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Introduction 

The active hybrid pixel detector (APD) can be a 
valuable solution in front-end electronics for radiation 
sensors. Detection systems with high sensor pixilation can 
benefit from low power, low parasitic, high front-end 
channel density, and low cost per channel. In addition, the 
APDs are characterized by good radiation tolerance [1-3] 
and can integrate large amount of additional signal 
processing and functions in analog, mixed-signal and 
digital domains, offering further advantage in terms of 
power. 

Submicron CMOS technologies ensure radiation 
hardness required by detector readout systems in present 
high-energy physics experiments as well as in other 
application fields [2-5]. CMOS is the most widely used 
technology for readout and control of imagers. 

CMOS low-noise preamplifiers for the active hybrid 
pixel detector were presented in [6]. APD are based on Si, 
GaAs, CdTe sensors connected to dedicated front-end 
electronics chips using the bump and flip-chip technology. 
A typical electronics read-out system consists of a charge 
sensitive preamplifier (CSP), realized with an amplifier 
with a capacitive feedback, a shaping filter, and an ADC. 
The incoming particles generate charge in the detector 
which is being integrated by the preamplifier and filtered 
with the shaper, in order to obtain the proper time 
evolution. Then, ADCs convert the signal amplitude for 
the successive storing in a computer. A general description 
of the electronic readout system which is based on a CSP 
was previously reported in [6-7]. 

In this paper the authors attempt to derive some 
design aspects for the CMOS preamplifier of hybrid pixel 
detectors used in particle tracking, operating in the 
nanoampere region.  

The experimental simulation results obtained with 
CSP for APD imaging implemented in CMOS 0.13 µm are 
reported. In that work, we are simulated a scheme for 
producing a high-value feedback device and leakage 
current compensation circuits. 

Analysis of Mathematical Formulae of Equivalent 
Noise Charge  

 
Table 1 displays the mathematical formulae used to 

calculate the contributions from the different sources of 
noise [2, 8]. The abbreviation in this table: ENC - 
equivalent noise charge, q - electron charge, τp - peaking 
time, Cfb, Cdet and Cin - the feedback, detector and input 
transistor capacitance, respectively, RS - the serial 
resistance, RP - the parallel resistance of the sensor bias 
resistor and the preamplifier feedback resistor, Ileakage - 
detector leakage current, gmTA1, WT1A and LT1A -
transconductance, channel width and length of the input 
transistor, Cox - oxide capacitance per unit area, Kf - flicker 
noise coefficient, T - temperature, e, k - Neper and 
Boltzmann constant, respectively. 

The total noise of the front-end readout system can 
be always represented by combination of two noise 
sources. The noise can either be a current or a voltage and 
they are often referred to as parallel and serial noise. 
Because these two sources are not correlated, the total 
input referred ENC calculation can be performed 
separately. The total noise value is the square root of the 
sum of the noise contributions squared.  

It is useful to express the noise sources as an 
equivalent noise charge (ENC) at the preamplifier input. It 
is clear, that the ENC depends on the characteristics of the 
charge sensitive preamplifier. The ENC corresponds to the 
charge that must be delivered to the front-end in order to 
achieve a signal to noise ratio equal to the unity.  

The ENC depends on the detector (plus parasitic) 
capacitance Cdet, on the detector leakage current Ileakage, on 
the input FET capacitance Cin and series noise (including 
both thermal and flicker noise).  

For this reason, attention must be paid to the 
minimization of CSP capacitance and the detector leakage 
current. Problems with the leakage current become crucial 
especially after irradiation, which yields as high as a few 
nanoamperes of current flowing into the input of the 
readout system. So, it is necessary to minimize this 
influence. 
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Table 1.  Mathematical formulae of equivalent noise charge (ENC)  
Source of noise Type The mathematical formulae of ENC 

Leakage current Parallel 2
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e I
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q
τ⋅ ⋅

=
⋅
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2 P
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2

e k TENC
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τ⋅ ⋅ ⋅
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One of the readout electronics requirements is that it 
be compatible with detector arrays from different 
materials. This requires the preamplifier to automatically 
accommodate a wide range of detector leakage current 
with little or no change in the output response. The idea for 
current compensation method lying at the background of 
this article had been scooped from [10]. The automatic 
leakage current compensation scheme is shown in Fig. 1. 

The complete bias current 2Ip is steered through T2B 
while the current through T2A is turned off. The input node 
is therefore discharged with a net current of Ip, independent 
of Ileak. The current through T3A is not changed 
significantly because the large capacitor Cint keeps the gate 
voltage nearly constant. The capacitor Cint plays a 
substantial role in the described leakage current 
compensation method. Its value has to be sufficiently high 
in order to prevent the circuit from oscillating. Positive 
leakage currents lower than 2Ip and negative currents lower 
than Ip can be compensated in each pixel. 
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Fig. 1. Preamplifier scheme with automatic current compensation 

ENC dependence on the detector leakage current is 
shown in Fig. 2. The leakage current simulated in the range 
from -10 nA to +10 nA, but the minimum of ENC is in 
region -3 nA…+6 nA and equal to 54…70 ē. 
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Fig. 2. ENC as a function of the detector leakage current (Qin=1 
kē, Cdet=30 fF, T=27 ˚C) 
 

The feedback consists of a capacitor Cfb in parallel 
with a resistance Rfb, which is implemented by PMOS 
transistors (T2A and T2B) operating in the linear region. 
The series of current pulses released by the detector are 
integrated on the feedback capacitance of the charge 
amplifier producing voltage steps of approximately Qin/Cfb 
at its output, where Qin is the total charge resulting from 
integrating the pulse. The value of the feedback capacitor 
Cfb is chosen as the CGD capacitance of input transistor (1): 

 fb GD T1A GD0 1 ;C C W C fF= = ⋅ ≈  (1) 

where CGD0 is the gate-drain overlap capacitance/channel 
width.  

The value of the feedback resistance Rfb is typically in 
the tens Megaohm range. In our case, this resistance is:  

 
mT2A mT2B

1 1 100 ;fbR M
g g

= + ≈ Ω  (2) 

where gmT2A and gmT2B are common-source 
transconductances of transistors T2A and T2B. 
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The feedback capacitor Cfb is discharged by the 
feedback resistance and the decay time is externally 
controlled through the bias current 2Ip (Fig. 3). The 
preamplifier output is directly used for hit discrimination 
and the discharge must be completed before the next signal 
arrives. A fast discharge is required in this case. This can 
lead to a reduction in the peak amplitude if the discharge 
starts before the signal has reached its maximum due to 
limited rise time of the amplifier (Fig. 3). 
 

 

0,20 

0,22 

0,24 

0,26 

0,28 

0,30 

0,32 

0,34 

0 65 130 195 260 325 390
Time, ns Time, ns 

V
ou

t, 
V

 

2Ip 

4Ip 

8Ip 

 
Fig. 3. Preamplifier output signals variation of the bias current 
2Ip (Qin=1 kē, Cdet=30 fF, T=27 ˚C) 
 

Fig. 4 depicts the response at the output of the 
preamplifier for five different values of input charges, 
namely l kē, 5 kē, 10 kē, 15 kē and 20 kē. The gain of the 
chain is approximately equal 41.42 mV/kē, while the 
peaking time is 35 ns.  
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Fig. 4. Transient response at the output of the voltage amplifier 
(input charge l kē, 5 kē, 10 kē, 15 kē and 20 kē, Cdet=30 fF, 
T=27˚C) 

 
Fig. 5 shows the peaking time versus detector 

capacitance. The simulation shows the peaking time of 30 
ns at of 0 fF input capacitance and a weak dependence on 
the input capacitance. From this figure, a charge-to-voltage 
conversion gain is an exponential function. The gain at the 
input capacitance Cdet=0 fF increases up to 68 mV/kē. The 
expected peaking time (Cdet=30 fF) for the preamplifier is 
about 35 ns. The deterioration of the preamplifier speed is 
due to the increase of capacitance in the coupling with the 
discriminator stage.  
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Fig. 5. Preamplifier peaking time and gain versus input 
capacitance (Qin=1 kē, Cdet=30 fF, T=27 ˚C) 

Total Input Equivalent Noise Charge (ENC) Simulation 

The simulated output noise spectral density Snoise(f) of 
the system is shown in Fig. 6. The noise response falls 
down from low frequencies until around 1 MHz a peak 
appears. This peak is caused by the detector capacitor. 
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 Fig. 6. Simulated output-noise Snoise(f) spectral density (Qin=1 
kē, Cdet=30 fF, T=27 ˚C) 
 

The total output noise voltage Vnoise can be calculated 
by the following formula: 

 ;)(∫
∆

=
f

noisenoise dffSV  (3) 

where ∆f is the system noise bandwidth. For a given 
charge Qin resulting in an output voltage Vout, the mean 
squared value of input-referred equivalent noise charge 
(ENC) can be calculated using the following formula: 

 ;
A

V
ENC noise=  (4) 

where A = Vout/Qin is the charge-to-voltage conversion 
gain. 

By integrating the noise spectral density curve from 
10 kHz to 10 MHz, we obtain a total output noise voltage 
of 2.22 mV (Fig. 7). The diagrams Fig.6 and Fig.7, 
however, it indicates us little about the signal noise ratio. 
Therefore the noise must be calculated to the input as 
electrons. 
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Fig. 7. Simulated integral of output-noise spectral density (Qin=1 
kē, Cdet=30 fF, T=27 ˚C) 

Conclusions 

In this paper we present a circuit technique for biasing 
a low noise CMOS preamplifier that uses a MOSFET 
transistor as a feedback resistor and leakage current 
compensation for use with radiation detectors. The charge 
sensitive preamplifier has been designed in submicron 
0.13µm CMOS technology. Noise evaluation of the charge 
preamplifier as input stages has been performed and 
reported. The minimum of ENC is in the leakage current 
region -3 nA…+6 nA and equal 54…70 ē. 
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