Visnyk NTUU KPI Seriia — Radiotekhnika Radioaparatobuduvannia, 2019, Iss. 78, pp. 60—66

VK 621.382

Implementation of Reading Electronics of Silicone

Photomultiplier Tubes on the Array Chip
MH2XA030

Dvornikov O. V.1, Tchekhovski V. A.2, Prokopenko N. N.>*, Galkin Ya. D.>, Kunts A. V.?, Bugakova A. V.3

LPublic Joint Stock Company “MNIPI”, Belarus
2Institute for Nuclear Problems BSU, Belarus
3Don State Technical University, Russia; 4Institute for Design Problems in Microelectronics of RAS, Russia
5Belarusian State University of Informatics and Radioelectronics, Belarus

E-mail: prokopnik1949@Qgmail.com

The implementation of a charge-sensitive amplifier (CSA) based on the MH2XA030 array chip (AC) with
an adjustable conversion factor for processing signals of silicone photomultipliers (SPM) is considered. The
developed CSA, named ADPreampl3, contains a fast and slow signal circuit (SC). The fast SC includes
a transresistive amplifier-shaper with a base-level adjustment circuit, and a slow SC includes an CSA, a
shaper, and a base-level restorer (BLR) circuit. The main advantage of ADPreampl3 amplifier when used in
multichannel integrated circuits is the minimum number of elements used, due to the use of the same stages
to perform different functions. To correctly simulate the operation of ADPreampl3, taking into account the
features of the input signal source, a simplified electrical equivalent circuit of the SPM, applicable to both
circuit simulation and measurements, is proposed. Circuit simulation of ADPreampl3 using the proposed
equivalent circuit of SPM with a supply voltage of & 3 V, made possible to establish that: fast SC is
characterized by the bandwidth up to 60 MHz and allows adjusting the base level in the range from -0.1 V'
to 0.2 V. Thus, it is possible to compensate the technological variation of the output voltage of the fast SC
or set the required switching threshold of the comparator connected to the output of the fast SC; slow SC
allows you to adjust the base level in the range from -1 V' to 1 V and smoothly change the amplitude of the
output signal, including phase inversion, when the control voltage changes from -1 V to 1 V'; the BLR circuit
provides a constant shape of the output voltage pulse with a DC input current of ADPreampl3, varying
in the range of + 190 pA, and a negligible change of the base level at + 20% of the resistance variation
of integrated resistors. ADPreampl3 amplifier enables the transition to the “sleep” mode with a decrease in
current consumption up to 10 pA, maintains operability at an absorbed dose of gamma radiation up to 500
krad and the effect of the integral neutron fluence up to 10'® n/cm? and can be used in multi-channel signal
processing chips of SPM.
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Introduction

Silicone photomultipliers are successfully used in a
number of areas of science and technology for recording
various types of electromagnetic emission. Moreover, in
a number of products, the use of the SPM has signifi-
cantly improved technical and economic indicators and
transferred the electronic equipment being created to
a new qualitative level [1-6].

The analysis of current trends in the design of
reading electronics of the SPM allowed us to make an
economically sound decision on the creation of reading
electronics based on the AC MH2XA030 [7], for the
elements of which the CSA circuit was developed.

The purpose of this article is to review the circuit
simulation results of the CSA obtained using the
proposed SPM model and the previously tested models
of the AC elements.

1 The Circuit Simulation Results

The ADPreampld amplifier circuit developed for
the AC MH2XA030 elements is shown in Fig. 1, 2.
Fig. 1 illustrates the electrical circuit of the fast and
slow signal circuits (SC), and Fig. 2 demonstrates a
diagram of the unit for amplification control and base
level setting, which provides the operation mode of the
ADPreampl3 elements.
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Fig. 1. Electrical circuit of the fast and

slow SC of the amplifier ADPreampl3
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Fig. 2. Electrical circuit of the unit for amplification control and base level setting of the amplifier ADPreampl3

Note that in Fig. 1, 2 all nodes with the same
name (Veoo, Ver, G—, G+, Biasl, Bias2, Fil) are
interconnected. The purpose of the nodes is the followi-
ng: Voo, Veg — positive and negative supply voltage;
InpA - amplifier input; FOut — fast SC output, OutA,
OutAinv - direct and inverse output of the slow SC,
FOutShift - voltage setting a base level for the fast SC
output, OutAShift — voltage setting a base level for
the slow SC outputs, Gain — voltage setting a value
of the charge-voltage conversion factor Kgy at the
outputs of the slow SC, BiasExtA — resistor that sets
the current consumption of the amplifier (Rgpxra =
15 kQ in Fig. 2, Rex74 — 1 MOhm - for the "sleep”
mode).

The main advantage of the ADPreampl3 ampli-
fier in multi-channel integrated circuits is a mini-
mum number of the elements, due to the use of
the same stages to perform different functions. So,
the fast SC includes a transresistive amplifier-shaper

(Qs, Q1s5, Qi6, @19, Q20, Q21, R1, R5) with an emitter

follower (Q2,Qs,Q22) and a base level adjustment
using resistor Rjg, and the slow SC — the same
transresistive amplifier-shaper with an emitter follower

(Ql; Q?n Q77 Q23)7 differential Stage (DC) Q177 QlS and
the BLRC.

As is well known, the correct simulation of the
reading electronics implies taking into account the
shape of the output signal and the parameters of the
SPM [8-12]. In [13, 14], an electrical model of the
SPM and a method for identifying its parameters are
proposed. The comparison of the results of simulati-
on and measurements of the SPM, connected to the
amplifiers of two types, confirming the adequacy of the
model, is carried out.

Electrical equivalent circuit of the SPM with SiPM
Photonique parameters, containing 516 microcells, is
shown in Fig. 3, where: N — number of the swi-
tched - charge arising in one microcell when a photon
hits; TD, TR, TF,PW,PER,I1,12 — parameters of a
rectangular ideal current source, namely, the time
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delay, the rise and fall time, the pulse duration, the
period, the initial and final current values, respectively.

Unfortunately, it is difficult to apply the circuit
shown in Fig. 3, to simulate an input source when
measuring parameters of the reading electronics. We
have developed a simplified electrical equivalent circuit
of the SPM (Fig. 4), providing at the 50 ohm load
almost the same waveform (Fig. 5), as the circuit of
Fig. 3. Moreover, the simulation of the SPM output
signal showed that the charge arising in the switched
on cells in an amount from 1 to 100 differs for the
equivalent circuits of Fig. 3 and Fig. 4 not more than
1.2 %.
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Fig. 3. SiPM Photonique electrical equivalent circuit
with 516 microcells [14]

R1 C1 R3
100k 1u 950 Inp
-I| —W\——
c2
R2 75p
.||
51 V1 =0
Vs V2 = {Q*N/75p}
TD = 10n
TR = 250p
TF = 250p
L PW=500n
= PER = 1u

Fig. 4. SiPM Photonique simplified electrical equi-

valent circuit with 516 microcells

The developed simplified equivalent circuit of the
SPM was used in the simulation of the reading
electronics and will later be used for measuring the
parameters of the manufactured ICs.

In order to adequately evaluate the operation of
the ADPreampl3 amplifier in optoelectronic systems,
we decided to apply a current signal to the input
generated by the simplified electrical circuit of Fig. 4,
corresponding to the fixed value of the switched on
microcells (N = 1,3, 5,10, 30, 50, 100), i.e. to the input
charge Q;nvp = 127.1 fC' % N, and to determine the
following parameters indicating the equivalent capaci-
tance of the CD signal source:

— peak time Ky factor for the output of the fast
SC, as the ratio of the maximum absolute value
of the output voltage to the maximum absolute
value of the input current;

— Kqgv factor for the output of the slow SC, as
the ratio of the maximum absolute value of the
output voltage to the maximum absolute value of
the input charge;

— Tp of the output voltage;
— ranges of permissible parameter adjustments;

— the RMS value of the noise current for the output
of the fast SC, referred to the input;

— the RMS value of the noise charge for the output
of the slow SC referred to the input;
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Time
Fig. 5. Simulation results of the SiPM Photonique
output signal for 10 switched on microcells: I(R;yp) —
current flowing through the load resistance in the ci-
rcuit of Fig. 3, I (Rynypa) — current flowing through the
load resistance in the circuit of Fig. 4. Ryyp = Rinpa

=50 Ohm

Fig. 6 — 10 and the table 1 show the main simulati-
on results.
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Fig. 6. Voltage pulses at the amplifier outputs for 10
switched on SPM microcells (Q;np = 1.271 pC') with
Vroursuarrr = 0.98 V
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Fig. 7. Voltage pulses at the outputs of the OutA and
OutAinv amplifier with Q;np = 1.271 pC and the
variation of the resistances of the resistors: 1 — 0.8R;
2-1.2R
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Fig. 8. Voltage pulses at the outputs of the OutA and
OutAinv amplifier with Q;nyp = 0.1271 pC: at the top
Voursuairr = -0.1 V; at the bottom Voyrsurrr =
0.1V
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Fig. 9. Voltage pulses between the outputs of the OutA
and OutAinv amplifier with Q;nyp = 1.271 pC and di-
fferent control voltage: 1 =V (Gain) =1 V; 2-V (Gain)
=05V;3-V (Gain) = 0.1V
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Fig. 10. Dependence of the maximum value of the Kqv
conversion factor at the OutA output on the value of
the Q;np input charge at Cp ~ 18 pF

Table 1 The main parameters of the amplifier
ADPreampl3 when the supply voltage is equal to +3
V, and REXTA =15k Q

Name of the parameter Value
Current consumption in idle mode, mA | 5.71
Input impedance, Ohm 25
Ky conversion factor at Cp =~ 18 pF, | 4.78
mV/pA
The maximum value of the conversion | 0.7
factor Koy at Cp ~ 18 pF, mV/fC
Base level adjustment range for the | £1
OutA outputs (OutInvA), V

from
Base level adjustment range for the | -0.1 to
FOut output, V 0.2
The peak time at the OutA/OutlnvA | 14.5/13.5
outputs at Cp = 18 pF, Qinp =~
1.3pC, ns
The peak time at the FOut output at | 8.5
Cp ~ 18 pF Q[Np ~ 1.3pC, ns

from
-3 dB bandwidth for the OutA (Outl- | 2.55 to
nvA) output at Cp ~ 18 pF, MHz 36.81
-3 dB bandwidth for the FOut output, from 0
MHz to 60.7
The RMS value of the noise current for | 1.11
the FOut output, referred to the input
at Cp =~ 18 pF, uA
The RMS value of the noise charge for | 77.16
the OutA output, referred to the input
at Cp =~ 18 pF, fC

The performed simulation showed that:

— a voltage change in the FOutShift node within
the range from -3 V to 3 V causes a change in
the level of the DC voltage V (FOut) at the
output of the fast SC from 0.2 V to -0.1 V, and
V (FOut) = 0 with V (FOutShift) = 0.98 V
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(Fig. 6). Thus, it is possible to compensate for
the technological variation of V (FOut) or to set
the required switching threshold of a comparator
of the fast SC when one of its inputs is connected
to the zero voltage bus, and the second one is
connected to FOut;

— the BLR provides a constant voltage pulse shape
at the OutA, OutAinv outputs with a DC input
current of the amplifier varying within the range
of £ 190 pA, a negligible change in the base
level, but a noticeable change in the shape of the
output pulse of the slow SC at + 20 % variation of
the resistances of the integrated resistors (Fig. 7),
although the voltage at the FOut output with the
specified variation of the resistors changes from
208.1 mV to -170.2 mV;,

— when the external Rgxra resistor is di-
sconnected between the BiasExtA node and the
Voo power supply bus, the amplifier goes into
sleep mode and its current consumption from the
negative power supply decreases from 5.86 mA to
10 pA;

— the amplifier retains its parameters at the
absorbed dose of gamma emission up to 500 krad
and the effect of the integrated neutron fluence
up to 10! n/cm?;

— the BLR allows us to smoothly change the base
level at the OutA, OutAinv outputs using the
voltage at the OutAShift node (Fig. 8). When
the supply voltage is equal to = 3 V, the
recommended shift should not exceed £1 V;

— in the developed amplifier, the amplitude of the
output signal (Fig. 9), including phase inversion,
is smoothly adjustable when the voltage V (Gain)
in the Gain node changes from -1 V to 1 V;

— despite the relatively high RMS values of the noi-
se current (1.11 pA) and the noise charge (77.16
fC), the amplifier must provide the registration
of two photons using SiPM Photonique, for which
the maximum value of the current is 3.4 uA, and
of the charge - 254.2 fC, i.e. signal-to-noise ratio
will be about 3.3.

Conclusion

For the AC MH2XA030 elements, an ADPreampl3
amplifier has been developed, containing a fast signal
circuit and a slow one for signal processing of the SPM.

The fast signal circuit includes a transresistive
amplifier-shaper with a bandwidth of up to 60 M Hz,
a base level trimming circuit in the range from-
0.1V to 0.2 V, and a slow signal circuit — a charge-
sensitive amplifier-shaper with a circuit for restoring

and adjusting the base level within the recommended
range from -1 V to 1 V and the possibility of electronic
adjustment of the conversion factor.

The circuit for restoring and adjusting the base
level provides a constant shape of the output voltage
pulse at the DC input current of the amplifier, varying
within the range of + 190 pA, and a negligible change
in the base level at + 20 % variation of the resistances
of the integrated resistors.

The ADPreampl3 amplifier enables to transfer to
the “sleep” mode with a decrease in current consumpti-
on up to 10 pA, ensures safe operation with an
absorbed dose of gamma emission up to 500 krad
and the effect of the integrated neutron fluence up to
10*® n/cm? and can be used in multi-channel signal
processing chips of the SPM.
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Peasizaniis  34uTyo4Yoi  €JIEKTPOHIKHI
KpeMHieBuUX (POTOETEKTPOHHUX ITOMHO-
JKyBauiB Ha 0a30BOMYy MATPHUYHOMY
kpuctaiai MH2XA030

Heopniros O. B., Yexoscvrui B. O.,
Ipoxonenxo M. M., T'anxin 4. /., Kyny O. B.,
Byeaxosa I'. B.

Posriignayra peasmizaris Ha 6a30BOMYy MaTPUIHOMY KPH-
cragi MH2XA030 3apsgouytimeoro miacumosada (349IT)
3 PeryaboBaHUM KOe(MIIieHTOM MePeTBOPEHHSs, MpU3HaYe-
HOrO Jijisi OOPOOKM CHUI'HAJIB KpeMHIEBUX (hOTOEJIeKTPOH-
Hux nomHoxkysadie (SiOEII). Pospo6aennit 34YIl, na3sa-
umii ADPreampl3, micTurh mBuake i NOBLIbHE CUTHAIIb-
we xono (CK). [MIsuaxe CK Bkiroyae rpaHcpe3sucTuBHUI
miacumioBad-popMyBad 31 CxeMOIO MiACTPOIOBAHHS 0a30-
Boro pisus, a mnoBumbae CK - 39V, dopmysadu, cxemy
Binnosnenns 6a3osoro pisua (BBP). ['onosro0 nepesaroio

migcuwmoBada ADPreampl3 y pasi #ioro 3acrocyBaHHS B
6ararokananapHux [C € MiHIMAJIBbHA KITBKICTH BUKOPUCTOBY-
BaHUX €JIEMEHTIB, 1[0 00YMOBJIEHO 3aCTOCYBAHHSIM OJHUX 1
THX K€ KaCKaJliB /I BUKOHAHHS Pi3HuX (yukmii. s ko-
pekTHOrO MozemoBanusa poboru ADPreampl3 3 ypaxysan-
HsIM 0COO/IMBOCTEH [ZKepesia BXiJHOI0 CUTHAJLY 3aIIPOIIOHO-
BaHA CIIPOLIEHA eJieKTpuyHa ekBiBajenTHa cxema SIOEIL
110 BUKOPUCTOBYETHCS SIK IS CXEMOTEXHITHOTO MOJIEJTIOBA-
HH#, TaK 1 1s BUMipoBanb. CXxeMOTexXHITHe MOJeTIOBAHHS
ADPreampl3 3 BukopucTaHHIM 3aIPOIIOHOBAHOI EKBiBa-
nerntnol cxema SIPEIT y pasi, sikuo Hampyra mxepesa
JKWUBJIEHHA JOPIBHIOE £ 3 B, m03B0OIMIO BCTAHOBHUTH, IIO:

- mBuake CK xapakrepusyeTbcs MPOILyCKHOIO 3aTHi-
crio 7o 60 MI'm i mo3Bosise migmamToByBaTH 0a30BUIA
piBers B giamazoni Bix -0,1 B mo 0,2 B. Taxum umaOM
MOKJINBA KOMIIEHCAI[i TEXHOJIOTIYHOTO0 PO3KHUIY BHXIiTHOL
nanpyru meugkoro CK abo ycranoBkm Heo6xigHOrO Iopory
TepeMUKaHHs KOMIIAPATOPA, M0 MiIK/IIOYAETHCS 10 BUXOIY
mBuakoro CK;

- mosisere CK mo3BosIsI€ perymmoBaTn 6a30BUil piBeHb B
miana3oHi Bix -1 B mo 1 B i mwaBHO 3MiHIOBATH aMILIITY-
Iy BHUXITHOTO CATHAJy, BKJIIOYa04un iHBepciio ¢as3u, y pasi
3MiHE Kepyio4oi HanpyTH Bix -1 B mo 1 B;

- cxema BBP 3abesnetuye meaminny ¢opmy BuXiaHO-
0 IMIIyJIbCYy HAIPYTrW OPH HOCTIHOMY BXIZHOMY CTPyMi
ADPreampl3, mo 3miHtoeThcs B miamasoni + 190 mMkA, i
TIpeHeOPEKUMO Masly 3MiHy 6a30BOro pisH#a y pasi +20%
BiJIXHJIEHHS 3HAYEHb OIOPIB IHTErpaJIbHUX PE3UCTOPIB.

TTigcumosaa ADPreampl3 momyckae nepexin B “criis-
guii’ peXWM 31 3MEHIMEeHHSM CTPyMy CIOKWUBAHHS 0
10 mxA, 306epira€ npaue3saTHICTh HPHU MOIVIMHEHIN 1031
ramMa-BunpoMiHioBanHsg 10 500 Kpaf i BIUIMBI IHTErpaJib-
HOro mortoky mefirpomis go 10'% m/cm® i moxke szmaiiTh

3aCTOCYBaHHS B 0araToKaHAJBPHUX MIKpOCXeMax O0pOOKU
curnaigis SiOEII.

Karow061 cao6a: KpeMHI€BHIT (DOTOCTEKTPOHHUI IIOMHO-
JKyBad; 3UATYIOYa €JeKTPOHiKa; 6a30BUil MATPUIHUN KPU-
CTaJI; 3apAS0dy VIMBHI I1iICHII0BAY

Peanmzanusa cuunreiBaioineii 3JeKTpo-
HUKU KpPEMHUEBBIX (POTOIJIEKTPOHHBIX
YMHOXKHUTeJeii Ha 0a30BOM MaTPUYHOM
kpuctasuie MH2XA030

Aeopruxos O. B., Yexoscxuii B. A.,
Ilpoxonenxo H. H., I'aaxun 4. /., Kyny A. B.,
Byzaxosa A. B.

Paccmotrpena peanmsarnust Ha 6a30BOM MaTPUIHOM KPH-
cramne MH2XA030 3apsgo49yBCTBHTENBHOIO YCHIATEIS
(39Y) ¢ perymmpyembim k03 dunmenrom mnpeobpasosa-
HUS, TPEIHA3HAMEHHOr0 1Ist 00pabOTKN CUTHAIOB KPEMHHU-
eBbIX (OTOINEKTPOHHBIX yMHOKuTEneH (SIPIY).

Pazpaborannsiit 39Y, nassauubiii ADPreampl3, co-
JIEPKUT OBICTPYIO W MEJIEHHYI0 curHaabHYyI0 mernsb (CILT).
Broicrpag CII BkJoUaer TPaHCPE3UCTUBHBIA YCUIUTE b
dbopMupoBaTesh CO CXeMO ITOACTPOUKH 6HA30BOr0 yPOBH,
memennrast CI — 39V, ¢popmupoBare b, cCXeMy BOCCTAHOB-
sienusi 6azosoro yposust (BBY). I'taBHbIM IperMyiecTBOM
yeunurens ADPreampl3d npu ero npumveHenun B MHOIOKa-
HaabHBIX VIC gaBISI€TCS MUHUMAJIHHOE KOJIMTIECTBO MCIIOJIb-
3yeMBbIX 3JIEMEHTOB, 00YCIOBIEHHOE TTPUMEHEHUEM OIHUX U
TexX Ke KaCKaJOB Jjis BbIIOJHEHUs Pa3HbiX dyakowmit. s
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KOppEeKTHOro MozesmpoBanus paborst ADPreampl3 ¢ yue-
TOM OCODEHHOCTEH MCTOYHMKA BXOIHOTO CHUTHAJIA ITPEIIO-
JK€Ha YIPOIIEeHHAs 3JIEKTPUYIECKas dKBUBAJIEHTHAS CXeMa
Si®DY, npuMennMas Kak JJjis CXeMOTEXHUIECKOTIO MOJIEJI-
poBaHms, Tak ¥ it n3Mepennii. CxeMOTeXHUIeCKOe MOIe-
smpoBanre ADPreampl3 ¢ ncrnosp30BaHueM IpeIoKeHHOM
SKBUBaJIEHTHON cxembl SIPDY npu HANPIKEHUU UCTOYHU-
KOB TIMTaHUS, paBHOM * 3 B, m03BO/IMIO yCTAaHOBUTH, YTO:

- 6bicrpas CII xapakrepusyercs: mOJI0CON MPOIyCKAHMS
10 60 MI'm i mo3BossieT moacTpanBaTh 6A30BBIN yPOBEHDb B
mmamasone ot -0,1 B 10 0,2 B. Takum 00pa3oM BO3MOKHA
KOMIICHCalIlud TE€XHOJIOTHUYIECKOI'o pa36p0ca BbIXOJHOI'O Ha-
npsikenust 6sicTpoit CL man ycranoBka TpebyeMoro mopora
NEePEeKAI0YeHUd KOMIIapaTOpa, HNOAKIIYaeMOro K BBIXOIY
6bicrpoit CIT;

- memrennas CII nozsossier perysmpoBath 6a30BbIiL
ypoBeHb B nmara3one oT -1 B no 1 B u mraBuO u3mensaTs
AMILTATYAY BBIXOJHOTO CHUTHAJIA, BKJIIOYas WHBEPCHUIO (a-

3bl, IPU W3MEHEHUN YIIPABJIAIONIEr0 HampsKenus oT -1 B
no 1 B;

- cxema BBY obecrnieunBaer Hen3MeHHy0 (OPMY BBIXO-
JHOTO WMIYIbCA HAMNPSKEHUs PU TOCTOSHHOM BXO-
maom toke ADPreampl3, msmensaiomemcs B amana3oHe
+ 190 MKA, u mpeHeOPeRMMO Majioe M3MeHeHne 0a30BOro
yposHs mipu + 20 % pasbpoce CONMPOTHUBIICHWUI WHTErPaIh-
HBIX PE3UCTOPOB.

Veumsmress ADPreampld ponyckaer nepexox B “crisi-
muii’ pexuM C yMeHbIIEHHEM TOKa IOTpebieHus [0
10 MxA, coxpanseT paboTOCIOCOOHOCTD MPU MOTJIOMEHHON
no3e ramMa-ma3aydenus g0 H00 Kpaa M BO3IEHCTBUM WH-
TerpaJIbHOTO IOTOKA HeHTpoHOB 10 103 H/CM2 U MOXKeT
HAUTH IPUMEHEHNEe B MHOTOKaHAJIbHBIX MUKPOCXeMax obpa-
6oTkHU curuajon SiPDY.

Karouesoie KpPEMHUEBBIl  (POTO3IeKTPOHHBIH
YMHOXKHTE/Ib; CUYATHIBAIONIAs SJIEKTPOHUKA; 0a30BBIH Ma-
TPUYHBINA KPUCTAJLT; 3aPSAI0TyBCTBUTEIHHBIN YCUINTEIDb
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