end
SiPM readout. Current generation SiGe and SiGe:CMMICs, such as the examples listed in table 2, also bring
wide frequency response, high gain, and fast response at relatively low current supply.Moreover, they are
typically integrated into small packages forflexible integration into compact telecommunications devices.

2.1. Electronic readout circuit
Ahigh frequency, lownoise SiPM readout circuit was implemented onto a printed circuit boardwith electronic
schematic outlined in figure 1(a), comprising a 3× 3mm2BroadcomAFBR-S4N33C013 SiPMcoupled
differentially to a TDKATB2012micro-balun transformer and a cascade of two Infineon BGB741L7ESD low
noise,MMIC amplifiers. As shown in tables 1 and 2, both of these components have good frequency response
and impedancematching (for themicro-balun transformer), achievable gain, noisemetric, required power
supply, and small footprint. The BGB741L7ESD also has current adjustment and biasing terminals that were
attractive for circuit layout and evaluation. The selectedmicro-balun transformer andMMIC are alsowidely
available commercially and suggested for new designs by their respectivemanufacturers. Althoughwe did not
experimentally comparemultiple combinations of the components listed in these tables, we note that all of the
components listed in tables 1 and 2 are good choices for a lownoise, high frequency SiPM readout
implementation.We provide a list of appropriate components in tables 1 and 2 to highlight the fact that there are
a number of commercial devices that could be implemented to adapt such a circuit into a prototype TOF-PET
detector readout.
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The transmission line configuration of themicro-balun transformer, in a balanced-to-unbalanced signal
coupling, sums the voltage response of the anode and cathode terminals of the SiPM, and theMMIC amplifier
cascade provides approximately 40 dB of gain at suggested power operation (30 mWper amplifier). The circuit
also incorporates anAnalogDevices AD8000 high speed operational amplifier (opamp)which buffers anode
voltage to be used for energy qualification inCTRmeasurements, similar to themethod outlined inGundacker
et al (2019). A photo of the circuit assembled onto a printed circuit board (PCB) is shown infigure 1(b).
Figure 1(c) shows examples of single photon pulses generatedwith the SiPMand readout configuration,
exhibiting high single photon SNR across awide range of applied overvoltages to the SiPMand fast rising edges
that are�500 ps. In the following sections, specified power consumption only relates to the fast timing chain
(MMIC cascade). TheAD8000 opamp is good for benchtop testing, but its high performance is not required for
energy readout of scintillation detectors. In amultichannel design, lower power components (∼1mWeach)
would be implemented, or a readout topology that does not have a voltage buffer in the configuration illustrated
infigure 1(a)would be employed. Power consumption of the fast timing chain is the keymetric to report, which
is provided in sections 3–5. In studies where performance is reported as a function of power consumption, the
voltage applied on a single line for the devices’ voltage supply, current adjustment (connected through a 3 kΩ
resistor), and collector terminals was parametrically lowered. Base voltage was set by the device through internal

Table 1.Compactmicro-balun transformers with appropriate frequency range and port impedance for SiPM readout.

Manufacturer Model number Frequency (MHz) Impedance (Ω) Turn ratio Size (mm2)

Murata DXW21HN5011 100–1000 50 1:1 2.4

AnarenXinger B0322J5050AHF 300–2200 50 1:1 2.6

TDK ATB2012 40–860/50–1200 50/75 1:1 2.4

Table 2.Examples of commercial, low powerMMIC amplifiers with frequency response and gain appropriate for fast timing
readoutwith SiPMs.

Amplifiera Model Frequencyb Gainc Noisec Voltage Currentc Size

manufacturer number (MHz) (dB) (dB) (V) (mA) (mm2)

Infineon BGA729N6 70–1000 16.3 1.05 2.8 6.3 0.77

Infineon BGB741L7ESD 50–3500 21–16.5 1.05–1.25 3 10 2.04

Infineon BFP840FESD 100–6000 28–24 0.55–0.75 1.8 10 1.68

NXP BGU6101 100–3500 26.5–14.5 0.8-1.8 3 1–10 1.2

NXP BGU7003W 40–6000 22.5–11.4 0.6–1.5 2.2–2.85 3–15 1.58

a Values for each device are presented across full range specified bymanufacturer.
b Operating frequency range specified bymanufacturer.
c Manufacturermeasured value at the operating voltage specified for each device in the table.

Figure 1.A schematic of the low power, lownoise and high frequency test circuit is shown in (a), with layout on PCB shown in (b).
Example single photon pulses from the test circuit with laser illumination is shown as a function of overvoltage in (c). Breakdown
voltage for these SiPMs is specified as 26.9 ± 0.18V. Thus, the overvoltage range shown in (c) corresponds to a voltage range of 30–38
V applied to the SiPM.
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biasing infrastructure. Thus, total power consumption for the devices was reduced by simply reducing voltage
supply on a single line to the amplifiers.

2.2. SPTRmeasurements
The experimental setup used tomeasure achievable SPTRwith the SiPMand lowpower electronic readout
circuit is shown infigure 2(a). SPTRwas quantifiedwith a PiLas 408 nm laserwith 32 ps FWHMpulsewidth
(measured value reported frommanufacturer) illuminating the test board after attenuation down to single
photon light intensities and evenly spread over the sensorwith an optical diffuser.Waveforms fromMMICs on
the test boardwere digitizedwith a LecroyWaverunner806 digital oscilloscope at 40GigaSamples s−1 (GSa s−1).
SPTRwas assessed bywindowing on single photon detections (figure 2(b)), and the time delay distribution
between the laser’s reference trigger pulse and the SiPM signal wasfit with the convolution of aGaussian and
exponential curves (figure 2(b)), as described inNemallapudi et al (2016). The FWHMof the resultingfit
providesmeasured SPTR, and errorwas reported from the 95% confidence interval on the fitted value. SPTR
wasmeasured as a function of applied overvoltage to the SiPMand then as a function of applied voltage to the
MMIC chain. Thus, the best achievable SPTRwith the readout circuit wasfirstmeasured, and then the tradeoff
in achievable SPTR as a function of power consumption in theMMIC chainwasmeasured to investigate the

Figure 2.The experimental setup used tomeasure SPTRwith the test circuit and BroadcomAFBR-S4N33C013 SiPM is shown in (a).
Example pulse amplitude distribution from laser irradiation of the SiPMwith the experimental setup and resulting time delay
histogram (laser trigger versus leading edge threshold on photon pulses) are shown in (b) and (c), respectively.

Figure 3.Back-to-back coincidence setup for recording CTRdata is shown in (a). Example 511 keV photon pulses from the energy
and timing legs of the test circuit are shown in (b) and (c), respectively, alongwith energy windows for event qualification in (d).
Example of curve fitting for to LYSO:Ce and fast-LGSOCTRdistributions is shown in (e), and examplemulticomponent fit for BGO
distributions is shown in (f).
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tradeoff in power and performance. Reported values for power consumptionwere taken from the total
measured current output of a benchtop supply powering theMMIC chain,multiplied by the applied voltage.
Voltage steps applied to amplifier chainwere 1.25, 1.5, 1.75, 2, 2.5, and 3V, corresponding to 5, 10, 15, 20, 30,
and 60mWof total power consumption (or equivalently 2.5, 5, 7.5, 10, 15, and 30 mWper amplifier).

2.3. CTRmeasurements
Todemonstrate the performance of the electronic readout outlined infigure 1(a) for readout of TOF-PET
detectors that employCherenkov photons and those that use scintillation light to derive 511 keV photon time of
interaction,measurements were performedwith bismuth germinate (BGO) (Shanghai Project Crystal Co., Ltd.)
and also LYSO:Ce (Shanghai Project Crystal Co., Ltd.) scintillation crystal elements with 3× 3× 3mm3 and
3× 3× 20mm3 geometries.Measurements were alsomadewith 3× 3× 20mm3 fast-LGSO(0.9mol%)
crystals (Loignon-Houle et al 2017) (OXIDECorp.). CTRwas studied as a function of power consumption of the
front-end signal processing chain, at an optimumapplied SiPMvoltage of 38V. The specified breakdown
voltage of these sensors at room temperature is 26.9± 0.18V. Thus, this applied SiPMvoltage corresponds to an
overvoltage of 11V. Two test boardswith scintillator pixels optically coupled to the 3× 3mm2BroadcomSiPMs
were placed in a back-to-back coincidencemeasurement with a 68Ge source between them, as depicted in
figure 3(a). Temperature controlled air was blown over the SiPMboards tomaintain an experimental setup
temperature of 20 °C.Timing and energy signals from the test boards were digitized at 40GSa s−1 with the
Waverunner806 digital oscilloscope and processed in offline analysis. Energy signals (figure 3(b)) from the
detectors were processedwith digital coincidence logic in the oscilloscope acquisition software, where event
energywas determined frompulse amplitude. Validated coincidence events were selected in offline analysis
from a region comprising the full-width-at-tenth-maximum (FWTM) of the 511 keVphotoelectric absorption
peak, as depicted infigure 3(d). Simple leading edge time pickoff was performed on digitized timingwaveforms
(figure 3(c)) to estimate 511 keVphoton time of interaction in a sweep from0.5 to 80mV. Time of interaction
was determined by interpolating between data points on the rising edge of the digitizedwaveform at the
corresponding voltage threshold,mimicking an analog comparator operating on a continuous analog signal as a
leading edge discriminator. No digital baseline corrections were used in leading edge time discrimination.
Coincidence time distributions were built by calculating the delay between the two detector timing signals.
LYSO:Ce coincidence distributions werefittedwith aGaussian function, shown infigure 3(e), and the FWHMof
thefitted distributionwere extracted. Distributions produced fromCTRmeasurements with the BGOcrystals
werefit with a two component Gaussian function that accounts for the non-Gaussian nature of the observed
coincidence distributions by incorporating separate fits for events with little or noCherenkov photons detected
by (i.e. time of interaction estimationmostly derived fromBGOs luminescence yield, the ‘slow distribution fit’)
and thosewhere time pickoff is derived from the detection of Cherenkov light, as depicted infigure 3(f) (‘fast
distribution fit’) (Kratochwil et al 2020). Error associatedwithmeasuredCTR values for all crystals was reported
from the 95% confidence intervals of the fitted parameters.

2.4. CTRdata corrections
A rise time-based, event classification correctionwas also performed for theCTRmeasurements with BGO
crystals, using themethods previously outlined inKratochwil et al (2020). For this data correction, the time
difference between leading edge time estimators for 10mV and 80mV crossing timeswere calculated for each
detector and histogrammed. The rise time datawas used to separate events for each detector into five regions
with equal statistics. Thus, given the combination of each rise time region for both detectors, coincidence events
were separated into 25 different classes, ranging from thosewith the fastest rise time for both detectors, to the
slowest of both detectors. Classifying coincidence events in this way allows for time delay skew in leading edge
time of interaction estimation to be corrected for variation in the number of detectedCherenkov photons and
also that caused by time pickoff fromBGO’s slower luminescence yield.

3. Results

3.1. Single photon time resolution
Figure 4(a) showsmeasured SPTRwith a 3× 3mm2AFBR-S4N33C013 SiPMon a test boardwith the low
power readout circuit, as a function of voltage applied to the SiPM,where sub-100 ps SPTRwas observed for bias
voltages>36V. These data were acquiredwith an 3V applied to theMMICs, for a total power consumption of
60mW (30 mWper amplifier). Figure 4(b) shows that reducing voltage applied to the amplifier chain
proportionally reduces both electronic noise produced in the chain and also rising edge slew (SiPMbias was
maintained at 38V and slewwas evaluated at half the single photon pulse amplitude, for each operating point).
Thus, the timing jitter associatedwith the influence of electronic noise on SPTR (the ratio of electronic noise and
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Figure 4.Measured SPTRwith the test board is shown as a function of applied SiPMvoltage in (a). In (b), electronic noise and rising
edge slew are reported as a function of applied amplifier voltage to the readout circuit, andmeasured SPTR as a function of applied
amplifier voltage is reported in (c). Total power draw from theMMIC chain at each applied amplifier voltage is also shown in (b) and
(c). Calculated SPTRwith the electronic noise and laser contributions to jitter removed is plotted in (c)with a dashed, orange line.

Figure 5.CTR at 60mWoperation is shown as a function of the leading edge time pickoff threshold for 3 × 3 × 3mm3LYSO:Ce
crystals in (a), coincidence distribution at the best threshold for these detector pairs is displayed in (b), andmeasured CTR as a
function of power consumption is shown in (c). The same plots are shown for 3 × 3 × 20mm3LYSO:Ce in (d)–(f) and 3 × 3 × 20
mm3 fast-LGSO in (g)–(i).
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rising edge slew) (Acerbi et al 2014a) is alsominimized at reduced power consumption. Figure 4(c) shows
measured SPTR at 38V SiPMbias, as a function of power drawn from the readout circuit by lowering the voltage
applied to the amplifiers and repeating the SPTRmeasurement. The calculated jitter from the influence of
electronic noise was 37± 4 ps FWHMacross the applied amplifier voltage range of 1.5–3V (corresponding to
10–60mWof total power consumption), increasing to approximately 88 ps at the lowest value of 1.25V
(corresponding to 5 mWof total power consumption). The dashed line infigure 4(c) represents the calculated
intrinsic SPTRof the 3× 3mm2BroadcomSiPMafter quadratically subtracting the contribution of electronic
noise and the pulsed laser source. The estimated intrinsic SPTR for the SiPMacross this range of applied
amplifier voltage to the readout was 77± 2 ps, which is consistent with the value reported inKratochwil et al
(2021) (78± 6) for the same SiPMusing a lownoise, high frequency readout. The highest applied amplifier
voltage produces 60mWof power draw, and the lowest corresponds to 5 mWof total power consumption
(2.5 mWper amplifier). The implemented circuit exhibited sub-100 ps SPTR to 10 mWof power draw (1.5 V
operation), where a relatively small tradeoff is observed of 120± 1 ps FWHMat 5 mWof power consumption
(1.25V operation).

3.2. Coincidence time resolution
Figures 5(a) and (b) showmeasuredCTR versus leading edge threshold and theCTRdistribution at the
optimum threshold, respectively, at the highest appliedMMIC voltage (3V, corresponding to 60mW), for
3× 3× 3mm3LYSO:Ce scintillators. CTR is shown as a function of total power draw for 3× 3× 3mm3

scintillators infigure 5(c). The same plots are shown for data frompairs of 3× 3× 20mm3LYSO:Ce in
figures 5(d)–(f) and fast-LGSO scintillators infigures 5(g)–(i). Themeasured data exhibit the same performance
trend as that observed formeasured SPTR, where performance ismaintained down to 10 mWof power draw
(116± 1 ps for examplewith the 20mm length fast-LGSO crystals), with aminor performance tradeoff at
5 mW.Thus, this readout circuit can enable PET detectors with segmented arrays that significantly advance
achievable CTR, as compared to SoA systems that achieve∼200 ps FWHM. Figures 6(a) and (d) showCTR
distributions for pairs of 3× 3× 3mm3 and 3× 3× 20mm3BGOcrystals at the highest applied amplifier
voltage (3V, corresponding to 60mWpower supply). As described in section 2.3, these distributions arefit with
amulticomponent function consisting of twoGaussian curves (Kratochwil et al 2020). Infigure 6, we organize
the presentation of ‘fast’ and ‘slow; portions of the distribution separately. Infigures 6(b) and (e), we plot the
FWHMof the distribution (the CTR) and the FWHMof the ‘fast’ component ofmulticomponent fit, as a
function of the readout circuit’s power draw for the 3 and 20mm length crystals, respectively. Figures 6(c) and (f)
plot FWTMof the coincidence distributions and the FWHMof the ‘slow’ component offitted curve for the 3

Figure 6.CTRdistributions are shown for 3 × 3 × 3mm3 and 3 × 3 × 20mm3BGOCrystals at highest amplifier voltage applied to
the front-end signal processing (3V, corresponding to 60mWof power consumption for the timing chain) in (a) and (d). CTR and
fast Gaussian FWHMare reported as a function of power consumption for 3mm length crystals in (b) and (c). Coincidence
distribution FWTMand slowGaussian FWHMare reported as a function of power consumption for 20mm length crystals in (e) and
(f).
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and 20mm length crystals. CTR� 200 ps ismaintained down to 5 mWof power draw for 3mm length BGO
crystals and� 300 ps FWHMismaintained for 5 mWwith the 20mm length BGOcrystals.

4.Discussion

Lownoise, high frequency, fast circuits instrumented as front end readout for SiPM-basedCherenkov and
scintillation detectors can optimize sensor time response and achievable SPTR, but implementations can also be
high in power consumption and not tractable to large area prototype detectors and imaging systems. In this
work, we implemented low powerMMIC amplifiers into electronic readouts for SiPMswhich exhibit very low
noise and are capable ofmaintaining high gain and rising edge slew at low power operation. The combination of
these capabilities produces front-end signal processing thatmaintains SPTR for large area SiPMswhich is near
the estimated intrinsic performance limits of device architecture at drastically reduced power consumption, in
comparison to readout chains presented in previous workswith the same performance capabilities (Cates et al
2018, Gundacker et al 2019). The readout circuit was integrated onto test boards to read out BroadcomAFBR-
S4N33C013 SiPMs, which exhibited sub-100 ps FWHMSPTRdown to 10 mWof power consumption and still
maintained good performance, 120± 1 ps, at 5 mWof power draw. Thus, low power readout like that
demonstrated in this work is excellent for fast timing in single photon counting applications andTOF-PET
detectors which aim to derive accurate 511 keV photon time of interaction estimators from small populations of
promptly produced optical signatures, such as Cherenkov photons.

As an example of detectors exploiting Cherenkov light for time pickoff, we presented coincidence
measurements with 3× 3× 3mm3 and 3× 3× 20mm3BGOcrystals. CTRmeasuredwith these crystals was
169–198 ps FWHMfor 3mm length crystal elements and 271–298 FWHMfor 20mm length crystals, across a
wide range of applied amplifier voltage values that produced a total power draw as high as 60mW (30 mWper
amplifier) and as low as 5 mW (2.5 mWper amplifier). These results are consistent with other CTR
measurements employing the same crystal element and size, SiPM, classification-based time correction, and a
different high frequency readout chainwith�300 mWpower consumption per amplifier (Kratochwil et al
2021). In that work, 181± 4 ps and 261± 8 ps FWHMweremeasured for 3 and 20mm length crystals,
respectively. Thus, the implementation of low power, lownoise components shown infigure 1(a) allows
excellent CTRperformance to bemaintained at greatly reduced power consumption. BGOcan be amore
economical scintillationmaterial, in comparisonwith lutetium-based scintillators, and it also has higher
stopping power for 511 keV photons. Thismaterial has received renewed consideration for PET (Kwon et al
2016a, Brunner and Schaart 2017, Cates and Levin 2019, Kratochwil et al 2020, Gundacker et al 2020, Kratochwil
et al 2021, Gonzalez-Montoro et al 2022)with advancements in photosensor technologies sensitive to near-UV
light and techniques for optimizing time pickoff from low levels of Cherenkov photons, like those also employed
in this work. Thus, the combination of BGO-based TOF-PETdetectormodules with a version of the readout
chain shown infigure 1(a) can be a pathway for high sensitivity PET systems, leveraging the increased 511 keV
photon stopping power in combinationwithCTR equivalent to that achieved in SoA clinical systems, currently
range from 200 to 400 ps FWHM (Miller et al 2015,Hsu et al 2017, van Sluis et al 2019). One ultimate realization
of BGOTOF-PETdetectormodules could be for use inmore economical PET systemswith long axial extent that
enable Total Body PET (TB-PET) (Cherry et al 2018).

CTRwas also assessedwith LYSO:Ce, amaterial standard to TOF-PET instrumentation research and
development and also used in clinical imagers. CTR ranging from108 to 99 ps FWHMwas observed for 3mm
length crystals at 5–60mWof power draw from the fast timing chain, and 20mm length crystals showed
133–127 ps FWHM.Aswith the reported BGOvalues, these CTRs are consistent with values reported from
measurements with high power, high frequency readout chains using the same crystal element size and SiPM.
CTR for 20mm length LYSO:Ce crystals was reported as 132± 2 ps inNadig et al (2022). In comparison, the test
circuit shown infigure 1(a)matched this performance at 5 mWof total power consumption. Thus, readout
chains like the one demonstrated in this work could significantly advanceCTRof TOF-PET systems.We also
measuredCTRwith 3× 3× 20mm3 fast-LGSO scintillators, which showed 113± 1 ps FWHMCTR at 60mW
power draw andmaintained sub-120 ps FWHMat 10 mW.NewPETdetectors employing faster scintillation
materials than standard LYSOwith low power, high performance readout can be a pathway towards
development of large area detectormodules that demonstrate�100 ps TOF-PETwith a standard PETdetector
design (segmented crystal arrays optically coupled 1:1with SiPMarrays on their short end).

Overall, excellent results were achievedwith all of the evaluated scintillationmaterials at a low power draw of
5 mW. For comparison, one of themost advanced commercial application specific integrated circuits (ASICs)
for TOF-PEToperates at a reported∼8mW/channel (PETsys 20222022). The readout chain presented here is
not directly comparable, as it ismissing additional components, such as a comparator for time pickoff and
digital back-end that includes time-to-digital converter, but it is promising that a portion of the electronics chain
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which typically contributes significantly to the overall required power supply is comparable to that of a high
performance ASIC.Moreover, this is achievedwith small, discrete element, commercial components that could
feasibly be integrated into prototype PETdetectormodules with edge-mounted readout design, similar to
implementations for other commercial PET detectors (Stolin et al 2019), or inmore compact detectormodules
withmixed analog-digitalmultiplexing strategies. It is alsoworthmentioning that the exact implementation
shown infigure 1(a)would not translate to PET detectormodules and systems to be employed in simultaneous
PET andmagnetic resonance imaging (MRI), due to the balun’s ferromagnetic core. For detector readout
designs to be operated in those environments, implementations without the balun transformer should be
employed. Another interesting solution for this applicationmight be active capacitance compensationmethods
(Kim et al 2020), as long as the noise, unity-gain bandwidth, and slew for the bootstrapping amplifier are not
limiting in achievable electronic noise jitter.

5. Conclusions

Wehave designed and demonstrated a low power version of lownoise and high frequency SiPM readout.
Coupling this circuit to a BroadcomAFBR-S4N33C013 SiPM showed sub-100 ps FWHMSPTR at 10 mWof
power consumption, and the readout can be biased lowerwith relativelyminor tradeoffs in achievable SPTR
(120± 1 ps). CTRwas evaluated for 3× 3× 3mm3 and 3× 3× 20mm3pixels of LYSO:Ce. The presented
readout demonstrated approximately 100 ps and 130 ps for 3mm length and 20mm length LYSO:Ce,
respectively, across awide power consumption range of 5–60mW.Another fast lutetium-based scintillation
material, LGSO:Ce(0.9mol%), with crystals 3× 3× 20mm3 in size, showedCTRof 113± 1 ps FWHMat
optimal power operation, 116± 2 ps at 10 mW, and still maintains excellent CTRof 120± 1 ps at 5 mW.BGO
crystals were also evaluatedwith the presented readout. BGOcrystal elements 3× 3× 3mm3 and 3× 3× 20
mm3 in size achieved sub-200 and sub-300 ps FWHMCTR, respectively with 5 mWof power consumption
from the fast timing chain. Readout components comprising the fast timing chain selected for this work also
have very small device sizes and can feasibly be integrated into front-end readout of prototype TOF-PET
detectormodules. This, in combinationwith the high level of performance that can be achieved at low power
operation,makes circuits like the one presented in this work promising for front-end readout employed in large
area TOF-PETdetectormodules to advance SoAPET systemCTR.
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