
Nuclear Instruments and Methods in Physics Research A277 (1989) 217-221 217 
North-Holland, Amsterdam 

D E S I G N  A N D  P E R F O R M A N C E  O F  A 10 M H z  C M O S  A N A L O G  P I P E L I N E  

W. B U T T L E R  1), A. C A L D W E L L  2), C. H A Y E S  3), L. H E R V A S  4), ,  A.  H O F M A N N  5)**,  

B. H O S T I C K A  1), R.  K L A N N E R  3), U .  K O T Z  3), p. M A L E C K I  6), j .  M O S C H E N  1), j .  D E L  P E S O  4) . ,  
U .  S C H O N E B E R G  1) and  W. S I P P A C H  2) 

1) Fraunhofer-lnstitute IMS, Duisburg, FRG 
2) Columbia University, New York, USA 
3) DESY, Hamburg, FRG 
~) Universidad Autonoma de Madrid, Madrid, Spain 
5) University of Hamburg, Hamburg, FRG 
6) Institute of Nuclear Physics and Technics, Cracow, Poland 

The development of an analog pipeline which will be used for the readout of the ZEUS high-resolution calorimeter is described. 
The pipeline will he built in CMOS-technology and will use the switched capacitor technique. Performance tests of a test chip which 
incorporates the main features of the pipeline are presented. The following results on the main parameters have been achieved: 
dynamic range about 8000 : 1, chargeup time better than 4 ns, timing accuracy better than 1 ns. First results on radiation sensitivity 
show that the chip operates properly up to 5 krad. On the basis of these results an improved design of a prototype chip has been 
started. 

I. Introduction 

Z E U S  [1] is one of the experiments which are being 
constructed for the new elec t ron-proton storage ring 
H E R A  at DESY. In H E R A  30 GeV electrons will 
collide with 820 GeV protons with a time between 
crossings of 96 ns, i.e. a crossing rate of 10.4 MHz. The 
high crossing rate requires a pipeline to store the analog 
data from the calorimeter until the first-level trigger has 
made the decision if a particular bunch crossing con- 
tains an event of interest. The length of the pipeline has 
been defined to be 5 ~ts, the time in which the first-level 
trigger, which is also built as a pipeline, reaches its 
decision. 

The high-resolution Z E U S  calorimeter [2] has a dy- 
namic range from about 100 MeV up to about 400 GeV. 
This large range is covered by a high- and a low-gain 
channel, each with a dynamic range of about 4000 : 1. In 
addition to its large dynamic range the pipeline should 
be linear and provide a timing accuracy in the 1 ns 
range. Commercially available ADCs,  followed up by a 
digital pipeline, do not provide such a performance at 
reasonable prices. The ZEUS collaboration has followed 
two lines of technologies for analog pipelines: 
- charged coupled devices (CCD), and 
- switched-capacitor circuits (SC). 
We report here on the design and performance tests of a 
SC circuit design. 
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Our development was guided by the analog memory 
unit A M U  of the SLD collaboration [3]. It was carried 
out at the Fraunhofer-Insti tut  fiir Mikroelektronische 
Schaltungen und Systeme IMS at Duisburg. We have 
profited from earlier studies ,&hich have been done 
jointly by IMS and the Max-Planck-Insti tut  Miinchen 
[4]. 

2. Description of  the analog pipeline 

The Z E U S  calorimeter uses depleted uranium plates 
as absorbers and plastic scintillator as detectors. The 
light from the scintillators is collected by wavelength 
shifters and transformed into electrical pulses by pho- 
tomultipliers. The signal is shaped by a network of a 
single differentiation followed by three integrations with 
time constants of about 35 ns, so that the total charge 
and the arrival time of the signal can be precisely 
measured by sampling every 96 ns by the analog pipe- 
line. 

Fig. 1 shows the SC circuit layout, which has been 
realized in CMOS technology (2.5 ~m feature size, 
silicon gate, n-well process, supply voltages + 6 V). In 
the following we explain the operation principles. Dur- 
ing the write phase the switches S 2 and S 5 are open, and 
one electrode (bottom plate) of all storage capacitors C~ 
is connected to the input line via S a. By switching S t 
with the writing frequency, the other electrodes (top 
plate) of the storage capacitors are consecutively con- 
nected to ground through the closed switch S 4. The 
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Fig. 1. Schematic of the analog pipeline. The pulse sequence is 
explained in the text. 

charge stored on the capaci tor  C~ will be propor t iona l  
to the input  voltage when  the switch S~ opens. Dur ing  
the read phase  S 1 and  S 4 are opened and  S 2 and  S 5 are 
closed. To read the capaci tor  Cff, first the ou tpu t  
amplif ier  is reset by closing and  opening S 6. U p o n  
closing of S~ the charge of the capaci tor  C~ will flow 
onto  the feedback capaci tor  C R and  will be kept  there 
for readout  by  an ADC.  Because of the high open-loop 
gain of the operat ional  amplifier  the gain of the pipeline 
is equal  to the rat io of the two capaci tor  values, c n / C R  . 

Besides the requi rements  on  dynamic  range and  lin- 
earity ment ioned  above and  listed in table 1, we a im for 
a design such that  each pipeline can be described by 
two constants  only: an offset values and  a gain con- 
stant.  This necessitates equal values for the different 

Table 1 
Specifications for the switched-capacitor pipeline 

Input 0 to - 4  V unipolar 
Signal-to-noise ratio better than 12 bit 
Matching of capacitors better than 8 bit 
Linearity better than 0.25% 
Charging time constant < 4 ns 
Time jitter < 0.5 ns 
Write frequency > 10 MHz 
Settling time of output amplifier (0.1%) < 300 ns 
Read frequency > 1 MHz 

storage capaci tors  within 0.4% and  equal values of the 
pedestals within 1 mV. In order to achieve these strin- 
gent requirements,  the individual  cells (C~, S~) have to 
be laid out  identically. In the following the design 
features of the pipeline are described. 
- Since the gain is given by the rat io of two capaci tors  

it is necessary to minimize the effect of unavoidable  
stray capacitances.  In the design these capaci tors  are 
ei ther short-circuited by a switch dur ing  wri t ing or 
switched between ground and  the virtual  ground of 
the operat ional  amplifier.  Fur thermore ,  the two 
capaci tors  - the storage and  the feedback capaci tor  - 
should be laid out  in the same geometric  way, and, 
lastly, a very uni form oxide thickness over the area of 
the chip has to be provided.  The  capaci tors  have been 
laid out  as metal  over an active n+-area  with an oxide 
thickness of about  60 nm. 

- The switches S~, which are operated at  10.4 MHz  
under  the control  of a shift register, have been laid 
out  as t ransmission gates. W h e n  properly designed 
this conf igurat ion reduces the clock feedthrough of 
the gate signal. In addit ion,  by a proper  choice of 
sizes of the PMOS- and  NMOS-t rans is tors ,  the volt- 
age dependence  of the on-resis tance is minimized.  
The reset switch S 6 is also a t ransmiss ion  gate to 
reduce the offset f rom the clock feedthrough of the 
reset signal. 

- The switches S 1, S 2, S 4 and  S s are wide N M O S - t r a n -  
sistors. In this way the charging t ime cons tan t  given 
by the on-resis tance of Sp  S~ and  S 4 is abou t  4 ns. 
This t ime cons tan t  is short  enough,  compared  to the 
96 ns between crossings, to guarantee  a stored charge 
independen t  of earlier s tored charges and  short  
enough compared  to the rise t ime of the shaped 

signals. 
- The design of the opera t ional  amplif ier  is based on  a 

circuit described in ref. [5]. Changes  have been made  
to increase the open loop gain and  to improve the 
settling time. The s imulat ions show that  an open- loop 
gain of a round  100 dB can be reached providing 
good linearity. Model  calculat ions for the signal to- 
noise rat io ( S / N )  predict  a value of 87 dB. 

Not  all of these design features have been  successfully 
implemented  in the test chip. 

A more detailed descr ipt ion of the design considera-  
tions, the design itself and  of the s imulat ions  is given in 
ref. [6]. 

3.  M e a s u r e m e n t s  o n  t e s t  c h i p s  

The deve lopment  was s tar ted with a test chip which 
conta ins  the essential par ts  of the pipeline. It is a 
pipeline of eight storage capaci tors  designed in a way 
which can be extended easily to full length wi thout  
major  modifications.  The test chip uses a larger set of 
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Fig. 2. Linearity of the pipeline. Deviation of the output 
voltage from a straight line through the values of - 2.5 and 0.5 

V for different cells. 

control  signals to allow flexible operat ion for easier 
unders tanding .  The pipeline of the test chip is organized 
in two rows of four capacitors,  an upper  and  a lower 
row. The storage capaci tor  has a value of 1 p F  and  the 
feedback capaci tor  one of 2 pF, result ing in a gain of 
0.5. 

The ou tpu t  of the operat ional  amplifier  was buffered 
for the measurements  by an  external  h igh- impedance 
buffer  amplifier.  All test measurements  have been done 
at 10.4 MHz  shift frequency. The shift register alone has 
been  run  up to 25 MHz.  

The  linearity and  dynamic  range measurements  have 
been  done with a 12-bit A D C  and a 16-bit DAC. The 
measured  noise was 0.5 mV. Part  of this noise is in- 
t roduced by the test setup itself. The deviat ions of the 
ou tpu t  voltages f rom a straight line through the values 
for - 2 . 5  V and  0.5 V input  voltage are given in fig. 2. 

For  a range from - 4 to 2.5 V it shows deviat ions of less 
than 2 mV. The difference for posit ive and  negative 
polar i ty  is expected since the wide write- and  
read-switches are NMOS-t rans is tors ,  which are switched 
off by large positive input  voltages. The  measured  noise 
and  the range of l inearity give a dynamic  range of 
8000 : 1. 

Fig. 3 shows the gain for the eight different  storage 
cells for chips from two wafers. In fig. 3a there is a 
systematic difference of about  1% between capaci tors  
1 4 (upper  row) and  5 - 8  (lower row). Inspect ion under  
a microscope showed that  the difference is due to a 
misal ignment  of masks still wi thin the allowed toler- 
ances. Wi th in  the two groups the gains differ by abou t  
0.25%, which is within the required 8 bits. Fig. 3b shows 
a much  bet ter  uniformity  for chips f rom another  wafer. 
Within  one wafer the gain of the same storage cell 
varies from chip to chip by about  0.5%. We have 
changed the design of the capacitors,  so tha t  their  
values do not  change given a l ignment  errors within 
tolerances. 

Fig. 4 shows the ou tpu t  voltage for the eight storage 
cells for dc input  voltages of 0 and  - 1  V input.  The 
pedestals differ by up to 350 mV, due to differences in 
the layout of the signal pa ths  in the region of the 
t ransmission gates for different storage cells. This de- 
ficiency could be cured by a simple redesign. 

The settling t ime of the operat ional  amplif ier  to 0.1% 
of the signal has been measured  through a fast high-im- 
pedance  buffer.  It is about  300 ns. 

The effective charging t ime cons tan t  dur ing  the write 
phase  was measured by delaying a square wave pulse of 
1 ns rise t ime with respect to the clock signal for the 
shift register. An RC-cons tan t  of abou t  3 ns is found,  as 
shown in fig. 5. 

The time of opening of the different  t ransmiss ion  
gates S~ relative to the shift clock signal was measured.  
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Fig. 3. Gain of the pipeline for the eight capacitors for two wafers. Measurements for different test chips are given. (a) Systematic 
shift of gains due to misalignments of masks still within tolerances. (b) Gains for a wafer with better alignment. 
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Fig. 6. Time difference in the opening of transmission gates for 
the eight capacitors. Cell 4 has been taken as reference. Mea- 

surements for different test chips are given. 

The difference for the different  storage cells is less than 
0.5 ns, as shown in fig. 6. 

4. Radiation sensitivity measurements 

In Z E U S  the analog pipeline will be moun ted  di- 
rectly on the detector  for best  noise performance.  A 
radia t ion  field of ionizing radia t ion  and  neut rons  with 
abou t  1 krad per  year and  about  5 × 1011 n / c m  2 per  
year, respectively, is expected. I r radiat ions  have been 
done using gamma rays, neu t rons  and  a mixed radia t ion 
field close to a target  be ing  hit  by 800 GeV protons.  
The i r radiat ions  were done  with the test chips under  
opera t ion condit ions.  Prel iminary results show no de- 
gradat ion in per formance  up to 5 krad. A chip irradia- 
ted by  gamma rays with a dose of 10 krad shows a 
deter iorated performance.  The i r radiat ion done with 
neut rons  are still being analyzed. Close to the pro ton  
beam the test chips received a dose of about  15 krad 
ionizing radia t ion  and  30 krad neutrons,  corresponding 
to about  1013 n / c m  2. This  dose damaged the test chips 
severely. The invest igat ions are being cont inued  with 
the aim to unde r s t and  the cause for the degraded per- 
formance,  to achieve a more radia t ion- tolerant  design 
wi thout  a change of the technology. 

5. Conclusions 

The measurements  on  the test chip for an  analog 
pipeline have proven that  the proposed design is able to 
meet  the requi rements  to read out  the Z E U S  calorime- 
ter. The  experience with the test chip has resulted in an 
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improved design of the pro to type  chip. The pro to type  
chip will have four independen t  pipelines, control led by 
one set of signals. The  pipeline will be  58 cells long. The 
first wafers of the pro to type  have been  processed. First  
tests have shown tha t  the chip is funct ioning;  in part icu-  
lar, the large cell-to-cell difference in the pedestals has  
been reduced to a few mV. 
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