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The future: Higher bandwidth, hit rate, radiation damage 4

GHz/cm2

Gbps/cm2

1 Grad

~0.1%/pixel/BC 
~streaming live audio from each pixel

RD53 Collaboration is designing 
a chip to meet these specs
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5The Challenge of the HL-LHC

Generation Run 1
(FEI3, PSI46)

Runs 2+3
(FEI4, PSI46DIG) Runs 4+5

Chip Size 7.5 x 10.5 mm2

8 x 10 mm2
20 x 20 mm2

8 x 10 mm2 > 20 x 20 mm2

Transistors 3.5 M
1.3 M 87 M ~1 G

Hit Rate 100 MHz/cm2 400 MHz/cm2 ~2 GHz/cm2

Hit Memory / Chip 0.1 Mb 1 Mb ~16 Mb

Trigger Rate 100 kHz 100 kHz 200 kHz - 1MHz

Trigger Latency 2.5 us
3.2 us

2.5 us
3.2 us 6 - 20 us

Readout rate 40 Mb/s 320 Mb/s 1-4 Gb/s

Radiation 100 Mrad 200 Mrad 1 Grad

Technology 250 nm 130 nm
250 nm 65 nm

Power ~1/4 W/cm2 ~1/4 W/cm2 1/2 - 1 W/cm2
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6Working toward an HL-LHC chip (sociology first)

ATLAS and CMS (and CLIC) have come together to 
design a state-of-the art 65 nm readout chip(s) 
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7Working toward an HL-LHC chip: RD53A

The RD53A prototype chip will demonstrate the needed 
performance. We will soon submit the design for fabrication.
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8Analog Islands in a Digital Sea

The pixel matrix is organized into 8 x 8 pixel cores

20 mm ; 400 pixels
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Figure 3: RD53A floorplan, functional view.

block, called Digital Chip Bottom (DCB), which implements the Input, Output and Configuration
digital logic, as described in (Sec. 7) and (Sec. 9).

Figure 4: Layout of analog island concept.

– 5 –

4 pixels analog 
“island”

digital “sea”

1/4 of a core

Circuitry around 
islands not identical 
(globally optimized)

Core is small enough for 
transistor-level simulations

Memory shared between 
4 x 1 or 4 x 4 pixels 
(more on next slide)
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9Readout Windows
Readout regions N x M pixel regions; helps to recover small 
hits.  ATLAS uses 2 x 2 - will that be optimal for the HL-LHC?
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10Working toward an HL-LHC chip: RD53A

RD53A is a chip-of-chips with 3 analog front-ends
(output of the cores is the same for each)
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Synchronous Linear Differential
5.1 Differential Front End Design

Figure 15: Schematic of the Linear analog front end flavor

The Linear front-end is shown in figure 15. The readout chain includes a charge sensitive
amplifier (CSA) featuring a Krummenacher feedback complying with the expected large radiation315

induced increase in the detector leakage current. The choice of a single amplification stage in
the front-end channel has been simply dictated by power consumption and area constraints. The
signal from the CSA is fed to a high-speed, low power current comparator that, combined with the
time-over-threshold (ToT) counter, is exploited for time-to-digital conversion. Channel to channel
dispersion of the threshold voltage is addressed by means of a local circuit for threshold adjustment,320

based on a 4-bit binary weighted DAC generating the current IDAC. The front-end chain has been
optimized for a maximum input charge equal to 30000 electrons and features an overall current
consumption close to 4 µA. The CSA can be operated in high gain (floating CF2) and low gain
mode (CF1 in parallel with CF2) by acting on the GAIN_SEL bit, whereas the recovery current,
IK /2, in the Krummenacher feedback network, can be set by means of a peripheral DAC. IK current325

equal to 25 nA results in a ToT close to 400 ns for an input charge equal to 30000 electrons in
high gain configuration. The designed sensitivity in the high gain configuration is 15 mV/ke-
, and 7.5 mV/ke- in the low gain mode. The core element of the charge sensitive amplifier
is the gain stage shown in figure 16. This is a folded cascode architecture including two local
feedback networks, composed by the M4-M5 and M7-M8 pairs, boosting the signal resistance330

seen at the output node. With a current flowing in the input branch equal to 3 µA and a current
in the cascode branch close to 200 nA, the CSA is responsible for most of the power consumption
in the analog front-end. The DC gain and the -3dB cutoff frequency of the open loop response,
as obtained from simulations, are 76 dB and 140 kHz respectively. The noise performance of the
charge preamplifier is mainly determined by the contributions from the CSA input device and from335

the PMOS transistor part of the feedback network. The simulated equivalent noise charge, for a
detector capacitance of 50 fF, is equal to 87 electrons. The front-end channel includes a high-speed,

– 17 –

5.2 Linear Front End Design

The Differential front end is a pure analog circuit: it contains no memory latches, flip-flops or
counters. Static configuration values are provided by the digital core, which receives only the
comparator out signal from the analog part. The design is a small-area low-power free-running
front-end, for negative input charge. The ADC function is implemented entirely in the digital core,350

by digitizing the time-over-threshold (ToT) of the comparator pulse. Fig. 18 shows the Diff. FE
block diagram.

Figure 18: Schematic of Differential front end flavor.

The pre-amplifier or first stage (Fig. 19) has a simple straight regulated cascode architecture
with NMOS input transistor in weak inversion. It has a continuous reset and adjustable gain by
choosing between two possible values of feedback capacitance (this choice is made globally, not per355

pixel). The preamp can operate at very low currents and has three bias currents: the main preamp
bias (input transistor current), voltage follower, and continuous feedback current. The feedback
current is set globally and cannot be trimmed in each individual pixel. Prototype measurements
showed that fall time dispersion (which leads to a ToT dispersion) has an acceptable level without
any need for per-pixel trimming. The preamp is single ended, but the feedback ensures that, in the360

absence of signal, input and output are at the same potential. Input and output are thus taken as a
differential input to the next stage.

The DC-coupled pre-comparator or second stage (Fig. 20) provides additional gain in front of
the comparator and also acts as a differential threshold circuit. The global threshold is adjustable
through two distributed voltages (VTH1 and VTH2) which introduce an offset between the two365

branches of the pre-comparator. The threshold is trimmed in each pixel using one 4-bit resistor
ladder in each pre-comparator branch. The branch current is turned into additional voltage offset by
these resistor ladders. An effective 5-bit adjustment is obtained by adjusting one branch resistance

– 19 –

Figure 21: Schematic of the Synchronous front end flavor.

(Fig. 23) is designed to provide both the sensor leakage current compensation and the constant390

current discharge of the feedback capacitor. The larger the current the faster the preamplifier signal
returns to the baseline. As a reference, a 10 nA current results in a 400 ns long signal for an input
charge of 10ke-, which is reduced to around 100 ns for a 40 nA current. Two capacitors, equal
to 2.5 and 4 fF, respectively, have been included in order to implement different gain values. The
calibration injection circuit is described in Sec. 5.4. The preamplifier open loop gain is around395

60 dB.

Figure 22: Sync. FE Charge Sensitive Am-
plifier (CSA) schematic.

Figure 23: Sync. FE Krummenacher feedback
schematic.

Due to mismatch effects, considerably relevant in deep submicron technologies like 65nm,
the output baseline of the first stage is subject to quite large fluctuations (of the order of tens

– 21 –

~Chipix65 demonstrator~ ~FE65P2 demonstrator~
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11Working toward an HL-LHC chip: RD53A
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Differential

5.2 Linear Front End Design

The Differential front end is a pure analog circuit: it contains no memory latches, flip-flops or
counters. Static configuration values are provided by the digital core, which receives only the
comparator out signal from the analog part. The design is a small-area low-power free-running
front-end, for negative input charge. The ADC function is implemented entirely in the digital core,350

by digitizing the time-over-threshold (ToT) of the comparator pulse. Fig. 18 shows the Diff. FE
block diagram.

Figure 18: Schematic of Differential front end flavor.

The pre-amplifier or first stage (Fig. 19) has a simple straight regulated cascode architecture
with NMOS input transistor in weak inversion. It has a continuous reset and adjustable gain by
choosing between two possible values of feedback capacitance (this choice is made globally, not per355

pixel). The preamp can operate at very low currents and has three bias currents: the main preamp
bias (input transistor current), voltage follower, and continuous feedback current. The feedback
current is set globally and cannot be trimmed in each individual pixel. Prototype measurements
showed that fall time dispersion (which leads to a ToT dispersion) has an acceptable level without
any need for per-pixel trimming. The preamp is single ended, but the feedback ensures that, in the360

absence of signal, input and output are at the same potential. Input and output are thus taken as a
differential input to the next stage.

The DC-coupled pre-comparator or second stage (Fig. 20) provides additional gain in front of
the comparator and also acts as a differential threshold circuit. The global threshold is adjustable
through two distributed voltages (VTH1 and VTH2) which introduce an offset between the two365

branches of the pre-comparator. The threshold is trimmed in each pixel using one 4-bit resistor
ladder in each pre-comparator branch. The branch current is turned into additional voltage offset by
these resistor ladders. An effective 5-bit adjustment is obtained by adjusting one branch resistance

– 19 –

~FE65P2 demonstrator~

I’ll focus on the 
FE65P2 demonstrator 
that implements the 
differential analog 

front end

RD53A is a chip-of-chips with 3 analog front-ends
(output of the cores is the same for each)
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12A proto-RD53A chip: FE65P2

FE65P2 is a demonstrator chip for the 
RD53A differential analog front end.

7HL-LHC Pixel Readout Chips  – M. Garcia-SciveresAug. 5, 2016

FE65-P2 test chip

There’s the logic density a.k.a digital sea

* Stepping stone to RD53A            * 64x64 pixels on 50µm grid

       (flow, layout, isolation…)

3.5mm

4
.3

m
m

Miniature sensor
bump bonded to
single chip

10 10th Terascale Det. Workshop                                            Desy, 12 April 2017                                              F. Loddo - INFN-Bari 

Small scale demonstrators 

• FE_SYNC  and  FE_LIN included in the CHIPIX65 
demonstrator (64x64) submitted at end of June 2016 and 
currently under test 

• FE_DIFF is included in the FE65-P2 demonstrator 
(64x64),  currently under test 

Draft 1.1 May 23, 2016

capacitance can vary randomly. The default baseline setting is to leave both switches open (i.e. CF0 and115

CF1 both set to low). In this case there will still be a non-zero feedback capacitance given entirely by116

parasitic capacitance, which is simulated to be ??? and which results in the highest gain.117

Two of the column variants have an increased gate width of the amplifier PMOS load in order to118

improve the radiation hardness. These columns are marked ”RH” (see Table 4a).119

In addition to the column variants, there are also 8 different top row test structures (see Table 4b and120

pin 90-101 in pinout table 7). These structures are used for injection of DC leakage current and to change121

the simulated detector capacitance externally with a varactor, which is a tuning diode used as a voltage-122

controlled capacitor (⇠ 70fF at 0V bias). This solution gives direct access to the buffered pre-amp output123

and the output between the first and second stage comparators. Each top row output goes to a source124

follower connected to an external pull-up resistor that can be used for probing the signal. Typical sample125

waveforms for a 500 mV peak-to-peak injection pulse are displayed in Figure ??. (New waveforms to be126

added.)127

Table 4: Variant partition.

Variant ID CF0/CF1 [fF] Power Dwn Leakage Comp W (amp2 load PMOS) [µm] Column Double column Quad column
CPL000 3.36/4.99 no no 0.2 0-7 0-3 0-1
CPL001 3.36/4.99 no yes 0.2 8-15 4-7 2-3
CPL011 3.36/4.99 yes yes 0.2 16-23 8-11 4-5

CPL001RH 3.36/4.99 no yes 0.48 24-31 12-15 6-7
CPL100 5.15/7.76 no no 0.2 32-39 16-19 8-9
CPL101 5.15/7.76 no yes 0.2 40-47 20-23 10-11

CPL101RH 5.15/7.76 no yes 0.48 48-55 24-27 12-13
CPL101 5.15/7.76 no yes 0.2 56-63 28-31 14-15

(a) Column information. The binary naming scheme is such that the
first digit (C) respresents the feedback capacitor values (low/high), the
second digit (P) the power down feature (on/off) and the third digit (L)
the leakage current compensation (on/off).

Column Varactor Leakage input
0-1 yes yes
4-5 yes yes
8-9 yes yes

13-14 no yes
14-15 no yes
15-16 no yes
16-17 yes yes
20-21 yes yes

(b) Top row information.

59/03/2015 M. Garcia-Sciveres  ---  FE65-P2 Intro

Chip Layout

I/O and power. 

Test pads for power, bias, and top row analog internal signals

T
e
s
t 
p
a
d
s
, 

n
o
t 

y
e
t 

u
s
e
d

T
e
s
t 

p
a
d
s
, 
n
o
t 

y
e
t 

u
s
e
d

64 x 64 pixels

3497µm

4
4

2
1

µm

C
PL
00
0

C
PL
00
1

C
PL
01
1

C
PL
00
1R
H

C
PL
10
0

C
PL
10
1

C
PL
10
1R
H

C
PL
10
1

Figure 4: Illustration of analog FE column variants.

7

64 x 64 
pixels

sensor bump-
bonded to 

chip at SLAC

8 columns with different analog ‘flavors’
leakage current compensation, 

increased amplifier gate width, etc. 
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13FE65P2: Charge Measurement

Timon Heim 4 RD53 General Meeting

Tuning Performance
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14FE65P2: Threshold Stability

Results of FE65-P2 Pixel Readout Test Chip M. Garcia-Sciveres

4. Results79

For both experiments, two qualities were characterized for each column flavor: threshold mean80

and threshold dispersion. Given occasional failures in tuning each pixel properly, we compared81

only those pixels considered “well tuned” at 20 °C for the temperature measurements and at 0 dose82

for the irradiation data. For the 0 and 150 Mrad chips, these were determined to be those pixels83

with tuned threshold within 50 electrons of the nominal tuned threshold. The column flavors are84

referred to by their number and corresponding features. Flavors 1 and 5 have no leakage current85

compensation (No LCC). All other flavors have LCC and are labeled LCC if they have no other86

features. Flavors 4 and 7 have no PMOS transistors of width less than 300 nm, to increase radiation87

hardness (RH). Finally, column flavor 3 has a power down feature (PD).88

4.1 Temperature89

Fig. 1 shows the shift in threshold mean vs. operating temperature for the 350 Mrad irradiated90

chip. In this chip, column flavors 4 and 7 (RH + LCC) perform the best as they have the lowest rate91

of shift in mean.92

Figure 1: Threshold mean as a function of temperature of a chip tuned at 20 °C to 800 e� previously irradiated to 350 Mrad.

The per-pixel threshold distributions of column flavor 8 in all three chips just after tuning at93

20 °C can be seen in Fig. 2. Fig. 3 shows the distribution of each chip at -20 °C without retuning.94

Both the threshold mean and dispersion increase with decreasing temperature, and the magnitude95

of the effect scales with total radiation dose.96

Figure 2: Threshold distributions of a 0, 150, and 350 Mrad chips
tuned at 20 °C to 800 e�.

Figure 3: Threshold distributions of a 0, 150, and 350 Mrad chips
at -20 °C
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15FE65P2 Modules: First Beam Studies
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Testbeam at SLAC and 
CERN

Testbeam:

• Conditions at SLAC and CERN very different

• Some time needed to integrate FE65-P2 into the 

telescope readout (EUDET)

• SLAC data needs reprocessing

• CERN data from this week
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Figure 7. The cluster residual in the local x direction for clusters with a width of three (left) or four pix-
els (right) in the x–direction reconstructed with the CCA clustering algorithm (dashed line) and the NN
clustering algorithm (solid line).

on the local charged–particle density, Lorentz drift and the incident angles of the traversing parti-
cles; effects from charge collection and channel cross-talk are negligible. Clusters in the barrel and
endcap are thus treated similarly, but with the detector region given as input to the NN, so cluster
classification is performed based on cluster sizes.

Figure 8 compares the root mean square (RMS) of the measurement residuals for the CCA
clustering and the NN clustering algorithm in data and simulation in the transverse and longi-
tudinal direction in the different cluster categories. The majority of three– and four–pixel wide
clusters in the transverse direction are due to close–by particles and d–rays. In the longitudinal
direction, clusters of this size are geometrically possible due to the shallower incidence angle. The
improvement shown in figure 8(left) can thus be mostly attributed to actual cluster splitting, which
includes splitting components from d -rays, while in figure 8(right) a sizeable contribution of the
improvement is caused by the non–linear charge interpolation of the NN clustering algorithm. Dis-
crepancies between data and Monte Carlo simulation can arise from imperfections of the detector
such as module misalignment or deformations that are not present in the simulated model of the
detector geometry, as well as from limitations in the detector simulation and digitisation model
that include several complex components as described in section 3.2. Discrepancies are seen in
figure 8 for the longitudinal direction. This is most likely due to limitations in the modelling of the
longitudinal charge sharing. Nonetheless, the relative improvement obtained by the NN clustering
algorithm compared to the CCA clustering algorithm is largely consistent between data and Monte
Carlo simulations.

The improvement coming from the non–linear charge interpolation and d–ray handling in the
NN clustering can be checked on isolated tracks as there are no other close–by particles from the
beam collision. Pairs of oppositely charged combined muons with pT > 25 GeV, which produce a
Z boson candidate with a mass mµµ > 50 GeV were selected. A combined muon is a muon recon-
structed using information from both the inner detector and the muon spectrometer. The impact
parameter resolution with respect to the primary vertex in data is shown in figure 9. Only the inner
detector component of the combined track is taken to extract the impact parameter distribution, and
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17Optimization studies: Use of charge

As we design the RD53 chip, we 
have an opportunity to make 

optimal use of its readout

There is (useful) 
information contained 
in the analog signal

The Run 1 CMS detector had a 
full analog readout while the 
ATLAS FEI3/4 use 8/4 bits of 

charge (measured in ToT)
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Figure 7. The cluster residual in the local x direction for clusters with a width of three (left) or four pix-
els (right) in the x–direction reconstructed with the CCA clustering algorithm (dashed line) and the NN
clustering algorithm (solid line).

on the local charged–particle density, Lorentz drift and the incident angles of the traversing parti-
cles; effects from charge collection and channel cross-talk are negligible. Clusters in the barrel and
endcap are thus treated similarly, but with the detector region given as input to the NN, so cluster
classification is performed based on cluster sizes.

Figure 8 compares the root mean square (RMS) of the measurement residuals for the CCA
clustering and the NN clustering algorithm in data and simulation in the transverse and longi-
tudinal direction in the different cluster categories. The majority of three– and four–pixel wide
clusters in the transverse direction are due to close–by particles and d–rays. In the longitudinal
direction, clusters of this size are geometrically possible due to the shallower incidence angle. The
improvement shown in figure 8(left) can thus be mostly attributed to actual cluster splitting, which
includes splitting components from d -rays, while in figure 8(right) a sizeable contribution of the
improvement is caused by the non–linear charge interpolation of the NN clustering algorithm. Dis-
crepancies between data and Monte Carlo simulation can arise from imperfections of the detector
such as module misalignment or deformations that are not present in the simulated model of the
detector geometry, as well as from limitations in the detector simulation and digitisation model
that include several complex components as described in section 3.2. Discrepancies are seen in
figure 8 for the longitudinal direction. This is most likely due to limitations in the modelling of the
longitudinal charge sharing. Nonetheless, the relative improvement obtained by the NN clustering
algorithm compared to the CCA clustering algorithm is largely consistent between data and Monte
Carlo simulations.

The improvement coming from the non–linear charge interpolation and d–ray handling in the
NN clustering can be checked on isolated tracks as there are no other close–by particles from the
beam collision. Pairs of oppositely charged combined muons with pT > 25 GeV, which produce a
Z boson candidate with a mass mµµ > 50 GeV were selected. A combined muon is a muon recon-
structed using information from both the inner detector and the muon spectrometer. The impact
parameter resolution with respect to the primary vertex in data is shown in figure 9. Only the inner
detector component of the combined track is taken to extract the impact parameter distribution, and
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18Optimization studies: Use of charge

As we design the RD53 chip, we 
have an opportunity to make 

optimal use of its readout

There is (useful) 
information contained 
in the analog signal

The Run 1 CMS detector had a 
full analog readout while the 
ATLAS FEI3/4 use 8/4 bits of 

charge (measured in ToT)

Question: what is the “best” way 

to store/utilize charge?
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19Resolution: one-particle clusters
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Efficiency 21

Counting longer increases precision but also in-pixel pileup

Could mitigate by counting faster than 40 MHz, but if fixed:
there is a tradeoff between dynamic range 

(charge / ToT + N bits) and efficiency
N.B. can’t just reduce N bits - still need to discharge overflow!
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22Fast (analog) discharge 

What if you could ~instantly remove 
charge when the counter reached 2N - 1?
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Inefficiency while in overflow

Geant4 (Allpix) + Digitization

| = 1η, radius = 39 mm, |3mµ50 X 50 x 150 

ToT bits = 4, threshold = 600e, smallhits included
2Hit Rate = 4.12 GHz/cm

this contribution doesn’t 
gain from a fast discharge
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Conclusions / outlook 23

The HL-LHC will be an extreme 
environment for tracking.

PID
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1 Grad

The RD53 
collaboration has 

formed to pool 
resources in order to 
be able to maintain 
and exceed current 

performance.
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Backup
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25Readout Windows
Readout regions N x M pixel regions; helps to recover small 
hits.  ATLAS uses 2 x 2 - will that be optimal for the HL-LHC?

20 mm ; 400 pixels
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IBL geometry, 8 GeV
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 @ 3.3 cm, 8 GeV2mµ50 X 50 

50 x 250 x 200 um3 
(ATLAS IBL)

50 x 50 x 150 um3

4 x 1 beats 
2 x 2!
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Time over Threshold Method 26

40 MHz clock
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ToT = 2
Time


