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Most material here is stolen from Justin’s 
talk in Amsterdam and this note: 
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The TARGET Module
Version 1

4 

USBFiber

HV

MAPMT

TARGET



The TARGET Module

•  Shorter

•  Parallel trigger output

•  Height constrained
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CHEC Adaptations

~35 mm
~240 mm

~3
5 

m
m


•  4.5 W /module
•  0.2 kg / module

5 

•  Keep-out regions for rails

•  +5 V feed through for preamps



The TARGET Module
Interface Control
•  Mechanical tolerances defined.

•  Input pinning and connector from preamplifier module defined.

•  Output pinning and connector to back plane defined.

•  TARGET input coupling defined.

•  Preliminary environment defined.

•  Preliminary HV connector defined.

•  Preamplifier output pulse shape and range defined, but not fixed yet.

•  Outstanding issues:
–  Preamplifier power consumption and acceptable noise on power supply
–  Final HV connector
–  Final preamplifier output pulse shape
–  More TARGET specs: transfer function, noise, operating temperature range, power consumption

http://wiki.gamma-ray.co.uk/images/e/e7/SRC-RS-00001-00_DRAFT-
CTA_Target_module_Interface_Specification_Control_Document.docx
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The TARGET ASIC
Versions
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•  TARGET	  1:	  characterized	  
–  Works	  well	  
–  4k	  sample	  buffer	  per	  channel;	  simple	  trigger	  (OR	  of	  16	  channels)	  

•  TARGET	  2/3:	  characterized	  
–  16k	  buffer	  depth;	  improved	  trigger	  (OR	  of	  4-‐channel	  analog	  sums)	  
–  Fixed	  AC	  linearity	  problem	  of	  TARGET	  1	  
–  Suffered	  problems	  in	  shiQ	  register	  that	  provides	  configuraSon	  voltages,	  

prevented	  bias	  voltages	  necessary	  for	  data	  taking	  from	  reaching	  comparators	  

•  TARGET	  4:	  characterizaSon	  in	  progress	  /	  nearly	  done	  
–  Most	  of	  shiQ	  register	  problem	  fixed	  
–  Small	  problem	  remains	  (prevents	  sampling	  slower	  than	  2.3	  GSa/sec)	  

•  TARGET	  5:	  chips	  now	  in	  hand	  
–  Designed	  to	  fix	  remaining	  shiQ	  register	  problem,	  	  
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TARGET	   1	   5	  (4	  is	  similar)	  

Channels	   16	   16	  

Storage	  cells	  per	  channel	   4096	   16,384	  

Pre-‐amplifier?	   No	   No	  

Single-‐ended	  or	  (pseudo)	  
differenSal?	   SE	   SE	  

Bandwidth	  (MHz)	   150	   >300	  

Cross-‐talk	  @	  3	  dB	  frequency	   <4%	   1%	  

AC	  saturaSon?	   Yes	   No	  

Int/ext	  control	  voltages	   Ext	   Int	  

Trigger	   OR	  of	  16	   4x	  OR	  of	  4	  
analog	  sums	  

Wilkinson	  ADCs	  
(ch	  x	  samples)	   2x16	   16x32	  

Dead	  Sme	  for	  10	  bit,	  16	  ch,	  
48	  samples	  (μs)	   48	   10	  

Sampling	  frequency	  (GSa/sec)	   0.7-‐2.3	   0.2-‐1.2	  



The TARGET ASIC
CHEC Requirements / Wish List
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•  EffecSve	  range:	  1000	  p.e.	  (ENOB	  =	  10	  bits).	  

•  Noise	  &	  V	  range:	  	  
–  we	  don’t	  really	  care	  as	  long	  as	  the	  ENOB	  is	  high	  and	  we	  can	  get	  the	  preamp	  to	  work	  in	  

that	  range	  with	  a	  noise	  that	  doesn’t	  dominate	  the	  chain.	  	  
–  RestricSon:	  preamp	  noise	  <	  4	  mV	  would	  not	  be	  easy.	  

•  Sampling	  Rate	  &	  Bandwidth:	  go	  down	  ~500	  MSPS,	  150	  MHz	  if	  it	  helps	  with	  noise.	  

•  Readout	  window:	  at	  least	  100	  ns	  would	  be	  good,	  we	  don’t	  mind	  if	  the	  dead	  Sme	  is	  
slightly	  higher…	  

•  Trigger:	  	  
–  Analogue	  sum	  of	  16	  
–  4	  x	  Analogue	  sum	  of	  4	  

•  Preamp:	  gain	  1-‐2,	  to	  correct	  for	  pixel-‐pixel	  gain	  differences	  in	  1	  unit.	  	  

•  Pedestal	  injecSon	  /	  forced	  readout	  



The TARGET ASIC
TARGET 4 Test Results
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•  OpSmised	  transfer	  funcSon:	  range	  up	  to	  1.5	  V.	  

•  ENOB	  =	  log2(ADCrange/ADCnoise)	  up	  to	  11	  bits	  achieved.	  	  

•  Noise:	  Higher	  than	  0.4	  mV	  expected,	  but	  upper	  limit.	  
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FIG. 18: Plot of the noise in terms of mV for each CMPBias
setting.

Figure 19 shows a comparison of the transfer function
with the original configuration of the internal voltages
to the transfer function with the new configuration of
the internal voltages. This plot shows how the transfer
function was optimized with the new configuration.
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FIG. 19: Plot comparing the transfer function with original
configuration to the transfer function with new configuration.

Figure 20 and Figure 21 show the range of each transfer
function by showing voltage range and ADC range. For
each value only the “good” portion of the transfer func-
tion, determined by the automated algorithm mentioned
above, is used to determine the range. These plots con-
tain the transfer function ranges from 40 different config-
urations. The color of each point represents the average
noise in mV for that particular transfer function. The
points were plotted sequentially so that transfer function
ranges with less noise would be plotted on top of those
that have more noise determined by the algorithm men-
tioned above.
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FIG. 20: Transfer function range for each of the scans.
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FIG. 21: Transfer function range plot zoomed in on the 1 V
range.

The effective number of bits for each transfer function
was also calculated. This was calculated with the fol-
lowing formula: log2(range in ADC counts divided by
average noise in ADC counts). Figure 22 shows the volt-
age range vs the effective number of bits. The color of
each point represents the average noise in mV for that
particular transfer function. The points were plotted se-
quentially so that transfer function ranges with less noise
would be plotted on top of those that have more noise.
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FIG. 22: Voltage Range for each transfer function vs effective
number of bits.

3. VOLTAGE TEMPERATURE DEPENDENCE

The next test ran was to see how certain internal volt-
ages vary with temperature. Only three of the internal
voltages can be measured directly and then compared to
their DAC count setting. These three voltages are Vdly,
Vdischarge, and Isel. The Vdly scan across the tempera-
ture range is shown in Figure 23. The temperature range
used for this scan was the same used in the temperature
scan for the transfer function, ten degree intervals be-
tween -20 C and 50 C. A difference plot was then also
created, shown in Figure 24, by subtracting the voltage
at 20 C from the voltage at each other temperature.
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FIG. 23: Plot of the temperature dependence of the Vdly
voltage.
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FIG. 24: Plot of the voltage difference of Vdly between each
temperature and 20 C.

Another parameter that was tested for Vdly was the
Wilkinson counter frequency shown in Figure 25. This
was measured with a scope probe at test point 24 (eT-
STout, the 513th Wilkinson clock monitor). This fre-
quency is the Wilkinson counter frequency divided by
4096. The mean frequency was measured at ten degree
Celsius temperature interval from - 20 C to 50 C.
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FIG. 25: Plot of the temperature dependence of the Vdly
mean frequency.
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•  OpSmised	  transfer	  funcSon:	  range	  up	  to	  1.5	  V.	  
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setting.

Figure 19 shows a comparison of the transfer function
with the original configuration of the internal voltages
to the transfer function with the new configuration of
the internal voltages. This plot shows how the transfer
function was optimized with the new configuration.
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FIG. 19: Plot comparing the transfer function with original
configuration to the transfer function with new configuration.

Figure 20 and Figure 21 show the range of each transfer
function by showing voltage range and ADC range. For
each value only the “good” portion of the transfer func-
tion, determined by the automated algorithm mentioned
above, is used to determine the range. These plots con-
tain the transfer function ranges from 40 different config-
urations. The color of each point represents the average
noise in mV for that particular transfer function. The
points were plotted sequentially so that transfer function
ranges with less noise would be plotted on top of those
that have more noise determined by the algorithm men-
tioned above.
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FIG. 21: Transfer function range plot zoomed in on the 1 V
range.

The effective number of bits for each transfer function
was also calculated. This was calculated with the fol-
lowing formula: log2(range in ADC counts divided by
average noise in ADC counts). Figure 22 shows the volt-
age range vs the effective number of bits. The color of
each point represents the average noise in mV for that
particular transfer function. The points were plotted se-
quentially so that transfer function ranges with less noise
would be plotted on top of those that have more noise.
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FIG. 22: Voltage Range for each transfer function vs effective
number of bits.

3. VOLTAGE TEMPERATURE DEPENDENCE

The next test ran was to see how certain internal volt-
ages vary with temperature. Only three of the internal
voltages can be measured directly and then compared to
their DAC count setting. These three voltages are Vdly,
Vdischarge, and Isel. The Vdly scan across the tempera-
ture range is shown in Figure 23. The temperature range
used for this scan was the same used in the temperature
scan for the transfer function, ten degree intervals be-
tween -20 C and 50 C. A difference plot was then also
created, shown in Figure 24, by subtracting the voltage
at 20 C from the voltage at each other temperature.

0 1000 2000 3000 4000 5000
0

500

1000

1500

2000

2500

Input DAC count

Vo
lta

ge
 (m

V)

Vdly Voltage vs. DAC counts

 

 

−20 C
−10 C
0 C
+10 C
+20 C
+30 C
+40 C
+50C

FIG. 23: Plot of the temperature dependence of the Vdly
voltage.
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FIG. 24: Plot of the voltage difference of Vdly between each
temperature and 20 C.

Another parameter that was tested for Vdly was the
Wilkinson counter frequency shown in Figure 25. This
was measured with a scope probe at test point 24 (eT-
STout, the 513th Wilkinson clock monitor). This fre-
quency is the Wilkinson counter frequency divided by
4096. The mean frequency was measured at ten degree
Celsius temperature interval from - 20 C to 50 C.
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•  Temperature	  dependence	  

•  Probably	  due	  to	  shiQ	  in	  the	  5	  voltages	  that	  must	  be	  set	  to	  configure	  the	  
transfer	  funcSon,	  which	  affect	  things	  like	  ramp	  frequency.	  

Characterization and Optimization of the TARGET 4 chip for the Cherenkov
Telescope Array

Margaret C. Murphy∗

Kavli Institute for Particle Astrophysics and Cosmology and
SLAC National Accelerator Laboratory STEM Teacher and Researcher (STAR) Intern

(Dated: August 13, 2012)

The TARGET chip will be used to digitize photodetector signals in the Cherenkov Telescope
Array. The current version of the TARGET chip is TARGET 4. We have done several studies to
characterize and optimize performance of the TARGET 4 chip. The transfer function was optimized
for voltage range, ADC range, and noise. The temperature dependence of the transfer function and
of the various control settings that contribute to it were measured. The width and amplitude of
the trigger signal, as well as their jitter, were measured as functions of the control voltage that
configures the width. Finally, the temperature dependence of the trigger width was measured.

1. INTRODUCTION

Gamma-ray astronomy, currently a large topic of study
in astrophysics, could potentially lead to the identifica-
tion and characterization of dark matter. Although there
are several instruments already in place to study and cap-
ture gamma-rays, the Cherenkov Telescope Array (CTA)
is in the planning and development stages and will be an
order of magnitude more sensitive than existing instru-
ments. CTA will be a ground-based observatory that
will study gamma-rays in the 100 GeV to 100 TeV en-
ergy range. CTA will collect and record images from
particle showers that are initiated by gamma-rays enter-
ing the Earth’s atmosphere. CTA will consist of many
telescopes with thousands of photo-sensor channels per
telescope. The TeV Array Readout with GSa/s sampling
and Event Trigger (TARGET) chip was designed to en-
sure high reliability and low cost per channel. TARGET
consists of 16 sampling channels and readout can be trig-
gered both by internal and external trigger signals.

There have been several generations of TARGET and
the most current in existence is TARGET 4. Four TAR-
GET chips will be in each camera module of the tele-
scopes of CTA however in the research and development
stage TARGET 4 is tested on an evaluation board in the
lab. Each telescope in CTA will be built with dozens of
camera modules.

2. TARGET 4 TRANSFER FUNCTION

2.1. Temperature Dependence

One of the first parameters tested was the temperature
dependence of the transfer function. For these tests a
thermal chamber was used to regulate the temperature
and the temperature range used was -20 C to 50 C at
ten degree intervals. These measurements were taken

∗Electronic address: margaret.murphy@cortland.edu

with the original default settings for each of the internal
voltages of TARGET 4. The transfer function at each
temperature can be seen in Figure 1.
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FIG. 1: A comparison of the TARGET 4 transfer functions
over a range of temperatures.

Next the difference was found between the transfer
function at each temperature and the transfer function
at 20 C. The differences were then put into a plot and
the usable section of the graph was zoomed in on, see
Figure 2.
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FIG. 2: Plot of the difference between the transfer function
at each temperature setting and 20 C.

The difference in transfer function per degree Celsius
was also calculated and is shown in Figure 3. This was
calculated using the following formula: the difference be-
tween the transfer function at 50 C and the transfer func-
tion at - 20 C, divided by the average transfer function
of the eight temperatures, divided by 70 C.
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FIG. 3: Plot of the the percent difference per degree Celsius
between the transfer functions. It is roughly 0.1 % / degree
C.

2.2. Optimizing the Transfer Function

The main next task was working to optimize the trans-
fer function by running tests on and analyzing the five
control voltages: Vdly, Vdischarge, Isel, PUBias, and
CMPBias. Transfer function scans were run at a range
of settings for each of the five internal voltages. For each
scan the full range (0 to 4095) was covered in steps of
455 and extremely bad configurations are excluded from
the plots. For a few of the voltages the range with us-
able transfer functions was very small, thus finer scans
were performed with smaller steps in the usable range.
Each time the DAC count of a particular voltage was

varied and the other four voltages were left at their orig-
inal default values. The original defaults for these are
as follows: Vdly = 3073, Vdischarge = 0, Isel = 2145,
PUBias = 3073, CMPBias = 1537; these values are DAC
counts and the DACs are 12 bit (range 0-4095). Each
of the transfer function scans for each internal voltage
were compiled into a single plot for the voltage, and then
the transfer functions were compared in order to pick
the best DAC count setting for each voltage. The opti-
mum settings were then made the new defaults for the
voltages. The new defaults chosen from comparing the
transfer function plots are as follows: Vdly = 3073, Vdis-
charge = 455, Isel = 2581, PUBias = 3470, CMPBias =
2275. The transfer function scans were then re-run using
the new default settings in order to ensure that the op-
timum transfer function range was achieved. In each of
the plots the black curve is the transfer function of the
new default settings.

Also, for each setting a plot of noise comparison, in
both ADC counts and mV, versus input DC voltage was
created. The noise for ADC counts was calculated as
follows: the standard deviation was determined for each
capacitor for 100 events and this standard deviation was
then averaged over the 64 capacitors. The noise for volt-
age was calculated as follows: the waveform was cali-
brated from ADC counts to voltage using the transfer
function and then the same algorithm used to calculate
the ADC count noise was applied. An automated al-
gorithm was also used to determine the good operating
range of each transfer function, and each noise curve is
plotted for this range. The noise values in the graphs
are actually upper limits on the internal TARGET noise.
There could be noise on the input DC source (Vped) and
there could also be noise picked up by the evaluation
board.

One of the parameters tested was Vdly. The usable
transfer functions for each of the settings are shown in
Figure 4. The original default was 3073 and this is the
only internal voltage for which the default was left as its
original. The transfer function for the Vdly default is the
black curve in Figure 4. Each of the different colors and
values in the legend are the Vdly settings in DAC counts.
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characterize and optimize performance of the TARGET 4 chip. The transfer function was optimized
for voltage range, ADC range, and noise. The temperature dependence of the transfer function and
of the various control settings that contribute to it were measured. The width and amplitude of
the trigger signal, as well as their jitter, were measured as functions of the control voltage that
configures the width. Finally, the temperature dependence of the trigger width was measured.

1. INTRODUCTION

Gamma-ray astronomy, currently a large topic of study
in astrophysics, could potentially lead to the identifica-
tion and characterization of dark matter. Although there
are several instruments already in place to study and cap-
ture gamma-rays, the Cherenkov Telescope Array (CTA)
is in the planning and development stages and will be an
order of magnitude more sensitive than existing instru-
ments. CTA will be a ground-based observatory that
will study gamma-rays in the 100 GeV to 100 TeV en-
ergy range. CTA will collect and record images from
particle showers that are initiated by gamma-rays enter-
ing the Earth’s atmosphere. CTA will consist of many
telescopes with thousands of photo-sensor channels per
telescope. The TeV Array Readout with GSa/s sampling
and Event Trigger (TARGET) chip was designed to en-
sure high reliability and low cost per channel. TARGET
consists of 16 sampling channels and readout can be trig-
gered both by internal and external trigger signals.

There have been several generations of TARGET and
the most current in existence is TARGET 4. Four TAR-
GET chips will be in each camera module of the tele-
scopes of CTA however in the research and development
stage TARGET 4 is tested on an evaluation board in the
lab. Each telescope in CTA will be built with dozens of
camera modules.

2. TARGET 4 TRANSFER FUNCTION

2.1. Temperature Dependence

One of the first parameters tested was the temperature
dependence of the transfer function. For these tests a
thermal chamber was used to regulate the temperature
and the temperature range used was -20 C to 50 C at
ten degree intervals. These measurements were taken

∗Electronic address: margaret.murphy@cortland.edu

with the original default settings for each of the internal
voltages of TARGET 4. The transfer function at each
temperature can be seen in Figure 1.
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FIG. 1: A comparison of the TARGET 4 transfer functions
over a range of temperatures.

Next the difference was found between the transfer
function at each temperature and the transfer function
at 20 C. The differences were then put into a plot and
the usable section of the graph was zoomed in on, see
Figure 2.
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FIG. 2: Plot of the difference between the transfer function
at each temperature setting and 20 C.

The difference in transfer function per degree Celsius
was also calculated and is shown in Figure 3. This was
calculated using the following formula: the difference be-
tween the transfer function at 50 C and the transfer func-
tion at - 20 C, divided by the average transfer function
of the eight temperatures, divided by 70 C.
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FIG. 3: Plot of the the percent difference per degree Celsius
between the transfer functions. It is roughly 0.1 % / degree
C.

2.2. Optimizing the Transfer Function

The main next task was working to optimize the trans-
fer function by running tests on and analyzing the five
control voltages: Vdly, Vdischarge, Isel, PUBias, and
CMPBias. Transfer function scans were run at a range
of settings for each of the five internal voltages. For each
scan the full range (0 to 4095) was covered in steps of
455 and extremely bad configurations are excluded from
the plots. For a few of the voltages the range with us-
able transfer functions was very small, thus finer scans
were performed with smaller steps in the usable range.
Each time the DAC count of a particular voltage was

varied and the other four voltages were left at their orig-
inal default values. The original defaults for these are
as follows: Vdly = 3073, Vdischarge = 0, Isel = 2145,
PUBias = 3073, CMPBias = 1537; these values are DAC
counts and the DACs are 12 bit (range 0-4095). Each
of the transfer function scans for each internal voltage
were compiled into a single plot for the voltage, and then
the transfer functions were compared in order to pick
the best DAC count setting for each voltage. The opti-
mum settings were then made the new defaults for the
voltages. The new defaults chosen from comparing the
transfer function plots are as follows: Vdly = 3073, Vdis-
charge = 455, Isel = 2581, PUBias = 3470, CMPBias =
2275. The transfer function scans were then re-run using
the new default settings in order to ensure that the op-
timum transfer function range was achieved. In each of
the plots the black curve is the transfer function of the
new default settings.

Also, for each setting a plot of noise comparison, in
both ADC counts and mV, versus input DC voltage was
created. The noise for ADC counts was calculated as
follows: the standard deviation was determined for each
capacitor for 100 events and this standard deviation was
then averaged over the 64 capacitors. The noise for volt-
age was calculated as follows: the waveform was cali-
brated from ADC counts to voltage using the transfer
function and then the same algorithm used to calculate
the ADC count noise was applied. An automated al-
gorithm was also used to determine the good operating
range of each transfer function, and each noise curve is
plotted for this range. The noise values in the graphs
are actually upper limits on the internal TARGET noise.
There could be noise on the input DC source (Vped) and
there could also be noise picked up by the evaluation
board.

One of the parameters tested was Vdly. The usable
transfer functions for each of the settings are shown in
Figure 4. The original default was 3073 and this is the
only internal voltage for which the default was left as its
original. The transfer function for the Vdly default is the
black curve in Figure 4. Each of the different colors and
values in the legend are the Vdly settings in DAC counts.

Probable operating range 

~few mV 
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•  Triggering:	  	  

•  Digital	  output	  adjustable	  from	  4-‐30	  ns,	  <<1	  ns	  jiqer	  when	  properly	  synchronised	  
to	  FPGA.	  

•  We	  expect	  to	  operate	  with	  output	  pulse	  widths	  6	  –	  12	  ns…	  depends	  on	  preamp	  
output.	  Liqle	  change	  with	  T	  at	  these	  widths.	  

9
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FIG. 30: Plot of the voltage difference of the Vdischarge be-
tween each temperature and 20 C.

4. TRIGGER STUDIES

Several scans and studies were performed on the trig-
ger by adjusting the WBIAS setting. Before performing
these scans the jitter in the trigger width was quantified
and then decreased by an order of magnitude. This was
done by synchronizing the function generator signal on
which TARGET triggered with the J5 output of the eval-
uation board. J5 has a signal which is synchronized to
sampling by the TARGET chip. The function generator
signal was input to a normal data channel of the evalua-
tion board (Channel 0) and TARGET triggered on this.
The trigger width was changed by adjusting the WBIAS
setting. Figure 31 shows the jitter of the trigger width
before the synchronization and Figure 32 shows the jitter
in the trigger width after the synchronization was com-
pleted.
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FIG. 31: The trigger width jitter is shown as error bars (before
synchronizing the input signal with TARGET sampling).
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FIG. 32: The trigger width jitter is shown as error bars (after
synchronizing the input signal with TARGET sampling).

The trigger amplitude was also measured using the os-
cilloscope. The trigger amplitude was measured for each
WBIAS setting that was tested. As seen in Figure 33 ,
the trigger amplitude drops below 2.0 V above a WBIAS
setting of 1225.

950 1000 1050 1100 1150 1200 1250 1300
1.85

1.9

1.95

2

2.05

2.1

2.15

2.2

WBIAS (DAC counts)

Tr
ig

ge
r a

m
pl

itu
de

 (V
)

FIG. 33: Plot of trigger amplitude for each WBIAS setting.

The trigger width for a few different WBIAS values
(922, 1056, and 1184), was tested for temperature de-
pendence. These values were chosen to achieve roughly
10, 20, and 30 ns trigger widths at room temperature.
The temperature range used was from - 20 C to 50 C at
ten degree intervals. The result of the temperature scan
is shown in Figure 34.
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FIG. 34: Plot of the temperature dependence of the trigger
width at three different WBIAS settings.
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1st TARGET Module 
With TARGET 5 

Akira’s Visit 

Camera 1 TARGET 
Modules 

With TARGET 6 

Camera 2 TARGET 
Modules not discussed yet 



Conclusions
•  The original TARGET module has been adapted for CHEC. 
•  A draft CHEC-TARGET IDC exists, only a couple of 

outstanding items. 

•  TARGET ASIC versions progressing well.

•  TARGET 4 ASIC achieves 11 bits… our preamp spec will 
need to be updated.

•  TARGET 5 ASIC will be tested soon. 

•  TARGET 6 ASIC design is still open to our “wish list”. 

•  No in depth discussions yet about delivery timescales.

•  No in depth discussions yet about SiPM TARGET module. 
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