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Introduction

Active pixel detectors (APD) have been widely used
as reliable devices for high precision particle detection in
particle physics experiments and in medical applications
[1-4]. If high spatial resolution, radiation hardness,
mechanical stability, long term reliability, robustness,
flexibility in the technology, eventually low cost is desired,
then an array size of pixel detectors, material of APD and
read-out electronics should be sought. In particular, the
low power and high integration of the CMOS 0.24 um
technology make it an attractive choice for high-resolution
APD-based imaging detection systems for medical
diagnostics like mammography and dentography.

Recent studies on deep sub-micron CMOS
technologies have triggered interest for applications where
highly integrated analog front-end electronics is required.

The scaling of the power supply down to 2 V reduces
the available dynamic range, but the gain in signal-to-noise
ratio at a given dissipated power makes these choice
attractive compared to older technologies [4-5].

In this paper, the simulation results obtained with
Charge Sensitive Preamplifier (CSP) for medical imaging
implemented in CMOS 0.24 pm technology are reported.

Readout Front-End Electronics

The charge created by the interaction of X-ray
photons in the sensor is very small (a 10 keV photon will
produce 2800 charge carriers at the preamplifier) and has
to be amplified in a low-noise circuit before any further
signal processing. The signal induced on the electrodes (In
bump) of the sensor is transferred to the readout chip,
where it is integrated in a charge sensitive amplifier
(CSA). CSA built of two basic blocks: charge sensitive
preamplifier (CSP) and pulse shaping amplifier (See Fig.
1) [6-9]. Thus, the analogue part of an event counting pixel
cell starts with the preamplifier followed by a pulse
shaping amplifier. The preamplifier design is critical since
it should match the detector interface. The circuit should
be fast with low noise performance.
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Fig. 1. Block diagram of a generalized analog pulse-processing
channel (ADC — Analog-Digital Converter, DSP- Digital Signal
Processing)
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The preamplifier output signal is in many cases
amplified and shaped in a subsequent stage, called the
shaper. In its simplest form it is constructed as a RC-CR
filters that shapes the signal into a semi-Gaussian pulse
form. The shaper optimizes the signal-to-noise ratio and
band-limits the signal to remove low-frequency noise. The
preamplifier and the pulse shaping amplifier are often
referred to as the front-end or readout chip. But usually
pulse shaping amplifier is not used to minimize power
consumption [4, 7-9]. The last element in the chain is the
ADC, which converts the output of the pulse shaping
amplifier in a digital number for further processing in the
data acquisition.

Modeling of CMOS Charge Sensitive Preamplifier

The CSP configuration and the input transistor size
and bias set the fundamental limit of the overall system
noise and power dissipation.

Simulation has been performed with PSPICE
simulator using the BSIMV3.3 parameters of the MOSIS
CMOS SCN 0.24 pm [10]. The well known principle of
the CSP is shown in Fig. 2. It consists of an operational
amplifier with a feedback capacitor Cyq, which is discharged
by an external resistor Rg. The value of this resistor is
typically in the Megaohm range for a minimal parallel
noise contribution. To reach that high resistor value using
MOS transistors the transistor should be operated in its
non-saturation region, which is a challenging objective
since its Rds is subject to fluctuations due to the variations



in its threshold and bias conditions [11-14]. The detector
represented by its capacitance Cgy, is connected to the
inverting input. CSP giving rise to a voltage step at the
output with amplitude of Q;,/Cy. The output voltage at an
input charge Q is

Qin — Qin
+ Cdet + Cinp + CﬂJ Cfb
A

Vv

out

; (1)
Cfb

where Ci,, represents the input capacitance of the
amplifier, usually dominated by the input transistor, A -
gain of operational amplifier (OPAM). The feedback
capacitance is inversely proportional to the voltage gain of
the system.

Cp= 1fF
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Fig. 2. Block diagram of the preamplifier

The main design parameters are given in Table 1.

Table 1. Main design parameters of the preamplifier

Power supplies Vy=+1.2V
Bias voltage of preamplifier Viias—= 400 mV
Bias current of preamplifier Iyias= 0.5 pA
Input transistor (T1) dimension W/L=1.2 uym /0.24 um
Feedback capacitance Cyp=1 fF
Capacitance of semiconductor Cye=30 fF
detector
Feedback resistance Rup=80 MQ
Shaping time 1,=45 ns
Power consumption Py=1.2 pyW
ENC 115¢
Linearity 3% (1 k&...10 ke)
Gain 115 mV/ke

The simulated transient curve is presented in Fig. 3, a
for an input-current pulse corresponding to 1000 & (0.16
fC) charge signal. From this figure, a conversion gain
(charge-to-voltage gain) of 115 mV/ke and a peaking time
of 45 ns have been obtained, for detector capacitance

Cue=30 fF. A near-Gaussian pulse shape is produced,

yielding optimum signal-to-noise characteristics [3].

The preamplifier output signal is usually a semi-
Gaussian pulse form with an exponential a long time
constant decay. Decay of the signal is proportional to exp(-
t/80ns) (Fig. 3 a),

7p =Ry - Cg =80ns; 2)

where tp — return to baseline time.
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Fig. 3. Real signal response of the preamplifier: a) The
preamplifier output signal with decay time (Q;=1 k&,
Cye=30 fF); b) Simulations of the CSP output waveform for five
values of injected charge ( Cy=30 fF)

Fig. 3, b shows the simulated pulse response of CSP.
The input signals are charge steps 1 k&...9 k& with applied
to a 30 fF capacitor at the preamplifier input.
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Fig. 4. Gain versus of the input charge (Cy4.=30 fF)

Gain versus of the input charge is shown in Fig. 4.
CSP gain, when the input charge 1..20 k&, is about
112...40 mV/ kg, respectively (when the temperature is 27
°0).

CSP is often used in surrounding ambience with low
temperature. Thermal analysis simulated in the range — (-
120 °C) + (+120 °C) shows changes of not more than 20 ns
in the decay time and less than 10% of the output signal
amplitude (Fig. 5, a). Gain at the temperature -120 °C
decreases from 125 mV/ké up to 99.2 mV/ké when
temperature is equal +120 °C (Fig. 5, b).
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Fig. 5. Results of temperature simulation (QIN=1kg): a) Real

signal response of the preamplifier for different temperatures; b)
Gain as a function of temperature

Fig. 6 shows the peaking time versus the detector
capacitance. The simulation shows a peaking time of 14 ns
at of 0 pF input capacitance and a weak dependence with
the input capacitance.
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Fig. 6. Preamplifier peaking time and gain versus the input
capacitance (Q;=1 k&)

The expected peaking time (Cdet=30 fF) for the
preamplifier alone is about 45 ns. The deterioration of the
preamplifier speed is due to the increase of capacitance in
the coupling with the discriminator stage.

The preamplifier showed a good linearity up to 6 k&
for an input capacitance of 30 fF, as shown in Fig. 7.

Information lost in the detector cannot be restored
later; therefore the noise of the detector has to be
minimized. It is useful to express the noise sources as an
equivalent noise charge (ENC) at the preamplifier input.
Clearly, the ENC depends on the characteristics of both the
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charge sensitive preamplifier. The expression for the
equivalent noise charge for the noise sources mentioned
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Fig. 7. Analog output signal as a function of the input charge

have been calculated in [8, 11, 14]. The series and parallel
noise sources as well as flicker noise were accounted for to
simulate total ENC of the CSP. Some parameters of total
ENC depend on assigned constraints such as the detector
capacitance, the time integration, the gate capacitance of
the input transistor, the drain-source current and the
leakage current of the detector.
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Fig. 8. ENC as a function of peaking time: results of simulation
and calculations

Fig. 8, a presents the simulation results of the ENC
contributions as a timing resolution. Minimum equivalent
noise charge is obtained at the shaping time where the
current (parallel noise sources) and voltage noise (serial
noise sources) contributions are equal. The maximum
allowable peaking time is in practice constrained by other
design factors, as for example the maximum pulse-hit
frequency that the circuit should be able to handle. For
short peaking times the dominant noise is the serial noise,
for long peaking times - parallel noise. This function is
quadratic, concave with one minimum, which is adequate
for ENC minimum, ENC = 105 &, when Tp=75ns.

Flicker noise of CMOS transistors is dominated by 1/f
noise up to relatively high frequencies of the order of
several tens of kilohertz [9, 11]. The flicker noise is
independent of peaking time (Fig. 8.) and the ENC,; = 45
8. Calculations and computer simulations show that a
detector resolution as low as <105 noise electrons can be
obtained, congruity is more than 85%.
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Simulation of differential charge sensitive amplifiers (CSA) for hybrid pixel detectors on CMOS technology for high energy particle
physics and for mammography, dentography has been performed with PSPICE simulator using the BSIMV3.3 parameters of the MOSIS
CMOS SCN 0.24 pum. Charge sensitive preamplifier when input charge 1...30 k& and input capacitance equal 0...100 fF has the
following main electrical parameters: 167...73 mV/ke gain and low power consumption 1.2 pW/channel. The preamplifier has unipolar
response with peaking time about 15...79 ns. A near-Gaussian pulse shape is produced, yielding optimum signal-to-noise characteristics,
and equivalent noise charge of input (ENC) less 105 €. Thermal analysis simulated in the range T= -120...+120°C shows changes of not
more than 20 ns in the decay time and less than 10% of the output signal amplitude. Ill. 8, bibl. 14 (in English; summaries in English,
Russian and Lithuanian).

B. Bap3nenac, P. HaBuukac. MogenupoBanne Manomymsammx 1 MajgoMomiHbix KMOII nepBoHayadbHBIX pPerucTPUPYOLIUX
cucTteM B MamMmorpadguu u Aentorpaduu // DjIeKTPOHUKA U dieKkTpoTexHUKa. — KayHac: Texnoaorus, 2006. — Ne 6(70). — C. 75—
78.

JUI TOYEUHBIX JETEKTOPOB B MEIUIMHCKHX HCCIENOBAHHAX B JICHTOrpadMM W MaMMOrpauu W U HCCIEHOBAHHS (H3UKU
BBICOKO9HEPIeTHYHBIX 3JIEMEHTAPHBIX YaCTHI] OCHOBHBIE TIApaMeTPBI 3apsi0uyBCTBUTENBHOTO npexycuurels (3UY), ocHoBaHHOTO Ha
KMOII TtexHosoruu, noiydeHsl MojJenupoBaHHeM Ipu nomomu nporpammuoro nakera PSPICE, ucnonssys KMOII 0.24 mxm
Tpanzuctopusle BSIMV3.3 monenu xomnanuu MOSIS. [nsg monenuposanust 3UY ObUIHM yCTaHOBJICHBI TAKHE OCHOBHBIE TEXHUYECKHE
TpeGoBaHUsA: BXOAHAs EMKOCTb TOUECYHBIX NETEKTOPOB — C; u3MeHstach oT 0 no 100 P, BxomHOi# curnan Qg - ot 1 no 30 Ko,
pabouast Temmeparypa - ot -120 °C mo +120 °C. Bpumi mody4eHBl SKBUBAJICHTHBIH HIyMOBOW 3apsn MeHee 105 3JeKTpOHOB,
koo dumment npeodbpazoBanus ot 167 MB/K> mo 73 MB/K», anurensHOCTh (GpoHTa BEIXOZHOTO MMITyJbca OT 15 He 1o 79 He mpu
notpebnsemoit MourHocTr 1.2 MkBT. M. 8, 6uba. 14 (Ha aHTIHICKOM sI3BIKE; pedepaTsl Ha aHTITHHACKOM, PYCCKOM H JIUTOBCKOM $13.).

V. Barzdénas, R. Navickas. Mazy triuk§my ir maZos galios KMOP pirminiy daleliy registravimo sistemy mamografijoje ir
dentografijoje modeliavimas // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2006. — Nr. 6(70). — P. 75-78.

Mazy triuk8§my ir mazos galios diferencinio kriiviui jautraus prieSstiprintuvio (KJP) modeliavimas atliktas PSPICE programy
paketu, naudojant kompanijos MOSIS 0,24 pum technologijos KMOP tranzistorius. Visi modeliavimo rezultatai gauti esant jvairioms
KJP darbo salygoms: kai jutikliy talpy Cg diapazonas buvo 0...100 fF, perdavimo koeficientas keitési nuo 167 iki 73 mV/kg, o sistemos
registracijos trukmé 1, = 15...79 ns. KJP buvo modeliuojamas placiame j¢jimo signaly Qin=1...30 k& ir veikimo temperatiiry T= -
120...+120 °C diapazone. Gauta labai maza KJP vartojamoji galia, kuri nevirsija 1,2 pW/vienam kanalui, o ekvivalentinis triukSmy
krtivis (ENC) priesstiprintuvio j¢jime yra mazas ir lygus 105 &. I1. 8, bibl. 14 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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