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Abstract 
The counting of the consecutive ionization clusters in 

a drift chamber is a very promising technique for particle 
identification purposes. Although this technique features a 
number of advantages, the bottleneck for its 
implementation is represented by the difficulties in 
realizing a low cost, high-speed electronic interface. In 
fact, typical time separation between each ionization act 
in a helium-based gas mixture is from a few ns to a few 
tens of ns. Thus the read-out interface has to be able to 
process such a high-speed signals. It will be demonstrated  
that a read-out channel composed of a fast, large 
bandwidth preamplifier and of a large conversion rate 
Analog-to-Digital converter fullfil all the requirements for 
cluster counting. The recent scaled CMOS integrated 
circuit technologies allows to realize such a low-cost 
high-speed front-end, opening the possibility of realizing 
efficient cluster-counter-based detectors. 

In this paper, a CMOS 0.13!m integrated readout 
circuit, including a fast preamplifier (with a -3B 
bandwidth of 500MHz) and 1GS/s-6bit ADC is designed 
for the central tracker of a future collider (ILC, super-B). 
The performance and the design issues associated to this 
architecture are discussed. 

1. Introduction 
In a “traditional” tracking system like a Central Drift 

Chamber or a system of stacked drift tubes, the used gas 
mixture is selected in order to make the ionization clusters 
to be copiously created along the trajectories of the 
charged tracks. This allows to optimize the resolution 
(both spatial and dE/dx). The resulting signals are well 
defined in time and dominated in amplitude by Landau 
fluctuations only. Spatial resolution is limited by the 
primary ionization statistics at small impact parameters 
and by electron diffusion at larger drift distances. 

In a 2cm-radius cylindrical drift tube filled with an 
argon-based gas mixture, hit by a minimum ionizing 
track, the time separation between consecutive ionization 

clusters !ti+1,i (which is function of their drift distance 
from the sense wire) is of the order of a few hundredths of 
ns to a few ns, depending on the track impact parameter 
and on the width of the drift tube (typically of the order of 
1 cm). On the other hand, in a helium-based gas mixture 
!ti+1,i goes from few ns to a few tens of  ns. This is due to 
two effects: the higher density of ionization act per unit of 
track length in argon versus helium mixture and the 
slower electron drift velocity in helium with respect to 
argon, for the same value of electric field. 

In Fig.  1 the pulse shapes generated by a cosmic ray 
at both ends of a 2cm-radius drift tube, filled with a 
mixture of 90%-helium 10%-isobutane at NTP, triggered 
by a scintillation telescope and read out by a 8bit, 2.5Gs/s 
digital sampling scope, trough a 1.8GHz, 20dB gain 
preamplifier are shown. The maximum drift time is 1.3µs 
and the number of primary ionization cluster is 13/cm 
with a total number of electrons of about 20/cm.  

A careful analysis of Fig. 1 leads to the conclusions 
that  single electron counting can be efficiently performed 
[1]  [2]  , provided that the front-end electronics is such 
that the rise time of the electrons signals is kept below 
1ns and they are read-out at a sampling rate of, at least, 
1GS/s. 

  
Fig.  1 - Pulse shapes, taken at both ends of a drift tube, of a m.i.p 

triggered by a telescope of scintillators (white trace) 
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It can be demonstrated [3] [4] [5] that the cluster 
counting technique can allow transverse spatial 
resolutions in a Central Drift Chamber of the order of 
50µm (and, therefore, longitudinal spatial resolutions of 
the order of 300µm along the sense wires for a stereo 
geometry) which lead to a momentum resolution 
!p"/p"2of a few x10-5 [Gev/c]-1 for a hypothetical detector 
at ILC. The same result, in the case of a TPC, would 
require a number of active channels at least a factor 100 
larger. Besides position and momentum resolutions, 
cluster counting allows particle identifications with 
unprecedented resolutions (down to 2% for a 1.2m long 
track in a 20 clusters/cm gas mixture, like 85% He-15% 
C4H10). 

A possible realization of such read-out channel in a 
standard 0.13µm CMOS technology is given in the 
following. 

2. Read-out architecture considerations 
In the introduction, measurements with a 8bit, 2.5Gs/s 

oscilloscope demonstrate the successful possibility of 
realizing the experiment. However an efficient 
realization, in consideration of the large number of read-
out channels, forces to consider an implementation in 
integrated circuits (IC) of each read-out channel. This 
would strongly reduce room occupancy and costs. Notice 
that, a reduction of the room occupancy, besides a 
reduction in the amount of material in front of the 
calorimeters placed outside the drift chamber corresponds 
to fewer connectors, cables and cards and, therefore, less 
parasitic capacitance and an overall improvement on the 
read-out electronics performance. Or, from another point 
of view, it allows to achieve the same performance at 
lower power consumption and at reduced complexity. In 
both cases, the IC implementation is recommended to 
improve the experiment realization. 

However, an IC realization presents some limitations 
to achieve the optimum performance due to the actual 
available IC technologies. Gain accuracy and speed-of-
response are in trade-off and a performance optimization 
is needed for the final design. An accurate experiment 
evaluation demonstrates that sufficient measurement 
accuracy may be achieved using a 6b-1Gs/s ADC. These 
features are at the state-of-the-art of IC technologies [[6]  
[7]  [8]  [9]  [10]  [11]  [12]  [13]  ] and can then be 
considered for a silicon prototype that would 
demonstrates the feasibility and the extreme compactness 
and reduced cost of the proposal.  

In the above discussion, the main focus is dedicated to 
the speed-of-response of the read-out channel. This is in 
fact the main requirement and it can also be seen by the 
fact that only 6b accuracy are required from the ADC. 
This concept moves the discussion to the noise 
performance that is expected to be much more relaxed 
than the speed performance. In fact, front-end circuits for 
particle detectors are usually designed assuming that the 
pick-up system can be described as a capacitor. This 
approximation is correct if the charge collection time is 
large with respect to the propagation time in the pick-up 
strips. In this case, a charge amplifier and shaper is 

needed in order to improve the signal to noise ratio from 
the moment that the noise is concentrated at low 
frequency and presents a 1/f power density spectrum. 
However, this approach is not valid for the technique 
under development. Since it operates in avalanche mode, 
the active wires must be described not as point-like 
capacitors but as signal transmission lines [11]. The 
signal source is a resistor equivalent to the line impedance 
and the noise is dominated by this resistor. In fact, at the 
detector output, a 100µVrms white noise is observable. 
Therefore a voltage amplification of the signal, without 
using a charge amplifier and a shaper, is suitable. This 
consideration strongly simplifies and, then, improves the 
implementation of the channel. Furthermore a good time 
performance of the detector is crucial for the clusters 
identification. This requires an amplifier with large 
bandwidth of the order of the inverse of impulse rise-
time. 

3. Read-out channel design 
From the above considerations, the resulting read-out 

circuit architecture is shown in Fig.  2. 

 
Fig.  2 - Read-out circuit architecture 

This structure is based on a voltage  amplification. It 
is composed by a pre-amplifier, an analog-to-digital 
converter (ADC), and a digital buffer (for testing 
purpose). As previously motivated, no shaper is present. 

Due to the high-voltage imposed to the detector, the 
signal is AC-coupled with the read-out circuit input. The 
impedance matching is obtained through the use of a 
precise external resistor. This allows a better accuracy 
than using an integrated resistor that would present a 
±30% tolerance due to the process spread. This tolerance 
cannot be afforded by the system because the reflections, 
due to the impedance mismatch, would affect 
significantly the signal. The read-out circuit presents a 
fully differential structure. This guarantees a higher 
immunity with respect to the common mode noise and a 
better linearity. The read-out circuit, in fact, is a mixed-
mode system. Therefore, the digital part produces a large 
amount of noise on the ground net and on the supply 
voltage net that, mostly, becomes a common mode disturb 
for the analog part. The ADC produces 6bits at 1Gs/s. For 
testing purpose, a lower data-rate can be managed by the 
available instrumentation. Thus the produced bit-stream is 
fed at output with five 6b words at one fifth the sampling 
frequency. Therefore the output signal will be a 30b word 
at 200MHz. Notice that this arrangement is only for 
testing purpose. In an improved solution, a digital signal 
preprocessing will be implemented on-chip. This will 
reduce the amount and the data-rate to be externally read, 
simplifying the digital interface. 
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The circuit presented in the following (the pre-
amplifier and the 1Gs/s-6bit ADC) has been designed in a 
standard low-cost 0.13µm CMOS technology with a 
single 1.2V supply. 

4. The preamplifier 
The schematic of the preamplifier is reported in Fig.  3 

[14]  . This scheme uses a closed-loop structure. However 
due to the relatively small loop gain, it features large 
bandwidth and medium linearity (in excess of the ADC 
6b performance), as required by the application.  

 
Fig.  3 - The pre-amplifier schematic 

The main aim of the amplifier is to adjust the input 
signal level to the following ADC input range in order to 
exploit all its resolution capability. Therefore, the DC-
gain (Av) must be programmable. The DC-gain is 
calculated as follows: 

Av=1+Ro/Ri 
The programmability is obtained by using a resistors 

array to design Ri. The DC-gain levels are in the range 
0dB-20dB. This operation has to be done without 
changing the shape of the input waveform. This means 
that for any gain level, a large bandwidth has to be 
guaranteed. Finally, due to the high input impedance of 
this stage, the R-C off-chip network does not affect the 
pre-amplifier DC-gain and frequency response.  

The noise performance of the overall read-out channel 
is dominated by the noise contribution of the amplifier. 
The amplifier noise has been evaluated and it can be 
approximately calculated as follows: 
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The main source of noise is represented by the thermal 

noise of transistor M6. 
TABLE I. summarizes the preamplifier performance, 

while Fig.  4 shows the frequency response. 
The input-referred noise, integrated in a 500MHz 

bandwidth for the 20dB mode is 52µVrms which is less 
than that one measured at the output of the revelator 
(100µVrms).  The current consumption is 10mA. 

 
 
 
 
 
 

TABLE I.  PREAMPLIFIER PERFORMANCE SUMMARY 
DC-
gain 
(dB) 

Bandwidth 
(MHz) 

Current 
Consumption 
(mA) 

THD 
@1MHz 
320mVo,pp 
(dB) 

Input Refered 
Noise 
(nV/ Hz ) 

0 1000 10mA -42 9 

10 780 10mA -43 6 

20 710 10mA -45 3 

5. The Analog-to-Digital Converter 
For the demanding 6b 1Gs/s ADC, a two-steps 

architecture, as shown in Fig. 3, has been designed. In this 
architecture, signal quantization is accomplished by two 
quantizers, a 3-bit first stage with 1 bit of redundancy (i.e. 
1 3.5b stage), and a 3-bit second stage. Both quantizers 
are implemented in a flash architecture. Consequently, 
only 21 comparators are required instead of 63 needed for 
a pure 6-bit flash ADC.  

 
Fig.  4 - The preamplifier frequency response 

 

 
Fig.  5 - The overall ADC architecture 

The first 3.5 bits quantizer performs the coarse 
digitalization of the input signal. A residue signal is 
generated by subtracting the reconstructed (by the 3.5 bits 
DAC) coarsely quantized levels from the input signal, and 
subsequently quantized by the 3-bit fine quantizer.  

A digital correction algorithm, called redundant sign 
digit coding (RSD) [16]  , with 1 bit of redundancy in the 
first stage, has been used in order to relax the quantization 
accuracy specifications. This allows to sustain large 
comparator offset. Reconstruction of the outputs is 
obtained by adding up the properly delayed stage outputs 
with one-bit overlap: the MSB of the fine quantizer is 
added to the LSB of the first quantizer. The excess in 
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hardware caused by the RSD is negligeble. The number 
of comparators of the first quantizer is doubled. However, 
the comparators specifications are simultaneously relaxed 
significantly, therefore a significant area and power 
minimization is achieved. Furthermore, the RSD 
correction makes the accuracy of the fine ADC 
independent of the total resolution of the pipeline ADC 
converter providing potential for power and area savings 
simultaneously. 

A passive front-end sample-and-hold (S&H) circuit is 
used to hold the input signal for the entire clock period, 
thereby substantially simplify timing requirements for the 
quantizers to digitize the signal. An inter-stage S&H 
delays the held voltage from the output of the front-end 
S&H of a clock cycle. 

The core of the both the quantizers is the comparator 
array. For the two sub-ADCs, different comparator 
architectures have been used. The first sub-ADC is 
feeding the next one. Thus, any error would be 
propagated. For this reason a static (dc-biased) 
comparator is used. Its scheme is shown in Fig.  6.  

On the other hand, the second sub-ADC requirements 
are relaxed, and then a dynamic (no dc-current flowing) 
comparator is used to reduce power consumption. Its 
relative scheme is shown in Fig.  7. 

 
Fig.  6 - The 1st sub-ADC comparator schematic 

 
Fig.  7 - The 2nd sub-ADC dynamic comparator schematic 

The comparison result is stored in the following latch 
made up by transistors M9-M16. No current flows in the 
circuit after the transition is complete so that the 
comparator does not dissipate any static power. 

To ensure proper ADC operation, signal transfer 
functions through the 3-bit quantizer/DAC and interstage 
S&H, and the output range of the substractor and the 
input range of the fine quantizer, must match within 10%. 

Critical circuit building blocks include the subtractor and 
the 3.5 bits DAC. The required accuracy for these blocks 
is obtained by exploiting the on-chip resistors matching. 

The DAC, the substractor and the amplifier constitute 
a single block, whose scheme is shown in Fig.  8. The 
DAC included in this block, presents a current steering 
architecture with a thermometric code. The currents 
coming from the current sources, made up by transistors 
M1-M14, are switched into the output nodes Vout2 or Vout1 
according to the values of the bits coming from the first 
ADC. The outputs of the first ADC are directly connected 
to the drivers of the differentials switches (M1a-M1b,…, 
M14a-M14b) without any additional logic circuits. This 
avoids additional delays, which are undesirable at these 
high working frequencies.  

The input signal is compared in the current domain 
with the reconstructed signal from the current steering 
DAC. The comparison is performed at the output nodes 
thanks to the use of a transconductor stage (M15a-M15b) 
which converts the input voltage signal into a current 
signal. The amplification is obtained by regulating the 
value of resistors R1 and R2 in order to adjust the output 
signal to the input range of the following fine quantizer. 

The sample frequency is 1Gs/s and the resolution is 6 
bits. Fig. 6 shows the Fast Fourier Transformed of the 
output signal when 100MHz input sine at full scale 
(160mV0-pk) is applied. The corresponding Signal-to-
Noise Ratio (SNR), Signal to Noise Dynamic Range 
(SNDR) and the Equivalent Number of Bits are 34.5dB, 
34.1dB and 5.4 bits, respectively. The overall ADC static 
power consumption is 30mW. TABLE II. summarizes the 
read-out circuit performance. 

 
Fig.  8 - The DAC+substractor+amplifier block 

 
Fig.  9 - Output signal spectrum for a full-scale 100MHz input  
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TABLE II.  ADC PERFORMANCE SUMMARY 
Parameters Values 
Technology 0.13µm CMOS 

Supply Voltage 1.2V 
Resolution 6 bits 
Sample rate 1Gsa/s 

Clock Frequency 1GHz 
Full Scale input range 160mV 
SNR(@10MHz, FS) 34.5dB 

SNDR(@10MHz, FS) 34.1dB 
ENOB 5.4bits 

 
 

6. Conclusions 
In this paper a new approach for the cluster counting 

technique is proposed to be applied for a central tracker at 
the International Linear Collider. Starting from the 
experiments requirements (sampling frequency in the 
Gs/s order with 6-8 bit accuracy) the state-of-the-art 
design techniques for an IC implementation of the read-
out channel has been applied for the implementation of a 
low-cost compact experiment. It has been demonstrated 
that the read-out channel can be composed by only a 
wideband voltage preamplifier, followed by a 1Gs/s-6b 
ADC. The design of the full chain is developed in a 
standard 1.2V 0.13µm CMOS technology. The speed and 
accuracy requirements have been satisfied by using only 
about 45mW-per-channel. Notice that this read-out 
channel performance (in particular the 1ns time 
resolution) allows the implementation of the cluster 
counting technique with a reduced number of read out 
channels by at least a factor 100 with respect to the 
proposed TPC technique. Summarizing, the development 
of a compact IC read-out channel allows to reduce the 
power-per-channel and to reduce the number of channels. 
Thus this is an efficient low-cost solution for the central 
tracker of the International Linear Collider spectrometer. 
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