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Abstract 
 
 

 

Rapid development in CMOS technology has resulted in its suitability for the implementation 

of readout front-end systems in terms of high integration density, and low power consumption 

yet at the same time posing many challenges for analog circuits design like readout front-end. 

One of the significant challenges is the low noise design for high speed front-end systems, 

while at the same time minimizing the power consumption as much as possible.  

 

A high speed, low noise, low power, and programmable readout front-end system is designed 

and implemented for an X-ray detector in CMOS 0.18 m technology in this thesis work. The 

front-end system has a peaking time of 10 ns, which placed it to be the highest speed ever 

reported in the published work. The front-end system is designed to achieve low noise in 

terms of ENC, and a low power consumption of 2.9 mW. The detector capacitance is the most 

dominating parameter to low noise, which in turn is directly related to the power 

consumption. In this thesis work an ENC of 435 electrons is achieved for a detector 

capacitance of 5 pF and an ENC of 320 electrons for a detector capacitance of 3 pF. Based on 

the comparison to related published work, a performance of at least two times is achieved 
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taking peaking time, power, ENC, and detector capacitance all into consideration. The output 

pulse after amplification has peak amplitude of 300 mV for a maximum injected charge of 

40000 electrons from the detector. 

 

The readout front-end system noise performance is strongly dependent on the input MOSFET 

type, size, and biasing. In this work a PMOS has been selected and optimized as the input 

device due to its smaller 1/f noise and high gain as compare to NMOS when biased at same 

currents. The architecture designed in this work consist of a folded cascode CSA with extra 

cascode in first stage, a pole-zero cancellation circuit to eliminate undershoot, a shaper 

amplifier, and integrators using Gm-C filter technique. All of these components are optimized 

for low power while meeting the noise requirements. The whole front-end system is 

programmed for peaking times of 10, 20, and 40 ns. The programmability is achieved by 

switching different capacitors and resistors values for all the poles and zeros in the front-end, 

and by switching parallel transconductance in the Gm-C filters. Finally fine tuning of all the 

capacitance, resistance, and transconductance values is done to achieve required performance. 
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Chapter 1 

CMOS Readout Front-Ends 

1.1 Introduction 
This thesis work discusses the pre-study, design and implementation of a CMOS based analog 

front-end for a capacitive semiconductor X-ray detector utilizing photon counting for  use in 

computer tomography (CT). This research work at Linkoping University is a part of a large 

project between KTH and LIU to design new computer tomography system. 

 Wilhelm Conrad Rontgen in 1895 discovered the X-ray and its usefulness for medical 

imaging for diagnostic purpose was immediately recognized. Electromagnetic radiation 

interaction with the object and the sensor material is the main part for any X-ray imaging 

system. This interaction is either due to photo effect or Compton Effect. Initially photographic 

film is used for detection but its efficiency is only 2% with sensitive coating on both sides 

efficiency is increased to 20-60% with reduced spatial resolution. Now a days semiconductor 

detector are popular due to their reliability and high precision detection in medical X-ray 

imaging. 
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Figure 1-1: X-ray image of Rontgen wife’s hand in 1895, as one of mankind’s greatest technological 

accomplishments 
 

X-ray imaging is used in variety of applications including medical imaging, high energy 

physics, biology, crystallography, astrophysics and security. From 1990s Semiconductor 

detectors also called pixel detectors are extensively used for X-ray imaging and X-ray 

spectroscopy. They are dedicated reverse-biased diodes that releases charge towards its 

electrodes when exposed to an X-ray.  The energy deposited in these detectors by an X-ray 

photon is proportional to the charge produced or amplitude of current pulses produced by the 

detectors. To measure the deposited energy which is proportional to the current pulse 

amplitude, a readout electronics also called readout front-end is required to measure these 

pulses. The readout electronics has to be a very low noise and must be capable of handling 

high input pulse rate. Traditionally discrete and hybrid electronics are used for the readout 

front-ends in semiconductor detector systems. 

 However discrete and hybrid electronics are inadequate for the implementation of readout 

front-ends with increased number of channels and high density. These demands impose 

requirements like low power, low noise and small area which is difficult to meet using 

discrete and hybrid electronics. Continuing investigations are being made to implement 

readout front-end system in monolithic form. Due to high integration, comparatively low 

power consumption, and capability to have both analog and digital circuits on the same chip, 

CMOS technology is very much suitable now a day for the implementation of readout front-

ends. A number of systems are being implemented in CMOS technology (see section 1.5 for 

some of the work done) for different applications.  
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1.2 Motivation 
 

This work focuses on the design of an analog front-end as a part in the design of a new type of 

computer tomography, utilizing X-ray photon counting and spectral resolution, in order to 

minimize the X-ray dose to the patient. The scope of the work is limited to the low noise 

amplification of the signal from the detector and the filtering of the amplified signal. The 

CMOS technology is chosen due to its advantages as discussed above. The detector 

capacitance is a dominant factor on the performance of the complete readout front-end. A 

front-end fulfilling the performance requirements in terms of noise, power consumption and 

area with given detector capacitance and peaking time is the objective of this project. 

Programmability of the system will be investigated to meet system level requirements. 

 Rapid development is continued in CMOS technology in terms of miniaturization and speed. 

With continually reduced power supply voltage the analog circuit design is becoming more 

complicated especially low power design of analog circuits. Investigation of getting most out 

of scaled CMOS technology in terms of area and speed and designing low power analog 

readout front-end with exceptionally stringent requirements in terms of low noise and peaking 

time is also the motivation of this work. Another factor associated with CMOS scaling 

towards deep submicron technologies for the readout front-end is the restricted availability of 

passive components of high enough quality, replacement of the theses passive components 

with the use of transistors is to be investigated. 

 The performance optimization of the readout front-end is not that simple in CMOS 

technologies and optimization of individual components has to be addressed. The most critical 

component out of these is the Charge Sensitive Amplifier (CSA). Architecture exploration, 

circuit techniques, and device polarity investigation is required to meet the performance 

requirements for CSA in particular and all other components in general by taking advantage 

of the specific technology and taking care of the technology driven constraints. 
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1.3 Generic Architecture of readout front-end system 
Based on the application requirements (energy spectroscopy, counting, timing, and timing 

spectroscopy) and the detector or sensor and its output, the readout front-end system can vary 

in terms of components types used in the chain. However to narrow down this discussion here 

we first assume that the detector input pulse is of low amplitude and we need a Charge 

Sensitive Amplifier in the front-end system. The generic architecture of this type of readout 

front-end system is given in the figure below. 

 

 
 

Figure 1-2: Generic Architecture of readout front-end system 
 

The first component in the chain is the detector together with the type of biasing it requires 

producing a signal at its output. The preamplifier is then required for amplification and low 

noise requirements. After sufficient low noise amplification we need a pulse processing 

system with or without amplification depending upon the requirements which may consist of 

pulse shaping filter/amplifier for Energy spectroscopy and/or counting using pulse height 

processing or timing amplifier and discriminator and time to amplitude converter for timing or 

time spectrometer for timing spectroscopy. 

 

However when a semiconductor diode such as Si is used for X-ray, the detector is a capacitive 

device with high impedance and weak output signal, the performance of the preamplifier is of 

great concern. In this type of front-end system an operational amplifier based integrator with a 

feedback capacitance is commonly used. A general principle diagram of a capacitive based 

detector readout front-end system is shown in the following figure. 

Detector Preamp Pulse Shaping Pulse Height 
Processing 

Energy 
Spectroscopy, 

Counting

Timing 
Amplifier/

Discriminator

Time to 
Amplitude 
Converter

TimingDetector 
Biasing

Time 
Spectrometer

Timing 
Spectroscopy
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Figure 1-3: Principle diagram of a capacitive detector based front-end system 

 

The semiconductor based detector in the above figure is a reverse biased diode that release 

charges towards its electrodes when hit by an X-ray. The detector in Figure 1-3 can be 

modeled as a current source together with an equivalent capacitor of the detector Figure 1-4 . 

 
Figure 1-4: Detector and its equivalent model. 

 

1.3.1 Charge Sensitive Amplifier 
The CSA integrates the weak charge pulses produced by the detector and convert them into 

voltage pulses for amplification. Because of this operation this type of amplifier is called 

“charge sensitive amplifier”. A Charge Sensitive Amplifier is used for its low noise and gain 

insensitivity to the detector capacitance [1], [2].  The generated charge  is integrated on to a 

small feedback capacitance . The input voltage of the CSA is rises due to this charge; the 

output voltage with reverse polarity also rises at the same time. As the CSA has very large 

open loop gain the output voltage through the feedback loop makes the input voltage 

instantaneously zero. This means that all the input charge  is integrated on feedback 

capacitance and produces a voltage pulse  given by the following equation 

 (1.1)  

 

CSA H(s)

CMOS Reset

Cf

Q

Detector

Preamlifier Semi-Gussian 
Shaper

Pulse 
Processing

Detector Cdet
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This voltage pulse then slowly discharges with the time constant of the feedback resistance 

and capacitance . The important characteristics required of CSA are the following 

in order of importance 

• Low Noise (Equivalent Noise Charge- ENC) 

• Low power consumption 

• High Gain (Charge gain in terms of V/pico coulomb or Sensitivity in terms of 

mV/MeV) 

• High speed rise time 

• High temperature stability 

 

1.3.2 Pulse Shaping Filter 

The step signal produced by the CSA is then fed to a pulse shaper called Semi-Gaussian (S-G) 

pulse shaper. The S-G shaper performs pulse shaping to increase the signal to noise ratio 

(SNR) together with amplification. The output pulse of the shaper is a narrow pulse 

resembling to Gaussian pulse with a peaking time , which is the time when shaper output 

reaches the peak amplitude. The S-G shaper consists of one RC differentiator and  

integrators and is given by   

 (1.2)  

Where  is the time constant of the differentiator and integrator and  is the DC gain of the 

integrators. The number  is the number of the integrators and is called shaper order. Peaking 

time is related to the time constant of the shaper by 

 (1.3)  
Increasing the order of the shaper results in output pulse to be more close to ideal Gaussian 

pulse but with larger delay. The peaking time  is predefined in this work and is a 

requirement of the application. Some important requirements of the shaper are 

• Low power consumption 

• High linearity 

• Small area 

• Programmability for different peaking time 
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1.4 Readout Front-End System Performance Metrics 
 
Readout front-end system performance is limited by the sensor or detector properties and  

application type. We will discuss here briefly about each performance metric of the front-end 

system in order of importance. 

1.4.1 Equivalent Noise Charge (ENC) 
For readout front-end system the noise performance is generally expressed as Equivalent 

Noise Charge (ENC). The equivalent noise charge is the ratio of total integrated rms noise at 

the output of the pulse shaper to the signal amplitude due to one electron charge. 

 (1.4)  

 

 (1.5)  

 

Where,  is the total rms noise of the output and  is the transfer function of the 

shaper. The final formula after solving is given as [1]. 

 (1.6)  

 

The first term is the thermal noise contribution and the second term is the 1/f  noise 

contribution. Where  is the Boltzmann constant,  is temperature,  is input transistor 

transconductance,  is the total input capacitance consisting 

of detector, wiring, feedback and gate capacitance respectively, B is the euler beta function 

and is defined in [1], n is the order of the shaper/filter,  is the peaking time,  is the charge 

of single electron and  is the flicker noise parameter of the CMOS process. 
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1.4.2 Power Dissipation 
In CMOS analog power consumption is very complex. Although it has been addressed in the 

literature where it has been related to the performance constraints only, still power bounds on 

the analog circuit design need to be addressed [19] 

 The equivalent input noise voltage density of a transistor is given by  

 (1.7)  

Where  = 2/3 for long channel MOSFET and is approximately 1.5-2 in submicron MOSFET. 

The spectral density of maximum peak voltage  with a supply voltage  is / , which 

gives us the dynamic range to be  

 (1.8)  

The required for the dynamic range would be 

 (1.9)  

Using the relation for power consumption where  

 (1.10)  

 

Power consumption in readout front-end: Power dissipation is the most important factor 

for the readout front-end systems. Principally speaking the most power hungry component in 

the readout front-end system is the CSA, as the input transistor is the dominant contributor to 

the noise of the whole channel. However some work has reported power consumption spread 

among different components of the system which do not follow this principle, e.g. in [2] and 

[7] the total power consumption is 1 W where as the power consumption of CSA is 165 W 

and the rest is consumed by the shaper. This can be explained as power consumption of the 

readout front-end system and its break down is not so straight and can vary from application 

to application depending on the performance requirements. This has made the power 

consumption estimation of the front-end system even more difficult. 
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1.4.3 Peaking Time 
Peaking time is the time when the output of the pulse shaping filter reaches to its maximum 

amplitude. A pulse with large peaking time will be closer to an ideal Gaussian pulse. Large 

peaking time is helpful in achieving the optimal energy resolution, where as a short peaking 

time is essential for high counting rates. Peaking time is defined by: 

 (1.11)  

Where n is the order of the shaper or number of integrators and  is the time constant of the 

integrator. Peaking time together with the order of the shaper  is related to the total ENC. For 

a given peaking time , there exists an optimal order  for which the total ENC is minimum 

and for CMOS technology the optimum  is always larger [1]. Different applications may 

requires different peaking time which may or may not be the optimal peaking time for ENC to 

be minimum. 

In [1], a solution for an optimum  is stated for a given order n of the shaper and is given by 

 (1.12)  

The peaking time suggests that the CSA output rise time should be well below the peaking 

time. Also peaking time determines the implementable architectures for the filter or shaper 

 

1.4.4 Area 

With scaling of CMOS technology, it is possible to design larger multichannel readout 

systems on a single chip. However applications like medical imaging are demanding more and 

more channels for higher resolution of images. Thus for a given integration density of 

technology and the chip area, the number of channels that can be integrated on it depends 

upon the area of each channel. For an increased number of channels the area of the single 

channel has to be small. The number of channels implemented is increasing and recently in 

Medipix3 chip [4], 64 channels are integrated, a 64 channels chip is also reported by 

Geronimo [5]. 
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In a readout channel the components contribution to the area depends on the application 

requirements like ENC and peaking time, which are related to CSA input transistor size and 

the filter realization area respectively. For example the area of the S-G shaper in [2] is very 

large because of the long peaking time requirement which corresponds to large size 

components like resistor size. Also the passive components i.e. resistor and capacitors sizes 

and their implementation in a given technology may have a major contribution to the total 

area of the channel. For example the feedback resistance size of the CSA may have very large 

size. Programmability of the front-end system for different peaking time will also add to the 

area due to different filter configurations.. 

 

1.5 Performance review of related work done 
In this section a performance review in terms of common design parameters in tabular form 

will be presented shortly, but before that an overview of the current trends in CMOS readout 

front-end systems will be made. Many research groups are working on the readout-front end 

system, e.g. Medipix group at CERN and Microelectronics research group at Brookhaven 

National Laboratory under the leadership of Paul O'Connor, et.al. The emphasis of the work 

by these research groups are mainly on high integration density, low cost, and to tackle the 

challenges which arises due to CMOS technology implementation of readout front-end 

systems. These challenges include low power, low noise, high speed and high precision. 

Other trends in recent research on front-end systems includes the analysis, investigation, and 

prototyping in deep submicron technologies.[8]-[10]. Theses studies have investigated deep 

submicron technologies for readout front-end systems above 100 nm technologies and 

technologies below 100 nm like 90 nm and 65 nm still needs to be investigated. The research 

suggests that submicron technologies like 0.25 m, 0.18 m, and 0.13 m using minimum feature 

size are still suitable for low noise design of front-end systems [10], [11].  

The overview in terms of design parameters of the related work done has some interesting 

observations. Starting with peaking time, some of the recent work done has peaking time 

above 1 s [2], [12] where as some work [4]-[6], [13], has reported well below 1 s peaking 
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time. However the detector capacitance together with peaking time is correlated to the 

achieved performance. A very significant performance achievements is being made in terms 

of ENC and power consumption in [4] and is due to the very small detector capacitance , 

which otherwise would not be possible. Therefore the input capacitance and the peaking time 

are important factors in determining the ENC and power consumption. 

 The overview in Table 1.1 of the work done includes a common quality factor proposed by 

Christer Svensson [20]. This quality factor has taken into consideration all important 

parameters except area which is difficult to get from all the published work. This quality 

factor should be as low as possible and is defined by: 

 

 (1.13)  

 

Where,  is the power consumption of the channel, is the peaking time and  is the 

detector and wiring capacitance. We assume that the purely digital part of the channel 

consume a very small portion of the total power and will not affect the comparison if not 

included in some of the work 

 
Table 1-1 Comparison of the readout front-end systems 

  

No Reference 
Work 

Capacitance 
[f] 

Peaking 
Time [s] 

Noise 
 [ ] 

Power 
Disp.  [w] 

Quality 
Factor 

1.  Sansen [1] 40p 1000n 600 10m 2.25 

2.  Geronimo [3] 2p 1000n 93 18m 38.9 

3.  Geronimo [5] 4.6p 40n 390 4.9m 1.46 

4.  Perenzoni [6] 0.2p 600n 82 15  1.5 

5.  Noulis [2] 5p 1810n 487 1m 17.2 
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1.6 Requirements of this Work 
In this work a very stringent target specifications in terms of performance parameter is to be 

met. A peaking time of 10 ns is predefined to be achieved for high counting rate. The front-

end noise should be somewhere between 350-450 ENC with a total power consumption to be 

within 5mW with a power supply voltage of 1.5V. The detector capacitance is 3pF together 

with wiring capacitance it can be from 3-5 pF at most. These requirements are given in the 

following table with computed quality factor. 

 

 
Table 1-2 Requirements of this Work 

 
Besides these other specifications include 

Size:  The no of channels required are 160, with a given chip area of 15  for Anlog part 

this corresponds to about an area of 0.1 /channel for the front-end  

Input:  X-ray intensity is estimated to be 300kHz per pixel and a corresponding photon may 

give rise to a maximum of 40000 electrons 

Programmability:  The front-end system should be programmable for Peaking Times of 

10ns, 20ns, 40ns, 80ns with corresponding reduced noise in terms of ENC. This will be 

achieved through selection of different poles and zero in the shaper using switching of 

capacitors and resistors to form new  delay times. 

Temperature Range: 30 – 70  

 

1.6.1 Comparison to previous work 

If we compare the quality factor of the previous work and this work requirement as given in 

Table 1-3, this work requirement corresponds to at least twice the best quality factor then any 

of the work published. As it is evident from the previous two sections, a comparatively short 

Reference 
Work 

Capacitance 
[f] 

Peaking 
Time [s] 

Noise 
 [ ] 

Power 
Disp.  [w] 

Quality 
Factor 

This Work 

Requirements 
3-5p 10n 320-435 5m 0.56-0.38 
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peaking time is to be met, which has not been reported so far with detector capacitance in pF 

range. 

 
Table 1-3 Comparison of this work to published work 

  

1.6.2 Challenges 

A major challenge is to achieve noise performance within the limits for a short peaking time 

of 10ns and still be within the power budget. This includes the shaper to be as low power as 

possible, and for the CSA input transistor to have much of the power budget to reduce the 

noise of this major contributor. Also for this short peaking time the biasing network of the 

CSA may contribute a significant portion of ENC. The biasing network noise contribution has 

to be dealt with, which requires increased current considering the peaking time and noise 

requirements [1].  

It is also important that the input transistor size and polarity in 0.18 m technology has to be 

optimized based on noise requirements and its input capacitance has to be in proportion to the 

detector capacitance. Programmability for different peaking time is also challenging 

maintaining the output maximum voltage to be fixed without changing the biasing current. 

Some tuning will be required for programmability of the front-end system. 

 

Work This 
Work 

Sansen  
[1] 

Geronimo 
[3] 

Geronimo 
[5] 

Perenzoni 
[6] 

Noulis   
[2] 

Quality 
factor 

0.25-0.63 2.25 38.9 1.46 1.5 17.2 

Technology 
 

0.18 3 0.5 0.25 0.35 0.35 

No of 
Channels 

160 1 16 64 64 1 

Shaper 
Order 

2 4 5 (complex) 9 (complex) No shaper 2 

Program-
ability 

        ?   
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1.6.3 Front –End Architecture of this Work 

A brief introduction to the readout front-end architecture implemented in this work is 

presented here. The architecture of the front-end system is given in Figure 1-5. A complete 

analysis is done in chapter 6. The reset mechanism of the CSA is implemented with a 

feedback resistance due to high rate input. This architecture incorporates a pole-zero 

cancellation circuit (PZC) [3], [14]. The pole-zero circuit is needed to avoid the following 

effects of the feedback time constant  at higher rates [15], where  and  is the 

feedback capacitance and resistance op CSA. 

• Long undershoot at the output of differentiator stage of the S-G shaper 

• Pile-up effects at the CSA output. 

 

 
Figure 1-5: This work Architecture of the Readout front-end system   

 

The pole zero cancellation circuit eleminates the undershoot when the following condition 

meets 

 (1.14)  

After the PZC circuit  forms the first pole of the S-G shaper i.e. the differentiator 

together with a second amplifier. After which 2nd order integrator shapes the pulse before 

pulse processing. 

 

CSA Amplifier

Cf

Q

Detector Preamlifier Shaper 
Amplifier

Pulse 
Processing

Cdet

Rf

Cd

Rd

Cpz

Rpz

S-G Shaper 2 
Integrators

PZC Circuit
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1.7 Technology Parameters 
The technology used in this work is UMC 0.18 m Mixed Mode. It is important to have an 

idea of the technology device models and estimated parameters values. The device noise 

models are very important. This technology is using BSIM3V3.22 device models for 

simulation, and is using noise model 2 equations which are very reliable for noise 

approximation especially for 1/f noise approximation [19]. The parameters necessary for our 

design are approximated using extraction and noise parameters from [10], [16]. These 

parameters are given as under. 

Oxide thickness  

Threshold voltage  

Process transconductance for NMOS /  

Process transconductance for PMOS /  

1/f  Noise coefficient for NMOS  

1/f  Noise coefficient for PMOS  

 

The device models in UMC 0.18 m use the following thermal noise equation basecd on the 

model and version. The interesting reader can may find detailed info in [16] and [17] 

 (1.15)  

Where  

 

 
The flicker noise is model is 
 

 

(1.16)  
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All the parameters value can be found in the technology file and from extraction exept  and 

given by:  

 

and  
  

 

  



Chapter 1: CMOS Readout Front-Ends                                                                               17 

17 
 

1.8 Bibliography 
 

[1]. Sansen, W.M.C.; Chang, Z.Y., "Limits of low noise performance of detector readout 

front ends in CMOS technology," Circuits and Systems, IEEE Transactions on , vol.37, 

no.11, pp.1375-1382, Nov 1990.  

[2]. Noulis, T.; Siskos, S.; Sarrabayrouse, G.; Bary, L., "Advanced Low-Noise X-Ray 

Readout ASIC for Radiation Sensor Interfaces," Circuits and Systems I: Regular Papers, 

IEEE Transactions on , vol.55, no.7, pp.1854-1862, Aug. 2008. 

[3]. De Geronimo, G.; O'Connor, P.; Grosholz, J., "A generation of CMOS readout ASICs 

for CZT detectors," Nuclear Science, IEEE Transactions on , vol.47, no.6, pp.1857-

1867, Dec 2000. 

[4]. Ballabriga, R.; Campbell, M.; Heijne, E.H.M.; Llopart, X.; Tlustos, L., "The Medipix3 

Prototype, a Pixel Readout Chip Working in Single Photon Counting Mode With 

Improved Spectrometric Performance," Nuclear Science, IEEE Transactions on , vol.54, 

no.5, pp.1824-1829, Oct. 2007. 

[5]. De Geronimo, G.; Dragone, A.; Grosholz, J.; O'Connor, P.; Vernon, E., "ASIC With 

Multiple Energy Discrimination for High-Rate Photon Counting Applications," Nuclear 

Science, IEEE Transactions on , vol.54, no.2, pp.303-312, April 2007. 

[6]. Perenzoni, M.; Stoppa, D.; Malfatti, M.; Simoni, A., "A Multispectral Analog Photon-

Counting Readout Circuit for X-ray Hybrid Pixel Detectors," Instrumentation and 

Measurement, IEEE Transactions on , vol.57, no.7, pp.1438-1444, July 2008. 

[7]. Noulis, T.; Siskos, S.; Sarrabayrouse, G., "Noise optimised charge-sensitive CMOS 

amplifier for capacitive radiation detectors," Circuits, Devices & Systems, IET , vol.2, 

no.3, pp.324-334, June 2008. 

[8]. Re, V.; Manghisoni, M.; Ratti, L.; Speziali, V.; Traversi, G., "Survey of noise 

performances and scaling effects in deep submicrometer CMOS devices from different 

foundries," Nuclear Science, IEEE Transactions on , vol.52, no.6, pp.2733-2740, Dec. 

2005. 

[9]. Manghisoni, M.; Ratti, L.; Re, V.; Speziali, V.; Traversi, G., "Noise Performance of 

0.13 m CMOS Technologies for Detector Front-End Applications," Nuclear Science, 

IEEE Transactions on , vol.53, no.4, pp.2456-2462, Aug. 2006. 



18      Chapter 1: CMOS Readout Front-Ends 
 

 

[10]. Manghisoni, M.; Ratti, L.; Re, V.; Speziali, V., "Submicron CMOS technologies for 

low-noise analog front-end circuits," Nuclear Science, IEEE Transactions on , vol.49, 

no.4, pp. 1783-1790, Aug 2002. 

[11]. M. Manghisoni, L. Ratti, V. Re, V. Speziali, Low-noise design criteria for detector 

readout systems in deep submicron CMOS technology, Nuclear Instruments and 

Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and 

Associated Equipment, Volume 478, Issues 1-2, 1 Pages 362-366, February 2002. 

[12]. Lawrence Jones, Paul Seller, Matthew Wilson, Alec Hardie, HEXITEC ASIC--a 

pixellated readout chip for CZT detectors, Nuclear Instruments and Methods in Physics 

Research Section A, Volume 604, Issues 1-2, Pages 34-37,  June 2009. 

[13]. M. Koizumi, J. Kataoka, S. Tanaka, H. Ishibashi, N. Kawai, H. Ikeda, Y. Ishikawa, N. 

Kawabata, Y. Matsunaga, K. Shimizu, H. Kubo, Development of a low-noise analog 

front-end ASIC for APD-PET detectors, Nuclear Instruments and Methods in Physics 

Research Section A, Volume 604, Issues 1-2, Pages 327-330, June 2009. 

[14]. De Geronimo, G.; O'Connor, P., "A CMOS fully compensated continuous reset system," 

Nuclear Science, IEEE Transactions on , vol.47, no.4, pp.1458-1462, Aug 2000. 

[15]. Grybos, P.; Idzik, M.; Swientek, K.; Maj, P., "Integrated charge sensitive amplifier with 

pole-zero cancellation circuit for high rates," Circuits and Systems, 2006. ISCAS 2006. 

Proceedings. 2006 IEEE International Symposium on , vol., no., pp.4 pp.-2000. 

[16]. De Geronimo, G.; O'Connor, P., "MOSFET optimization in deep submicron technology 

for charge amplifiers," Nuclear Science, IEEE Transactions on , vol.52, no.6, pp.3223-

3232, Dec. 2005. 

[17]. UMC 0.18 m 1.8V HSPICE Models, UMC Documentation. 

[18]. Cadence Circuit Components and Device Models Manual, Product Version 6.1, 

December 2006. 



19 
 

 
 

 

Chapter 2 

Input Transistor Analysis and Design  

This chapter is dedicated to input transistor of the CSA in readout front-end system. It covers 

an overview of previous work done on input transistor optimization, the dependence of front-

end performance on the input transistor in terms of noise, power dissipation, and input 

capacitance, then input transistor selection and design will be discussed based on the analysis 

and simulation results. After which analysis in terms of noise and input capacitance will be 

presented based on simulation results for device sizing. It is important to mention here that all 

the simulation material is based on the UMC models of the MOSFETs for cadence design 

systems and we solely rely on these models in our judgments. 

 

2.1 Input Transistor and Front-End Performance 
The first device in the path of the signal from the detector is the input transistor of CSA in 

readout front-end system. Input transistor design is an important phase of the front-end design 

and consist of optimization with respect to the detector input capacitance, interconnect, and 
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the application type. Then optimization process depends on equations, models, and parameters 

that can be strongly connected to technology [3].  

Many effort has been done regarding input MOSFET analysis, optimization and its relation to 

different parameters [2]-[4], [6], [7], [10]-[12], and low noise design criteria have been 

developed for readout front-end system. The design criteria is not that much simple and rely 

heavily on simulation analysis especially for noise optimization in a selected CMOS 

technology, where technology noise parameters are becoming very important and their 

approximation modeling is complex. In [8] a very good effort has been done taking into 

account secondary effects as well to derive an analytical model for noise but is only for drain 

thermal noise. In noise optimization one has to rely on the simulation which uses device 

models for noise especially for flicker noise. It is worth mentioning here that BSIM3 models 

are very good approximation for noise especially 1/f noise and has been validated extensively 

against measurement results in [3] and [7]. 

 

2.1.1 Parameters important to input transistor design 

Based on the review of the literature found in [1]-[12], following parameters are 

conceptualized to be important to input transistor design 

CMOS Technology: Noise performance of the input MOSEFT depends on the CMOS 

technology. The parameters affecting the noise performance associated with CMOS 

technology are 1/f noise coefficient  which varies over device scaling, Oxide capacitance 

 due to scaling of , and device geometry scaling with technology. Noise comparison in 

different CMOS technologies is done in [10], [11], and possible noise achievements are 

presented for different technologies. Another fact of the scaled device technologies especially 

deep submicron is their radiation hardness [10].  

Foundry: For the same technology different foundries may have different noise parameters, 

e.g.  values reported in [11]. The oxide thickness  can be different among foundries 

which effects  and consequently the noise. For ST Microelectronics 0.18  nm 
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reported in [11] and nm reported in [7], where as foundry used in this work i.e. 

UMC 0.18 m has nm [13]. 

Detector Capacitance: Detector capacitance has a direct relation to the noise performance in 

terms of ENC and also to the power consumption. Based on the region of operation the gate 

capacitance has a relation with the detector capacitance to gives optimum total input 

capacitance for optimum ENC as explained in [9]. A more insightful analysis is presented 

about the optimum gate capacitance in [10] 

 Polarity of the Device: Choice of the CMOS device to be PMOS or NMOS is very 

important for noise performance and a lot of investigation has been made. The performance is 

related to the peaking time [4], [10], noise parameters of the technology [6]. 

 Region of operation: Region of operation is important for power consumption and depends 

on the noise requirement which dictates a specific value of . Region of operation is also 

related to the bandwidth of the CSA. 

 Peaking time of the filter: Peaking time is the most important factor for noise performance 

and is related to the power consumption top achieves a target noise performance. Small 

peaking time as in our case needs a CSA of larger unity gain bandwidth.  

 

2.1.2 Noise  

The MOSFET noise sources and its simplified model known as input-referred or gate-referred 

noise are given in Figure 2-1  

v2
g(f)

I2d(f)
v2

ni(f)
(Noiseless)

 
Figure 2-1: MOSFET Noise sources and its equivalent model. 
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The thermal noise of the MOSEFT depends on the region of operation. In strong inversion 

region the input referred or gate-referred noise voltage spectral density is given 

 (2.1)  

Where  is the Boltzmann constant, is the temperature,  is the 

transconductance of MOSFET, coefficient  is 2/3 for long channel MOSFET and between 

3/2 to 2 for submicron MOSFET 

In weak inversion region 

 (2.2)  

Where  is the charge of a single electron and  in weak inversion region. There 

are no explicit expressions for moderate inversion region. In this region the parameters such 

as width , length, device polarity and oxide capacitance will affect the thermal noise by lesser 

extent than the strong inversion region [10]. 

From Eq.1.6, the ENC contribution due to thermal noise is given by the expression 

 (2.3)  

From the table in [1], it is evident that the term   is minimum for =2. 

For an ENC contribution of 200 electrons from the input transistor with a peaking time of 10 

ns, 4 pF,  300 K, and 2, we get 22 mA/V. Which is a very high value due 

to a very short peaking time of 10 ns. For a peaking time of 100 ns we get 2.2 mA/V. 

 

The equivalent flicker noise or 1/f noise voltage spectral density of the MOSEFT for all 

regions of operation is given by the following expression 

 (2.4)  

The ENC due to 1/f noise is given by  
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 (2.5)  

Where  is the flicker noise coefficient of the CMOS process used and will be discussed 

later in this chapter.  

2.1.3 Power Dissipation 

The power consumption of the readout front-end system depends on the peaking time  and 

the total input capacitance . From Eq.2.3, the ENC is related to the detector capacitance and 

peaking time as following 

 

Good noise performance can be achieved with small input capacitance and large peaking time. 

For predefined ENC to achieve with a given peaking time , a corresponding   value is 

required, where from Eq.1.6  can be written as following  

 (2.6)  

Where  

  

So for small peaking time and large detector capacitance we need higher  which is related 

to the Power consumption as under 

 (2.7)  

Substituting Eq.2.6 in 2.7 results in 

 (2.8)  

Where  and /  

Power dissipation of the input transistor can be computed using the Eq.2.7, which gives a 

power consumption of about 2.3 mW for the input transistor with a 22 mA/V, 70mV and = 1.5 

V. This means that current through the input transistor will be about 1.5 mA. So, 

approximately half of the power budget is consumed by the input transistor. 
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2.1.4 Gate Capacitance and Area 

In strong inversion region  is a function of input gate capacitance  through device 

geometry as given in following expression. 

 (2.9)  

The optimum  for thermal noise is achieved in strong inversion region using 

the expression derived in [2] as 

 (2.10)  

However in moderate inversion region the input gate capacitance  will be smaller than 

 [see section 2.2.1, Figure 2-3], and in weak inversion region it will be much smaller as 

transconductance  is independent of geometry  and  in this region and thus . 

 
 

2.2 Input Transistor Selection and Design 
 

2.2.1 Basic Analysis of Transistor 

In this section some of the basic analysis of the input transistor important to readout front-end 

system are done. In Figure 2-2, simulation results of  is presented as a function of Width 

 for PMOS and NMOS transistors in UMC 0.18 m for fixed current due to power 

consumption constraints. It is observed that for a fixed current as in Figure 2-2(a), NMOS 

gives higher  than PMOS. For the same Figure,  of PMOS varies from 730 mV to 460 

mV, which suggests that it first operates in strong inversion and then in moderate inversion 

region. Where as  of NMOS varies from 610 mV to 410 mV, which suggests that it 

operates all the time in moderate inversion region.  We define moderate inversion region as  

 (2.11)  
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Where,  is the thermal voltage and is equal to 26mV at  300K.  is factor 

proportional to the inverse of the slop of  in subthreshold region as a function of gate to 

source voltage , and its value is between 1 and 1.2 for 0.18 m process [10].  

 
Figure 2-2: for PMOS and NMOS as a function of (a) Width  and (b) Current   

with 1 mA for (a) and 500  for (b), 0.18 m and  in UMC 0.18 m process 

We roughly estimate the moderate inversion region as  

 (2.12)  

and weak inversion region can be defined as 

 (2.13)  

In strong inversion region the transconductance  can be expressed as a function of the 

current  as 

 (2.14)  

Where  is the gate capacitance of the input transistor. In weak inversion region 

the transconductance is  

 (2.15)  

PMOS 
NMOS
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In  Figure 2-2 (b)  is plotted as a function of Id for both PMOS and NMOS with a fixed 

width of 500 m. Here both NMOS and PMOS first operate in weak inversion and then in 

moderate inversion region. So the value of  for both PMOS and NMOS depends on the 

region of operation when both have same current or same width .  

 

 
Figure 2-3: /  for PMOS and NMOS as a function of  

with / = 500/0.18,  in UMC 0.18 m process 
 

This fact is also clear form Figure 2-3, where NMOS performs better in terms of /  in 

weak inversion region and PMOS gives slightly better performance than NMOS in moderate 

inversion region. 

Our design requirements suggest a high value of  for low noise, and a reasonable value of 

width of the transistor to be with in the limits of the input capacitance. Weak inversion region 

seems best choice due to high /  and low power consumption. But for a required  

value, a very large corresponding transistor will be required to operate in weak inversion 

region which will add too much capacitance.  At the same time our bandwidth requirement 

suggests to operate in at least moderate inversion region as bandwidth of the amplifier if 

operating in weak inversion region does not fulfill our requirements. So, moderate inversion 

region is suitable choice to meet all the requirements containing low power, high  for low 

noise, and high speed in terms of the bandwidth of the amplifier with feedback. 

PMOS 
NMOS
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Figure 2-4 extracted  of the both transistors is plotted. The results show that for UMC 

0.18  process, increasing the width,  of PMOS is higher than the NMOS and changes 

more rapidly than the NMOS counterpart.  

 

 
Figure 2-4: Extracted for PMOS and NMOS as a function (a)  and (b)  

with 500 m for (a) and 1 mA for (b), m, and  in 0.18 m process 

In Figure 2-5(a), a /  plot is presented as a function of the current and in Figure 2-5(b) as 

a function of the transistor length. /  of the input transistor is important for the CSA 

gain, therefore it has been discussed here with the context of input transistor analysis as we 

want to keep track of /  of the input transistor for an achievable gain. It is interesting to 

note that /  for PMOS is higher than its NMOS counterpart. The reason is, for same 

width PMOS has lower current value due to less mobility of holes and  is related to the 

current as . The quantity /  can be expressed as 

 (2.16)  

 (2.17)  

PMOS 
NMOS



28      Chapter 2: Input Transistor Analysis and Design 
 

 

Where  is the channel length modulation constant. So smaller current will lead to a larger 

/  value as in the case of PMOS, which is desirable for higher gain. Similarly PMOS 

gives better performance than NMOS when increasing the channel length . This will be 

discussed in more details in Chapter 3 together with the effect of  on . 

 

 
Figure 2-5: /  for PMOS and NMOS as a function of (a)  and (b)  

with 500 m, 0.18 for (a), and 1 mA for (b) in UMC 0.18 m process 
 

Next an important issue of input capacitance is discussed here. As explained before input 

capacitance of the input transistor is important to the noise of the front-end and also to the 

close loop gain of the CSA. The gate capacitance is given by  

 (2.18)  

The capacitance is proportional to the gate area and is true for weak and moderate inversion 

regions of the transistor [10]. However its value depends on the region of operation and is 

smaller in weak and moderate inversion region as compare to the strong inversion region[13]. 

This phenomenon has been verified by the simulation results in Figure 2-6, where input 

capacitance is plotted as a function of  for a fixed width and length. Small value of  

 around threshold voltage corresponds to moderate inversion region and weak inversion 

PMOS 
NMOS
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region below that. It is evident from the figure that in weak and moderate inversion region the 

input capacitance of the transistor will be smaller which is desirable. 

 
Figure 2-6: Input gate capacitance  for PMOS and NMOS as a function of  

Where , / = 500/0.18,  in 0.18 m process 
 

Conclusion of the Basic Analysis: The analysis of transistor suggests the following for the 

readout front-end systems 

• NMOS is better than PMOS in terms of , however PMOS gain /  is better 

than NMOS as well as input capacitance  of the transistor. 

• Keep  low to operate in weak inversion or moderate inversion region of the 

transistor for lower input capacitance and higher /  as compare to the strong 

inversion or saturation region. But a required value of  to achieve is important for 

the device geometry with some fixed current value. 

• Bandwidth requirement larger than around 20 MHz suggests operating in moderate or 

strong inversion region only [14]. 
  

PMOS 
NMOS
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2.2.2 NMOS Transistor Noise Analysis 

Starting with NMOS noise analysis, Figure 2-7 shows noise voltage spectrum with three 

different lengths, from 0.2 to 1 m all with a width of  500 m and a current of 1 mA. As 

expected 1/f noise decreases with increasing . However since we have a large current density 

and are operating in moderate inversion region where  is still dependent on the device 

geometry, the effect of the length is significant and is increasing with increasing the length. 

This effect would be less significant if the device is operating in weak inversion region with 

smaller current density. Moreover the 1/f noise is dominant up to larger frequency range for 

smaller length. 

 
Figure 2-7: Noise Voltage spectra of NMOS for different channel lengths  

with m,  mA,  in UMC 0.18 m process 

Noise voltage spectrum for different currents from 200 A to 1.5 mA is plotted in Figure 2-8 

with 500/0.5. The 1/f noise component does not change significantly with the current 

as expected; where as the thermal noise voltage decreases with increasing  due to  

dependence on the current in weak, moderate and strong inversion region, also see Figure 1-

13. 
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Figure 2-8: Noise Voltage spectra of NMOS for different currents  

with m,   in UMC0.18 m process  

Figure 2-9 presents the noise voltage spectrum results of different width from 100 to 1500 m 

with a fixed current of 1 mA and a length of 0.2 m. The 1/f noise decreases with increasing 

width due to the inverse relation of the flicker noise for increasing gate capacitance with 

increasing.  

 
Figure 2-9: Noise Voltage spectra of NMOS for different widths  

with m,  mA,   in UMC 0.18 m process  
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Looking at the thermal noise component of the total noise, it also behaves as expected and is 

decreasing with increasing the width. This can be explained by the fact that  in moderate 

inversion region remains still a function of , but not that much strongly as it is in strong 

inversion region. This much reduction of thermal noise component may not be possible in the 

weak inversion region where  is independent of the device geometry and hence . 

In Figure 2-10, both thermal and the 1/f noise at 10 KHz is presented separately as a function 

of the gate width . Both of the noises decrease with 1/f noise at 10 KHz decreases more 

rapidly. After some width range the 1/f noise does not decrease rapidly. This can be explained 

as the device first operates in weak or moderate region where gate capacitance is smaller than 

 and increases exponentially and we get more 1/f noise and exponential decrease 

respectively, when the device goes into strong inversion region the gate capacitance increases 

linearly with increasing  and a linear decrease in 1/f noise is observed. 

 

 
Figure 2-10: Noise contribution sources for NMOS as a function of width 

with m,  mA,  , 1/f noise at 10KHz in UMC 0.18 m process   
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A further investigation of 1/f noise component at 10 KHz is made as a function of current  

for different lengths from 0.2 to 0.5 m and is plotted in Figure 2-11. For larger length 1/f 

noise is smaller and this noise decreases a little bit in a range of increasing , and then 

increases again due to the fact that the 1/f noise parameter  has some dependency on current 

 and can be different for different foundries of the same technology [12].  This issue is 

investigated more for UMC 0.18 m process and the 1/f noise coefficient is plotted in Figure 

2-12. We conclude that this noise coefficient remains constant on the average for increasing 

current . 

 
Figure 2-11: 1/f Noise of NMOS at 10KHz as a function of for different lengths 

with m,  , in UMC 0.18 m process  
 
 

The 1/f noise coefficient  behaves differently as a function of  for the same technology 

but different foundries [12]. A white noise spectrum is plotted in Figure 2-13 as a function of 

the current  for different lengths from 0.2 to 0.5 with  500 m. 
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Figure 2-12: 1/f Noise coefficient  for NMOS at 10KHz as a function of  for different lengths 

with m,  , in UMC 0.18 m process  
 

 

 

 
Figure 2-13: White Noise of NMOS as a function of for different lengths  

with m,  , in UMC 0.18 m process 
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2.2.3 PMOS Transistor Noise Analysis 

In this section, noise voltage spectrum simulation is obtained for PMOS device. The 

simulated results are plotted in Figure 2-14. Since the device is operating in moderate 

inversion region. The length  has effects on the thermal noise. A small effect is observed for 

1/f noise with increasing the length of the device as opposed to the NMOS in Figure 2-7. 

 
Figure 2-14: Noise Voltage spectra of PMOS for different channel lengths 

with m,  mA,  in UMC 0.18 m process 
 
 

Figure 2-15 contains the noise voltage spectrum for different currents from 200 m to 1.5 mA 

for PMOS. With increasing , the thermal noise is also decreasing but an increase of 1/f noise 

is also observed. It is due to the fact that  coefficient of the 1/f noise for PMOS in UMC 

0.18 m is a strong function of the current for which simulation results will be presented 

shortly. This behavior can be explained by the mobility fluctuation in PMOS due to increased 

overdrive voltage ( ) [13]. In Figure 2-16 noise voltage spectrum is presented for 

different device widths  from 100 to 1500 m. As expected both thermal and 1/f noise 

component decreases with increasing the width . 
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Figure 2-15: Noise Voltage spectra of PMOS for different currents  

with m,   in UMC0.18 m process  
 
 
 
 

 
Figure 2-16: Noise Voltage spectra of PMOS for different widths  
with m,  mA,   in UMC 0.18 m process 
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Thermal noise and 1/f noise voltage spectrum are plotted separately in Figure 2-17, where 1/f 

noise component is measured at 10 KHz. 1/f noise component decreases with increasing the 

width due to gate capacitance as has discussed previously in the section for NMOS device. 

 
Figure 2-17: Noise contribution sources for PMOS as a function of width  

with m,  mA,  , 1/f noise at 10KHz in UMC 0.18 m process  
 

 

 
Figure 2-18: 1/f Noise of PMOS at 10KHz as a function of for different lengths  

with m,  , in UMC 0.18 m process  
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The 1/f noise off course is smaller in PMOS than in NMOS device. This noise at 10 KHz is 

plotted as a function of  in Figure 2-18, and the associated noise coefficient  is plotted in 

Figure 2-19 , which shows an increase in 1/f noise due increase in  with respect to current 

increasing but not that much sizable  as reported in [12], [13] for ST 0.13 m PMOS device, 

also in [12] the same kind of dependence on  for 1/f noise is not observed for IBM 0.13  m 

PMOS device as it is also our case. Also note that with minimum length, the coefficient  is 

not dependent strongly on  as opposed to larger length PMOS devices.  

A white noise voltage is plotted in Figure 2-20 as a function of  for different lengths from 

0.2 to 0.50  with a width of 500 m. The results are in line with the expected ones dictated 

by the Eq.2.1 

 
Figure 2-19: 1/f Noise coefficient  for PMOS at 10KHz as a function of  for different lengths 

with m,  , in UMC 0.18 m process  
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Figure 2-20: White Noise of PMOS as a function of for different lengths  

with m,  , in UMC 0.18 m process 
 

2.2.4 Selection of the input Transistor type 

Based on the analysis in the previous sections, a selection of input device has to be made. This 

can be done theoretically from the Noise Comparison Ration (NCR) formula from Eq.2.3 and 

Eq.2.5 as given in [6].  It is evident that PMOS has smaller 1/f noise than NMOS due smaller 

noise coefficient  for PMOS. The values for this coefficient is presented in Table 2-1 for 

both NMOS and PMOS for different lengths and PMOS noise coefficient is found to be 10 

times smaller than the NMOS . The values are larger for devices with shorter channel lengths 

than the devices with longer channel lengths. 

 
 
 
 
 
 
 
 
 
 

Table 2-1 1/f Noise Coefficient  of UMC 0.18 m Technology  
with 0.5 mA for 0.18 m and 0.5 m 

L=0.20 µm 
L=0.35 µm 

L=0.50 µm

Length  
 [ J ] 
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0.5 m 11 1 
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Figure 2-21 shows the noise voltage spectrum of both PMOS and NMOS with different 

devices widths for the same current . The thermal noise for NMOS is smaller than the 

PMOS where as the 1/f noise is larger for NMOS and smaller for PMOS. This suggests using 

NMOS for lower thermal noise at higher frequencies and PMOS at lower frequencies. 

 
Figure 2-21: Noise Voltage spectra of PMOS and NMOS for different  

with  mA,   in UMC 0.18 m process 
 

 
Figure 2-22: 1/f Noise at 10KHz for PMOS and NMOS as a function of width  

with m,  mA,  , 1/f noise at 10KHz in UMC 0.18 m process  
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1/f noise at 10 KHz for both PMOS and NMOS is shown in Figure 2-22 as a function of . 

The thermal noise voltage for both the devices is plotted in Figure 2-23 as a function of width 

with a current of 1 mA. According to the Figure, the thermal noise contribution is getting 

closer to each other with increasing the current. So for higher value of current the difference 

will not be of big significance. 

 
Figure 2-23: White Noise volage spectra for PMOS and NMOS as a function of width  

with m, m,   in UMC 0.18 m process 
 
 

2.2.5 Conclusion of the Input Transistor selection 

 

• NMOS device has smaller thermal noise than PMOS, whereas PMOS gives better 

performance in terms of 1/f noise. At higher frequencies (i.e. smaller peaking times) and 

with higher drain current density i.e. operating in moderate and strong inversion region, 

the difference between NMOS and PMOS will become less significant in terms of noise 

voltage. 

• The integrated noise at the output is important to calculate the ENC. So the peaking time 

is important. With a weak inversion region of operation and a peaking time < 100 ns, there 

is a little difference between the ENC of NMOS and ENC of PMOS as reported in [4] and 
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[10].  This will be even more valid in moderate inversion and strong inversion region with 

larger current densities. 

• PMOS gives higher /  than NMOS for the same current density. This is helpful for 

the amplifier gain and to the noise in terms of SNR and ENC. 

• Avoid using minimum length NMOS which gives very higher 1/f noise component, but 

will lower the gain / . Whereas if PMOS is used, increasing the length will not be of 

significant help in terms of 1/f noise, so it is better to use minimum length device for 

PMOS which also gives better gain / . 

• The high pass pole in the pole-zero cancellation circuit is important as it may not be at 

peaking time of the low pass filter for determining the output integrated noise  
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Chapter 3 

Charge Sensitive Amplifier (CSA) 

 
 

 

CSA is the critical part of the readout front-end system. In this chapter the design of this 

component will be discussed in detail together with the simulation results. We start with CSA 

importance in front-end system, then CSA operation principle together with different kind of 

gains applicable to CSA. We are particularly interested in the noise behavior of the CSA, 

especially the close loop noise behavior. The amplifier architecture for CSA implementation 

should fulfill all the requirements in terms of Gain BandWidth product (GBW), DC biasing, 

power consumption, and low noise in particular etc. The design of CSA is geared towards low 

noise and low power consumption. This is achieved by first careful design of the input 

transistor and then the rest of the amplifier and biasing network. One important challenge in 

CMOS readout front-end systems is the implementation of large feedback resistance, which 

will be discussed in detail in this chapter. Besides the primary noise source optimization we 

have to take care of also secondary noise sources and their optimization. This will be 

discussed in this chapter together with the simulation results. In the end a performance 

summary and a noise summary of the CSA is presented. 
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3.1 Purpose of CSA in Readout Front-End Systems 
The primary purpose of the CSA in a readout front-end system is to integrate the signal from 

the detector coming in the form of charge. CSA converts these charge pulses at its input from 

the semiconductor detector to voltage pulses at the output. This is done by integrating the 

charge over a feedback capacitor of the CSA, after which further processing like 

amplification, filtering and pulse analysis can be performed. The other important purpose of 

the CSA in a readout front-end system is noise suppression. As for a given signal source i.e. a 

particular detector, the noise performance of the CSA is determined by the noise contribution 

from the amplifier itself together with the impedance at the input of the CSA.     

 As discussed in chapter 1 section 1.3, the output of the semiconductor detector is a weak 

charge pulse with a short pulse width in our case less than one nano second. A CSA input 

impedance is high to match the high output impedance of the capacitive detector, and to 

convert the weak charge pulses into voltage pulses with low output impedance for further 

amplification. The rise time of the output of the amplifier should be less than or equal to the 

integration time of the charge over feedback capacitance. 

 The CSA performance requires its optimization for a given specification. The optimization 

can involve any or all of the performance parameter optimization like low power, high 

bandwidth, high gain, impedance matching, linearity etc. The optimization criteria can vary 

greatly depending upon the requirements. Many efforts [2], [6], [7], [10] has been done 

regarding the CSA optimization for low noise. In some of them like in [10] and [13], 

secondary issues are also addressed like feedback resistance design, issues of undershoot and 

pile up at the CSA output. 
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3.2 CSA Basics 

3.2.1 Principle of operation 

The principle operation of the CSA is illustrated in Figure 3.1. When a soft X-rays strikes a 

semiconductor detector, signal charge pulses are generated. The amplitude of this is 

proportional to the particle energy. The input node of the amplifier rises and a potential with 

opposite polarity is produced at the output the same time. Due the high open loop gain of the 

amplifier, the output node potential through feedback loop tries to make the input potential 

instantaneously zero [4]. All of the charge pulses are integrated on the feedback capacitor with 

output as a step voltage pulses  

 

Cf

Qd

Detector

Cdet

Rf

CSA

voutAmplifier

t
0

 
Figure 3-1: Principle of operation of CSA together with detector   

 

Without making the output pulse  return to baseline, this voltage will rises with step 

pulses as new input charge pulses arrives and eventually it will make the amplifier and the 

next stage saturated. We need to to bring back the output voltage to baseline to make it ready 

for new charge pulses. This is done with the feedback resistance . Due to the feedback 

resistance connected in parallel to the feedback capacitance , the output voltage pulse 

slowly discharge with time constant . The generated charge signal is given by the 

following equation using Laplace transform over a time interval 0 to  [4]. 

 (3.1)  
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The transmission coefficient is given by 
 

 (3.2)  

Where . The output voltage is  is given by using Eq. 3.1 and 3.2 
as following: 
 

  

 (3.3)  

As a result the output voltage pulse  is given by 
 

  

 (3.4)  

Generally , Eq. 3.4 can be simplified as follows 
 

 (3.5)  

So the signal charge pulses  are converted in to voltage pulses having amplitude 

, which is then starts damping with a time constant . In this work the 

feedback capacitance is fF, and maxim input charge  electron charge 

which gives an output voltage of  33.8 mV.  

 

3.2.2 Charge Gain of CSA 
The gain of the CSA can be expressed in two different ways 

• Gain for CSA 

• Gain for a detector/CSA combination 

 

CSA Gain: The gain of the CSA is also called “charge gain”. This is given by the following 

expression 
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 (3.6)  

The units of charge gain is [V/coulomb] or [V/pico coulomb]. For a feedback capacitance of 

200 fF the charge gain is 5 V/pico coulomb. 

 

Amplifier with detector Gain:  This type of gain is usually called sensitivity. Sensitivity is 

expressed in the output voltage in units of [mV/MeV] i.e. milli volt per one mega electron volt 

of particale energy falls onto the detector. The signal charge  generated from the detector is 

given by: 

 (3.7)  

Where  is the particle energy in MeV,  is the one electron charge 1.6  (coulomb) , 

and  is the energy required to create one electron-hole pair, and for silicon  is  eV at a 

temperature  of 300 K. Then sensitivity is given by 

 (3.8)  

In this work with a semiconductor detector and a feedback capacitance of  200 fF gives  

       [mV/MeV] 

 

3.2.3 Open-loop Gain of CSA 

A constant gain is required from the charge sensitive amplifier regardless of the detector 

capacitance value. As shown in the Eq.3.5, the output of CSA is independent of the detector 

capacitance . This is due to the very high open-loop gain of the CSA. An equivalent circuit 

of CSA when connected to the semiconductor capacitance is shown in Figure 3.2. The input 

impedance  is given by 

 (3.9)  

Where A is the open-loop gain of the amplifier. For an input charge of , the voltage  of 

the CSA is given by 
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 (3.10)  

 
Figure 3-2: Equivalent circuit of the CSA with Si detector   

 
So the output voltage of the CSA can be expressed as following 

 (3.11)  

From Eq. 3.10 and 3.11 the gain can be written as  

 (3.12)  

 

3.3 Noise Analysis of Charge Sensitive Amplifier 
A noise equivalent circuit of the CSA is presented in Figure 3-3. It is important to note that we 

have not included the noise sources inside the amplifier and its associated biasing network, 

except the input transistor, these will be discussed later in this chapter. It is a generally 

accepted assumption that the total noise is dominated by the input transistor of the CSA [1]. 

Here we only assume the thermal noise of the input transistor only, together with noise from 

leakage currents of gate and detector, and noise from the feedback resistance . 
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Figure 3-3: Noise Equivalent circuit of the CSA  

 
The thermal noise and flicker noise contribution of the input transistor is given by 

 (3.13)  

The leakage current of the gate and detector is given by 

 (3.14)  

Where  is the gate leakage current and  is the detector leakage current. The thermal noise 

generated from the feedback resistance  can be modeled as 

 (3.15)  

From Eq. 3.13, 3.14, and 3.15, the total noise at the out of CSA becomes 

 (3.16)  

Where . The thermal noise contribution in the first term is 

constant over entire range of frequency. This noise is amplified by the noise gain, which is 

also valid for flicker noise and is given by 

 (3.17)  

The second term in Eq. 3.16 is not dependent on the input capacitance , it is worth noting 

that this noise component decreases with increasing frequency. This means that we can live 
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with a feedback resistance of not very large value i.e. tens of mega ohms, as the peaking time 

in this work is 10 ns. This will be subsequently verified by the simulation results. 

 

3.4 Preamplifier Architecture for CSA 
There are number of amplifier architecture topologies including telescopic cascode, two stage 

cascode with feedback compensation circuit, and folded cascode amplifier. It has been 

observed that in most of the readout front-end system [1] – [3], [11], folded cascode amplifier 

architecture is implemented due to its high DC gain and large bandwidth. Regarding the 

signaling of the amplifier, it would be better to implement a differential architecture from 

noise perspective. Since the input signal is single-ended and the output is also single-ended, a 

differential signaling based architecture is not a choice in terms of noise performance. 

3.4.1 Selection of Preamplifier structure 
In this thesis work both telescopic cascode and folded cascode architectures were investigated. 

With telescopic cascode the required gain was not achieved. More over the DC point at the 

output of the telescopic casode is difficult to achieve. Following is a comparison of the two 

architecture from [12] 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3-1 Comparison of folded cascode and telescopic cascode amplifier 

Folded cascade Amplifier Telescopic cascade Amplifier 

+  DCin =DCout can be achieved +  High speed 

+  High GBW product +  Simple 

+  Well separated poles +  Separated Poles 

+  Low power supply possible +  Low noise  

+  High input and output swing -  DCin ≠ DCout 

-  Sensitive to load -  Low input and output swing 

-  Careful transistor matching for 
biasing network 

- Problems in using in feedback 

 -  High power supply needed 
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Based on the above comparison, literature review and the simulation results for the DC gain 

from the telescopic cascode amplifier; folded cascode architecture is the best available choice. 

 

3.4.2 Folded-cascode Preamplifier with enhancement 

Based on the discussion and analysis in chapter 2, a PMOS device is selected for the obvious 

reasons presented in chapter 2 section 2.2.5. Figure 3-4 shows a PMOS based folded cascode 

amplifier architecture with an extra cascode device  in the first stage. Its purpose is to 

boost the gain of the amplifier. We can achieve an input DC voltage equal to output DC 

voltage with this architecture and this architecture also gives a high GBW product. It is 

important to note that there is no buffer stage of the amplifier. There are two reasons for not 

including a buffer stage to the amplifier. 

• First is the power consumption of the buffer stage. We need a high current in the 

buffer stage to fulfill the bandwidth requirement of the amplifier. This addition of 

power consumption is not desired. 

 
 

Figure 3-4: Folded cascode amplifier with extra cascode device in first stage 

 

• Second is the fact that,  of the input transistor is very high, which leads to a 

comparatively smaller value of the output impedance for some particular value of a 
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DC gain (DC gain = ). The output impedance value is in the range of few tens 

of killo ohms. This in comparison to a feedback resistance in the range of mega ohms 

is fine. 

3.5 Design of the CSA 
The CSA design is started with first designing the input transistor of the amplifier for noise 

optimization, then the rest of the amplifier to achieve a required gain, then the biasing network 

and finally the feedback resistance design 

3.5.1 ENC optimization 

As the dominant contributor to the noise is the input transistor. We have chosen PMOS as 

input transistor, so flicker noise is not important to deal with; instead the transistor has to be 

optimized for thermal noise. We begin by matching the impedance of the input transistor to 

the detector. For optimum thermal noise, the input transistor gate capacitance matching 

condition valid for strong inversion region is given in [1] and derived in [7] is given by 

 

 (3.18)  

Where , this gives  

 (3.19)  

For a detcetor capacitance of 3 pF,  m, and with fF/  the width comes 

out to be 600 m. In velocity saturation the matching condition as derived in [7] is given 

by 

 (3.20)  

In this region the transconductance is    [7]. In weak inversion region  is 

independent of  and minimum noise occurs just at the boundary between weak and strong 

inversion region [7]. Since we are operating in moderate inversion region close to the strong 

inversion region, the resulting width will be a little bit smaller than 602 m with a current 

density to remain in moderate inversion region to achieve the required  for noise.  
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Other secondary noise sources in the folded cascode amplifier are the current sources and 

current sinks. For the noise contribution from these sources inside the amplifier to be small 

requires the input noise at their gates to be small. As the current source in the biasing network 

Figure 3-5 is connected with a diode connected transistor, the channel noise of this diode 

connected transistor appears on its gate which then appears on the gates of the current sources 

inside the amplifier. These noise sources can be made small if the value of current source in 

the biasing network is large.  

3.5.2 Power Dissipation of the Preamplifier 

From chapter 2 section 2.1.2, we need a  22 mA/V. Then the current can be 

approximated using the expression 

   (3.21)  

From the simulation result, to remain in moderate inversion region close to strong inversion 

region with  90 mV for PMOS gives around , which suggests a 

current of  mA. With a power supply voltage of 1.5 V gives a power consumption of 

2.3 mW for the first stage of the amplifier. The cascode stage is drawing a current of about 

100 A which gives a power consumption of 150 W. The total power consumption for the 

CSA without biasing will be about 2.45 mW.  

3.5.3 Large Signal and Small Signal Analysis  

The input and output DC voltage is 950 mV. The DC output voltage is achieved by careful 

sizing of all current sources, sinks, and cascode transistors with input transistor operating in 

moderate inversion region close to saturation and all other transistor are operating in either 

moderate or strong inversion region. The condition  is valid for all transistors and 

a  of 300 to 400 mV is maintained for all the transistors. The complete folded cascode 

amplifier together with the biasing network is shown in Figure 3-5. The biasing of current 

source  and current sink  is designed from a current source of  mA to achieve low 

noise from these sources. In Table 3-2 MOSFET device sizing are given for the amplifier as 

well as the biasing network. 
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Figure 3-5: Complete folded cascode amplifier with biasing network 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3-2 MOSFET Device sizings for the amplifier 
 

M0

M8

M15

1.4 mA

100 µA

M7

M13

M17

M20

M14 M16 M18

M19

Vbp2

Vbn1

Vbp3

Vbn2

Vbp1

Vdd

M1

M2

M5

M6

M4

M3

Vin

Vbp1

Vbp2

Vbp3

Vbn2

Vbn1

Vout

Biasing Network

Folded cascode amplifier

MOSFET  m MOSFET  m 

M1 560/0.2 M7 7.0/1.6 

M2 640/0.2 M8 40/0.6 

M3 63/1.6 M14 10/2.0 

M4 56/0.3 M15 12/0.9 

M5 72/0.25 M16 10/2.0 

M6 30/0.6 M17 5.0/1.0 

M0 56/1.6 M18 6.0/0.8 

M13 20/2.0 M19 6.0/0.8 

  M20 12/0.9 
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Figure 3-6 shows an equivalent small signal model for the folded cascode amplifier with extra 

cascode in the first stage of the Figure 3-4 with two significant poles. Other poles e.g. 

 due to  of the input transistor is higher than the transistor cut-off frequency 

, and can be neglected. 

 

1/gds1gm1vin

1/gds2-gm2vy

1/gds3

1/gds4

-gm4vx

1/gds6

1/gds5-gm5vz

vx

vy
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vout

+

-

vin

Cx CL

 
Figure 3-6: Small signal model of the folded cascode amplifier with extra cascode in first stage 

 
The DC gain of the open loop amplifier is given by 
 

 (3.22)  

 
The two significant poles are 
 

 (3.23)  

and   
 (3.24)  

 
Where  and 

. The second pole should be at high value for stability of the amplifier. This means we 

need high  but smaller (smaller device sizes), which requires more current to be used. 
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The unity gain bandwidth can be approximated by 
 

 (3.25)  

 

 
Figure 3-7: Magnitude and phase response of the open loop feedback load CSA 

 

3.5.4 Feedback Resistance Design  
 

The sole purpose of the feedback resistance is to provide discharge mechanism to the output 

voltage  of the CSA. The secondary purpose, although very important one, of the feedback 

resistance is its ability to accept the leakage current from the detector without contributing 

excessive noise generated from it in parallel. Selecting a feedback resistance value is a trade 

off between noise and DC voltage drop due to the leakage current [10]. Low parallel noise 

suggest a large value of  , whereas a small DC voltage drop due to leakage current suggests 

a smaller value of    Both of these trade offs can be expressed in the following expressions 

 (3.26)  

and  

Magnitude
Phase
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 (3.27)  

 

An acceptable leakage current  range and DC drop will determine a range of the feedback 

resistance , and it should stay in that range for worst case process variation [10]. To gear 

the design towards low noise, a higher value of  is desired. Unfortunately it is difficult to 

implement a high value of resistance in CMOS technology. Two options are available for the 

discharge mechanism. One is a reset switch but noise produced due to switching is difficult to 

deal with. The second option is to design a block in CMOS which behaves like a resistor. This 

can be either done through transconductance or a MOSFET operating in linear region. For this 

the resistance of the MOSFET operating in linear region is given by 

 

 (3.28)  

 

From the above equation it can be seen that  is sensitive to control voltage variation in ,  

and . Variations in  is due to supply voltage variations if derived from the supply voltage, 

 vary due to threshold voltage variations, and  is influenced by the body effect and the 

narrow channel effect. Interesting reader is referred to [10] and [13] for more details. 

For a stable value of resistance, a biasing circuit scheme proposed in [10] and [13] is 

implemented in this work. Figure 3-8 shows an implementation of this scheme matching to 

this work requirements of biasing network together with the folded cascode amplifier. 

 



60      Chapter 3: Charge Sensitive Amplifier (CSA) 

 

 
Figure 3-8: Feedback resistance biasing network and CSA 

 

For a stable resistance value, the target is to keep 

 (3.29)  

The  is influenced by the threshold voltage of . The diode connected  and  are 

biased at the same current density, so potential at node X will keep track of the threshold 

voltage of . This means that . Then the required gate to source voltage of the 

feedback transistor  is generated through  diode  which is a scaled copy of  and 

whose source is connected to . Where / / . Due to same  and  

 (3.30)  

From the above equation we can write 

 (3.31)  

Using above equation Eq. 3.28 becomes  
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 (3.32)  

The above expression shows how a large and a stable value of the feedback resistance can be 

achieved. A value of 5.3 M  is achieved with this scheme. 

 

3.6 Noise Optimiztaion of secondary sources and 
simulation results 

 
In this section we discuss some more tactics of noise optimization from the secondary noise 

sources i.e. other than the input transistor. This includes biasing network optimization for 

currents sources and sinks in the amplifier.  

 
Figure 3-9: Complete biasing network with large capacitors for noise reduction 
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Figure 3-9 shows complete biasing network with added large capacitors for noise reduction. 

Their purpose is to filter out noise from of the biasing node voltages, which serves as gate 

inputs to the transistors in amplifier. In Table 3-3, noise the contribution of biasing network is 

presented, and noise comparison for different biasing configuration can be deduced from this 

table. Simulation is done for an input capacitor of 3 pF and 5 pF, as the front-end was initially 

designed for 5 pF but later detector capacitance was relaxed to 3 pF. Results are obtain for an 

ideal biasing network, a biasing network having no large capacitors, and biasing network of 

Figure 3-9  having large capacitors. The results show that biasing network contributes a lot of 

ENC as compared to ideal case of about 113 electron charge. When large capacitors are 

introduced the noise in terms of ENC went down significantly. The transistors sizing realizing 

the capacitors are optimized so that the ENC is close to ideal as evident from the table. 

 
 

 
Table 3-3 Noise contribution of the different biasing networks 

 

3.6.1 Sharing of Biasing Network among Channels 

 

As discussed previously to reduce the noise contribution from current sources and sinks in the 

amplifier, the corresponding biasing network should have large external current source. As the 

CSA input transistor is biased in the range of 1.5 mA, biasing network with this range of 

Detector 
Cap  

Biasing Network 
Type 

Integrated rms 
Noise [V] 

Output peak 
 [V] ENC 

3pF 

Ideal 2.337 m 297.4 m 314 

No capacitors 3.236 m 303.0 m 427 

With capacitors 2.399 m 300.5 m 319 

5pF 

Ideal 2.972 m 291.0 m 410 

No capacitors 4.027 m 296.3 m 543 

With capacitors 3.133 m 295.0 m 425 
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current is required for the noise minimization. On the other hand we need the biasing network 

to draw small amount of current to have low power consumption. There are two options for 

this issue. First is to have a small current for biasing network for each channel and connect all 

the biasing voltage nodes together for n number of channels. The second option is to have a 

single biasing network with large current and share the biasing nodes among n number of 

channels. This approach results in less number of routing wires than the previous one. This 

scheme is shown is Figure 3-10. Sharing the biasing voltage nodes among many channels also 

add more capacitance to a biasing voltage node in the form of gate capacitance and is good for 

noise reduction as discussed in previous section. 

 

 

 
Figure 3-10: Sharing of biasing network among 20 channels 

 

The biasing network is shared among 20 channels. This means that the biasing network 

current and subsequently the power consumption is divided among 20 channels which results 

in a small portion of power consumption to each CSA power consumption. 

  

1.4 mA

Biasing Network

CSA1

CSA2

CSA20

7

7

7

Vout1

Vout2

Vout20



64      Chapter 3: Charge Sensitive Amplifier (CSA) 

 

3.6.2 Feedback Resistance and Noise 

As discussed in Section 3.5.5., large value of resistance is needed for low noise contribution 

from the feedback resistance. Figure 3-11 shows the noise in terms of ENC as a function of 

the feedback resistance. In a given configuration i.e. detector capacitance and input transistor 

matched sizing, peaking time; the increase in feedback resistance reduces the noise but after 

some increased value of there is no further significant decrease in noise. From the simulation 

results of this work given in the figure it is evident that the optimum value of feedback 

resistance is around 5 M. 

 
 

 
Figure 3-11: ENC as a function of feedback resiatnce for 5 pF and 3pF 

With 1.5 mA of the input MOSFET and 10 ns  
 
 
 

3.6.3 CSA Performance 
 
The detailed CSA performance is summarized in Table 3-4 

Cdet = 5 pF
Cdet = 3pF



Chapter 3: Charge Sensitive Amplifier (CSA)                                                                     65 

65 
 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Table 3-4 Comparison of folded cascode and telescopic cascode amplifier 

 

3.6.4 Noise Sources and their contribution 

The main contribution to the noise in terms of ENC is the input transistor; however there are 

other secondary noise sources in the CSA and its associated biasing network. Table 3-5 

presents the noise sources and their noise contribution in terms of output integrated rms 

voltage for a detector capacitance of  5 pF. 

 

 
Table 3-5 CSA noise sources and their contributions  

Parameter Value 

Input MOSFET polarity P Type 

Input MOSFET (A/V) 22 [mA/V] 

Power Consumption  2.5 [mW] at 1.5 [V] 

Gain of the amplifier 60 [dB] 

Gain Bandwidth product GBW 135 [MHZ] 

Charge gain 5 [V/pico coulomb] 

Sensitivity 294 [mV/MeV] 

Output Swing 33 [mV] 

Rise time < 2 [ns] 

Device Description Noise Type Noise Contrib. 
(  % of Total 

M1 Input MOSFET Thermal 2.26 mV 52 % 

M3 Current sink in amplifier Thermal 1.23 mV 15 % 

M0 Diode in biasing network Thermal 0.95 mV 9.4% 

M3 Current sink in amplifier 1/f 0.44 mV 2% 

M6 Current source in amplifier Thermal 0.34 mV 1.2% 

M0 Diode in biasing network 1/f 0.37mV 1.3% 



66      Chapter 3: Charge Sensitive Amplifier (CSA) 

 

3.7  Bibliography 
 

[1]. Sansen, W.M.C.; Chang, Z.Y., "Limits of low noise performance of detector readout 

front ends in CMOS technology," Circuits and Systems, IEEE Transactions on , vol.37, 

no.11, pp.1375-1382, Nov 1990  

[2]. Noulis, T.; Siskos, S.; Sarrabayrouse, G., "Noise optimised charge-sensitive CMOS 

amplifier for capacitive radiation detectors," Circuits, Devices & Systems, IET , vol.2, 

no.3, pp.324-334, June 2008. 

[3]. Noulis, T.; Siskos, S.; Sarrabayrouse, G.; Bary, L., "Advanced Low-Noise X-Ray 

Readout ASIC for Radiation Sensor Interfaces," Circuits and Systems I: Regular Papers, 

IEEE Transactions on , vol.55, no.7, pp.1854-1862, Aug. 2008. 

[4]. "Charactristics and use of Charge amplifier", HAMAMATSU Solid State Division: 

Technical Information SD-37, Cat. No. KACC9001E01, Oct. 2001 DN 

[5]. "Amplifiers: Choosing the Right Amplifier for the Application", www.ortec-

online.com/pdf/amptut.pd 

[6]. Shin-Woong Park; Yun Yi; Sunwoo Yuk, "Noise performance of the charge sensitive 

amplifier for photodetection," Nuclear Science Symposium Conference Record, 2007. 

NSS '07. IEEE , vol.2, no., pp.1265-1268, Oct. 26 2007-Nov. 3 2007. 

[7]. Paul O'Connor, Gianluigi De Geronimo, Prospects for charge sensitive amplifiers in 

scaled CMOS, Nuclear Instruments and Methods in Physics Research Section A: 

ccelerators, Spectrometers, Detectors and Associated Equipment, Volume 480, Issues 2-

3, Pages 713-725, 21 March 2002. 

[8]. Noulis, T.; Siskos, S.; Sarrabayrouse, G., "Effect of technology on the input transistor 

selection criteria of a low noise preamplifier," Electrotechnical Conference, 2004. 

MELECON 2004. Proceedings of the 12th IEEE Mediterranean , vol.1, no., pp. 51-54 

Vol.1, 12-15 May 2004. 

[9]. Gray, P.R.; Meyer, R.G., "MOS operational amplifier design-a tutorial overview," Solid-

State Circuits, IEEE Journal of , vol.17, no.6, pp. 969-982, Dec 1982. 

[10]. G. Gramegna, P. O'Connor, P. Rehak, S. Hart, CMOS preamplifier for low-capacitance 

detectors, Nuclear Instruments and Methods in Physics Research Section A: 



Chapter 3: Charge Sensitive Amplifier (CSA)                                                                     67 

67 
 

Accelerators, Spectrometers, Detectors and Associated Equipment, Volume 390, Issues 

1-2, 1 , Pages 241-250, May 1997.  

[11]. Y. Hu, J. D. Berst, M. Schaeffer, " A Very Low Power Consumption, Low Noise Analog 

Readout Chip for Capacitive Detectors with a Power Supply of 3.3 V," Analog 

Integrated Circuits and Signal Processing, Volume 17, Issue  - 3, Page 249 – 260,     

Issue Cover Date  - 1998-11-01 

[12].  Lowenborg P. "Lectrure Notes on the OTA design" TSTE08 Anlog and Discrete Time 

Integrated Circuits" Spring 2007 

[13]. G. Gramegna, P. 0'Connor+, P. Rehak, S. Hart, "Low-Noise CMOS presmaplifier for 

Silicicon Drift Detectors," IEEE Transaction on Nuclear Science, VOL, 44, No. 3, June 

1997. 

  



68      Chapter 3: Charge Sensitive Amplifier (CSA) 

 

 
 



69 
 

 
 

Chapter 4 

Pulse Shaping System 

The purpose of the pulse shaping system in the readout front-end systems is to provide a 

voltage pulse suitable for measurement and to increase the signal to noise ratio. The pulse 

shaping system is also required to incorporate amplification which is required to magnify the 

amplitude of the CSA output pulse from few mille-volt range to hundreds of mille-volt 

(depending on the application requirement and the power supply range permitted in the 

implementation technology). The voltage amplification helps with accurate measurement 

done by the following stage, and also it shapes the pulses to optimize the energy resolution 

together with minimization of the risk of overlap between two successive pulses. In this 

chapter a complete pulse shaping system incorporated in this work is described. First a shaper 

amplifier is presented together with a pole zero cancellation circuit after which a filter based 

on the Gm-C structure is discussed in details to meet the requirements which includes peaking 

time, low noise from the filter itself, high linearity, power consumption of the filter and area.   
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4.1 Semi Guassian Pulse Shaping System 
 

Although there are a number of pulse shaping filters which includes delay line pulse shaping, 

CR-RC shaping, Quasi Triangular Pulse Shaping, Gated-integrator shaping, the choice of 

pulse shaping system depends on the detector type and application. From the literature review, 

it is conclude that a Gaussian shaped step response gives optimal signal to noise ratio [1]-[2] 

and is the most common pulse shaping technique employed in readout front-end systems. 

More over an important aspect in the design of shaping system is the finite time decay of the 

CSA output which results in undershoot after the differentiating shaper stage [3], [4]. The 

remedy to this problem is to apply a pole-zero cancellation circuit [6] which is also called 

compensated system in [6], and [7].  

 

So in this work the shaping system incorporates two techniques besides amplification, one is 

the pole-zero cancellation circuit to cancel the undershoot effect produced by the CSA output 

and the second is the semi-Gaussian based filter. The block diagram of this pulse shaping 

system is given in the Figure 4-1. 

 

 
Figure 4-1: Block diagram of the complete pulse shaping system 

 

An ideal Gaussian pulse shaper is non casual and is not physically realizable; instead we can 

make an approximation of the Gaussian pulse. For this one of the well known technique for 

delayed Gaussian approximation is  filter [8].  In the above figure the PZC circuit 

act as  filter and three low pass filters are then followed with  forming the first passive 
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pole and then there are two active integrators. The transfer function of this S-G shaping is 

given as  

 (4.1)  

Where  is the time constant of the differentiator and is the time constant of integrator and 

 is the dc gain of the integrators. The shaper order is n=2. Peaking time is related to the time 

constant of the shaper by 

 (4.2)  
Increasing the order of the shaper results in output pulse to be more close to ideal Gaussian 

pulse but with larger delay.  

 

The PZC circuit in Figure 4-1 cancels the pole formed by the feedback capacitor  and 

resistance  of the CSA. The shaper amplifier incorporates a pole formed by  and . This 

serves as the first low pass pole of the filter and is passive followed by the two low pass poles 

in S-G filter, which are active. 

 

4.1.1 PZC Circuit with current gain and resistance matching 
 
The pulse shaping system in the Figure 4-1 incorporates a pole zero cancellation circuit which 

cancels undershoot formed by the pole of CSA feed back resistance and capacitance as 

discussed in the previous section. The condition for the PZC circuit to fully cancel the 

undershoot is given by [3] [4] 

 (4.3)  

The simulation results for the undershoot cancellation at the output of the shaper is given in 

Figure 4-2. 
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Figure 4-2: Transient response illustrating undershoot canellation 

 

The response at the output of shaper amplifier using Laplace transform can be written as [3] 

 (4.4)  

Where,  is the impedance of the shaper amplifier and its feedback path as seen at the 

output of the PZC circuit.  This equation can be simplified using Eq. 4.3 to 

 (4.5)  

Form the above equation; it is evident that a charge gain or current gain at the output of PZC 

can be established using the ratio /  satisfying at the same time Eq. 4.3. This is illustrated 

in the following figure. 

 
Figure 4-3: Pole Zero Cancellation circuit illustrating current gain 
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 We can achieve large current gain e.g. a gain of 144 times as implemented in [6]. However in 

this work a current gain of only two times is done for a peaking time of 10 ns due to the 

reason of large capacitance in the case of programmability which will be discussed in chapter 

5. This can be explained as our CSA feedback capacitance is 200 fF, a current gain of two 

times suggest a capacitance of 400 fF in the PZC circuit, as we will also incorporate 

programmability for which the first low pass pole of the shaper (shaper amplifier feedback) 

has to be changed by changing the capacitance, this means that the impedance  in Eq. 4.4 

will be changed. For example for 20 ns the shaper feedback capacitance has to be made 

double, as we want to keep the signal amplitude unchanged for programmable peaking time a 

current gain of two times is required to compensate this. This means that PZC circuit 

capacitance will be 800 fF for this case. So, for 40 ns peaking time we requires a capacitance 

of 1.6 pF in the PZC circuit to achieve the desired signal amplitude. In this case a current gain 

of eight times is achieved. The conclusion is that, the larger current gain for 10 ns will require 

huge capacitance values for larger peaking time of 40 ns which has to be avoided. Another 

important condition for exact matching for the PZC circuit is the resistance matching. The 

resistances are to be implemented using transistor in linear regions then according to [5] and 

[6] the  has to be exact N times replica of , this means that for implementation of 2 

for  we need to implement . 

 

4.1.2 Shaper Amplifier 
 
The shaper amplifier in the Figure 4-1 provides amplification to the signal and at the same 

time incorporates the first pole of the low pass filter. This shaper amplifier architecture is also 

folded cascode architecture and is actually a scaled down version of the amplifier designed in 

the CSA. This shaper amplifier together with feedback which forms the first low pass pole of 

the S-G shaper is given in Figure 4-3. 
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Figure 4-4: Shaper amplifier together with low pass pole of the S-G shaper 

 

In the above figure the feedback resistance and capacitance serves two purposes. First it 

provides the impedance for the charge coming from the PZC circuit which is integrated on . 

The decay time of this integrator is . Second, it forms the first low pass pole of the S-G 

shaper with time constant equal to half of the peaking time 100kΩ x 50 fF = 5 ns for a 

peaking time of 10 ns. The schematic diagram of the amplifier and the associated device 

sizing is presented in Figure 4-4 and Table 4-1 respectively 

 

 
Figure 4-5: Folded cascode amplifier for the shaper amplifer 
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Table 4-1 MOSFET Device sizings for the amplifier 

 

4.1.3 Shaper Amplifier Noise and Power analysis 

 
For the shaper amplifier a noise and power analysis is performed. This is done with amplifier 

biased for different currents and to see its associated noise performance. This is required to 

know for how much small current this amplifier can be biased and at the same time 

maintaining a small noise contribution from this shaper amplifier. Also the analysis is 

performed for an amplifier with an ideal buffer and without an ideal buffer to know if the 

buffer can be avoided so as to have no extra power consumption in the buffer stage. The 

subsequent two integrators are taken as ideal with some gain, which means the integrators 

loading are not taken into account. Table 4-2 has an ideal buffer while Table 4-3 does not has 

any buffer.  

 

Both tables show how decreasing current will have effect on the performance of the shaper 

amplifier in terms of the rms noise voltage contribution, and the output signal amplitude. The 

main source of the noise contribution from the shaper amplifier is the feedback resistance. 

From Table 4-2 it is evident that the noise contribution will in terms of ENC will be smaller as 

the output signal amplitude is higher, this can be explained by the fact that smaller current will 

increase the gain of the shaper, however buffer will dissipate more power. 

MOSFET  m 

M1 80/0.2 

M2 38/0.2 

M3 7.0/0.8 

M4 5.0/0.4 

M5 1.5/0.2 

M6 6/0.4 
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No. Current
(A) 

Size Input 
Transistor (m) 

% of rms 
Noise 

Contribution 

Total RMS 
Noise(V) 

Output 
Signal 

Ampl.(V) 

1. 400u 344u 2.6% 2.739m 315m 

2. 195u 172u 3.0% 2.831m 322m 

3. 95u 86u 4.8% 2.943m 333m 

4. 62u 57u 6.5% 3.030m 340m 

5. 45u 43u 8.0% 3.099m 342m 

6. 36u 34.4u 9.7% 3.154m 344m 

 

Table 4-2 Shaper amplifier analysis with an ideal buffer  

 

No. Current
(A) 

Size Input 
Transistor (m) 

% of rms 
Noise 

Contribution 

Total RMS 
Noise(V) 

Output 
Signal 

Ampl.(V) 

1. 400u 344u 3.1% 2.767m 316m 

2. 195u 172u 3.4% 2.838m 323m 

3. 95u 86u 4.9% 2.883m 326m 

4. 62u 57u 6.5% 2.884m 323m 

5. 45u 43u 8.3% 2.860m 317m 

6. 36u 34.4u 10.1% 2.821m 309m 

 

Table 4-3 Shaper amplifier analysis without any buffer  

 

It is evident from both of the tables that we can live without buffer to save power and no 

significant effect is observed in terms of noise and signal amplitude, as the output signal 

amplitude target is 300 mV.  The error in terms of gain and peaking time caused by the 

absence of the output buffer can be compensated in the integrators. The amplifier is biased at 

a current of 120 A and having a DC gain of 64 dB 
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4.2 Gm-C Filters  
Gm-C filters are continuous analog integrated filters and are becoming most popular filters for 

high frequency signals. The basic circuit building block of a Gm-C filter is transconductor. 

The purpose of the transconductor is to produce an output current depending on the input 

voltage. The requirement on transconductor is that the output current should be linearly 

related to the input voltage using the relation 

 (4.6)  

Where,  is the transconductance of the circuit or cell realizing the transconductance.  The 

basic building block of continuous time filters is the integrator consisting of  elements and 

capacitors. The simplest form of the integrator is given in the Figure 4-6, where the current 

produced by the  element depending on the input voltage is applied to an integrating 

capacitor  

 
Figure 4-6: A simple -C integrator structure 

 

The input and output impedance of the element is . The transfer function of this 

integrator is given by 

 (4.7)  

The unity gain frequency of this integrator can be written as 

 (4.8)  

The important aspects of these filter structure is the design if  element for which the design 

issue is the linearity. Many circuit schemes have been proposed for the transconductance 

element of which some of the basic are presented in [9]. The circuit scheme implemented in 

this work is discussed in the next section. 
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4.2.1 Varying Bias-Triode Transistor Transconductor 
 
Transconductor based on a varying bias-triode transistor is use to make the differential stage 

of the transconductance linear [9]. In this configuration the transistors operating in the triode 

regions are connected to the inputs and thereby making it varying bias. This type of 

transconductance cell is implemented in this work for improved linearity. The schematic 

diagram of this transconductance cell is given in the following figure.   

 
Figure 4-7: Tranconductance cell using varying bias-triode transistors and  

 

The transconductance of this circuit is according to [9] is given by 

 (4.9)  

Where  

 (4.10)  

The linearity of transconductance depends on the ratio . In this work the time constant 

of the integrator is 5 ns i.e. half of the peaking time. The value of  depends on the choice of 

capacitor value in Eq. 4.8. For a capacitance value of between 100 to 150 fF which is 
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reasonable we estimated a capacitance value of about 200 fF from the loading, which suggests 

a value of  60 A/V 

In this work since we want to achieve programmability for different peaking times, two 

identical parallel  elements are placed for the case of 10 ns peaking time. One of these 

elements incorporates a switch to make it off for larger peaking time. The schematic diagram 

of this  cell is shown in Figure 4-8, and the parallel  elements are shown in Figure 4-9 

 

 
Figure 4-8: Tranconductance cell using varying bias-triode transistor with a switch   

 

 
Figure 4-9: Parallel cells forming the basic  cell for implementation 
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Using Eq. 2.9 and the required  the sizes for the devices are calculated and are presented in 

the following table. 

 

 

 

 

 

 

 

 

 
Table 4-4 MOSFET Device sizings for the amplifier 

 

Figure 4-10 presents the simulation results for the basic  element comprising two parallel 

 cells. The single cell is biased at 120 A current. The negative terminal of the cell is 

biased with a DC voltage of 1 volt and the maximum input swing at positive terminal is 200 

mV. From the figure it can be seen that around 1 V input DC voltage for 200 mV swing the 

 cell is linear which satisfies our requirements.  

 

 
Figure 4-10: Linearity of the basic cell  

MOSFET  m 

M1, M2 2.0/2.8 

M3, M4 1.0/1.0 

M5, M6 1.0/0.6 

M7, M8 1.5/0.6 

M0 6.0/0.6 
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4.2.2 Active Realization of Integrated Resistors 
 
Realization of resistor can be done using transconductor cells. This includes grounded 

resistors, floating resistor with a voltage source, and a floating resistor. Figure 4-11 shows a 

realization of grounded resistors and a realization of floating resistor with a voltage source 

[10]. In this work, since we want to implement RC integrators we need a floating resistor with 

a voltage source as input of the RC circuit. 

 

 

 
Figure 4-11: Acttive realization of integrated resistors  

 

For the circuit above for grounded resistor realization we have  which leads to 

 (4.11)  

 

4.2.3 GM-C realization of RC2 Filter 
In this work we have implemented RC integrator. A simple integrator has been discussed 

earlier while there are a number of other realization schemes for the integrator [11]. Figure 4-

12 shows two RC integrators. Each integrator also incorporates a floating resistor with source. 

The gain of a single RC integrator can be adjusted by the  value of the first transconductor. 

The higher value of the first  as compared to the second  value will determine the gain. 
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Figure 4-12: Implementaion of the  filter   
 

 

4.2.4  Performance of Gm-C Filter 
Figure 4-13 shows the output signal from the shaper S-G shaper. This signal has a peaking 

time of 10 ns and having amplitude of 300 mV meeting our requirements.  

 

 
Figure 4-13: Parallel cells forming the basic  cell for implementation 

 
 
The -C filter is optimized to have a small power consumption and at the same time 

fulfilling the performance requirements. Further analysis is done and presented here to have a 
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different currents. The objective is to see how far we can go down with the current value to 

have lower power consumption and to see also the effect of reducing the capacitance value in 

the -C filter. The analysis is briefly summarized in the following Table 4-5.   

 

No. Current (A) Cfilter (F) Total rms 
Noise (V) ENC Output Signal 

Ampl.(V) 

1. 100u 140f 2.41m 324 299m 

2. 75u 100f 2.50m 331 301m 

3. 50u 50f 2.586m 344 300m 

 

Table 4-5 Performance of the -C filter for different curents and capacitances 
 

The current values are only for the  elements itself in the filter without biasing current 

which is 20 A for each cell when divided among all the cells. There are total 4 basic 

cells each of which comprises two parallel circuits one without a switch and the other 

with a switch as discussed earlier. From the table it is evident that decreasing the current 

(decreasing ) and capacitance will increase the noise contribution in terms of ENC, 

although not that much significant but the  filter itself should not contribute to the noise as 

compared to the CSA. This gives us a sense how far we can go down with the power 

consumption of the filter. It is also evident from the table that the capacitance value is getting 

close to its limits in current CMOS technology where parasitic capacitance will be dominant.  
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Chapter 5 

Read-out Front-End Channel 

In this chapter the complete front end channel and its performance will be discussed. It starts 

with presenting all pieces together to form the whole front-end system after which its 

performance is presented, which also includes a complete noise summary of the different 

components contribution.  As the goal of this work also includes the programmability of the 

front-end system for different peaking times, the programmable front-end system will be 

discussed which include the programmability of the components needed. These components 

are resistance and capacitance values which constitute poles and zeros of the system. Finally 

performance of the programmable front-end system is presented. It is important to mention 

here that for all the simulation results in this chapter are performed at a temperature T=100C0 

5.1 Complete Front-End Channel 
Figure 5-1 presents a complete front-end channel. All of the components in this figure have 

been discussed in previous chapters in details. The S-G shaper integrators are implemented 

with Gm-C filters. The front-end channel needed tuning in terms of capacitance and resistance 

values to achieve the required performance. This also contains power consumption 

minimization of the front-end channel.   
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Figure 5-1: Completer Front-End channel 
 

5.2 Performance of the complete Front-End Channel 
After tuning of the different components and optimization of them in the complete front-end 

channel for power and noise, we finally reached to properties as presented in Table 5-1.  

Table 5-1 Complete Front-End channel properties 
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Parameter Value Parameter Value Parameter Value 
Rf 5.3 [MΩ] Rpz 2.65 [MΩ] Gm 60 [ A/V] 

Cf 200 [fF] Cpz 400 [fF] C1,C2 140 [fF] 

MOSFET  P Type Rs 100 [fF] Time const. 5 [ns] 

MOSFET  22 [mA/V] Cs 50 [KHz] Gain  1.5 

Power  2.5 [mW]  PZC current gain 2 Power 180 W 

Gain  60 [dB] Gain of Amp 64 [dB] Output Swing 300 mV 

GBW 135 [MHZ] Power 180 W   

Charge gain 5 [V/pC] Output Swing 200mV   

Sensitivity 294 mV/MeV     

Output swing 33 [mV]     
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The table shows different parameters of the major components which are CSA, Shaper 

amplifier with PZC circuit, and Gm-C filter. These parameters including size of resistance and 

capacitance are reasonable to be realized in CMOS technology, without taking too much area 

as this channel will be replicated two hundreds times for the implementation of complete 

front-end system. 

 

Figure 5-2 shows the waveforms at different nodes of the channel i.e. input of CSA, output of 

CSA, output of PZC circuit, output of shaper Amplifier, and out of the shaper. The output 

pulse has a peaking time of 10 ns, amplitude of 300 mV, and has no undershoot as we have 

incorporated PZC circuit in the system. 

 

 
Figure 5-2: Transient response of the complete fron-end channel 
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5.2.1  Linearity 
The linearity of the readout front-end channel suggests that the output pulse peak amplitude 

should be a linear function of the input charge. Figure 5-3 shows the simulation results for 

output peak voltage as a function of the input charge. The input charge is normalized and the 

maximum value corresponds to 40000 electron charge. The results confirm the system to be 

linear for output peak voltage. 

 

 
Figure 5-3: Output peak voltage as a function of input charge showing linearity 

 

5.2.1 Power Consumption review 

In this section, a detailed review of the complete front-end power consumption is presented in 

tabular form. These values are extracted from the simulations. The complete front-end 

channel consumes 5 mW including pulse signal processing (sample and hold, comparators, 

reset mechanism etc.), where as the front-end in this work before pulse processing consumes 

about 2.88 mW as shown in the figure. The input transistor consumes about 2.2 mW which is 

76% of the total power. The CSA on the whole constitutes about 86% of the power 

consumption. The complete power break down in is given in Table 5-2. The CSA biasing 

current is calculated as 1.5mA/20 channels, which results in 75 A current. Similarly the 

shaper amplifier current is 400 A/20 = 20 A. 
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No. Component Details Current 
(A) 

Total 
Current (A) 

Power 
(W) % Power 

1.  CSA 

Input MOSFET 1.45 m 

2.472 m 2.472 m 86% Cascode Stage 113  

Biasing 75  

2.  Shaper 
Amplifier 

Input MOSFET 114  

0.148 m 0.222 m 7.5% Cascode Stage 14  

Biasing 20  

3.  Gm-C 
Filter 

Gm-Cell 45.7  

0.125 m 0.188 m 6.5% Gm-Cell with gain 54.15  

Biasing 25  
 

Table 5-2 Complete Power consumtion review of the front-end channel 

 

 

5.2.2 Noise Performance 
In this section, noise analysis for the complete font-end channel is done. Starting with the 

input transistor thermal noise, this is presented in Figure 5-4 as a function of the detector 

capacitance.  The detector capacitance is varied from 0 to 10 pF.  Figure 5-5 shows the rms 

noise voltage of the input transistor, and rms noise voltage of the output as a function of the 

detector capacitance. The figure shows how the rms noise voltage is related to the detector 

capacitance. 
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Figure 5-4: Input Transistor white noise as a function of detector capacitance 

 
 
 
 

 
Figure 5-5: Total output, and input MOSFET rms noise voltage for detector capacitance 
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Figure 5-6 and 5-7 presents the simulation results for ENC of the input transistor and the total 

ENC of the channel at the output respectively. The results show that for a detector capacitance 

of 10 pF the total ENC at the output is around 700 at a temperature T=100C0.  

 

 
Figure 5-6: ENC of the Input Transistor as a function of detector capacitance 

 
 
 

 
Figure 5-7: Total ENC at the output as a function of detector capacitance 
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5.2.3 Noise Summary 
In this section complete noise summary is presented in the form of a table as shown below 

indicating noise contribution from the individual components in the system. From table the 

major contributor to noise in terms of output rms noise voltage is the input transistor in CSA. 

Also other transistors noise contributions in CSA are shown including the biasing network 

transistors. After CSA, the most significant noise contributor is the feedback resistance of the 

shaper amplifier then is the noise from the input MOSFET of the shaper amplifier. Table 

shows some small contribution from the PZC circuit and the feedback resistance of the CSA. 

 

 

Table 5-3 Detials of noise contribution of complete front-end channel  

 
Effect if temperature variation on noise, peaking time of the output pulse, and peak amplitude 

of the output pulse is carried out using simulation. Figure 5-8 and 5-9 shows the variation in 

rms noise and ENC respectively for temperature variations ranging from 30 C0 to 100 C0. The 

rms noise voltage remains within 2% change; where as the ENC varies a lot due to output 

peak voltage variation as shown in Figure 5-10. Surely we need some temperature 

Device Description Noise 
Type 

Noise Contrib. 
(  

% of 
Total 

M1 Input MOSFET of CSA Thermal 2.26 mV 52 % 

M3 Current sink in CSA  Thermal 1.23 mV 15 % 

M0 Diode in biasing network of CSA Thermal 0.95 mV 9.4% 

Rs Feedback of Shaper Amplifier Thermal 0.34 mV 6.8% 

M6_2 Input MOSFET of Shaper Amp Thermal 0.34 mV 2.5% 

M3 Current sink in CSA 1/f 0.44 mV 2% 

M6 Current source in CSA Thermal 0.34 mV 1.2% 

M0 Diode in biasing network of CSA 1/f 0.34 mV 1.2% 

M6_2 Current source in Shaper Amp Thermal 0.32 mV 1.0% 

Rpz Pole Zero Cancellation Resistance  Thermal 0.34mV 1.0% 

Rf CSA Feedback Resistance  Thermal 0.26mV 0.7% 
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compensations to be incorporated for output peak amplitude as well as output pulse peaking 

time, but this is not in the scope of this work. (See future work and conclusion) 

  

 
Figure 5-8: Effect of temperature variation on total output and input MOSFET rms Noise 

 
 

 

 
Figure 5-9: Effect of temperature variation on total output and input MOSFET ENC 
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Figure 5-10: Effect of temrature variation on total output and input MOSFET ENC 

 
 

5.3 Programmability of the Front-End Channel 

5.3.1 Programmability of the Feedback resistance of CSA 

Starting with the programmability of the feedback resistance of the CSA, Figure 5-11 shows 

how the programmability of this component is achieved through programming the biasing of 

the feedback resistance.  The biasing for the feedback resistance has been discussed in chapter 

3, where the resistance is a function of the number of copies of the feedback transistor for the 

biasing transistor (see Eq. 3.32). This is achieved by splitting the biasing transistor into 

different transistors with introducing switches to turn them off and on. By default all switches 

are closes which corresponds to a resistance of 5.3 MΩ. This resistance is achieved with 

biasing transistor size of 600/0.8 and is divided in 1/5, 2/5, and 4/5 times through selecting 

different transistor sizes by controlling the switches. 

 

Temperature 
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Figure 5-11: Programmability of the feedback resistance of CSA 
 
 

5.3.2 Programmable PZC and first pole of the S-G shaper 

 
The readout front-end channel has to be programmable for peaking times of 10, 20 and 40 ns. 

Figure 5-12 shows the programmability of the pole cancellation circuit by selecting different 

capacitance and resistance values through controlling switches. Figure 5-13 shows the 

programmability of the first pole of the S-G shaper. In Table 5-3, resistance and capacitance 

values are given for different peaking times. The division of PZC resistance is achieved by 

placing parallel resistance equal to of the feedback resistance. 

 

 
Table 5-4 Programmability of PZC and shaper pole   

 

M10

120/0.8 120/0.8 360/0.8

SRf1 SRf2

Vbres

M4 VCSA_outVCSA_in

Peaking 
Time Rf Cf Rpz Cpz Rs Cs 

10 ns 5.3 MΩ 200 fF 5.3/2 MΩ 400 fF 100 KΩ 50 fF 

20 ns 5.3 MΩ 200 fF 5.3/4 MΩ 800 fF 100 KΩ 100 fF 

40 ns 5.3 MΩ 200 fF 5.3/8 MΩ 1600 fF 100 KΩ 200 fF 
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Figure 5-12: Programmability of the PZC Circuit 

 
 

 
Figure 5-13: Programmability of the first pole of S-G shaper 

 
 

5.3.3 Programmability of Gm-C Filter for different peaking time 
Programmability for different peaking times of the Gm-C filter is achieved by selecting 

capacitance values through switches in the capacitance banks which are incorporated after 

each pole in the filter. The programmability is also achieved through switchable 
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transconductance elements placed in parallel. Figure 5-14 shows the Gm-C filter 

incorporating capacitor banks to achieve peaking time of 10, 20, and 40 ns. In Figure 5-15, 

Gm elements are shown which are connected in parallel.   

 

 
 

Figure 5-14: Programmable Gm-C filter 
 
 
 

 
 

Figure 5-15: Gm elements connetced in parallel 
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Table 5-5 Programmability of Gm-C filter   

 

5.4 Performance of the Programmable Front-End System 
In this section performance review in of the programmable front-end system is presented in 

the form of simulation results. Figure 5-16 shows the output signal pulse for different peaking 

times. The output pulse has amplitude of about 300 mV for all three different peaking times. 

 

 
Figure 5-16: Ouput signal pulses for different peaking times 

 
 
 
 
 
 

Peaking 
Time Gm C1, C2 

10 ns 1x 140 fF 

20 ns 1/2x   140 fF 

40 ns 1x 140+250 fF 
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5.4.1 Noise Performance 
Figure 5-17 and 5-18 shows the simulation results for total ENC and input MOSFET ENC 

respectively as a function of detector capacitance for all three different peaking times. The 

results shows that for a detector capacitance of 10 pF, we get ENC of around 700, 540, and 

400 for peaking times of 10, 20 and 40 ns respectively. 

 
Figure 5-17:  Total ENC as a function of detector capcitance for different peaking times 

 
 

 
Figure 5-18:  Input MOSFET ENC as a function of detector capcitance for different peaking times 

10 ns 
20 ns 
30 ns 

10 ns 
20 ns 
30 ns 
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Table 5-5 contains noise summary for different peaking times. This includes the output rms 

noise voltage of the input MOSFET, ENC contribution of the input MOSFET, total output 

rms noise and total ENC of the front-end channel. For larger peaking times i.e. 20 and 40 ns 

the input transistor noise contribution is getting smaller. This is due to the fact that the input 

transistor was optimized for 10 ns peaking time initially.  
 

 

Table 5-6 Noise detials for different peaking times 

 

 
 
 
 
 
  

Peaking 
Time [s] 

Input MOSFET 
rms Noise [V] 

Input MOSFET 
ENC 

Output rms 
Noise [V] Total ENC 

10 n 2.26 m  (52%) 309  (70%) 3.17 m 432 

20 n 1.62 m  (45%) 229  (67%) 2.43 m 330 

40 n 1.85 m  (38%) 157  (62%) 1.85 m 253 
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Chapter 6 

Conclusion and Future Work 

6.1 Conclusion 
In this thesis work, readout front-end is designed and implemented in CMOS 0.18 m 

technology by UMC for an X-ray detector. The thesis work has achieved the goals set earlier 

for the readout front-end in terms of speed, noise, power consumption, and programmability 

of the front-end for different peaking times. This thesis report has shown that a peaking time 

of 10 ns has been achieved which has not been reported so for, for the CMOS based readout 

front-end for a detector capacitance of 3 pF and above. This shows that peaking times of few 

ns can be achieved for readout front-end system depending on the demands of the application. 

The peaking time of the front-end is inversely related to the noise in terms of ENC. More 

power will be needed to reduce the ENC. Therefore in this work a substantial effort has been 

done to minimize and optimize the power consumption and at the same time achieving the 

noise requirements. This leads us to a power consumption of around 2.9 mW for the readout 

front-end without pulse processing circuit which includes comparators and digital part. 

Different components have been optimized differently according to their contribution in the 

total ENC at the output.  The CSA in the front-end consumes around 2.5 mW including the 

biasing and is the main contributor to the noise. The biasing of the CSA consumes around 2.2 
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mW to reduce the noise from the biasing and is shared among 20 channels so that the power 

contribution of the biasing for each CSA is around 100 W. The same approach is also been 

implemented for the shaper amplifier and Gm-C filter each consuming around 200 W. ENC 

of 320 electrons is achieved for a detector capacitance of 3 pF, and around 430 for a detector 

capacitance of 5 pF both at a temperature of T= 100C0. Regarding resistance and capcitors 

sizes, a fair size for all of the resistors and capcitors are designed to be realizable in the 

selected CMOS technology. A stable feedback resistance for CSA has been desigend through 

a biasing technique reported in [1]. For pulse shaping a PZC circuit described in [2] is 

incorporated in the design to elemintate the undershoot acused by the CSA feedback path. In 

this work programmability of the front-end for different peaking times is achieved which 

includes 20 ns, and 40 ns besides the targeted peaking time of 10 ns.  

6.2 Future Work 
Although the readout front-end system developed in this thesis deliver low noise in terms of 

ENC for a given peaking time of 10 ns, there is still more room in reducing the noise. One 

possible extension of this work will be to design CSA with NMOS as input device and 

compare the noise of both systems one with PMOS as input device and the other with NMOS. 

In this work we have implemented PZC circuit as given in Figure 5-1 of which the 

cancellation circuit forms some kind of high pass filter, which not exactly at time constant of 

5 ns, as its purpose was to eliminate undershoot from CSA. So we don’t have an effective 

high pass filter or differentiator in the system with time constant of 5 ns. This suggests us to a 

possible future investigation by introducing a high pass pole and then adjusting the whole path 

gain, which may improve the noise performance. Other future work regarding PZC includes 

investigations in to different possible variations of PZC as reported in the literature. 

Regarding power consumption a further investigation can be done for the filtering, which 

includes possible simple amplifier with pole at the required time constant.  Since the output 

voltage exhibit significant variation for a large temperature range, compensation schemes can 

be incorporated in the front-end for temperature variation. A further programmability for even 

larger peaking time can also be investigated.  
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Appendix A 

CSA Layout 

Amplifier schematic with dummay transistors for matching 
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Amplifier layout  
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CSA layout with feedback path 

 
 

Feedback resistor 

Feedback capacitor 

Space for biasing 
network 
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CSA biasing layout for 20 channels 
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20 Channels CSA layout including biasing 
 
 

 
 

Biasing network 

One CSA channel 
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