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 Abstract– This paper describes the architecture of PACE3 and 
the key design parameters for a large dynamic range front-end 
amplification and  low noise analog memory.  

Measured results from PACE3 are presented characterizing 
the chip's performance in terms of gain, pulse shaping 
characteristics, noise, power consumption and radiation 
tolerance with respect to total ionizing dose and robustness to 
Single Event Upsets (SEU).  

I. INTRODUCTION 

PACE3 is a front-end ASIC assembly designed 
specifically for the readout of silicon sensors within the 

CMS Preshower detector at the LHC at CERN Switzerland 
[1]. The prime aim of the CMS Preshower is to be able to 
measure photons with good spatial resolution in order to 
enable π0 rejection and to measure the photon energy. 
Designed as a 2 layer sampling calorimeter, the CMS 
Preshower uses lead absorbers to initiate electromagnetic 
cascades of electrons, positrons and photons from incident 
photons, electrons and positrons. Silicon sensors are then used 
to measure the energy deposited by charged particles 
contained within the shower.  

 
The Preshower silicon sensors have an active area of 6.1cm 

by 6.1cm and are divided into 32 strips with a capacitance of 
approximately 50pF per strip. The silicon thickness of the 
sensor is 320µm which gives an average fully depleted signal 
charge of 3.7fC for each traversing minimum ionizing particle 
(MIP). The main requirement on the front-end electronics, is 
to be able to measure this charge up to 400 MIPs per channel 
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whilst still being sensitive to individual MIPs for calibration 
purposes [2]. 

The Preshower front-end electronics therefore has to satisfy 
specifications similar to both that of tracking and calorimeter 
electronics. It has to detect single MIPs with sufficient signal 
to noise ratio (S/N) and have a monotonic response up to the 
maximum signal range of approximately 1.5pC. In addition it 
must work within the LHC environment which has a 40MHz 
bunch crossing frequency and a severe radiation environment 
both in terms of ionizing radiation and neutron flux.          

PACE3 is the front-end ASIC that has been designed to 
meet these requirements. It has been designed in a standard 
0.25µm CMOS technology using a 2.5V power supply. 
PACE3 has been produced,  packaged and tested in volume. 

II. PACE3 ARCHITECTURE AND KEY DESIGN FEATURES 

PACE3 comprises two ASICs: Delta3 and PACEAM3. Delta3 
performs front-end pre-amplification and signal shaping whilst 
PACEAM3 performs voltage sampling and storage of analog 
samples in an analog memory.  

  

 
Fig. 1 PACE3 comprises two ASICs: Delta3 and PACEAM3. The two ASICs 
are bonded together and packaged within a 196 pin fpBGA package. Delta3 is 
the left die and PACEAM3 the right. The package measures 15mm x15mm 
with a thickness of 1.41mm including solder balls. The solder ball grid pitch is 
1mm. 
  
Both ASICs are bonded together and mounted within a 196 
pin fpBGA package as shown in Fig. 1. Delta3 is void of any 
sampling clock therefore eliminating the possibility of 
coupling through the substrate of  noise associated with clock 
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signals and logic functions found in the PACEAM3 ASIC 
which could otherwise disturb the front-end analog 
performance. 

A. General architecture 
PACE3 has 32 input channels directly coupled to a silicon 

sensor. The amplification and signal shaping within Delta3 
provides 32 continuous time signal outputs which are directly 
bonded to the PACEAM3 inputs. PACEAM3 samples the 
voltage of all 32 input channels every 25ns and stores the 
sampled values on capacitors within an analog memory [3].  

The analog memory is 32 memory cells wide and 192 
columns deep. A control logic block within PACEAM3 
controls the write signals of the analog memory writing in 
such a way that it forms a continuous write loop (after writing 
to the 192nd column it starts again from column 1 overwriting 
the previously stored data). A synchronous trigger signal is 
received by the chip in LVDS format with a constant latency 
period from a potentially interesting event. The columns 
associated with the triggered event are then protected from 
being overwritten and  marked for readout.  For each trigger, 3 
successive samples are protected. These 3 samples allow off-
chip baseline subtraction, compensation for pile-up and 
robustness against clock jitter or phase shift for peak voltage 
measurement. The analog memory addresses associated with 
triggered columns are stored within a FIFO. The FIFO in 
PACEAM3 is 48 locations deep enabling the simultaneous 
storage of up to 16 triggered events.   

Readout of triggered data begins immediately after a trigger 
is received. Addresses are popped from the FIFO. Both the 
physical address and the analog values from each channel are 
multiplexed to the outside world on different pins, the address 
at 40MHz and the analog data at 20 MHz. Each triggered 
event (3 columns of 32 analog samples plus column addresses) 
is read out in 276 clock cycles (6.9µs).  The depth of the FIFO 
combined with this readout rate allows PACE3 to operate 
comfortably with a 100KHz Poisson distributed trigger 
without dead-time.   

 
 

B. The Analog Signal Flow 
The analog signal flow through a single channel is shown in 

Fig. 2 . 
The Delta3 pre-amplifier provides a fast linear step response 

to collected charge over the range of 0 to 1500 fC. This charge 
then decays slowly over a time period of 2µs. Also associated 
with the pre-amplifier is a leakage current compensation 
circuit that allows the Delta3 inputs to be directly coupled to 
the sensor. The leakage current compensation circuit  deviates 
sensor leakage current of up to 100µA DC into itself without 
affecting the signal response of the circuit. 
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Fig. 2 The analog signal flow through a single channel of Delta3 and 
PACEAM3. 
 

Following the pre-amplifier is a switched gain shaper [4]. 
The gain is programmable via an I2C interface to one of two 
possible values, Low Gain (LG) and High Gain (HG). The 
gain change in the shaper is obtained by switching in extra 
coupling capacitance to the shaper stage. At the same time the 
shaper transconductance is increased to obtain very similar 
peaking times and signal shape for the two gains.  

The front-end amplifiers are biased to provide a signal 
operating range between 0.6V and 1.8V, see Fig. 3.  In order 
to take into account channel to channel DC shifts a safety 
margin of 300mV (200mV at the bottom and 100mV at the 
top) was introduced. This ensures the dynamic range is 
maintained on all channels.  
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Fig. 3 The signal voltage range within Delta3 and PACEAM3. 

 
The calculated noise for Delta3 only is 470 e- equivalent of 

parallel noise and a noise slope of 41e-/pF.  
 
The amplitude per fC of the analog signal in LG is very 

low in order to achieve the high dynamic range. This makes 
the overall signal to noise figure very sensitive to sampling 
errors and distortion within the analog memory. Great care has 
been taken to keep these unwanted effects to an absolute 
minimum. The analog memory cell itself is shown in Fig. 6.   
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Fig. 5 The analog memory cell of PACE3 
 

Two effects, charge injection from the sampling switch and 
a low pass filter effect, contribute to noise and signal 
distortion.  The charge injected by a transistor switching off is 
dependent on the Vgs of the transistor.  If the sampling switch 
(W2) is on the signal side of the storage capacitor (Cm) then 
the charge injected will be signal dependent and distortion 
introduced. A second sampling switch (W1) has therefore 
been introduced on the bottom side of the storage capacitor 
connected to a constant reference voltage. Turning off W1 
before W2 forces a constant level of charge injection and 
makes it virtually independent of signal voltage. Studies have 
shown that the level of charge injection was minimized with a 
delay of 800ps between the turning off of W2 with respect to 
W1. 

The “on resistance” (Ron) of the switch W2 combined with 
the storage capacitance Cm introduces an RC time constant  or 
low pass filter just before sampling the signal voltage. 
Distortion would be introduced if the time constant varied 
throughout the signal range. It is therefore important to make 
the Ron of switch W2 as constant as possible over the signal 
range. This is achieved by the use of both NMOS and PMOS 
transistors in the switch and by optimized W/L values for both 
devices.  The capacitance Cm must also be as constant as 
possible over the signal range and at the same time have 
maximum capacitance to minimize both the voltage error due 
to charge injection and mismatch between capacitors. In the 
technology used the capacitor is made from an NMOS type 
structure in an NWELL. This structure maximizes the 
capacitance per unit area and exhibits a relatively flat 
capacitance profile (within 5%) over the signal range (0.6V to 
1.8V). 

C. Programmable Features 
Communication with PACE3 is performed via an I2C 

interface.   
At “power-on” PACE3 is in a “SLEEP” mode of operation. 

This is a minimum power consuming stable state in which 
only the I2C interface is active. After loading and verifying the 
programmable commands a final I2C instruction brings 
PACE3 into “RUN” mode. In this mode all operating bias 
values are applied and the chip is in its operating condition.    

All analog biasing is internal. Programmable DACs allow 
analog biasing to be adjusted and optimized. The response of 
the bias DACs themselves can also be measured and 
calibrated. The DACs are referenced to an internal bandgap 
voltage providing temperature stable operation.  

Individual channel calibration is provided by an internal 
calibration circuit which can deliver internally generated 
charge pulses to any given channel (or group of channels) 

specified by I2C commands. Two 8 bit calibration ranges are 
available to cover the entire PACE3 dynamic range: High 
Precision (HP) from -41fC to 33fC and Low Precision (LP) 
from -50fC to 1.6pC. 

The trigger latency is programmable up to 144 clock periods 
(3.6µs at 40MHz). 

III. MEASURED RESULTS 

PACE3 has been produced in volume in order to equip its 
design application (the CMS Preshower). The results 
presented here are the statistical results gathered from the test 
of more than 1750 packaged PACE3 devices. These packaged 
devices have been tested systematically on a dedicated test 
board using a zero insertion force (ZIF) test socket. An 
internal chip identifier facilitates the production testing 
enabling the automatic creation of a data base containing a 
complete set of results for each chip tested.  

The ZIF socket is suitable for volume testing of packaged 
devices however for noise measurements it is not optimal. For 
this reason further tests have been made using naked die 
bonded directly to a test board to measure noise. Radiation 
tests have also been carried out on naked die to be sure of the 
dose received by the chip. 

The input signal used for characterizing the performance of 
PACE3 is generated by the internal calibration circuit which 
has been measured to have a linear response in both HP and 
LP over the ranges shown in Table 1. 

 
Table 1 Linear range of the internally generated calibration charge pulse. 
Corresponds to 8 bit DAC settings 50 to 220. 

 Injected Charge 
Range 

Mean LSB σ LSB 

HP -41 fC to 33 fC 0.4 fC 4 aC 
LP -50 fC to 1.6 pC 10 fC 7 fC 
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Fig. 6 The signal response of Delta3. 
 
The signal response of Delta3 is shown in Fig. 6. This is the 
reconstructed signal shape of one channel after applying 
multiple input signals of different amplitude and phase with 
respect to the sampling clock. The peaking time is 27ns in HG 
and 25ns in LG. The undershoot in both gains is 7%.  
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In the systematic tests the rise time (tr), defined as the time 
interval between 10% and 90% of peak amplitude, was 
measured for 1776 PACE3 chips. The rise-time results are 
shown in Table 2 . 
 
Table 2 The rise time (defined as 10% to 90% of full amplitude) in HG and 
LG. 

 Mean tr (ns) σ tr (ns) 
HG 15.27 0.45 
LG 13.24 0.41 

 
Systematic gain and dynamic range measurements have been 
performed by stepping the injection charge through the ranges 
of HP and LP and measuring the voltages near the peak in 
both HG and LG giving 4 curves per chip. The gradient of  the 
linear regions define the gain.  The definition for maximum 
dynamic range is the maximum input signal for which the 
output remains within 4% of linearity. 
  The histograms for gain and dynamic range measurements in 
the systematic measurements are shown Fig. 7 and Fig. 8  and 
the main results summarized in Table 3 and Table 4.  
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Fig. 7 The measured gain in mV/fC. 1776 PACE3 chips measured. 
 
Table 3 The gain within the linear range in both HG and LG. 

Gain (mV/fC)  
 Mean σ 

HG 5.312 0.14 
LG 0.880 0.014 
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Fig. 8 The maximum dynamic range in fC. Max. dynamic range is defined as 
the maximum input signal for which the output voltage remains within 4% of 
linearity. 1776 PACE3 chips measured.  

 
Table 4 Maximum dynamic range in HG and LG. 

Max Dynamic Range (fC)  
 Mean σ 

HG 243 7 
LG 1519 52 

 
The pedestals of each memory cell without any input signal 

charge were measured. Fig. 9 shows a plot containing the 
pedestal values for each memory cell. 

 
Fig. 9 Pedestals for each memory cell in the analog memory. All 32 channels 
plotted for each of the 192 columns. This plot is of a packaged PACE3 device. 
1 ADC count = 0.435mV. 
 

The mean pedestal within one channel gives the dc level of 
that channel. The dc spread is the peak to peak distribution of 
the channel dc levels. The rms of the pedestals in one channel 
give the pedestal uniformity within one channel. In Fig. 10, 
the left histogram is the dc spread obtained during the 
systematic tests while the right histogram is for the pedestal 
uniformity. The results are summarized in Table 5. 

 
Fig. 10 The peak to peak channel to channel DC spread and the channel 
pedestal uniformity. 1776 PACE3 chips measured.  
 
 
Table 5 DC spread and pedestal uniformity measurements obtained during the 
systematic tests of packaged devices. 

Mean dc spread peak to peak (mV) 
HG and LG 26.6 

Mean pedestal uniformity peak to peak (mV) 
LG 0.9 

 
The DC spread and pedestal uniformity measurements 

obtained on naked die were significantly better with a dc 
spread (peak to peak) of 15mV and pedestal uniformity  of 
0.5mV in HG and 0.4mV in LG. 
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Noise measurements were performed on naked die. The rms 
value of measurements taken on the same memory cell gives 
the noise in mV of that particular cell. The average of the rms 
values recorded for all memory cells gives the average noise 
for the memory. The measured values are given in table 6 for 
both HG and LG. Dividing the gain for a 1 MIP signal by this 
value gives the signal to noise without a sensor connected.  
 
Table 6 Noise measurements on naked die. 

Noise 
(average rms value (mV) over all memory cells) 

 HG LG 
Noise rms (mV) 0.86mV 0.86mV 

S/N (1 MIP=3.7fC) 22.8 3.7 
 
The S/N reduces to approximately 9 for 1 MIP in HG when a 
sensor of 50pF is added. 
 
The power consumption has been measured as 428 mW in 
RUN mode. 

IV. RADIATION TOLERANCE 

The technology used for the design of PACE3 is a deep sub-
micron 0.25µm CMOS technology. This technology has been 
extensively studied [5] for it's robustness to radiation when 
combined with enclosed transistor design. PACE3 has utilized 
design techniques to minimize the effects of radiation.  
 

In tests, PACE3 has been exposed to X-rays with a total 
dose of 14 MRad(Si). Throughout and after the exposure 
PACE3 remained fully functional with very small degradation 
of the analog performance. The gain was reduced by <2% and 
the peaking time was increased by 5% (HG) and 4% (LG). 
The noise and the response of the calibration circuit 
performance however remained unchanged. 
 

The logic in PACE3 has been designed to minimize single 
event effects (SEE) from disturbing the operation of the chip 
and making the chip lose synchronization. Critical digital 
circuitry is protected by triplicated logic and majority voting. 
It is possible within PACE3 to count the number of single 
event upsets (SEU) that don't cause loss of synchronization. If 
a 2 out of 3 situation occurs within a triplicated logic cell 
indicating an upset,  a counter is incremented and the result 
stored in a register that can be read through an I2C command. 

 
To test for SEUs, 2 PACE3 assemblies were exposed to a 

68 MeV proton beam with a fluence of 2.352*1013 p/cm2    for 
a duration of 9hrs 30mins. During this exposure 2 SEUs were 
seen. One SEU occurred in the triplicated logic and was 
counted by the upset register. Operation of the chip from this 
SEU was hence unaffected. The second occurred in the control 
logic and caused loss of synchronization. In this situation 
PACE3 requires a Re-Sync pulse to recover synchronized 
operation. This can be done within one clock cycle however 
any data stored in the memory at this point would be erased. 
 

From these results; the impact on the operation of the 
Preshower has been estimated such that the probability of an 
SEU causing loss of synchronization of a single chip within 
the whole Preshower within one hour of LHC is between 0.38 
and 1.4  (90%confidence level). 

V. SUMMARY 

A  large dynamic range analog memory for the charge 
readout of capacitive silicon sensors has been designed, 
volume produced and measured. The ASIC assembly is called 
PACE3 and comprises two designs, Delta3 and PACEAM3 
packaged within a 196 pin fpBGA package. Key features 
include 32 channels, large dynamic range (up to 1.52pC), 
switched gain, noise optimized for capacitive sensors, internal 
calibration, 192 cell deep low noise analog memory, 
simultaneous storage of 16 triggered events (3 samples per 
trigger), differential multiplexed analog readout, extensive 
programmability through an I2C interface and radiation hard 
operation. 
Fig. 11 shows PACE3 connected to a silicon sensor. This is 
one of ~4300 micro-modules that will be installed in the CMS 
Preshower at the CERN LHC. 
 

 
Fig. 11 A CMS Preshower micro-module showing PACE3 connected to a 
silicon sensor. 
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