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ABSTRACT

The future super flavor factory SuperKEKB with its detector system

Belle II offers precision physics measurements to verify the Standard

Model or probe undiscovered phenomena beyond its limits. A two layer

vertex pixel detector is built based on the DEPFET technology. The De-

pleted Field Effect Transistor (DEPFET) pixel structure is an advanced type

of silicon semiconductor detector, which provides simultaneously posi-

tion sensitive detector capabilities and internal amplification. Fast and

low noise readout of large area DEPFET sensors with row rates of 10MHz

is required. A new readout chip, the Drain Current Digitizer (DCD2), is

available, which allows parallel readout of multiple channels with on-chip

signal digitization. For the full characterization of this ASIC a FPGA based

readout system has been designed, which also allows the operation of a

prototype system including a DEPFET sensor. In this thesis, detailed mea-

surements of the standalone performance of the DCD2 and the full system

are presented; a limit on the possible readout speed of a large DEPFET sen-

sor is established, and a switch from the slower double sampling readout

scheme to a faster single sampling scheme is motivated.
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1
INTRODUCTION

Over 2500 years ago philosophers and scholars began to build a model of

the smallest constituents ofmatter, which probably started themodern age

of science as we know it. Since then, scientists set out to find and answer

the deepest and most fundamental questions of nature. What are the

fundamental forces? What is the fate of the universe, how was it created?

What is the origin of mass and matter? Based on these and many more

questions, a never ending story of success and discoveries in the natural

sciences started. Today, particle physics is one of the disciplines making

an important contribution to solving the mysteries of the universe.

In the beginning of the twenty-first century scientists base their re-

search on the well-established Standard Model of particle physics. This

model lists the fundamental particles that have been found so far: the

three families of quarks and leptons, and the four bosons responsible for

the fundamental forces of nature. Even more, the ingredients of the Stan-

dard Model — quantum electrodynamics, quantum chromodynamics

and the electroweak theory — precisely describe the interactions of all

the particles. It also requires the existence of the yet undiscovered “God

particle”, the Higgs boson, which is required to give all other particles

mass.

Driven by the hope of new discoveries, scientists keep pushing the

limits. On the one hand, discovery machines are built, like the Large

Hadron Collider at CERN. In proton-proton collisions with a center-

of-mass energy of up to 14TeV new particles are produced, hopefully

including the Higgs boson.

On the other hand, one tries to increase the understanding of existing

measurements at lower energies with high statistics, to further constrain

the parameters of the StandardModel, and to find unexpected phenomena

beyond its predictions. This frontier of precision and rare decay physics

has been enabled through the study of B meson systems at asymmetric

positron/electron (e+/e-) colliders, running primarily at a center-of-mass

energy of the Υ(4S) resonance with 10.58GeV, e. g. the experiments

BaBar[14] at the PEP-II collider and the Belle detector[1] at the KEKB

collider[60].

The Belle detector ceased its successful operation for over a decade in

2010. Experimental results provided insight into the flavor structure of

elementary particles, and established the CKMmodel of quark mixing

and CP violation[51]. With their rich decay spectrum, B mesons further

open the opportunity for many interesting measurements[2–5, 7, 8, 15,

22, 23, 43, 62, 95, 106, 110]. Flavor factories have also the potential to

discover new physics beyond the Standard Model, if measurements show

discrepancies to the theory. This requires however a significant increase

in collected data volume, which cannot be accomplished in reasonable

time with the existing experiments.
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2 introduction

A next generation collider, the super flavor factory SuperKEKB, will go

into operation at KEK in the late 2010’s. This asymmetric e+/e- accelerator
operates with energies of 4GeV/7GeV per beam, and beam currents of

3.6A/2.6A; the instantaneous luminosity of 8 × 1035 cm−2s−1 is about a

factor 40 higher compared to the previous machine KEKB. A new detec-

tor, Belle II as an upgrade of Belle, is required to deal with the increased

interaction rates and higher background processes.

The Belle II detector[6, 27] is a hermetic detector system which allows

the reconstruction of particle tracks after a collision, and performs the

measurement of energy, momentum and charge of the produced particles.

Track reconstruction requires detectors placed closely to the interaction

point, which can deal with a high track multiplicity, perform well in an

environment with high radiation levels, and offer an intrinsic position

resolution in the order of a few micrometers. Additionally, by keeping

the material budget of the vertex detectors very low, Coulomb scattering

of the particles at the detector planes and thus a degradation of the track

reconstruction has to be kept to a minimum. A new addition to the

Belle II detector suited for this is a two layer silicon pixel detector based

on the DEPFET technology.

The Depleted Field Effect Transistor (DEPFET) is an advanced semicon-

ductor detector which integrates the first amplification stage directly into

the pixelated sensor material by the use of a FET, resulting in a significant

signal-to-noise advantage. Thin (75 µm), large area all-silicon modules

with ≈50 µm × 75 µm pixels will be produced for the Belle II pixel detector.

At the edges of the DEPFET detector modules, outside of the acceptance re-

gion where the material budget can be higher and effective active cooling

is possible, dedicated readout and steering ASICs are located. The DEPFET

sensors are integrating devices, which require a continuous, un-triggered,

full-analog and full-frame readout; zero-suppression and hit selection is

performed in the ASICs and signal processing chain.

To keep the hit occupancy low, short frame times are preferred. In the

scope of this thesis a limit on the possible readout speed for large scale

DEPFET devices could be established for the first time by measurements.

A FPGA based readout system was designed, for the full characterization

of a new readout ASIC, the DCD2, and for dedicated operation of a newly

designed prototype system including said ASIC and a DEPFET sensor.

In this thesis, the DEPFET technology is introduced in the first chapter,

followed by an overview of the Belle II DEPFET sensor modules. The third

chapter introduces the hardware design efforts necessary for this thesis.

In chapter four, the DCD2 readout chip is described, which is followed

by dedicated measurements in the next chapter. The fifth chapter shows

all measurements which include a DEPFET sensor, here the readout time

limits are established, source measurements are presented and a limit on

the digital signal resolution is discussed.



2
DEPFET SENSORS

The Depleted Field Effect Transistor (DEPFET) pixel structure (see Fig-

ure 2) is an advanced type of silicon semiconductor detector, which pro-

vides simultaneously position sensitive detector capabilities and inter-

nal amplification. A p-channel metal-oxide-semiconductor field-effect

transistor (MOSFET) structure is combined with a high-resistivity, n-type
substrate. Using a principle called sidewards depletion, the bulk can be

fully depleted. A potential minimum for electrons is created by an addi-

tional n-implant underneath the transistor channel and called internal

gate. Signal charge generated by absorbed ionizing radiation is separated

e-
e- e-

e-

hh
n- bulk

internal gate

gate p-channel
p+ source

p+ backside

p+ drain

Figure 2: The DEPFET struc-

ture is based on a p-channel
MOSFET on a fully depleted

bulk. Signal charge is collected

in the internal gate and modu-

lates the transistor current.

by the electric field in the active volume. While holes drift to the back-

side p+-contact, electrons are transported to and stored in the internal

gate. The collected charge changes the potential of the internal gate, and

further influences mirror charges in the transistor channel. As a result,

the channel current is modulated, and the collected signal charge can be

externally measured. A special clear process is introduced which removes

charge from the internal gate to allow continuous detector operation.

The DEPFET principle has first been proposed by Kemmer and Lutz

[47] in 1987, and was experimentally confirmed in 1990 [48].

2 . 1 depfet operation

The DEPFET operation can be separated into three stages which will be

described in the following sections. First, the charge collection prin-

ciple based on sidewards depletion and the internal gate is reviewed;

secondly, the readout of a DEPFET is presented including the electrical

properties; and last, the clear process is explained. An equivalent circuit of

the DEPFET, the choice of optimal operating voltages, and further details

are outlined in the closing section.

2 . 1 . 1 Charge collection

2.1 . 1 . 1 Sidewards depletion and vertical potential minimum

The DEPFET substrate is a double diode structure that shares many simi-

larities with semiconductor drift chambers [35, 36]. On both sides of a

3



4 depfet sensors

n-type silicon wafer p+-implants form diodes. A n+-substrate contact is
placed somewhere outside of the active area, typically close to the detector

edge for simplified connectivity. Reverse biasing of the diodes is achieved

by applying appropriate voltages to all contacts (bulk, back- and frontside;

illustrated in Figure 3). At small voltages two independent space charge

regions form around the p+-contacts leaving a part of the conducting bulk
undepleted in between. With increasing voltage the depletion regions

touch each other and form a potential minimum for majority carriers

(electrons in the case of a n-type bulk). By applying different voltages
to the surface contacts the position of this potential minimum can be

moved vertically. This depletion method is called sidewards depletion1.
Compared to a typical n-p-structure full depletion can be achieved at

lower biasing voltage and with less detector capacitance. It is important

Figure 3: Sidewards depletion

at full asymmetric biasing.

The depletion regions from

front- and backside just touch

each other, forming a potential

minimum close to the top.

V1<0V

V2<<V1

0V

e-e-

h h
n- bulk

(depleted)

p+ backside

p+n+

to note that electrons in the potential minimum will move slowly to the

n+-contact by means of diffusion whereas the minority carriers (holes)

can drift fast in the electric field to the back or front side contact. At this

point it is possible to structure the front or back contacts and introduce

an additional electric field component by applying a voltage gradient —

this has lead to the invention of the semiconductor drift detector.

For DEPFET structures the front side p+-implants are formed by the

source and drain regions of a MOSFET, whereas the source is on higher

potential. The vertical potential minimum is pinned to a position directly

underneath the surface by applying asymmetric voltages and by using an

additional n-type doping close to the surface.

2 . 1 . 1 .2 Internal gate and local potential minimum

To provide a local potential minimum for electrons an extra n-type doping
is added, directly underneath2 the external gate of the MOSFET. This in-
ternal gate has a relatively low doping concentration of ≈1 × 1016 cm−3[39]

compared to the front side implantations. After depletion, the excessive

free electrons of this area are removed and a positive space charge remains

—which is now highly attractive for electrons. The capacity of the internal

gate of a typical3 DEPFET device has been measured by Schmieden [92]

and is reported to be in the order of ≈58 000 e-.
During charge collection the DEPFET transistor is typically switched

off. The floating potential region of the internal gate is then capacitively

1 sometimes sideways depletion
2 The position of the internal gate is illustrated in Figure 2, Figure 4 and Figure 11.

3 Device used: DEPFET PXD5 COCG L B, wafer S90, sensor I00; for applications in high

energy physics (ILC); drawn dimensions of external gateW × L = 10.8 µm × 6.4 µm



2.1 depfet operation 5

coupled to the external gate. By changing the voltage of the external

gate in the off-state (Vgate, off) the internal gate can be shifted to a more

positive potential and thus be made more attractive for charge collection.

(This does no longer hold during clear or readout, where the internal gate

couples to the then existing hole channel of the transistor, resulting in a

lower, less attractive, potential.)

The DEPFET is a highly dynamic device; the internal gate forms only a

potential minimum if it is repeatedly cleared. Even without the presence

of ionizing radiation, the internal gate quickly fills up due to leakage

current (in ≈100ms at room temperature, cf. [92]), preventing further

charge collection. Sidewards depletion is a good concept to understand a

static state of the DEPFET, however it will not restore the internal gate to a

charge collecting state. The depletedness of the internal gate is a dynamic

result of the clear process.

2 . 1 .2 Readout

To quantify the collected charge the DEPFET needs to be read out. The

external gate is switched on; electrons in the internal gate influence a

mirror charge in the channel of the MOSFET, with a similar effect like a

voltage change on the external gate. The DEPFET is typically used in the

integration and sample mode4 suitable for imaging devices.

2 . 1 .2 . 1 Drain or source based readout

The DEPFET can be read out in two different configurations, depending on

the terminal which is connected to the readout chip (or discrete amplifier).

In a source follower configuration, a current is forced through the DEPFET

transistor using an external current source, the drain is connected to

ground. The voltage change at the source can then be measured. This

configuration has severe speed limits influenced by the load capacitance of

the source line CL, since this capacitance has to be charged or discharged

to the final measured voltage. The risetime tr can be calculated (small

signal model of a source follower, [see 72]):

tr = 2.2
1

gm

⎛
⎜
⎝
CL
⎛

⎝
1 +

Cgs

Cgd

⎞

⎠
+ Cgs

⎞
⎟
⎠

(2.1)

The settling time can reach several µs which makes the source follower

configuration unsuited for a high speed readout as required for the Belle II

DEPFET pixel detector, where a readout time for a single DEPFET pixel of

≈100ns is required.

In a drain based readout a current has to be measured. The voltage of

the common drain line can be held constant by the readout chip, therefore

4 Integration and sample mode: During charge collection (integration) the external gate is

turned off, and only turned on for readout. Allows multiple DEPFET transistors to be

connected to the same readout bus.

A real time mode as described by Lutz [64] is also possible, where the DEPFET is contin-

uously conducting (always turned on). Applications are drift detectors or CCDs.
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the speed does ideally not depend on the load capacitance CL. As a disad-
vantage, drain based readout is more sensitive to irradiation damage5 or

process variations, which causes changing pedestal (i. e. baseline without

signal) currents. (cf. thoughts on pedestal variations in Section 7.6).

2 . 1 .2 .2 Electrical characteristics

The internal amplification gq of the DEPFET— the figure of merit so to

speak — is expressed in drain current Id change per collected signal

charge in the internal gate (typically pA/e-). To derive the current/voltage
characteristics of the DEPFET, a model working with influenced mirror

charges in the transistor channel can be assumed. A detailed derivation of

the DEPFET characteristics can be found in the works of Klein [49], Lutz

[63], and Rummel [89]; the results are briefly given here.

A charge q present in the internal gate is equivalent to a gate-source

voltage change of ∂Vgs = f ⋅ ∂q
Cox

, with a reduction factor f accounting for
parasitic coupling of the internal gate to other regions. The drain current

can be modeled6 as:

Id =
1

2

W
L
C′ox( f

q
Cox
+Vgs −Vth)

2

After calculation of gm = ∂Id/∂Vgs and gq = ∂Id/∂q, and substituting

resulting terms, one finds the following scaling rules for a DEPFET device.

The internal amplification gq is proportional to the transconductance gm:

gq =
gm
Cox

(2.5)

5 Radiation damage causes a threshold voltage Vth shift towards higher Vgs due to trapped

charges in the gate oxide. In the source follower configuration, the threshold voltage shift

leads to an equal shift of the source voltage. In drain based readout, the transistor charac-

teristics change according to Equation 2.2, either reducing Id and gq (see Equation 2.8),

or requiring a readjustment of the gate source voltage Vgs.

6 The metal-oxide-semiconductor field-effect transistor (MOSFET) has become the most

important device for integrated high density electric circuits since its invention in the

1960s. It is described extensively in literature, see for example Sze [96], Tsividis [103],

and Lutz [63]. For the operation of a DEPFET device, which is working in the saturation

region, the following relations are of relevance.

The drain current Id and transconductance gm of a p-channel device in the saturation

region are given as:

Id = −
1

2

W
L
µpC′ox(Vgs −Vth)

2
(2.2)

gm =
∂Id

∂Vgs

= −W
L
µpC′ox (Vgs −Vth) (2.3)

gm can also be expressed as:

gm =
√

2µpC′ox
W
L
Id (2.4)

with the width and length of the gateW and L, the charge carrier mobility µp , the gate

source voltage Vgs, the transistor threshold voltage Vth, and the sheet capacitance C′ox .
The gate capacitance can be calculated as Cox = C′oxWL.
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With respect to the external gate length L and widthW the the internal

amplification gq scales as:

gq∣
Id ,const.

∝
1

L3⁄2
and gq∣

Id ,const.

∝
1

W 1⁄2
(2.6)

A reduction of the oxide thickness tox (required to achieve radiation

hardness [see 111, and references therein]) and therefore increasing of the

oxide capacitance Cox will reduce gq with a square root dependence:

gq∣
Id ,const.

∝
√
tox (2.7)

The internal amplification also depends on the drain current. Chang-

ing the operating point of the DEPFET transistor using the gate voltage

(Vgate, on during on-state) is therefore the only practical way to influence

gq of a given device. Neglecting short channel effects, one finds:

gq∣
W ,L,const.

∝
√
Id (2.8)

2 . 1 .3 Clear process

A clear process is introduced to remove the collected charge from the

internal gate. This is realized by providing an additional terminal close

to the internal gate, which can then perform a localized, on-demand

depletion operation. The relevant structures and implants for the clear

e-
e- e-

e-

internal gate

cleargate
gate

p-channel

n+ clear

n- bulk

deep p well

Figure 4: Relevant structures for

the clear process. A high positive

voltage is applied to the n+-clear
contact; connection to the internal

gate is made via punch-through

assisted by the cleargate. The col-

lected charge is completely re-

moved.

process are illustrated in Figure 4 (which is a cut through Figure 11).

The clear contact is a n+-implantation, self-aligned7 to the poly-silicon

clear gate. Charge loss into the clear contact during signal integration is

avoided by a shielding implantation: beneath the clear region a negative

space charge is provided by a deep boron implantation, often called p-well
or deep-p. This implantation gives rise to a potential barrier which has

to be overcome during the clear process. During the clear process, a

high positive potential is applied to the clear contact. Via punch-through

[24, 58], the potential of the clear contact can reach through the shielding

p-well. Underneath the cleargate8 a n-channel forms, which connects the

7 In a complementarymetal-oxide-semiconductor (CMOS) process, self-alignment refers to
a technique [20] where a polysilicon gate is used as a mask for the doping of surrounding

implantation, thus preventing any misalignment.

8 There exists also an overlap of the deep p-well with the cleargate. With increasing overlap

the potential barrier and the needed clear voltage rise. Devices with different p-well/
cleargate overlap are present on the PXD5 production; a designator A (as in COCG SA) is

used for 1.5 um overlap, devices with designator E (as in COCGLE) feature 1.2 um overlap.
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internal gate with the clear contact. Now the collected charge electrons

can flow to the clear contact, the internal gate is emptied. As a final step

the clear potential is lowered again.

To avoid reset noise a complete clear process is beneficial, resulting in

the same pedestal current Iped after each clear process. Then the sampled

signal value can be referred to a stored pedestal offline, or a direct cor-

related double sampling (CDS) in the analog domain is made possible.

All electrons collected in the internal gate can be removed in ≈10 ns by

using a clear voltage pulse of 14V (Vclear, high −Vclear, low) as was shown

by Sandow et al. [90].

2 . 1 .3 . 1 Cleargate

A clear voltage reduction is possible by using the cleargate to lower the

potential barrier between the internal gate and the clear contact, as shown

in device simulations by Richter et al. [85]. The clear process can be

improved by dynamically raising the cleargate voltage during the clear

process. The cleargate can be clocked; or a capacitive coupling between

the cleargate and clear contact can be implemented. This capacitive-

coupled cleargate (CCCG) requires an explicit capacitance — e. g. visible

in Figure 11. An operation with a static cleargate is also possible.9

One further use of the cleargate is technology10 specific. The cleargate,

as the first poly-silicon layer, forms a lateral isolation frame around the

MOSFET structure to suppress parasitic currents flowing from source to

drain. NormalMOSFET processes would provide this isolation using oxide

filled shallow trenches or local field oxide.

2 .2 details

This section introduces further details of DEPFET devices. An equivalent

circuit for a DEPFET device is given, optimal operating parameters are dis-

cussed, a typical readout sequence is shown, and the spectral performance

is reviewed.

2 .2 . 1 Equivalent circuit

The equivalent circuit for a single DEPFET transistor is illustrated in Fig-

ure 5. Parasitic elements, made up by the resistance of connecting lines

and coupling capacitances, form RC-networks that exhibit low pass char-

acteristics. Capacitive coupling leads to unintended charge injections,

especially when operating with high (≈10V) switching voltages. All these

9 The devices used in this thesis work with a static, or common, cleargate. This is reflected

in the designation of the device, e. g. COCGLEwhere COCG stands for common cleargate.

10 The DEPFET is produced at the Halbleiterlabor, Max-Planck-Institut, München. The

technology available is based on direct writing laser photolithography and conventional

proximity exposure, which allows the implementation of wafer scale sensors without the

need for photoreticle stitching. A minimum feature size of ≈2 um can be implemented.

Points differing from standard MOSFET processes can be found in the articles from

Richter et al. [85] and Gärtner and Richter [39].
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effects have an influence on the achievable readout speed as is shown in

measurements in Section 7.1 and Section 7.3.

drain

source

clear
external

gate

clear 
gate

internal
gate

(a) DEPFET equivalent circuit. . .

drain

source

clear
external

gate

clear 
gate

internal
gate

CGD

CGS

CCD

CCCG
RCG

(b) . . . including parasitics.

Figure 5: A single DEPFET equivalent circuit. Relevant parasitics include the

gate-drain capacitance CGD, the gate-source capacitance CGS, and the clear-

drain capacitance CCD. The low pass characteristics on the gate, clear, and drain

lines are due to distributed RC, and indicated in the schematic with a small RCR

combination. If a device with a capacitive-coupled cleargate (CCCG) is used, the

coupling capacitance Cccg and the resistor Rcg are implemented intentionally.

2.2 .2 Optimal operating region — choice of voltages

The DEPFET is supplied with several voltages, typically referred to the

source of the transistor. The bulk contact is supplied with a voltage Vbulk

(≈10V higher than Vsource), to prevent any pn-junctions from being for-

ward biased. The gate voltages Vgate, on and Vgate, off have an influence

on the charge collection and internal amplification, as discussed in Sec-

tion 2.1.1.2 and Equation 2.8. Remaining are the cleargate voltage Vcg,

and the clear voltages Vclear, low and Vclear, high, which determine largely

the optimal operating conditions of a DEPFET device.

With a parametric scan over these voltages and bymeasuring the signal,

e. g. produced by a radioactive source, an optimization to maximize

the signal (or better: signal-to-noise ratio) can be performed; such a

measurement is shown in Figure 6 . The limiting ranges for Vclear, low and

Vcg are given by the following effects [39]:
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Figure 6: Determination of optimal operating voltages for a DEPFET device.

A parametric scan over Vclear, low and Vcg is performed, while measuring the

signal of a radioactive source [provided by 29].

back emission: If the clear low voltage Vclear, low is chosen too nega-

tive, back emission of electrons from the clear implantation to the

internal gate will occur.

hole inversion: The cleargate voltage Vcg has to be chosen positive

enough to suppress a parasitic hole channel in the insulation struc-

ture along the cleargate. This can lead to the development of shorts

between source and drain, or between source and the deep p-well.

charge loss: If the clear low voltage Vclear, low is chosen too high, the

clear contact becomes attractive for signal charge during the charge

collection — charge is lost. A similar process can develop when

Vcg is chosen too high; charge then accumulates underneath the

cleargate region leading to very long (µs) charge collection times.

The voltages used forDEPFET devices in this thesis are given in Figure 40

on page 51.

2 .2 .3 Readout sequence

Reading out a single or a larger array ofDEPFET pixels requires sequencing

of the control signals (i. e. steering voltages for gate and clear) and the

definition of a sampling point for the drain current Id. Various readout

concepts were studied before in detail by Fischer et al. [31] and Lutz

[64], a more recent summary can be found from Rummel [89, chap. 18].

Excluding special cases, two (rather canonical) readout sequences are

favored which differ primarily in the number of samples taken.

single sampling The drain current Id is measured once after each

integration period, before the clear process. The measured current
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then equals the sum of the pedestal current Iped, the signal current

Isig, leakage current11 and a contribution from electronic noise.

Id = Iped + Isig

To extract the signal value, the measured Id is referenced to a stored

pedestal value offline. Pedestal currents are individual to each

DEPFET transistor (due to process, voltage, temperature, and irradi-

ation variations), so an efficient storage and subtractionmechanism

for pedestal values is obligatory.

double sampling After the clear process a second sample is taken,

directly measuring Iped; the signal current Isig can then be extracted

in the analog domain of the readout chip.

Isig = (Iped + Isig) − Iped

This readout mode is also called correlated double sampling (CDS).

Additional features are the suppression of low frequency noise

components12, and the demands on the dynamic input range of

the readout chip are reduced if the pedestal current subtraction is

handled in the analog domain.

Both readout sequences are illustrated in Figure 7. Double sampling

is the standard method for readout due to its many advantages, and it

is implemented as such on the previously available readout chip [101].

However, if fast row times are required, and the readout speed turns out to

be a major issue, the feasibility of a sample-clear-sample sequence needs

to be reevaluated.

2 .2 .4 Spectral performance and electronic noise

The DEPFET, as any other semiconductor detector, is affected by electronic

noise [see standard literature, e. g. 63, 87, 94, 96]. Electronic noise is

usually given as input referred noise, and expressed by the equivalent

noise charge (ENC) in e-. The overall intrinsic noise of a DEPFET pixel with

high bandwidth readout (50MHz) was demonstrated to be better than

50 e- by Rummel [89], with white noise being the dominant contribution.

In an environment where the readout chips present the dominant noise

source, the noise from theDEPFET can be safely ignored since uncorrelated

noise contributions add in quadrature. For a target total noise of 200 e-,
as stated in the Belle II Technical Design Report[27], the contribution of

the DEPFET is merely ( 50
200
)
2
≈ 6.3%.

If a low bandwidth readout of the DEPFET is possible (shaping times

≈10 µs) in a specific application, the total noise of the device can be re-

duced to a few e-, yielding a remarkable spectroscopic performance. This

11 The leakage current (excluding its shot noise) will present itself as a contribution to the

pedestal, as long as the integration time is constant and there are no fast temperature or

biasing changes.

12 Low frequency noise components not only include contributions from the DEPFET, but

also from the surrounding system, e. g. power supplies.
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Vgate, on

Vgate, o�

Vclear, low

Vclear, high

Idrain

integration /
charge collection readout clear next cycle

trow

(a) Single sampling

Vgate, on

Vgate, o�

Vclear, low

Vclear, high

Idrain

integration /
charge collection readout clear CDS

trow

(b) Double sampling

Figure 7: Illustration of DEPFET readout sequences for single (a) and double (b)
sampling. For the drain current Id sampling points are indicated by . During

the clear process the drain current is dominated by parasitic coupling effects

and not shown here. The sequence of events is:

integration: The external gate is switched off (Vgate, off). Charge is col-

lected in the internal gate, the device consumes no power, no drain current is

flowing.

readout: The external gate is switched on (Vgate, on), drain current starts to

flow. After settling of the current, the readout chip takes one sample.

clear: The clear process is performed (Vclear, high).

optional cds: A second sample can be taken after the clear process.

next cycle: The device is switched off again. Typically the readout of the

next pixel row would take place now.
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has been studied in multiple measurements, e. g. with different filtering

techniques by Porro et al. [81], or single devices by Andricek et al. [10] (see

Figure 8), Lutz [64], Ulrici et al. [105] and Treis et al. [100]. Measurements

with 55Fe at 5.9 keV using either a source follower configuration or drain

based readout give a spectral resolution in the range of 130 eV to 150 eV

with a noise peak of 2.2 e- to 4.8 e-.
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Figure 8: Measurement from [10, fig. 5]. 55Fe spectrum taken with a linear

DEPFET, gateW × L = 25 µm × 7µm, in drain current readout at room temper-

ature with a shaping time of 6 µs. The noise peak is measured to an ENC(rms) of

2.3 e-.





3
A DEPFET MODULE FOR THE BELLE II PIXEL DETECTOR

3.1 introduction

SuperKEKB is a positron/electron collider specifically designed for the

production of B mesons (B factory). The assymetric e+/e- beam energies

of 4GeV/7GeV correspond to a center-of-mass energy of the Υ(4S) res-
onance (10.58GeV), which decays by strong interaction into B meson

pairs (≈50% B0B0, ≈50% B+B−). The center-of-mass system moves in

the direction of the electron beam, and the B mesons are boosted by

this motion with a Lorentz boost factor β = 7−4
10.58
= 0.283. This boost is

essential to provide a spatial separation of the two decay vertices of the B

mesons. The decay time difference can be reconstructed, which allows

the observation of time dependent CP-violating asymmetries [18, 50].

The Belle II detector follows an onion-like, hermetic design typical for

collider experiments (see Figure 9). The innermost part of the detector

electron (7 GeV)

positron (4 GeV)

central
drift chamber

vertex detector
2 layers DEPFET

4 layers DSSD

beryllium
beam pipe

EM calorimeter

particle
identi�cation

muon
detector

Figure 9: The Belle II detector. Picture from the Belle II Collaboration.

is the interaction region [27, ch. 3], where the e+/e- beams collide at a

crossing angle of 83mrad with beam currents of 3.6A/2.6A and an in-

stantaneous luminosity of 8 × 1035 cm−2s−1. Directly outside of the beam

pipe the vertex detector for track reconstruction is located, consisting of

a two layer pixel detector[27, ch. 4] and a four layer silicon double-sided

strip detector[27, ch. 5]. The following gas-filled central drift chamber

(CDC)[27, ch. 6] reconstructs charged particle tracks and measures par-

ticle momenta, it provides particle identification by measuring energy

loss in this gas volume, and it provides fast trigger signals for charged

15
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particles. The CDC is surrounded by a particle identification system[27,

ch. 7] consisting of an array of quartz bars. Here, the time-of-propagation

of Cherenkov light created by charged particles is measured. The next de-

tector layer is the electromagnetic calorimeter[27, ch. 9] made of CsI(Tl)

crystals, which provides photon detection, photon energy measurement,

and electron identification. The outermost detector layer is the muon

detector[27, ch. 10], consisting of alternating iron plates and active detec-

tor elements.

The Belle II detector is an upgrade of the original Belle detector[1], and

the addition of a two layer pixel detector close to the interaction region is

one of the most important changes. The main task of the pixel detector is

vertex reconstruction, and the figure of merit here is the impact parameter
resolution σd0 (i. e. how good can a particle decay position close to the

interaction region be reconstructed). The impact parameter resolution is

the combined error of a geometric term and a Coulomb scattering term.

The geometric term is the resulting error of a track-fit, and depends only

on the position of the pixel layers (r1 and r2) and the intrinsic position

resolution σSP of the detector itself. TheCoulomb scattering term depends

on the particlemomenta p, the incident angle θ, and the detector radiation
length x

X0
.

σd0 =

¿
Á
ÁÀ r22 + r21
(r2 − r1)2

σSP ⊕
r1 ⋅ 13.6MeV

p sin32 θ

√
x
X0

It can be seen that the best σd0 is achieved for spaced detector planes

located as close as possible to the interaction point and for thin detectors.

There are several points motivating the use of a thin pixel detector with

high intrinsic position resolution:

◆ Compared to KEKB/Belle, the Lorentz boost of the center-of-

mass-frame is reduced due to changed machine parameters from

βKEKB = 0.425 to βSuperKEKB = 0.283. This reduces the flight dis-

tance z = βγcτ of a particle with lifetime τ by one third, which
requires an equal increase of vertex position resolution for the same

experimental accuracy.

◆ The beam pipe radius is 10mm, two-thirds of that in KEKB, which

allows the detector planes to move closer to the interaction point.

However, the rate of background events increase roughly with the

inverse square of the radius, causing higher hit occupancy [27,

ch. 4]. To avoid ambiguities, a pixelated detector is preferred over

strips.

◆ Low momentum particles suffer from excessive Coulomb scatter-

ing, which mandates a low material budget for the pixel detector

(≪100µm of silicon thickness per layer).

3 .2 the depfet pixel detector

The DEPFET pixel detector for Belle II consists of two layers of DEPFET

sensors, arranged in a cylindrical shape around the beam pipe. The inner
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layer has 8 planar all-silicon sensors located at a radius of 14mm, each

module has a sensitive length of 90mm and a width of 12.5mm. The

outer layer at a distance of 22mm to the beam pipe is made out of 12

modules with a sensitive length of 124mm and the same width as the

inner modules. Modules are split in half1 in the middle, thus a total of 40

half-modules are required. Themodules are mounted and fixed by screws

on an integrated metallic support and cooling structure. The layout of

the pixel detector is shown in Figure 10. A detailed description of the

joint efforts of the DEPFET Collaboration towards the design of the DEPFET

pixel detector for Belle II can be found in the Belle II Technical Design

Report[27] and the references therein.

outer layer (22mm)

inner layer
(14mm)

support and cooling
structure

data cables

(to scale)

beam pipe (10mm)

module width 15mm

Figure 10: Schematic illustration of the Belle II DEPFET pixel detector, showing

two layers of modules, and the mechanical support structure with cooling and

electrical cabling.

3 .3 module layout

The DEPFET detectors for the Belle II pixel detector are all-siliconmodules

that combine an active area of DEPFET pixels, the readout and steering

chips, and a landing area for a flexible interconnect cable. The module,

along with some highlights on key areas, is illustrated in figure 11–16.

The pixel array (matrix) itself is made on 75 µm thin detector grade

silicon, directly bonded on a thicker (≈400µm) silicon handling wafer.

Thinning is accomplished using deep anisotropic etching [9, 32], which

opens windows in the supporting handling wafer. The active area is

then completely exposed; in the frame around the module underneath

the application-specific integrated circuits (ASICs) grooves are etched.

These grooves allow a further material reduction by roughly 30%, and

additionally provide a rigid frame.

1 Splitting the modules in half is necessary due to size limitations of the sensor wafers for

production; it further increases the production yield and simplifies the assembly.
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The readout ASICs, the Drain Current Digitizer for Belle II (DCD-B) and

the Data Handling Processor (DHP), are placed at the end of the active

area. There is 23mm space left, outside the acceptance region, which

will not contribute to the multiple Coulomb scattering material budget;

proximity to the mechanical support structure makes active cooling of

the ASICs possible. The SWITCHER chips, however, have to be placed on

the long side of the active area on a thick, 2mm wide balcony. For a

compact module design all ASICs are flipped and connected via bump

bonds. The DEPFETmodule is therefore equipped with an under-bump

(copper) metalization, which makes the surface suitable for soldering.

The electrical interconnect to electronics outside of the detector is

realized with a multi-layer polyimide flexible printed circuit board (PCB)

(see Figure 15). This cable implements all power and ground connections,

slow control, and impedance-controlled high-speed differential lines for

data transmission. The connection to the DEPFETmodule can be made

by a combination of glue, traditional wire bonds, and bump bonds.

3 .4 depfet pixels for belle ii

The development of DEPFET structures for the Belle II vertex detector is,

due to similar requirements, based on previous experience in ILC type

pixels [85]. The pixels themselves2 are enlarged to 50µm × 58 µm for

the inner and 50µm × 80µm (φ × z) for the outer detector layer. Even
though multiple design and layout options are implemented in the PXD6

production, a baseline design for the DEPFET pixels has been chosen.

The DEPFET structure, as shown in Figure 11, has individual source

and drain regions embedded in clear and drift implantations. The size

of the active elements in a pixel is small compared to the pixel size, since

the DEPFET transistor itself stays small. The transistor size is effectively

given by the external gate length, which is favorably small for higher gain

(cf. Equation 2.6), and for a fast clear process. Empty space3 between

the pixels is filled with a shared clear contact and a p+-drift implant.

2 A (realistic) note on the given geometries and sizes:

The length of the active area is given by the distance to the beam pipe and the polar

angular acceptance range from 17° to 150°, which is defined by the silicon vertex tracker,

the next detector at a radius of 38mm. (The asymmetry of the angular acceptance

accounts for the forward boost of the center-of-mass frame.)

The inner (outer) layer has an active area length of 44.80mm (61.44mm) for a half

module. The pixel sizes are influenced by multiple constraints, foremost the physics

requirements for position resolution define the overall size, while practical considerations

influence the digits after the decimal point. Given a fourfold readout (see Figure 12) and

the spacing constraints of the DEPFET technology, a pixel size of 50 µm in φ-direction
naturally accommodates 4 parallel drain readout lines and supply lines for the source

potential. For the z-direction, constraints are given by the achievable readout speed (and

are a result of measurements done in this thesis), and the desire to use the SWITCHER

chips efficiently. Using 6 SWITCHER chips with 32 channels each yields a total of 6× 32×
4 = 3× 28 = 768 pixels with a z-length of 58.3 µm (80µm). Further options are discussed

to keep pixel coordinates on a 5 µm grid spacing; it is also possible to have different pixel

sizes depending on the angular position (inner layer: 256× 55 µm and 512× 60µm, outer

layer: 256× 70 µm and 512× 85 µm).

3 The ILC pixels were tightly packed for the smallest pixel size possible with no empty

space in between; pixels even featured a shared source to save additional space.
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Figure 11:

DEPFET pixels for
Belle II, layouted
as single transistors
with capacitive
coupled clear gate
(metal / contacts not
shown), with a size of
50 µm × 58 µm (φ × z)
for the inner layer.

Figure 12:

To achieve a frame
time of 20 µs a fourfold
arrangement of pixels
is chosen.

Figure 13:

A half-length all-
silicon module
combines on a total
size of 15mm × 68mm
(inner layer) all
readout and steering
chips. The active
area with 192 × 103
pixels is made on
thin (75 µm) detector
grade silicon. The
power consumption
is less than 9W per
half-module.

Figure 14:

For rigidity and bond-
ability, all sections
outside of the active
region have a thickness
of 420 µm. Deep
anisotropic etching
is used to reduce
the material in the
supporting frame.

Figure 15:

A three layer flexible
PCB facilitates all
electrical connections.
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Figure 16: A DEPFET module for the Belle II pixel detector.
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This drift implant prevents the existence of areas with undefined surface

potential, and thus avoids penalties in charge collection times. Advanced

features, like a capacitive-coupled cleargate, can be implemented as well.

The arrangement of individual pixels in a matrix is asymmetric. Every

second DEPFET transistor is mirrored: the sources of individual pixels face

each other, likewise do the drains. Additionally, the distance between the

sources is kept short, while the drift region between the drains is allowed

to expand, adjusting for the desired pixel size. This allows a simplified

layout with less routing (and higher production yield), since now the clear

contacts can be shared. Another reason is increased charge collection

efficiency: The source is connected to the highest potential and is thus

more attractive for signal charge. Signal electrons on their way to the

internal gate are less impeded while drifting underneath the drain regions

compared to the source regions. By pairing the sources of the transistors

close together the drift fields within the sensor are further optimized.

3 .5 readout concept

The DEPFET pixels are arranged in a matrix (see Figure 17) which is oper-

ated row wise, in the so called rolling shutter mode. One horizontal pixel
row at a time is activated by a SWITCHER chip; the drain currents of all

those pixels are then transmitted in parallel to the readout chip for further

processing. This mode of operation not only allows the shared usage of

the vertical drain lines for all pixels in the same column, it also keeps

the power consumption4 of the sensor’s active area to a minimum. The

detailed operation of a DEPFET device is explained in Section 2.1.

Figure 17: DEPFETmatrix oper-

ated in rolling shutter mode.

The SWITCHER steers the gate

and clear of an array of DEPFET

pixels, row by row. The current

is read out column parallel using

shared drain lines.
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readout timing The most challenging aspect is the frame readout

time of 20 µs5, which would translate on a full module with 1536 pixels to

a row time of only 13 ns. This timing is impossible to achieve (cf. measure-

ments in Section 7.1) due to intrinsic settling times of the DEPFET sensor

and the readout chips. The time constraint is however relaxed by splitting

4 A pixel consumes only power while being read out, not while integrating signal charge.

Thepower consumption of theDEPFET active area for a halfmodule is given byNpixels on×
Vds × Id, which amounts only to 1000 × 5V × ≈ 100 µA = ≈ 500mW

5 The readout of the DEPFET pixel detector is synchronized to the operation of the Su-

perKEKB machine. The exact frame time is only approximately 20 µs and based on the

RF frequency of 508.887MHz and the revolution frequency of the beam.
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the module in half, using readout chips at both sides, and implementing

a high degree of parallelization by using a fourfold pixel arrangement

(Figure 12). This results in a factor of eight gained in speed, translating

to a row time of 104.2 ns (9.6MHz). To gain additional time, the DEPFET

typical sample-clear-sample (double sampling, see Section 2.2.3) readout

operation has been abandoned in favor of the faster sample-clear (single

sampling) sequence.

3 .5 . 1 Readout electronics

Three distinct ASICs are needed to operate a DEPFETmodule. Steering of

the gate and clear lines is accomplished by the SWITCHER chips. The drain

currents of selected DEPFET pixels are digitized using the analog frontend

chip DCD-B, while digital processing is handled by the DHP chip. These

ASICs and their functionality will be briefly described in the following

sections.

the switcher chip (described in [27, 80]) facilitates steering of the

gate and clear lines of theDEPFETmodule by providing fast (10 ns rise time

with ≈50pF load capacitance) output signals up to 20V. Six chips with 32

channels each are mounted on the 2mmwide lateral frame of the DEPFET

module. The operation is rather simple: DEPFET channels are selected

via a shift register which can be daisy-chained to the next SWITCHER

chip, this way individual control of all 6 chips is avoided. As a special

feature, the output steering signals for the DEPFET gates can be operated

in an overlapping mode which could improve settling times of the drain

currents, (cf. Section 7.1.3.1). This ASIC is produced in the AMSHV 0.35 µm

technology using special design techniques for radiation hardness. The

chip size is 2.1mm × 3.6mm, with a total of 96 bump-bondable input /

output pads.

the dcd-b chip digitizes incoming DEPFET drain currents. Current

receivers (based either on transimpedance amplifiers or regulated cas-

codes) hold the drain line potentials constant, thus canceling the effect

of the large drain line load capacitance (≈50pF). Two current mode al-

gorithmic analog-to-digital converters (ADCs) with eight bit resolution

work interleaved in each of the 256 channels to digitize the currents. The

output data is then transmitted to the DHP for further processing. The

DCD-B chip, and its predecessor the DCD2, are described in Section 4.7

and Section 4, and in their corresponding documentation [27, 78, 79].

the dhp chip is the digital backend ASIC for data storage and further

digital processing. Its main task is to reduce the data provided by the

DCD-B chip, using zero-suppression on the incoming data and only trans-

mitting triggered data to the outputs. Efficient zero suppression requires

an algorithmic preprocessing of the data: First, a common offset (mean

value) is calculated and subtracted from the input values. This allows the

suppression of low frequency noise components that are common to a

whole DEPFET row. As a second step, the pedestal values individual to
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each DEPFET pixel are subtracted; pedestal storage memory of equal size

to the DEPFETmatrix is required. As a last step, zero suppression is per-

formed by discarding all data that falls below a selectable threshold. The

DHP provides storage memory (hit buffers) for several full frames of data.

Upon reception of a trigger signal, this data is transferred to the outside

of the detector using high speed data links. On the DEPFETmodule one

DHP chip acts as a master, controlling the timing of the SWITCHER out-

puts; furthermore, each DHP provides data to the DCD-B chips facilitating

pedestal current compression in the analog domain (see Section 7.6.2.1).

The current DHP prototype chips are implemented in a IBM 90nm tech-

nology (and a future switch to a 65 nm technology is planned), which

provides a high memory density per chip area.



4
THE DCD2 READOUT ASIC

The Drain Current Digitizer (DCD2) is a current-mode prototype chip

for readout of DEPFET pixel sensors. It has been designed in 2007 by

Perić et al. [76], and its stand-alone characterization and use in a DEPFET

readout system is the focus of this thesis. The key features, building blocks

(see also Figure 18) and operating principle of this ASIC are:

cascode ADC

CMC

Vsource

Vgate

Idrain

pad

mux

72 channels

di�erential outputs

DEPFET

periphery: 
DACs, biasing, slow control, steering

Figure 18: The Drain Current Digitizer (DCD2) prototype chip has 72 individual

channels to receive the DEPFET drain current. Each channel has a regulated

cascode to keep the input voltage constant, an additional current memory cell

(CMC) for optional correlated double sampling (CDS) to subtractDEPFET pedestal

currents and two current-mode ADCs with 8-bit resolution. The digital output

codes of 6 channels are multiplexed and transmitted off-chip by high speed

differential lines.

◆ 72 input channels are available, arranged as a 6 × 12 matrix on a

total chip area of ≈1.5mm × 3mm, to digitize input currents com-

ing either from a DEPFET transistor, an external precision current

source, or internal test current sources.

◆ The potential of each DCD2 input channel is held constant by a reg-
ulated cascode, which cancels the effects of large input capacitances
and speeds up the reception of currents.

◆ The current can optionally be fed into a presampling current mem-
ory cell that allows subtraction of a DEPFET pedestal current Iped

in a CDS sampling mode, leaving only the signal current Isig to be

digitized.

◆ A cyclic ADC digitizes Isig with 8 bit resolution in a conversion time

as fast as 160ns.

◆ For increased conversion speed, two cyclic ADCs work interleaved

in each channel.

23
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◆ The data of six input channels is multiplexed and serialized, and

transmitted off-chip using high speed differential links with up to

600MHz. Thus one such link contains the data of twelve individual

ADCs; there is a total of twelve high speed outputs on the chip.

◆ In order to provide high radiation tolerance, the chip has been

implemented in a 180nm CMOS technology using enclosed NMOS

transistors [38] and novel radiation hard circuits [76].

The ADC, memory cells, and regulated cascode will be described in the

following sections. A detailed description of the chip, including rather

technical aspects of digital communication and configuration, can be

found in [12, 76, 78].

4 . 1 analog input path

The analog input circuits are outlined in Figure 19. After the pad, which

connects to the DEPFET sensor using wire bonds, several static and switch-

able current sources are present. Test signals can be produced on-chip

using two current sources, InjBias for a pedestal current and InjSignal for
a switchable, dynamic signal. The current flowing through the regulated

cascode and a global current baseline adjustment is set with MainOffset
and MainSub, two current sinks. A monitor bus is present on the chip,

and allows a single, direct external connection to a selectable inspection

point; signal injection or monitoring is possible either before or after the

cascode in each pixel.
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Figure 19: Schematic of the analog input stage of the DCD2. Test signals (or

parametric current sweeps) can be produced by three static (InjBias, MainOffset,
MainSub) and one switchable (InjSignal) current source. External connections
are possible at two monitoring points. The block diagram of the ADC is given in

Figure 24.

4.2 regulated cascode

The schematic of the regulated cascode and the biasing parameters are

given in Figure 20. It is based on a folded cascode amplifier topology,

using a NMOS input transistor with an additional power supply VCAVSS.
The power consumption per pixel is ≈1.7mW (cf. data in Figure 39 on

page 50), influencedmainly by the biasing current CascAmpBias. Themain
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task of the cascode is to compensate for the DEPFET drain capacitance,

where values of up to 50pF are expected for large sensors. The cascode

holds the input potential constant, thus preventing the charging and dis-

charging of the parasitic input capacitance with the signal current, leading

to improved readout speed. The settling time can be further adjusted with

a feedback amplifier (CascAmpSF) between damped oscillation and over-

damped behavior, see Figure 21. Settling time and noise measurements

under various capacitive loads are presented in Section 6.2.
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Figure 20: The DCD2 regulated

cascode is implemented using

a folded cascode topology

amplifier. The main biasing

of the amplifier is set with

CascAmpBias and CascAmp-
Load, while the input potential
can be directly influenced by

changing the amplifiers ground

voltage VCAVSS. The cascode

provides no additional signal

gain and introduces no current

offsets.
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Figure 21:DCD2 cascode settling behavior as a response to a current step function

at the input, measured with the DCD2 as described in Section 6.2.1.

(a) CascAmpSF = 0 (DAC units). Even though the response of the cascode is a

sharp step, damped oscillations over ≈60ns prevent settling. The channels for

the gray curves have an additional input capacitance attached.

(b)With CascAmpSF = 250 (DAC units) oscillations are suppressed and settling

is achieved in ≈20ns.

4.3 current memory cells

Current memory cells are analog memory elements that store and dupli-

cate currents. In the DCD2 they are used as building blocks for the ADC

and as a standalone element to provide optional double sampling. The
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Figure 22: The DCD2 cur-

rent memory cell [76] uses

an amplifier and a trans-

conductor to provide signal

and voltage independent

current storage capabilities.

This design is a modified

zero- (constant-) voltage

switching memory cell

based on [71].
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design of the current memory cell is shown in Figure 22 [see 76, II.B]. The

cell has a bidirectional input / output node ➀ for currents, the capacitor

C f is used as a memory element. The trans-conductor TC converts the

voltage across C f (at node ➂) into a current, which then flows into node

➃. An inverting amplifier A is used, which is for the following explanation

assumed to be ideal.

in write state both switches Sw1 and Sw2 are conducting, and due

to negative feedback the voltages at nodes ➀, ➁ and ➃ are equal to Vref.

Node ➂ settles to a voltage that forces the transconductor to compensate

the input current exactly, since no current can flow into the amplifier

inputs or C f .

in read state switch Sw1 is opened, the voltage across C f is frozen,
and the previously sampled current keeps flowing to node➃. If the current

is fed to another cell of the same type, the voltage seen at node ➀ will

again be Vref, which avoids voltage dependent higher order effects of

these cells. Over a wide range of input currents the memory cell input

voltage remains constant, while the biasing of the active elements can

be changed to adjust the total input range. A measurement for three

different biasing settings is shown in Figure 23. Stored currents can also

easily be duplicated by feeding the input voltage ➂ of the trans-conductor

to another, identical, trans-conductor outside of the memory cell.
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4.4 current digitization adc

Digitization of DEPFET drain currents is performed directly in the DCD2

readout chip (hence the name). A cyclic (or algorithmic) ADC implemen-

tation has been chosen which is known to achieve high resolution within

a small1 silicon area [61]. The DCD2 ADC operates in current mode and is

explained in detail in the corresponding paper by Perić et al. [76] and the

thesis by Armbruster [12]. A short description, including the conversion

algorithm and its benefits, will be presented here.

A simple approach to digitize a signal starts with the comparison of the

input current with a reference current Iref (threshold). If the current is

higher than the reference, the most significant bit (MSB) is set to one and

the reference current is subtracted from the input. Otherwise the MSB is

set to zero and no subtraction is performed. The remainder (residue) is

then multiplied by a factor of two and the whole process is repeated. This

repetition can be performed by the same ADC stage in a cyclic fashion

(resulting in a cyclic ADC), or in a serial, pipelined fashion using multiple,

cascaded stages (resulting in a pipeline ADC).

The implementation on the DCD2 follows a slightly different approach,

using redundant signed digit (RSD) cyclic conversion, which is based

on the SRT division algorithm [86, 99]. Instead of one threshold two

thresholds are used. This introduction of one extra decision level allows

this ADC stage to resolve 1.5 bit of information2. The extra half bit is used

as redundancy and provides automatic error correction, making the ADC

stage less sensitive to non-idealities like noisy comparator thresholds.

4 .4 . 1 Realization of the cyclic ADC

The ADC consists of 4 current memory cells, two current mode compara-

tors (each with two thresholds), and digital logic for redundant binary

representation (RBR) decoding. The block diagram is shown in Figure 24.

Two memory cells and one comparator work as a (cyclic) unit, which

either performs a single operation consisting of comparison/subtraction/

gain as in Equation 4.1a, or this unit operates as a receiver to store the

result from the other one. The comparator is connected only to one of

the two memory cells, which are additionally equipped with switchable

current sources to perform the subtraction/addition of the reference cur-

rent Iref. The ADC operates with the following repeating steps, alternating

between memory cell pairs 1,2 and 3,4:

state 1 The input signal3 is stored in memory cell 1.

1 On a Belle II half-module 2048 individual ADCs have to be integrated on an area of

≈13mm × 5mm

2 More precise, log
2
(3) = 1.58 bit

3 The input signal, coming from the regulated cascode, is first stored in a single pre-

sampling current memory cell (not shown in the block diagrams here), effectively pipelin-

ing the operation. This not only ensures that the current duplication in state 2 acts on

the same input current (i. e. ensuring that x + x = 2 ⋅ x), it also shortens the hold time of

the input current by one clock cycle (1⁄8 times the row time)
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state 2 A copy of the input signal is stored in cell 2. The comparator,

connected to cell 1, performs the comparison.

state 3 Based on the comparison result in the previous steps current

sources in cells 1 and 2 are activated to add/subtract Iref. Both cells

have now the same output current; adding these currents effectively

performs a multiplication with 2 (stage gain).

stage 4 The sum of the output currents of cells 1 and 2 is stored in cell 3.

The comparator results of each step are stored in a shift register and fur-

ther processed (see Section 4.4.3) to provide the final binary digitization

result. The ADC performs 8 cyclic steps, resulting in 8 bit resolution. The

conversion time for each cycle is ≈20ns, leading to a total time of ≈160ns.

To meet the specifications for a high speed DEPFET sensor readout, which

demand a row time of ≈100ns, two identical ADCs work interleaved in

parallel.
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Figure 24: DCD2 ADC block diagram (from [76, 79]). The ADC has 2 units,

consisting of 2 current memory cells (left) and one current mode comparator

(right).
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4.4 .2 Conversion algorithm

The conversion principle is based on a recursive binary search algorithm

[see 82, ch. 8] to approximate the analog input current:

Iouti+1 = 2 (Iini − diIref) (4.1a)

with Iini =

⎧⎪⎪
⎨
⎪⎪⎩

Iouti ∀i ≠ 0
Iinput i = 0

(4.1b)

and di =

⎧⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎩

1 Iini > +
Iref
2

0 −
Iref
2
⩽ Iini ⩽ +

Iref
2

−1 −
Iref
2
> Iini

(4.1c)

for all i = 0, 1, . . . ,N − 1 (4.1d)

The resolvable analog current input range4 is determined by Iref, where

Iinput ∈ [−2Iref ,+2Iref]. The output digits di ∈ D = [−1, 0, 1] of the conver-
sion process are given in redundant binary coding and are later mapped

to a true binary representation (see Section 4.4.3).

The analog residue current after the i-th iteration is given by Iouti .

Solving the recursion Equation 4.1a for Iinput gives:

Iinput =
IoutN

2N
+
2Iref

2N

N−1
∏
k=0

2
N−1−kdk (4.2)

The least significant bit (LSB) value is given by the full range and the

quantization steps as LSB = Iref2
2−N . Since each residue current Iouti lies

within the input boundaries of the following stage, limits for the final

quantization error ErrQ ,N can be found:

ErrQ ,N ≡
IoutN

2N
∈ [−

2Iref

2N
,+

2Iref

2N
] (4.3)

The operation of the ADC and the influence of errors can be explained

with the help of a Robertson diagram [13, 41] in Figure 25a. Here for one

ADC stage the residue current Iout is plotted as a function of the input

current Iin, normalized to Iref . Comparator thresholds can be identified

by the steps with a height of Iref in the diagram.

The diagram is framed by a box of dimensions equal to the input range

of the ADC stages, thus an out-of-range condition causing subsequent

errors can easily be seen. Should the output (y-axis) exceed the input

range of the next stage (x-axis), clipping will occur.

sampling errors and threshold shifts A constant sampling

error in each ADC cycle has an impact on the conversion algorithm.

Adding a constant sampling error dx to each conversion step leads to the

following operation, modified from Equation 4.1a:

Iouti+1 = 2 (Iini − diIref + ∆x) (4.4a)

4 In the case of the DCD2 ADC, the nominal value is Iref = 4µA yielding a total range of

16 µA. With biasing changes a total range of 24 µA is possible.
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which yields after resolving the recursion:

Iinput =
IoutN

2N
+
2Iref

2N

N−1
∏
k=0

2
N−1−kdk +

2N − 1

2N−1
∆x (4.4b)

with 2N−1
2N−1

∆x ≈ 2∆x (4.4c)

It can be seen that the total input range is shifted by ≈ 2∆x (see Figure 25b),
which is uncritical for digitizing DEPFET drain currents, since varying

pedestal currents of the device are expected to be much higher than 2∆x.
Comparator threshold shifts are uncritical (see Figure 25c), as long

as the thresholds are, respectively, between [0,−Iref] and [0,+Iref]. Set-

ting the thresholds at ±
Iref
2

leaves the maximummargin for inaccuracy,

thus allowing high levels of noise, offset and even hysteresis [37]. When

threshold shifts and offset exceed this safety area, the residue current Iout

after a conversion step will exceed the valid input range for the next stage.

Consequently, the ADC characteristics then shows areas with wide codes

or missing codes (see Figure 25d).

4 .4 .3 Redundant binary representation

Any number can be represented as a radix polynomial. Given an integer

base or radix r, r ≥ 2, and digits di ∈ Z which belong to some digit set D,
then any (integer) number p can be written as:

p =
m
∑
k=1

dir i (4.5)

For a fixed base, several digit set representations are possible. Well known

binary numbers use the base r = 2 with a digit set D = {0, 1} whereas
a radix 2 redundant binary representation (RBR) uses the digit set D =
{−1, 0, 1}; here are more digits in the digit set than necessary, hence the

term redundant. RBRs allow addition and subtraction operations without

carry propagation which can significantly speed up arithmetic operations

with high bit widths. A standard approach for the conversion of a RBR

to a binary number is to simply perform the summing operations as

in Equation 4.5., which can be implemented by separation of the digit

vector into the positive and the negative digits and then perform a carry-

propagating addition.

The natural output of the DCD2 ADC is a RBR, so a conversion process is

necessary. The sequentially produced bits, most significant digit first, are

stored in a shift register. After the ADC finished the conversion process,

the shift register is latched and fed to a binary adder. With each clock cycle

a single bit addition with carry is performed. This choice of implementa-

tion adds significant latency to the digital output, which however has no

impact on the DEPFET system. Many arithmetic algorithms which work

with redundant representations of a number system produce results most

significant digit first, e. g. the SRT division algorithm [see also 40]. Con-

verting these RBRs on-line presents a problem, since carry propagation

in any addition or subtraction operation is from least significant to most

significant bit. On-the-fly algorithms (i. e. most significant digit first) to
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Figure 25: Robertson diagrams of the ADC, using RSD conversion. The residue

current Iout is plotted as a function of the input current Iin, normalized to Iref .

These plots include the gain of 2 from Equation 4.1a [cf. 76, fig. 6].

(a) In normal operation the comparator thresholds lie at ±
Iref
2
, dividing the

input current into three regions.

(b) Introducing a constant sampling offset error causes a global shift of the

dynamic input range of the ADC.

(c) Comparator threshold shifts are uncritical and corrected for by the built in

redundancy.

(d) Excessive threshold shifts and/or offsets cause wide codes or missing codes

in the ADC characteristics.
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solve these problems have been proposed by Ercegovac and Lang [28] and

generalized by Kornerup [57] and Frougny [33]. With the expense of a few

more registers and combinatorial logic, on-the-fly conversion of RBRs to

a normal binary representation is possible. On-the-fly conversion is also

easy to implement in a hardware description language with a two-state

state machine, this is one of the reasons why it is used for the successor

DCD-B chip.

4 .5 adc performance specification

The quality of an ADC is specified by its static and dynamic5 performance.

In our case— sampling of a stable and settled DEPFET drain current—

static performance specification is of higher importance. Static errors can

be quantified by comparison of the ideal ADC transfer function with the

measured, real, characteristics. The following forms of static errors are of

importance.

offset and gain errors The transfer characteristic of an ADC

follows the straight line equation D = O +G × A, where D is the digital

output, A the analog input, and O, G are offset and gain. Ideally, the offset

O is zero while the gain G is identical in all channels. Offset and gain

errors are, however, of minor importance when reading out DEPFET drain

currents. Offsets act identical as pedestal currents Iped, offline analysis

software pedestal correction will pick up both. The same is true if DEPFET

gain variations are corrected offline. Excessive offset errors (see Figure 79b

on page 92) or gain errors (see Figure 79a) have, however, an effect on the

total dynamic range as explained in Section 7.6.2.2.

differential nonlinearity The differential nonlinearity (DNL)

is defined as the difference between an actual, measured, code width and

the ideal value of 1 LSB. The definition of the instantaneous DNL [42, 66]

is:

DNLi =
Qi+1 − Qi

LSB
− 1 , i = 1, 2, . . . , 2N − 2 (4.6)

where Qi+1 −Qi is the width of code bin i. Note that the width of the top

and bottom bins i = 0 and i = 2N − 1 are undefined, since these serve as
overflow bins for out-of-range input signals. Referring to the DNL of an

ADC usually implies the maximum instantaneous DNL:

DNL = max
i
(∣DNLi ∣) (4.7)

5 Dynamic performance is usually measured with a sine wave input (which can be chal-

lenging for a current mode ADC). Specifications include signal-to-noise ratio (SNR), total

harmonic distortion (THD), signal to noise and distortion ratio (SINAD), spurious free

dynamic range (SFDR), effective number of bits (ENOB), and intermodulation distortion

(IMD).
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An example is shown in Figure 26. Monotonic behavior is only guaranteed

if the ADC produces no missing codes, implying that the DNL error must

be always less than one. The RMS value of the DNL can be defined:

DNLRMS =
⎛
⎜
⎝

1

2N − 1

2N−2
∑
i=1
(DNLi)

2
⎞
⎟
⎠

1
2

(4.8)
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Figure 26: The transfer function of

an ideal quantizer (ADC) is com-

pared with a realistic one, where

wide or short codes are the cause of

DNL. Noise dynamically widens the

transition steps.

integral nonlinearity The integral nonlinearity (INL) is defined

as the maximum deviation of the transfer characteristics from a straight

line (see Figure 80a on page 93). Two common definitions are used:

best straight line inl is the result of a straight line fit to the ADC

characteristics, which also is the closest linear approximation of

the actual transfer function. From the fit, gain (slope) and offset

can be extracted.

end-point inl uses a straight line through the end points of the ADC

transfer curve after correcting for gain and offset errors. This often

gives a more pessimistic result than the straight line fit.

The INL can also be defined as the accumulation of all DNL errors over

the full ADC range [42]:

INL =
2N−2
∑
i=1
∣DNLi ∣ (4.9)

quantization error An irreversible conversion error is produced

during quantization, where a range of analog input values is mapped to a

finite set of digital codes. A limit to the quantization error was found in

Equation 4.3. The minimum quantization noise can be calculated, assum-

ing that all quantization levels are uniformly distributed and separated

by one LSB, yielding :

σQ(uniform) =
LSB
√
12

(4.10)

For a real ADC quantization bins have unequal lengths due to DNL. Using

the alternate coding model [82, ch. 7.5.1], which assumes that the ADC

transfer characteristic can be divided into ranges of short and long codes,

the total quantization noise related to the DNL becomes:

σQ(alternate) =
LSB
√
12
×
√
1 + 3 ⋅ DNL2 (4.11)
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4.6 biasing parameters

The DCD2 design includes multiple biasing parameters that define vital

operating points, e. g. gain and speed for amplifiers, the range of the ADC

and current memory cells, or the power consumption of the regulated

cascode. In many cases such parameters are meant to be user adjustable,
to adapt to different working scenarios that deviate from the default

settings chosen by the ASIC designer. Some parameters even require

adjustment to counteract the effects of process, voltage, and temperature

variations. Typically programmable digital-to-analog converters (DACs)

are included on-chip to handle these tasks— the DCD2 includes 12 current

mode DACs with 12-bit resolution and 3 voltage mode DACs with 5-bit

resolution. The current mode DACs produce a full scale output of 256 µA,

adjustable in 4096 steps. This output current is then scaled using current

mirrors[114] and distributed to the target circuit blocks. All DACs are

listed in Table 1 including their used settings and maximum ranges, with

their corresponding current values. A description of the parameters is

given in the following paragraphs.

input current sources The input current sources InjSignal, Inj-
Bias, MainOffset, and MainSub allow test current injection and subtraction

of the DEPFET pedestal current. MainOffset is the main current source to

subtract up to 100µA of input current. MainSub is used to further adjust

the input current to the ADC range; since the ADC has a bipolar input

and the current flowing through the regulated cascode has to be always

positive this cannot be accomplished by MainOffset alone. InjSignal is a
switchable test current source which can be steered by a FPGA generated

external strobe signal. The total current Iin flowing into the ADC in a

channel can be calculated6 with given DAC settings of the 4 currents by:

Iin =
1 µA

4096
(213⋅(InjBias+InjSignal)−256⋅(MainOffset+MainSub)) (4.12)

regulated cascode biasing The usage of CascAmpBias, Casc-
AmpLoad, and CascAmpSF is shown in Figure 20 and Figure 21. Measure-

ments with varying CascAmpBias are presented in Section 6.2.2.

current memory cell biasing The transfer characteristics of

the current memory cells can be adjusted using VPFB, VPLoadFB2, and
VPLoadFB. Optimal settings (for operating range and speed) are achieved

if the input range of the memory cell is symmetric to zero current and

as large as possible, see Figure 23. A good starting point is to increase

all three values simultaneously; VPLoadFB defines the whole range, while

symmetry adjustments are done with VPLoadFB2 (positive range) and

VPFB (negative range)[75].

6 This calculation is an approximation, assuming that all current mirrors match exactly,

neglecting second order effects, and that the on-chip DACs show perfect linear outputs.

For measurements an external precision current source is used instead, since deviations

are expected between the channels.
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Table 1: DCD2 internal bias settings.

name default setting used setting DAC range

LSB µA LSB µA µA

test current sources

InjSignal 0 0 variable 213

InjBias 480 25 variable 213

MainOffset 320 20 1600 100a 256

MainSub 160 10 280 17.5 256

regulated cascode

CascAmpBias 528 1017 700 1350 7890

CascAmpLoad 320 308 250 241 3950

CascAmpSF 212 41 250 49 800

current memory cells

VPAmpBiasb 384 20 384 20 213

VPFB 192 20 400 41.7 427

VPLoadFB2 192 10 320 16.7 213

VPLoadFB 210 10.9 360 18.7 213

misc.

VNDelay 400 25 800 50 256

VPCascFB 5 5

VNCascFB 21 21

RefFB 13 13

a used up to 100µA to sink the DEPFET drain current
b memory cell amplifier bias, see A in Figure 22

4.7 the next generation dcd-b readout chip

A successor to the DCD2 chip has been commissioned [see 79]. The de-

sign of the DCD-B is focused on providing a close to final analog readout

solution for Belle II DEPFET devices. The geometry is rescaled to approxi-

mately 3mm × 5mm to accommodate 256 input channels. Connectivity

of all inputs and outputs is achieved by commercially placed solder bump-

bonds. The digital output multiplexing scheme is relaxed to reduce the

required input / output frequency from 600MHz to 400MHz by choos-

ing a four-fold instead of a six-fold multiplexer. The digital output pads

are implemented as non-standard single-ended signals to facilitate the

communication with the DHP chip (see Section 3.5.1); for test-systems,

however, an additional signal transmission chip[59] adapting from these

single-ended signals to differential signaling is required. The digital read-

out and control block for processing of the ADC codes and generation
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Figure 27: Picture of the

DCD-B. The chip is imple-

mented in UMC 180nm

technology with an area of

3240µm × 4969µm. Bump

bonds with a minimum dis-

tance of 200µm are used for

all connections. Picture courtesy

of ZITI, University Heidelberg.

of fast steering signals is now fully synthesized. A standardized JTAG-

Interface for slow control is provided.

M
ai

nO
�s

ettest signal
injection

receiver

pad

to ADC

D
AC

0

D
AC

1

Figure 28: Schematic of the analog input stage of the DCD-B. Compared to the

DCD2 (cf. Figure 19) a 2-bit DAC is added to extend the input dynamic range. The

regulated cascode is replaced with a resistive current receiver with adjustable

gain.

The analog part (see Figure 28) is improved to provide better noise

performance and a higher dynamic range. The two major changes are:

current receiver: A resistive current receiver (trans-impedance

amplifier) replaces the regulated cascode, yet it is equivalent in

terms of transfer function and small signal model. The current

receiver is expected to work more linear and the input potential

can be chosen freely which in turn eliminates the additional power

supply voltage VCAVSS7. It features a selectable gain (by a factor

of 1, 2, 3 and 4) and an adjustable settling time. Since the main

source of electronic noise in the DCD-B is the input transistor of the

current receiver, choosing slower settling times will improve the

noise performance.

7 However one important feature of the regulated cascode is lost: the input current equals

exactly the output current and no additional offset and gain errors are introduced. In

case of the resistive current receiver channel-to-channel transistor mismatch and biasing

differences can introduce further errors.
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dynamic range extension: Newly included is a 2-bit DAC to im-

prove the dynamic range of the ADC. It is implemented by two

switchable current sources8 in front of the current receiver. The

2-bit data for each channel has to be supplied dynamically by either

the DHP or the test-system and can be different for every DEPFET

pixel. This DAC can be understood as a low-noise range extension

to the ADC: the setting of the DAC bits require previous knowledge

(based on measurements of pedestal currents Iped) and therefore

during digitization of the DEPFET drain current no additional deci-

sion making process (e. g. comparison to thresholds) is introduced.

This concept is further illustrated in Section 7.6.

8 The two bit DAC has been designed in a way to add current. Although this seems

counter-intuitive, in this way the design can be realized with p-channelMOSFET current

sources instead of n-channel current sinks, which provides advantages when following a

radiation hard design strategy.





5
TEST SYSTEM DEVELOPMENT

A test system for any Belle II readout chip has to fulfill multiple require-

ments. It needs to be able to connect to all relevant inputs / outputs of

the device under test (DUT), the output data rate needs to be manageable,

storage space (i. e. memory) with sufficient bandwidth and depth needs

to be present, and communication with a computer is mandatory. The

test system (see Section 5.1) needs to be flexible to adapt to different test

scenarios, which can be achieved by employing a field-programmable

gate array (FPGA) as the central component. A FPGA allows free assign-

ment of its inputs / outputs, functionality can be implemented using some

higher hardware description language (e. g. Verilog or VHDL), it provides

numerous specialized internal resources and —most importantly — it

can be reprogrammed. The particular choice of FPGA is further detailed

in Section 5.1.1.1.

Moreover, the test system should not only act as a test bench for the read-

out chip, but it should also be capable to interface to a full DEPFET hybrid

PCB (see Section 5.2), which includes steering of the SWITCHER chips, and

further increases the demand for storage space and precise timing. A

design approach that yields a stable, low noise, working, accessible for

testability, and reusable system is needed; some of the used components

and design techniques are outlined in the following sections and figures.

Once all the components are assembled (see Section 5.3), the hybrid PCB

is populated with aDCD2 and aDEPFET sensor (two types are available, see

Section 5.3.1). A very brief review of the developed software and firmware

is given in Section 5.3.2. The powering scheme of the full system, due to

its complex nature, is reviewed in Section 5.3.3.

5 . 1 development of a fpga readout system

The development of a FPGA based readout solution was driven by the

finalized specifications of the DCD2 readout chip. When developing such

a system, it is a reasonable approach to look at past developments (e. g. the

S3B system [88] with older hybrids) and include their benefits and omit

the mistakes made; but one should also dare a speculative look into the

future and include provisions for plans to come. From the specifications

given in [27, 77–79] of the DCD2 and the SWITCHER 3 chips, the Belle II

module concept which foresees a larger successor of the DCD2 chip, and

lessons learned from beam test efforts and older systems, the following

list of requirements to an FPGA based readout system arises:

connectivity describes the number and type of inputs / outputs

available at the FPGA, and connections to other components (e. g. mem-

ory, computer, DUT)

39
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◆ provide up to 32 differential inputs / outputs to a DUT (although the

DCD2 only uses 14)

◆ provide 25 single ended inputs / outputs to the DUT

◆ 32 single ended and 4 differential inputs / outputs, all electrically

isolated, to connect two SWITCHER 3

◆ interface to a trigger logic unit (TLU)[25] for future beam test oper-

ation

◆ interface to a computer for data transfer and configuration (60

inputs / outputs)

◆ interface to a logic analyzer for debugging (32 inputs / outputs)

◆ high speed interface to memory (75+41 inputs / outputs)

◆ use high quality, high-speed capable, rigid connectors

speed requirements include data rates, timing1 precision, ex-

pected bandwidths, and aremainly driven by themaximum input / output

frequency of the DCD2 (νmax = 600MHz)

◆ all differential inputs / outputs should work at νmax

◆ all single ended inputs / outputs should work at 1⁄2 ⋅ νmax

◆ all high speed inputs / outputs need impedance controlled routing,

length and phase matching

◆ provide digitally controlled impedance2 for the inputs / outputs

◆ memory bandwidth of ≈ 2 ⋅ 12 ⋅ 600MHz = 14.4Gbit s−1, which
would be enough two read out two DCD2 at full speed, or a future

larger chip

◆ precise time shifting of SWITCHER signals in the order of 1 ns, to

allow an exact definition of DEPFET clear and sampling points

◆ FPGA input / output clock speed of νmax needed

◆ interface to a logic analyzer with at least 400MHz

◆ FPGA needs to provide programmable, fine grained, clock manage-

ment

1 Depending on the context, timing refers to the time relationship between two or more

digital signals, or the act of measuring elapsed time; it can also implicitly include sec-

ondary effects such as jitter. In digital system design, timing (see static timing analysis)
refers to the ability of a particular circuit to operate with a given clock frequency.

2 Digitally Controlled Impedance (DCI) is a form of on-die termination for input / output

signals. DCI automatically adjusts the impedance of the inputs / outputs by selectively

turning transistors on or off. Reference resistors external to the FPGA matching the

characteristic line impedance have to be provided. During device operation, continuous

recalibration is performed to counter process, voltage and temperature variations. [see

117]
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memory for storing read out frames of a DEPFET matrix (e. g. in a

beam test) or just data from the DUT

◆ use a FPGA with internal memory resources for a few full DEPFET

matrix frames

◆ provide (slow) external memory identical to the S3B system

◆ provide high bandwidth, synchronous external memory with larger

capacity

safety, stability and testability is essential for system op-

eration, and should include a low noise design approach

◆ the system needs to detect if power is supplied to the DUT

◆ temperature measurement of the DUT

◆ provide the standardized Inter-Integrated Circuit bus (I2C) to the

DUT

◆ test points and clear labels for all voltages and relevant signals

◆ use a system monitor for controlled power up sequencing, voltage

control (margining) and power failure detection

5.1 . 1 Design overview and features

A functional overview is given in the block level diagram of the FPGA

readout system shown in Figure 29, a photograph of the final design is

shown in Figure 30. The readout system is implemented on a 12-layer

100mm × 160mm sized PCB using 580 passive and active components

with a total of 3600 pins, 3000 drilled holes, and a combined routed trace

length of 34 000mm. The maximum power consumption is ≈10W with

a supply voltage in the range of 4.5V to 5.5V.
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Figure 29: Component based block level diagram of the readout FPGA system.

The central component — a XILINXVirtex 4 LX40 FG1148 FPGA — connects to all

periphery. Numbers given in the diagram indicate the amount of single ended

or differential connections needed.
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Figure 30: A custom DEPFET FPGA based readout solution PCB has been devel-

oped. Based on a XILINXVirtex 4 LX40, it offers 36 high speed differential and

58 single ended input/outputs for operating a DUT, fast storage memory with

a capacity of 288Mbit, connectivity to a TLU, multiple high speed connectors

for extensions, and a well designed power distribution network (PDN) for all

components. The outer dimensions of this 12-layer PCB are 160mm × 100mm,

maximum power consumption is ≈10W. Connectivity to a computer is possible

with an add-on USB interface.

5 . 1 . 1 . 1 FPGA and memory selection

A XILINXVirtex 4 LX40 FPGA in a FG1148 package has been selected as the

central component for the design. This device offers high performance for

logic applications, 288 kbit distributed memory, 1728 kbit block memory,

more than 40000 configurable logic blocks, memory interface support for

RLDRAM-II, and a total of 640 user inputs / outputs with numerous options

for input / output standards and impedance control. A large package with

34 × 34 pins was chosen to simplify routing during the PCB design. Many

of the inputs / outputs can be used in differential mode and support speeds

up to 1Gbit/s; internally dedicated logic exists to serialize and de-serialize

incoming and outgoing data, which allows an adaption of the data rate

to a slower clock within the FPGA. All FPGA features, specifications and

design guidelines can be found in the documentation from XILINX [117].

An external surface-acoustic-wave (SAW) oscillator provides a pre-

cision, low jitter, and low drift 200MHz reference clock to the FPGA.

Multiple reprogrammable digital clock managers (DCM) integrated to the

FPGA allow a variable output clock speed from 24MHz to 600MHz.

As an external memory component, a 288Mbit RLDRAM3 device has

been chosen for reasons of simplicity: it is directly supported by the FPGA

and provides the needed bandwidth for the readout system.

3 RLDRAM: reduced latency dynamic memory, optimized for high speeds and peak band-

widths; component used MT49H8M36BM-33 fromMicron Technology, Inc.
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5 . 1 . 1 .2 High speed and low noise design

For a DUT that is potentially sensitive to electronic pickup and noise, a

careful design of the FPGA system to reduce electronic switching noise or

reflected energy on transmission lines is necessary. This is especially true

when dealing in parallel with high speed designs4 It is the responsibility

of the designer to assure that all aspects of a low-noise and high-speed

design harmonize with each other. Standard literature on signal integrity

is available [21, 44, 45, 74] and resources from industry experts can be

consulted [see e. g. 93, 98]. It is further advisable to develop a design

strategy for an optimal power distribution network (PDN), which includes

simulations and a careful decoupling capacitor selection [112, 113, 115, 116].

The design is further optimized using dedicated electromagnetic design

software [see 109] for optimal decoupling capacitor placement. This allows

to minimize switching noise on power and ground planes, to eliminate

resonances on these planes by using dissipative edge termination [see

19, 70, 73], and to optimize power supply output impedance over a wide

frequency range.

A very important design issue is the choice of layer stackup5 used. It

influences directly the geometry constraints for impedance controlled

transmission lines, signal integrity and the effectiveness of the PDN. For

this design a total of 12 layers are used, 6 of those are used for routing

of signals while 3 layer pairs with 50µm distance serve as embedded

capacitance for the PDN. For increased manufacturing yield and reduced

cost, all dielectric thicknesses have been chosen so that no trace needs to

be thinner than 150 µm and impedance control is still possible.

5 . 1 . 1 .3 Safety features

The supply voltages of the DUT can be connected to the readout system,

where a programmable-delay supervisory circuit compares these voltages

to an adjustable threshold and consecutively signals the FPGA if these

voltages are present and stable. This helps the user to ensure that logic-

high signals are never applied to a powered-down or malfunctioning

DUT, otherwise damage could occur to the DUT by overloading the input /

output protection diodes.

A system monitor6 has been included in the design. It facilitates pro-

grammable sequencing, monitoring and margining of all 10 board supply

voltages. In case of component failures, over voltages, startup issues, or a

more common short circuit somewhere in the setup due to human error,

the whole system is safely shut down and the error is indicated to the user.

4 As an example, the momentary change of current flow of the RLDRAM memory compo-

nent in case of simultaneous switching of 60 lines is ≈2A in 1 ns.

5 Stackup refers to the sequential buildup of a PCB, and includes information about the

conducting materials used (type, thickness, galvanic and chemical processes involved)

and isolators (type, thickness, relative permittivity εr(ω), resin content), as well as via

pairs and allowed drill sizes.

6 Analog Devices ADM1062 super Sequencer with Margining Control and Temperature

Monitoring
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5 . 1 .2 Outlook and alternative uses

The FPGA system proved to be a very reliable, multi-purpose and stable

readout solution. A second larger batch with minor cosmetic changes

of this PCB has been produced. It is successfully used for laboratory and

beam tests by the DEPFET Collaboration for a successor system based on

the DCD-B readout chip and the PXD6 sensor generation; prototyping and

emulation for the DHP chip has also been implemented on this board.

As the system has been designed with a multi-purpose approach in

mind, other uses outside of the DEPFET Collaboration are possible and

welcome. So far the system has been used for bit error rate tests on cables,

and serves as an emulation platform for future pixel detector development

within the ATLAS Collaboration.

5 .2 development of a hybrid for the dcd2 and a depfet

sensor

To connect a DUT to the FPGA system (see Section 5.1), a PCB is needed

to house the ASICs and include their needed periphery. This PCB is called

hybrid, since more than one distinct device type is combined (i. e. silicon

sensors, ASICs, and other active, passive and mechanical components).

Hence a dedicated hybrid was designed to house a DCD2, two SWITCHER 3

and a DEPFET sensor.

5 .2 . 1 Design overview

The hybrid is implemented on a 10-layer 100mm × 125mm sized PCB,

with more than 300 mainly passive components to ensure signal and

power integrity. A picture of the final design is shown in Figure 31, and a

simplified block diagram in given in Figure 32. Two distinct features have

been combined in the design: to provide a test platform for the DCD2

chip, and to operate a full DEPFET system including SWITCHER 3 and the

sensor itself.

dcd2 tests require access to all input / output pads of the chip. A

connection to the monitor bus (see connections in Figure 19) is possible

using a SMA connector, all on-chip DACs are accessible as well. Input pads

can be wire bonded to some adapter (e. g. see Figure 55 on page 64) for

direct measurements. All high speed output lines are length matched to

ensure correct data sampling inside the FPGA.

depfet sensors can be glued to the PCB and wire bonded to the

ASICs. The keep-out region for the sensor has been designed in a way that

two different sensor geometries can be fitted. A standard sized 128 × 128

PXD5 sensor as well as long 256 × 1024 PXD5 sensor can be used; however

for the long sensor only 1⁄8 of the total SWITCHER channels closest to

the readout chip are connectable. The DCD2 chip has no matching wire

bond pattern, input channels on this test chip have been laid out as bump

bond pads spread over the chip area. Therefore only a limited amount
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Figure 31: A hybrid PCB has been developed to provide a test platform for the

DCD2 chip, and to allow the assembly of a full system with a DEPFET device and

two SWITCHER 3 chips. Either a short or a long DEPFETmatrix can be connected.

A 200-pin rigid connector (left) interfaces with a FPGA-PCB, while power is

supplied using aD-SUB connector (right). Thebreakout region (hole) underneath

the DEPFET allows laser based measurements from the back side.
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Figure 32: Component

based block level diagram of

the hybrid.

of DEPFET channels can connect to the read out chip (before crossing of

wires would cause shorts).

the switcher3 chips are used similarly to the older S3B system

[88]. The required electrical isolation is implemented using an exten-

sion PCB which connects to the FPGA board. The power up sequence of

the SWITCHER 3 requires the chip to be digitally configured before the

(high) switching voltages are applied to the chip; for added safety and

convenience an active, FPGA-controllable switch7 has been included.

connectivity to the FPGA system is ensured with a mating 200-pin

rigid, high speed connector. Power can be supplied to the system using a

25-pin D-subminiature (D-SUB) connector; the DCD2 can also be powered

stand-alone using a specialized 5-pin connector.

7 Fairchild Semiconductor FDC6330L Integrated Load Switch
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power and signal integrity is an important design directive

for high speed components which have a sensitive analog input stage. All

traces have been routed with impedance control with improved spacing

for reduced crosstalk. The inner 4 × 2 layers of the PCB are exclusively

used as embedded capacitance to provide low inductance power supplies

to the system. In Figure 33 options chosen for filtering and decoupling are

explained. Furthermore, test points are provided for all relevant digital

signals and power nets to simplify initial debugging.

(a) decoupling capacitors (b) power filtering

Figure 33: Two examples for the power integrity on the hybrid PCB. This consid-

erably improves the noise immunity if unshielded long cables for power supply

in a laboratory environment are used. The effectiveness was measured with

a spectrum analyzer; on the PCB very low noise on supply rails was observed

while beyond the filters significant disturbances from civilization sources (e. g.

radio) were present. (a) Quality capacitors with various values and parasitic

inductances are combined to provide a low power supply output impedance

over a wide frequency range. Using simulations, cross-resonances between

the different values have been reduced. (b) All incoming supply voltages are

filtered using either LCL filters or ferrites [see 30, 65]. Power planes have been

completely removed in the area between the connector and the filters to avoid

parasitic capacitive coupling to noisy inputs.

5 .3 test system assembly

This section contains a summary of additional components to complete

the test system. Even though these efforts and developments consumed

the lion’s share of time, only the final accomplishments are presented here

in pictures.

The full test system is based on the the FPGA-PCB (Section 5.1) and the

hybrid (Section 5.2), which in turn is populated with the DCD2 (Section 4),

the SWITCHER 3 chips, and DEPFET sensors. A power supply PCB has been

added to allow easy cabling in a laboratory environment. The full system

is shown in Figure 34.
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Figure 34: The full test system consists of the FPGA-PCB (left), a hybrid (middle)

for testing the DCD2 chip and/or a DEPFET device, and power supply PCB (right).

The power supply PCB is a connectivity solution to adapt the D-SUB connector

to 4mm plugs, thus allowing flexible cabling to laboratory power supplies.

5 .3 . 1 Chip assembly

The assembly of all ASICs involves gluing the silicon die with a thermally

and electrically conductive epoxy glue to the corresponding gold-plated

copper surface on the hybrid PCB. Electrical connections are then made

using aluminum wire bonds directly from pads on the chips (passivation

openings) to the PCB. The wire bonded DCD2 is shown in Figure 35.

The assembly proved to be particularly challenging since a total of 108

pads with a pitch of only 80µm needed to be connected (including six

different supply voltages on multiple pads, which should not connect to

long break-out traces).

Figure 35: Wire bonded DCD2, glued

to the hybrid PCB. Three overlap-

ping levels of ≈100 wires connect

to ground, supply voltages, and

all other inputs/outputs. The solid

ground-plane underneath the chip

provides good heat dissipation to

inner PCB-layers.

Twohybrids have been equippedwithDEPFET sensors. A shortCOCGLE

DEPFET device is shown in Figure 37 and Figure 36, a longDEPFET COCGSA

device is shown in Figure 38. Connections to the DCD2 are made with

long wire bonds directly to input pads spread over the chip area. Care has

been taken to connect neighboring DEPFET channels to allow clustering

for measurements.

5 .3 .2 Software / firmware development

A software suite has been developed (using C++/Qt) to interface to the
FPGA system, communicate with the ASICs, automate parametric mea-

surements and preprocess data for further analysis. A corresponding

firmware for the FPGA was developed alongside, which facilitates the slow

control and configuration of the ASICs, decodes the raw DCD2 data, and
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Figure 36: A short

COCGLE DEPFET de-

vice with a DCD2 and

two SWITCHER 3 chips

assembled on a hybrid.

The planar view allows

better size compari-

son (see Figure 37 for a

different view).

Figure 37: A short (6mm) DEPFET COCGLE device is assembled on the hybrid,

with two SWITCHER 3 and one DCD2 chip. The same device size is used on the

previous S3B system, devices of the same designation COCGLE have been ex-

tensively characterized and used in beam test efforts before. This photograph

particularly shows the artistic bond wire connections from twelve neighboring

drain-lines to the DCD2.



5.3 test system assembly 49

Figure 38: A long (50mm) DEPFET COCGSA device is assembled on the hybrid,

with two SWITCHER 3 and one DCD2 chip. Long wire bonds are used to connect

few drain-lines to input channels of the readout chip. Only the lower 128 of 1024

SWITCHER channels are connected. The long COCGSA device provides ≈60pF

of input load capacitance to the DCD2.

prepares the data for transmission. The following notable features were

implemented:

◆ The operating frequency ν of the DCD2 is adjustable from 24MHz

to 600MHz in about 500 individual steps given by ν = m/n ×
200MHz with m, n ∈ [1..32].

◆ A programmable sequencer has been implemented to allow a free

adjustment of all relevant steering signals relative to each other

(e. g. strobes for the gate- and clear- SWITCHER, DCD2 sampling,

test signal injection). The sequencer is referenced to the row clock

rowCK of the DEPFET matrix and allows a granularity of 96 steps

with 1⁄96 × Trow. Example: In case of a row frequency of rowCK =

12.5MHz with a corresponding Trow = 80ns the ability to adjust

the signals is ≈830ps.

5 .3 .3 Powering scheme

Powering the test systemwith aDEPFET sensor connected is a complicated

matter. In total 15 independent supply voltages are needed, the DCD2

needs 5 alone, the DEPFET including the SWITCHER 3 needs an additional

9 voltages. The FPGA PCB, on the other hand, is self-sufficient: From a

single input voltage (4.5V to 5.5V) all needed voltages (a total of 10) are

generated. All voltages supplied to the system were generated with typical
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laboratory power supplies8. No special power up/down sequence was

performed, the system performed stable in multiple scenarios. However,

for operational safety the following points were strictly enforced:

◆ Current limit is mandatory for all supply voltages

◆ over-voltage-protection (OVP) and over-current-protection (OCP)

is used when provided by the power supply

◆ The FPGA is configured first, before any of the ASICs are powered

◆ The high switching voltages for the SWITCHER 3 are applied only

after configuration of the chips (controlled by the FPGA)

◆ The FPGA detects (see Section 5.1.1.3) applied voltage to the DCD2

and performs configuration immediately

The voltages for the DCD2 are summarized in Figure 39, including current

consumption for two different supply voltages. In Figure 40 the DEPFET

voltages are given as used for measurements.

VCAVSS

AMPLOW

VDDA LVDS

GND

REFIN
1.04 / 1.07

49 / 54
1.46 / 1.55

34 / 35 1.80 / 1.95
115 / 135

1.80 / 1.90
19 / 20 1.11 / 1.15

20 / 24

Figure 39: DCD2 supply voltages. Each arrow indicates one needed supply. The

numbers given are voltage (above bar) and current consumption in mA (below

bar) for two different scenarios. The numbers on the left are the suggested

design values from [78], the numbers on the right are the used working set. The

most prominent change is the increase of the supply voltage VDDA from 1.8V

to 1.95V.

8 For the DCD2: Agilent E3631A Triple Output DC Power Supply,

Agilent E3646A Dual Output DC Power Supply

For the DEPFET: ThurlbyThandar Instruments QL355TP
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Figure 40: DEPFET supply voltages. Each arrow indicates one needed supply.

The numbers given are the set voltages. Two 3.3V supplies (gsw vdd, csw vdd)

are used for the SWITCHER 3. Additionally for depletion of the sensor a high

voltage of ≈−180V is needed.





6
DCD2 MEASUREMENTS

The DCD2 readout chip is characterized in detail in the following sec-

tions. Static measurements, which do not involve a changing input signal,

and dynamic measurements are presented. Typical ADCs performance

specifications are established, involving gain, range and offsets; these are

followed by measurements of INL, DNL, noise, and effective error. The

section on the dynamic measurements focuses on the performance of

the input stage of the DCD2, the regulated cascode, where the rise time of

input signals under capacitive load is shown. Throughout this chapter, a

focus is put on the performance under typical Belle II readout scenarios.

6 . 1 static measurements

For 24 individual DCD2 channels1 — with two individual ADCs each —

the gain, offset, DNL, INL, noise, noise under capacitive load, and effective

error are measured. An input current is generated using a precision

external current source2, and swept from 0µA to 30µA in 25 nA steps.

This current is filtered3 for additional noise suppression, and fed into the

DCD2 using themonitor bus through the regulated cascode (see Monitor
1 in Figure 19). On chip, the MainSub current sink4 is set to −17.5 µA

(DAC 280) in each channel to fully utilize the ADC range. All other input

current sources (cf. Figure 19 and Table 1) are turned off. For each input

current 1000 samples are taken, yielding a total of 1.2 × 106 samples over

the full ADC range. The two individual ADCs per channel are treated

strictly separate5. The recorded transfer curves (see example in Figure 41)

are further processed using offline analysis software to extract the static

ADC performance characteristics — the results and methods used are

summarized in the following sections. Recording of the transfer curves

1 Even though the prototype chip DCD2 has a total of 72 channels, only 24 of those (ch. 36–

59) have been designed in a way to work at the maximum speed required, they are used

exclusively. Multiple assemblies withDCD2s have been produced (two stand-alone setups,

one with bonded capacitors, two with DEPFET devices) and are used where applicable.

2 Keithley 2400 SourceMeter [46]: specified current measurement accuracy in the 100µA

range of ±(0.025% + 6nA); noise (peak-peak) in the 100µA range, within 0.1Hz to

10Hz, of 500pA.

3 An additional series R-C-R filter (100 kΩ-100nF-100 kΩ) was used for noise suppression.

Internal regulation loops of the Keithley 2400 cause excessive noise in the kHz-range

when used as a current source. (Confirmed by email, Keithley Instruments support,

01/2009)

4 The measurements therefore include offsets due to mismatch of the MainSub current

sinks. Feeding the input current directly into the ADC, thus bypassing the regulated

cascode, proved to be unreliable due to dynamically changing input potentials of the

current memory cells. One alternative could be to turn off MainSub, and use only half of

the ADC range for measurements.

5 The two ADCs in each channel are usually labeled L and R. Unambiguous mapping of

output data to the L or R ADC is always possible.

53
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Figure 41: (example) Three trans-

fer curves of different DCD2 ADC

channels and sampling time,

where the ADC output code is

measured as a function of the

input current, showing visible

differences in gain, offset, and

linearity.
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happens one channel at a time, since the calibration current over the

monitor bus can only be fed into one selected channel.

Two biasing scenarios are used for these measurements, differing es-

sentially in the analog supply voltage VDDA. While the nominal supply

voltage is 1.8V, it had to be increased6 to 1.95V in order to maintain

reliable operation at higher readout speeds (see Figure 39 on page 50)

and to compensate for on-chip voltage drops. The following graphs and

measurements show a selection of both biasing schemes.

The measured data is often displayed using boxplots [68, 104]. On

each box, the central line marks the median, the edges mark the lower

and upper quartile (or 25th and 75th percentile), and the whiskers cover a

99.3% range (±2.7σ in case of aGaussian distribution); outliers are plotted
individually. This is a convenient way to display multiple distributions

which are not necessary of Gaussian shape; it is specifically less visual

biased than similar attemptswith varying shades of color and less cluttered

than multiple histograms. Additionally, since the full range of the data

is visible, engineering requirements for dynamic range or worst case

scenarios can be spotted easier.

6 . 1 . 1 Gain, range and offset

the dynamic range of the ADCs is an important parameter for

digitizing DEPFET drain currents and is linked7 directly to the gain of

the ADCs. The range of the ADCs is defined as the difference between the

maximum and minimum current that can be digitized without clipping.

It should be noted that the gain and range are strongly influenced by user-

selectable biasing parameters (see Section 4.6); the parameters used here

are optimized primarily for reliable operation at high readout speeds and

secondarily for a maximum dynamic ADC range. For the targeted Belle II

readout speed of ≈100ns per row an ADC range of 24.37(35) µA can be set,

which corresponds (assuming a DEPFET gq = 500pA/e- as a target for the
Belle II sensors) to a input signal range of 48 740(700) e-. The spread of

the ADC ranges is ≈1.8 µA and is consistent for sampling speeds faster than

6 The UMC180 technology is specified to work with 1.8V + 10% maximum supply voltage.

Increasing the voltage beyond that point can lead to permanent damage.

7 Given the gain g in LSB/ µA, the range r could be calculated simply by r = 2
−8g.

Some channels, however, do not work over the full range and clipping to some mini-

mum/maximum value occurs; in fact, no channel ever outputs the maximum digital

code 0xFF. For this reason the range is treated as a separate measurement.
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 Figure 42: DCD2 ADC

ranges measured vs. sam-

pling time. A range of

24.37(35) µA can be set for

typical Belle II readout

speeds of ≈100ns per row.

160ns. The measurements are summarized in Figure 42; a dependence of

the range on the readout speed can be seen for the scenario with lower

biasing voltage VDDA.

the gain of the ADC corresponds to the slope of the transfer curve

and is specified in LSB/µA. The slope is taken from a straight line fit (D =
O+G×A, withDigital code, Analog input,Gain andOffset) to the central

95% of the full ADC range; the measurements are shown in Figure 43.

For the Belle II readout speed of ≈100ns per row and optimized biasing

a gain of 10.18(4) LSB/µA is found, while the total spread is 0.2 LSB/µA.

This corresponds to a total gain variation over all channels of ≈2%. The

size of one LSB can be calculated to 98.2(4) nA.
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Figure 43: DCD2 ADC gain measured vs. sampling time.

the impact of gain variations is mainly on position recon-

struction, where intrinsic DEPFET variations or variations caused by the

readout chips act similarly. Intrinsic gain variations over DEPFET ma-

trices have been measured previously: Esch [29] reports variations of

5% to 10% with source measurements, Kodyš et al. [52] finds up to 6%

in beam-test data and up to 4% with source measurements. The im-

pact on the position resolution of a gain error Eg can be estimated by

Epos.res. ≈ 0.5Eg × pixel-pitch (using a center-of-gravity calculation, from
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[52]). For a gain error of 5% and a pixel pitch of 50 µm an error on posi-

tion reconstruction of ≈1.2 µm can be expected. Compared to the gain

variations of the DEPFET devices, the variations of 2% from the DCD2

are almost negligible. However, it is expected that future offline analysis

software will implement gain corrections to improve the position recon-

struction, and these corrections will also pick up any gain variations from

the DCD-B channels.

offset variations are extracted from the straight line fits to the

ADC transfer curves at mid-range, corresponding to an input current

of 15 µA, and are given in LSB. The offsets are mostly independent of

the sampling time and biasing parameters (see Figure 44). Even though

half (50%) of the channels exhibit a total offset range of only ≈4 LSB,

the distribution is dominated by outliers, resulting in a worst-case offset

range of ≈18 LSB. This corresponds to ≈7% of the full ADC range or to an

input current variation of ≈1.8 µA, which should be taken into account

when the full dynamic range of a DCD2-based DEPFET system is under

consideration (see Section 7.6). The offsets have been examined for any

visible patterns corresponding to the chip geometry to exclude effects

caused by IR-drop, however no such patterns could be found.
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Figure 44: DCD2 ADC offsets measured vs. sampling time.

6.1 .2 DNL

Thedifferential nonlinearity (DNL) of the DCD2 ADC channels is measured

as a function of the sampling time under two different biasing scenarios.

A method called code density testing (also: histogram testing) [26, 67] is

used and adopted for static measurements. A known input signal (current

ramp as described above) is applied to the ADC, and the distribution of

digital output codes is recorded in a histogram. The relative number

of occurrences of the digital output codes is called code density. For an
ideal ADC an equal number of codes are expected in each bin, as long as
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the input signal is uniformly distributed. The instantaneous DNLi (see
Equation 4.6) is then related to the ratio of the measured bin width H(i)
to the ideal bin width ∆:

DNLi =
H(i)
∆
− 1 (6.1)

The ideal bin width ∆ is determined by taking the average number of

counts ∆ = 1
n ∑i H(i), after a cut on the central 95% range of the ADC

transfer curve. This conveniently removes all edge effects (e. g. overflow

bins, bins larger due to noise) and makes this method independent of the

channel’s individual gain and offset. To avoid aliasing (binning) effects the

input current signal has to be applied in small steps— it can be argued that

Gaussian noise present on the input actually helps this measurement by

smoothing the input signal, leading to a more uniform signal distribution.

Two examples for the code density testing are shown in Figure 45,

where two distinctly different bin width distributions lead to different

instantaneous DNL histograms. The total dataset of the instantaneous DNL

measurements is visualized in a boxplot in Figure 46, which provides a

more comprehensive overview of the ADC performance than just stating

the maximum DNL of each channel. The maximum values (cf. Equa-

tion 4.7) are summarized in Figure 47, where the mean maximum DNL

value and the 1σ range of all 48 ADC channels are plotted. To summa-

rize, the instantaneous DNL over all frequencies is generally — ignoring

a few outliers — less than one, which guarantees a monotonic transfer

characteristic.

The reasons for the high DNL values at short sampling times are eas-

ily identified when looking at the transfer characteristics of individual

channels. Figure 48 shows as an example a step extending over current

input ranges several LSBs wide, causing a higher code density in some

bins. An explanation for these areas where wide codes are dominant can

be found by comparison with Figure 25d. These issues can be mitigated

for individual channels by changing biasing parameters, especially the

RefIn supply voltage. It is however not possible to find an operating point

at which all channels show perfect behavior.

6 . 1 .3 INL

The integral nonlinearity (INL) of the DCD2 ADC channels is extracted

from the measured transfer characteristics using the best straight line
INL approach. As an example, the residuals from a single channel after

subtracting the fitted line are shown in Figure 49 (see also Figure 80 on

page 93). The residuals typically follow shapes that can be approximated by

second or third order polynomials; some show larger steps corresponding

to wide codes causing large DNL values (see Figure 48). The maximum

(absolute) residual defines the INL, and is plotted in Figure 50. Since

the INL gives a worst case scenario, this plot does not readily give any

information about the average error and thus the average impact on

the reconstruction of the incoming signal current. Especially in cases

where the ADCs show singular areas with wide codes the INL might be
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Figure 45: Two examples for code density (histogram) testing [26, 67] for DNL

errors. The DCD2 has been operated with a sampling time of 100ns and 1.95V

supply voltage. A linear input current ramp was provided and a total of 1.2 × 106

samples were recorded over the full ADC range.

(a) shows a histogram of one channel (46L, in the range of 100–150 for display)

where short and long codes are alternating (see Equation 4.11). The instanta-

neous DNL distribution (b) shows two typical peaks at ≈ ±DNL.

(c) shows a different channel (48L) where the code bin widths follow a normal

distribution resulting in the instantaneous DNL as shown in histogram (d).
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Figure 46: A boxplot visualizing the instantaneous DNL distributions for 48

DCD2 ADC channels vs. sampling time. For sampling times ≤133 ns the supply

voltage of the DCD2 has been increased. The performance is almost stable over

the whole frequency range, however an increasing amount of outliers for shorter

sampling times lead to increased (maximum) DNL values.
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Figure 47: Summary of the maximum DNL values, extracted from Figure 46.

Plotted are the mean maximum DNL and a 1σ range from 48 individual ADC

channels vs. sampling time. For a typical Belle II read out speed of ≈100ns a

DNL ≤1 LSB is possible.
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Figure 48: (example) Step in the

transfer characteristics of channel

49L at a sampling time of 80ns, caus-

ing a wide code and subsequently a

large DNL error.
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Figure 49: (example) Residu-

als after subtracting the best

straight line fit from the ADC

transfer curves, showing typ-

ical second or third order

polynomial behavior, and a

singular large step. 5 10 15 20 25 30
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misleading. In Figure 51 the combined (absolute) residual distributions of

48 ADCs are plotted as a function of the sampling time. The INL can again

be identified by the outliers, while the residuals for the majority of the

data points are much smaller. For a readout speed of 100ns per row the

mean (indicated by diamonds in the plot) and median of the residuals

are ≈0.75 LSB, while the INL-defining outliers can be found in a range of

2.3 LSB to 3.4 LSB.

6 . 1 .4 Static ADC noise

The noise of 48 individual ADCs is extracted over the central 95% of the

full ADC range as a function of the sampling time. All channels were

operated with the same biasing settings; no additional cuts on the data

were made. The noise is specified in nA, calculated by taking the channels’

individual gain into account. All individual noise values8 are recorded

in Figure 52. Except for the fastest readout speed the mean noise is in

the order of ≈50nA (≈0.5 LSB) with few outliers extending beyond 1 LSB

of noise. For a typical Belle II readout speed (100ns) a mean noise of

54nA is observed, corresponding to a DEPFET ENC of ≈108 e- (assuming a

8 A note on calculated noise values:

Calculating the standard deviation of data points s = ( 1

n−1 ∑
n
i=1 (x i − x)2)

1
2
when strong

binning effects are expected (which is the case with our ADCs) can lead to interesting

numerical results in special cases. (Valid for large n:) If the data points are equally

distributed in two neighboring bins b and b + 1, a standard deviation of s = 0.5 is

expected. A symmetric distribution over three bins with a fraction f of the counts in the

central bin b and the remaining 1

2
(1 − f ) counts each in the bins b − 1 and b + 1 results

in s =
√
1 − f . An equal distribution over two bins b − 1 and b + 1, where the middle bin

b is empty (missing ADC code), results in s = 1. A detailed look at noise values and their

statistics can thus help identify problems.
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Figure 50: Measured INL of DCD2 ADC channels vs. sampling time for two

different biasing scenarios (1.8V: , 1.95V: ). The average INL and the 1σ-
range of 48 channels is shown. An increase of the INL is observed for decreasing

sampling time, which can be slightly improved by changed bias settings (more

power consumption).
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Figure 51: Measured ADC residual distributions vs. sampling time. The mean

of the distributions is marked with a black diamond ( ). The mean residuals

are, consistent over the operating frequency, less than 1 LSB, while ≈99% of

all residuals are less than 2 LSB. The INL-defining outliers, however, extend to

extreme regions. Each boxplot contains ≈55 × 103 data points.
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DEPFET gq = 500pA/e-). An increase in noise, however, is expected once

external capacitive loads (e. g. DEPFET drain lines) are connected to the

DCD2 inputs.
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Figure 52: Measured DCD2 ADC noise distributions vs. sampling time, specified

in nA after division of LSB values by individual channel gains. The mean of the

distributions is marked with a black diamond ( ), a dashed line ( ) indicates

the value of ≈1 LSB. Each boxplot contains ≈45 × 103 data points; a few outliers

for sampling times ≤89ns are clipped to 160nA for improved display. Note that

if the noise is expressed in LSB and the readout speed dependent gain is not

considered, the noise shows a stronger monotonic rise with faster sampling

speeds (cf. Figure 43).

6.1 .5 Effective ADC error

How good can an incoming current signal be reconstructed after it has

been digitized by the ADC? This question summarizes the effects of all

measurements shown in the previous section, and includes all systematic

and statistical errors. Based on the recorded datasets a reconstruction is

performed: For each digital ADC output code the corresponding input

current is reconstructed using the inverse of the straight line fit function,

and the difference (i. e. the error) of the result and the real input current

is recorded. Data is taken within the central 95% of the ADC range,

yielding ≈1 × 106 data points per ADC, and ≈48 × 106 for all channels per

readout speed. The resulting error distributions are shown as an example

for one readout speed as a histogram in Figure 53, and as boxplots for

all readout speeds in Figure 54. The root mean square (RMS) of these

distributions is recorded in Table 2, and specified both in nA and LSB

by taking the channel’s individual gain into account. For typical Belle II

readout speeds the total 1σ error is in the range of 110nA (1.1 LSB), which is

in good agreement with a quadratic sum of the noise and mean residuals

as shown above. For the final use of these ADCs the question arises if it

is worthwhile to keep the LSB for data transmission or storage since it
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has no real information content, unless more sophisticated methods for

calibration and reconstruction are used (e. g. a cubic fit function instead

of linear).
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e�ective error / nA

σ=128 nA
Figure 53: Example histogram of

current reconstruction errors in nA,

for all channels at 89ns sampling

time. The shape depends on the

ADC transfer function and is not

necessarily Gaussian.

Table 2: Effective ADC errors, given as 1σ values from Gaussion fits to the distri-

butions shown in Figure 54.

sampling time effective 1σ error

ns nA LSB

800 94 0.9

400 92 0.9

267 96 1

200 104 1.1

160 109 1.1

133 111 1.1

114 113 1.1

100 106 1.1

89 128 1.3

80 152 1.6

6.1 .6 Regulated cascode noise with input capacitance

Connecting a large DEPFET sensor to DCD2 inputs will introduce an ad-

ditional capacitive load in the order of 50 pF. This will have an impact

on the noise performance of the DCD2 and also on dynamic aspects, like

readout speed and signal rise times. A special setup has been created

(see Figure 55) which allows the connection of various input capacitors9

to the DCD2. The used capacitor values are 4 pF, 7 pF, 10 pF, 15 pF, 18 pF,

22 pF, 30 pF, 43 pF, 47 pF, 68 pF and 82pF which are connected to one

DCD2 channel each, which allows averaging over only two ADCs in this

case. Unconnected DCD2 channels provide a reference for zero input

capacitance. The noise vs. connected capacitance has been measured for

9 Used capacitors: MURATA MLCC capacitors, C0G-dielectric, GRM15 series, specified

tolerance ±5%.
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Figure 54: Boxplots of current reconstruction distributions vs. readout speed,

specified in nA. This plot combines the noise and non-linearity of the ADC,

showing the effective errors which are expected if real measurements are taken.

This scenario assumes a straight line fit to the ADC transfer curve and can

possibly be improved further by fit functions of higher order. (Due to the

discretization of the ADC some banding effects can be seen in the outliers.)

Dashed lines ( ) indicate the value of ≈±1 LSB.

Figure 55: Capacitive loads have

been bonded to DCD2 input chan-

nels to allow parametric noise and

speed measurements. A total of 11

capacitors with C0G-dielectric from

4pF to 82pF are used.
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several readout speeds (800ns, 160ns and 89ns), and as in the previous

measurement (Figure 52) no significant readout speed dependency was

found. The data for a sampling time of 160ns is plotted in Figure 56 as a

function of the attached capacitance. For values up to ≈30pF the mea-

sured noise increases to ≈75 nA (≈150 e-), and stays constant for higher

values.

The question if a DEPFET device with a given drain capacitance can be

read out at these noise values is, however, still pending further investiga-

tions for dynamic behavior of the DCD2 chip — specifically the settings

of the regulated cascode need to be adjusted for the required input band-

width. Comparable measurements with a dynamic input signal can be

found in Section 6.2.
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Figure 56: Measured DCD2 regulated cascode noise distributions vs. attached

input capacitance, for a sampling time of 160ns, specified in nA, data taken

with the on-chip ADCs. The regulated cascode was operated with default biasing

settings for these measurements (1.95V supply, see also Table 1).

6.2 dynamic measurements

Reading out a DEPFET matrix in ≈100ns per row requires the DCD2 to

fulfill also dynamic performance specifications. The settling time of the

changing input signal needs to be significantly shorter than the sampling

time, including the case where a large (≈50pF) capacitance is present at

the inputs. The performance of the regulated cascode (see Section 4.2)

can be tuned to achieve the required settling time without overshoots

or oscillations, and to optimize noise and power consumption. For the

following measurements, a 5 µA current step is generated using the on-

chip test current sources10 and fed into the ADC channels through the

regulated cascode. A special sampling technique outlined in the following

Section 6.2.1 is used to record detailed current waveforms (see Figure 21

on page 25 for an example); offline analysis software is used to extract rise

10 An external current step supplied over the monitor bus cannot achieve a steep enough

rise time due to parasitic capacitive loads.
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time and electronic noise of the signals. The 48 used ADCs are usually op-

erated at their mid-point, by adjusting the static on-chip current sources,

to prevent clipping or distortion of the applied current step.

6 .2 . 1 Time resolved measurements with the DCD

The DCD2 can, at its peak performance, take one data sample every 80ns

which is then converted to an 8-bit digital value by two cyclic ADCs work-

ing interleaved with a conversion time of 160ns each. Achieving a better

real time resolution for random input signals, as e. g. a high bandwidth

oscilloscope would provide, is not possible. However, if the input signal

is periodic and stable, a technique called sequential sampling [97] can be

used to record continuous time waveforms with improved equivalent time
resolution. The basic idea is shown in Figure 57 and follows these steps:

◆ from a repetitive input a single sample is taken

◆ the sampling point is shifted in time by a step ∆t

◆ individual samples are assembled to form a composite waveform

◆ averaging can be used to suppress electronic noise

multiple
independent

waveforms

single
reconstructed

waveform

Figure 57: Sequential sampling with the DCD2. Multiple repetitive, independent

waveforms and time-shifted sampling points are used to reconstruct a signal

with good timing resolution.

The time resolution can be as good as ≈830ps and depends on the DCD2

speed, the intrinsic DCD2 risetime, and the software/firmware implemen-

tation (see Section 5.3.2). This technique is used for rise time measure-

ments, time resolved DEPFET drain current measurements, investigation

of capacitive charge injection, and has become an invaluable tool for

setting optimal sampling points in high speed DEPFET sensor readout.

6 .2 .2 Regulated cascode performance

The dynamic performance of the cascode is directly influenced by the

power given to the cascode amplifier. The user-adjustable parameters are

the amplifier supply voltage VCAVSS, the main biasing currents CascAmp-
Bias and CascAmpLoad, and CascAmpSF to fine tune the settling behavior.

A multi-dimensional parametric scan has been performed over these

parameters, varying the DAC-values of CascAmpBias and CascAmpLoad
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each from 100 to 1000 in steps of 25, for two VCAVSS supply voltages

0.95V and 1.05V. For the selected measurements shown here an optimal

operating point with both CascAmpSF and CascAmpLoad adjusted to 250

is chosen. The DCD2 is operated with a supply voltage of 1.95V at a

sampling speed of 160ns. This sampling speed has been chosen to provide

small enough time steps for the sampling procedure described above,

but also a large enough time window to allow complete settling of the

incoming current step. The static measurements in Section 6.1 show

that no significant increase in noise or effective error is expected when

increasing the readout speed to 100ns.

The rise time11 of the input current signal is measured as a function

of cascode power consumption (CascAmpBias) and as a function of the

connected input capacitance. Waveforms are recorded with a time step

precision of 1.66ns, each point is an average of 1000 individual ADC

samples. The fall time of the input signal is measured as well, and resulting

values are averages from two ADCs connected to each capacitor. The

measurements are shown in Figure 58 for selected capacitance values

(0 pF, 22 pF, 43 pF and 68pF).

For a large input capacitance of 68 pF a rise time of ≤25 ns can be

achieved with a cascode power consumption of ≈1mW per channel, cor-

responding to a CascAmpBias current of ≈900µA. Complete settling of

the signal happens after multiple time constants, depending on the preci-

sion12 required. The rise time approaches a lower limit of 20ns for high

power which is given by the intrinsic rise time of the current memory

cells.

The same data set is used to extract the noise performance, as a RMS of

the ADC output after the input signal has settled. As shown in Figure 59,

the noise increases both with cascode power and input capacitance. A

comparison with the static measurements in Figure 52 shows that an

increase in noise from ≈70nA to ≈110 nA has to be tolerated if settling

times ≤25 ns are required.

To summarize, complete settling of an input signal to 1% with a capac-

itive load of ≈60pF can be achieved in ≤50ns with a per-channel power

consumption of the regulated cascode of ≈1.2mW and a noise of ≈110 nA

(≈1.15 LSB, ≈220 e-).

11 The rise time tr refers to the time required for the signal to change from the lower

10% to the upper 90% of the total step height. For a one stage RC network with an

exponential response the rise time is proportional to the time constant τ = RC, with
tr = τ ⋅ ln 9 = τ ⋅ 2.197.

12 A note on complete settling, assuming a one stage RC behavior, and tr = 25ns: The signal

settles to 10% of the final value in 2.3τ (≡ 1.05tr = 26ns), to 5% in 3τ (≡ 1.36tr = 34ns),
to 1% in 4.6τ (≡ 2.09tr = 52ns), and to 0.1% in 6.9τ (≡ 3.13tr = 78ns).
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7
DEPFET PERFORMANCE MEASUREMENTS

A successful operation of a DEPFET sensor connected to a DCD2 readout

chip is an important step towards a functional Belle II system. The DCD2

based readout system has been connected to two different DEPFET sensor

assemblies (see Figure 37 and Figure 38 on page 49), which are used for

the following measurements. Even though only a limited number of

connected channels are available in this prototype system, all important

performance verifications can be done: The maximum readout speed of a

sensor is established, limiting factors and technical pitfalls are explained,

and a sourcemeasurement with 241Am is shown to prove the functionality

of the whole system. As a result of the readout speed measurements,

switching from double sampling to the faster single sampling readout

mode is motivated, which can cope with the speed requirements for

Belle II. Furthermore, the DCD2 allows for a first time a detailed look at

unmodified1 DEPFET drain currents with high statistics; a direct look at

pixel pedestals and noise statistics can be taken. This chapter closes with

an estimate of the digital resolution limits of the readout chain.

7. 1 depfet readout timing

What is the maximum achievable readout speed of a large DEPFET sensor?

Since this question (or rather its answer) has far reaching consequences

for the DEPFET module layouts, the frame time, and the hit occupancy, a

detailed investigation is needed. A typical readout sequence (see Figure 7

on page 12) in double sampling mode requires time for sampling Id twice

and for the clear process. A minimum sampling time limit of ≈35 ns could

be established with the previously shown DCD2 measurements, where

an input signal rise time of ≈25 ns was measured. Given a minimum

clear time of ≈20ns (cf. [90], and including some safety margin for lower

clear voltages), an approximate minimum readout time of 90ns could be

expected for a double sampling sequence. Also no further dependence on

the input capacitance is expected, if enough power is spent in the regulated

cascode circuit (shown in Figure 58). On top of this minimum timing

budget of ≈90ns further effects need to be added. Should the DEPFET

output current Id not behave like an ideal step function the required

settling time will increase. Uncorrelated jitter present on the SWITCHER

or DCD2 clocks further increases the required error margins. Last but not

least, the drain lines of a long DEPFET device exhibit their own signal rise

time2 of ≈10 ns.

1 The previously used readout chip, the CURO [101, 102], performed a mandatory on-chip

CDS, which made the direct inspection of DEPFET drain currents impossible.

2 Extraction of parasitic resistance and capacitance of a Belle II DEPFET module done by

Koffmane [54] show a resistance of a drain line of 215Ω with a total capacitance of 50 pF,

yielding a rise time of ≈10 ns. (In case of a distributed RC-line the rise time is ≈ RC [see

16].)

69
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7.1 . 1 Measurement procedure

A direct look at the DEPFET drain currents is possible with the DCD2

readout chip, using the sequential sampling technique outlined in Sec-

tion 6.2.1. The settling behavior of Id includes the input rise time of the

DCD2, therefore the measured signals are perceived as through a low pass

filter. A complementary measurement has been done with a high band-

width transimpedance amplifier without the use of the DCD2 and is shown

in Appendix A.

the waveforms in the following plots show the recorded drain cur-

rent Id of a DEPFETmatrix under normal operating conditions centered

on the full sequence for a single pixel; the waveforms of the previous and

next pixel are shown partially at the sides. Each waveform is recorded

with 128 equidistantly spaced time points, the sequence for a single pixel

fills 3⁄4of this range. The time resolution can be calculated to row-time/96.

Each point is sampled 1000 times (i. e. the SWITCHER has to cycle 1000

times through the matrix) and averaged. Obviously, single signals (e. g.

from a radioactive source) cannot be visualized with this method; leakage

current and continuous signals (e. g. from a well triggered laser, or ambi-

ent light) can be seen. The zero points for the time axis and the measured

currents are arbitrary. To provide a consistent display in the following

plots, the time zero point is shifted to the gate-on position (i. e. activation

of the displayed pixel). For the measured DEPFET output current, the zero

point is shifted to the latest sampling point3 for all displayed pixels. The

recorded waveform of a randomly chosen single pixel is displayed as a

single black line, where the width of the line indicates the RMS of 1000

individual samples. In all but the first plot, the waveforms of all other4

read out pixels are shown in a gray scale density plot in the background.

This gives additional information for worst case settling times, and also

shows differences and similarities between the DEPFET pixels.

7. 1 .2 Results

A very slow readout with trow = 1.5 µs is shown in Figure 60, where also

the SWITCHER operations are added as a visual aid. Already a few notable

things happen: During the clear operation Id is reduced due to the internal

gate of the DEPFET transistor becoming more positive after coupling to

the Vclear, high voltage. Also, while switching from one row to the next,

a sudden drop in Id is visible; the SWITCHER uses non-overlapping gate

signals and causes a situation in which the DEPFET transistor in one pixel

is already off while the next transistor is not yet conducting.

Switching to a faster readout allows the direct measurement of Id set-

tling times. A readout sequence with trow = 200ns is shown in Figure 61,

where settling times (after switching the gate of the DEPFET transistor

3 The latest sampling point is the second sample after clearing for double sampling, or the

first sample for single sampling.

4 For these measurements, 768 pixels on the COCGLE and 394 pixels on the COCG SA

device were used.
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Figure 60:A slow (1500ns per row)measurement ofDEPFETdrain output current

in a double sampling scenario for a COCGLE device, recorded with the DCD2

using sequential sampling. A single, random pixel has been chosen for this

plot. The steering signals of gate and clear SWITCHER are shown on top, see also

Figure 7 on page 12. During the clear operation, the internal gate of the DEPFET

transistor couples to the Vclear, high voltage, becomes more positive, and Id is

reduced. Switching from one row to the next is done with non-overlapping

gate signals and causes a situation in which the DEPFET transistor in one pixel

is already off while the next transistor is not yet conducting — a drop in Id is

visible.

on or after switching the clear process off) of ≈50ns can be extracted.

This gives a limit on trow of ≈120ns for double sampling readout, which

is shown in Figure 62. Further noticeable are over- and undershoots

in the measured current at the start and the end of the clear process,

these can be explained by capacitive charge injection while switching (see

Section 7.3.2).

If the readout time is reduced to ≈90ns (see Figure 63) Id no longer

settles completely5. A solution to speed up the DEPFET readout and de-

crease the minimum trow even further is a switch to single sampling. In

Figure 64 the second sampling point is omitted and the clear strobe is

moved to the end of the cycle. The benefits of CDS like 1/ f noise sup-
pression and dynamic range reduction are sacrificed for a faster readout;

pedestal corrections need to be implemented offline now, either in soft-

ware, or in the proposed zero-suppression chip DHP for the readout of the

Belle II DEPFETmodules. With single sampling the readout speed could

be increased even further to trow = 60ns for this COCGLE device.

The measurements have been extended to a large COCGSA DEPFET de-

vice. From an electrical point of view, the larger matrix geometry leads to

higher capacitive loads at the DCD2 inputs and on the SWITCHER outputs,

which will slow down gate and clear switching. A different pixel geome-

5 It could however be possible to sample on the rising edge of the signal, and perform

an offline correction for this incomplete settling, if the behavior of the output current

remains stable over longer timescales.
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Figure 61: Measurement of DEPFET drain output current in a double sampling

scenario with a row time of 200ns, where a clear time of 40ns has been chosen.

The drain current drops by ≈10 µA directly after gate switching. Settling is

achieved after gate switching or switching the clear off in 50ns for all visible

channels. This gives a direct limit on the row time in double sampling mode for

this small COCGLE DEPFET device: trow ≥ 100ns + tclear + ∆ ≈ 120ns, where ∆
accounts for additional safety margins needed.
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Figure 62: Measurement of DEPFET drain output current of a small COCGLE

device in a double sampling scenario; the minimum possible row time of 120ns

for complete settling has been chosen according to Figure 61, with a minimum

clear time of ≈20ns (cf. [90]). The noticeable over- and undershoots at the start

and the end of the clear operation are due to capacitive charge injection and

explained in Section 7.3.2.
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Figure 63: Measurement of DEPFET drain output current of a small COCGLE

device in a double sampling scenario, the row time has been further reduced to

92ns. Complete settling is not achieved (remaining slope at sampling points).
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Figure 64: Measurement of DEPFET drain output current of a small COCGLE

device in a single sampling scenario, with a row time of 92ns. The clear strobe is

moved to the end of the sequence, only a single sample is taken. In this operating

mode — given a faster readout chip — the frame time could be reduced further

by ≈30ns to ≈60ns without compromising signal settling.
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try compared to the COCGLE device leads to different capacitive charge

injections. For trow = 160ns the Id waveforms are shown in Figure 65,

and as expected, the switching and charge injection artifacts are more

pronounced. Settling of the drain current happens, similar to the small

device, within 50ns for all channels. For trow = 90ns in Figure 66 settling

is no longer achieved, and here also changing to a single sampling readout

helps as shown in Figure 67.
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Figure 65: Measurement of DEPFET drain output current of a long COCGSA

device, double sampling, with a row time of 160ns and clear time of 20ns. Even

though the current drop and capacitive charge injections are more pronounced

compared to the COCGLEmatrix, the settling times are almost the same. After

gate-on or clear-off, settling (to points marked with * and #) is achieved within

50ns, setting a similar row time limit of ≥120ns for readout. At the point ‡ the

drain current drops (twice) due to gate switching.
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Figure 66: Measurement of DEPFET drain output current of a long COCGSA

device, double sampling, with a row time of 90ns. Settling is no longer achieved.
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Figure 67: Switching to single sampling for the fast readout of the COCGSA

device produces a ≈30ns time window for sampling in case of a 90ns row time.

For a Belle II scenario with a row time of 105 ns, the power consumption of the

regulated cascode (or resistive current receiver, see Section 4.7) can be reduced

significantly.
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7.1 .3 Consequences

Let us recapitulate the key differences between single sampling and double

sampling readout of a DEPFET sensor, considering the measurements

above; and the consequences for the proposed readout scheme of a Belle II

DEPFETmodule, and the timing requirements for the Belle II readout.

readout speed The achievable row time is limited by signal settling

times and the clear process:

◆ single sampling allows row times ≤105 ns down to ≈60ns, including

a ≈20ns clear. The currentDCD2 implementation can handle speeds

up to ≈90ns, limited by the ADC performance.

◆ double sampling limits row times to ≥120ns with twice complete

settling of Id, including a ≈20ns clear.

The proposed6 row time for the Belle II DEPFETmodules is ≈105 ns, which

makes a single sampling readoutmandatory. Considering that the readout

performance of the final Belle II DEPFET modules is yet unknown, it is

wise to include some safety factor for the row time.

noise The suppression of various noise sources differ:

◆ double sampling suppresses low frequency (1/ f ) noise of individual
DEPFET pixels and individual DCD2 channels. The 1/ f noise of the
DEPFET is very low [89] and can be ignored.

◆ double sampling can cope with unstable (over time) pixel pedestals,

although stable pedestals are expected.

◆ single sampling can reduce the noise of the readout chip by a fac-

tor of ≈
√
2, since only one current memory cell (instead of two)

contribute to the ADC input.

◆ in single sampling there is still time to spare: the power consump-

tion of the regulated cascode can be reduced from 1mW to 0.5mW

per channel, resulting in a reduced input bandwidth and less noise

(see Figure 59). The total power consumption of a Belle II half-

module would reduce by ≈0.5W.

Low frequency noise components common to all read out pixels or DCD2

channels will be corrected for by the common mode correction either

in the DHP or offline; this includes noise sources on the DEPFET power

supplies or due to electromagnetic pick-up. In total the gain in noise

performance due to double sampling will be insignificant compared to

the noise of the readout chip; a well-designed input stage with a single

current memory cell will even provide a better total noise performance

in single sampling mode.

6 While earlier proposals assumed a possible row time of ≈80ns, measurements done in

this thesis and limits to the DCD2 ADC performance lead finally to an increased readout

time target of ≈105 ns as specified in the Belle II Technical Design Report.
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dynamic range The required input range for the DCD-B readout

chip differs significantly:

◆ In single sampling the required input range of the digitization stage

is maximal, and given by the maximum sum of pedestal spread,

signal, and noise. A range of up to ≈75 µA should be considered

for the design.

◆ In double sampling mode, the pedestals are removed before digiti-

zation, and the remaining signal and noise contributions fit com-

fortably within a 16 µA range of the ADC.

The consequences for single sampling are severe, since the pedestals need

to be subtracted before any zero suppression. The DCD-B and DHP imple-

mentations become more complex to accommodate extra circuitry for

pedestal subtraction and pedestal range compression (cf. Section 7.6.2.1).

With the current concept, the number of inputs / outputs required be-

tween these chips increases by 25%, the DHP needs additional memory

(2 bit per pixel), power, and area. Even more importantly, the signal reso-

lution in single sampling is notably lower than in double sampling mode,

since the ADC range is used inefficiently.

processing Data processing and offline corrections:

◆ Single sampling requires extra pedestal processing and storage

memory in the DHP.

However, both single sampling and double sampling modes need fur-

ther online/offline processing and corrections of the data. A common

mode correction removes the common part of integrated leakage current,

pickup, or noise on power supplies. A pedestal correction is needed for

individual DEPFET pixel leakage currents, and for individual DCD-B chan-

nel sampling offsets. Gain corrections are to be implemented for gain

differences of DEPFET pixels and DCD-B channels. Finally, an offline non-

linearity correction for the ADCs can be performed based on calibration

data.

to summarize, single sampling readout is required due to the timing

requirements; the consequences regarding dynamic range and required

processing steps of the data are dealt with using special circuits and algo-

rithms in the DCD-B and the DHP.

7. 1 .3 . 1 Options to save double sampling

There are two obvious ways to keep double sampling operational: First,

increase the row time to ≈120ns which is considered safe for double

sampling under similar conditions as the measurements done here, which

would require either less pixels or larger pixels in z-direction; secondly,
find a way to gain additional time for the second sampling during the

105 ns readout. Since the pixel sizes are largely defined by the necessary

detector acceptance region and required particle position reconstruction,

geometrical changes on this scale are impossible. However, the latter

option can be addressed in multiple promising ways:
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◆ The upcoming SWITCHER chips for Belle II implement a concept

of overlapping gate switching, where two gate-on signals of con-

secutive pixels stay both on for a fine-grain-adjustable time. The

basic idea is to keep the drain current from dropping severely, thus

gaining some settling time. (see ‡ in Figure 65).

◆ Sampling of the current can happen without complete settling,

possibly requiring an offline correction later and increasing the

sampling error.

◆ The clear time can be reduced to the bare minimum. Since the clear

process is assisted by the capacitive-coupled cleargate (CCCG), a

complete clear in less than 20ns should be possible.

At the current state, since only ≈15 ns are missing, a clear answer cannot

be given. Further unknown are parameters of the future Belle II-type

DEPFET sensors, like the real capacitance of the drain lines, the rise time

of the gate- and clear strobes, the pedestal spread of an irradiated sensor

with a possible temperature gradient, or the contributions of common

mode noise and pickup to the dynamic range. Further investigations with

future readout systems based on the DCD-B, the SWITCHER for Belle II,

and large Belle II-type DEPFET sensors are needed for a deeper insight.

7.2 pixel noise

The noise of the read out data can be extracted from the time resolved

measurements shown above. This has been done for both the COCGLE

and the COCGSA device, operated at a trow of ≈90ns in single sampling

mode. At the points labeled 1st sample in Figure 67 and Figure 64 the noise
is calculated as the RMS for 1000 readout cycles, and histograms showing

this pixel noise for all connected pixels are plotted in Figure 68. For

the short DEPFET COCGLE matrix a pixel noise of 87.6(99) nA is found

(corresponding to an equivalent noise charge (ENC) of 175(20) e- for a
gq = 500pA/e-), the pixel noise for the longer COCGSA device with higher

capacitive load is slightly higher at 98.9(126) nA (ENC of 198(25) e-). A
comparison with stand-aloneDCD2measurements in Figure 59 shows that

these results are expected (with a regulated cascode power consumption

of 1mW): for the long COCGSA with a drain capacitance ≥30pF a noise of

≈95nA was expected; the short COCGLE device with an estimated drain

capacitance of ≈10 pF should show ≈75 nA of noise.

7.3 capacitive charge injection

Time resolved measurements of the DEPFET drain current using the DCD2

show multiple overshoots and undershoots directly after switching the

gate and clear steering signals (see e. g. Figure 62, and Section 6.2.1 for the

measurement method). These effects impose a time penalty on the read-

out cycle, effectively rendering a CDS based readout impossible. The origin

of these effects needs to be investigated, especially to exclude sources that

are not related to the DEPFET system development, like malfunctioning
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Figure 68: Histogram of single pixel noise values, for both (a) COCGLE and (b)
COCGSA devices, read out in single sampling mode with a row time of ≈90ns.

Data is taken at as RMS values from points labeled 1st sample in Figure 67 and

Figure 64.

system components, externally induced crosstalk, or simple measurement

errors.

Under the presence of parasitic capacitances in the DEPFET pixel itself

(see Figure 5 on page 9), between the SWITCHER steering lines and the

drain line the overshoots can be explained. With a given coupling capac-

itance C and a voltage change ∆U , a charge ∆Q = C × ∆U is displaced

during the switching operation. This charge ∆Q is seen as a fake signal

by the DCD2 chip. The signal current I can be calculated if the rise time

tr of the SWITCHER signal is known, I = C × ∆U/tr7. Note that once the
switching cycle is reversed, a charge of −∆Q is delivered, which is evident

in the following pictures.

7.3 . 1 Measurement procedure

To prove the assumption of capacitive charge injection a parametric series

of measurements is performed. The fake signal charge is extracted as a

function of either the clear or gate voltage. Current waveforms of all read

out pixels are recorded around the overshoots of interest, a baseline is

fitted and subtracted, and the charge ∆Q is extracted by simply integrating

the measured current I over time. For noise reduction each sampling

point of the waveforms is recorded 1000 times and averaged.

7 As an example, with a risetime of 10 ns, a capacitance of 1 fF and a voltage of 10V a

current flow of 1 µA is expected.
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Figure 69: The capacitively

injected charge corresponds

to the area of these over-

shoots and is extracted by

subtracting a fitted base-

line and then integration

over time. The results are

averaged over all connected

DEPFET pixels.
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7.3 .2 Clear strobe charge injection

The drain injected charge as a function of the clear voltage has been

measured for the short DEPFET COCGLE device, shown in Figure 70. A

linear relationship is observedwhich directly links the switching operation

to the overshoots. The coupling capacitance can be extracted to ≈2.3 fF,

although it is not expected that this value matches the present parasitic

capacitances exactly, since the clear operation itself causes a change in

drain current and consequently cuts the overshoots short.
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Figure 70: A linear relationship is found between clear voltage amplitude and

drain injected charge, measured with a short COCGLE device.

7.3 .3 Gate strobe charge injection

Measuring the effects of charge injection due to the gate voltage switching

is more difficult since several effects overlap when switching from row

N − 1 to row N :

◆ gate N − 1 turns off, charge +∆Q is injected

◆ DEPFET transistor N − 1 turns off, the drain current Id shuts down

◆ gate N turns on, charge −∆Q is injected

◆ transistor N turns on and Id rises again
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(b)The undershoot when switching a gate on is only visible with special DCD2 biasing.

Figure 71: Current waveforms for measuring capacitive charge injection into

the drain due to switching the gate lines on a long COCGSA DEPFET device. The

row time is 96ns corresponding to a line frequency of 10.4MHz.



82 depfet performance measurements

The charge injection from both switching events should ideally cancel

each other, unless there is a delay between the switching. Delays can be

caused by RC delays on the connecting gate lines or by a deliberate break-

before-make design chosen for the SWITCHER. To separate the above

mentioned effects the operating sequence of the DEPFET is changed; after

switching off gate N − 1 the next gate N is kept off and the drain current

goes to zero. Now the +∆Q charge injection is clearly visible, as shown in

Figure 71a. Now the charge injection can be measured as a function of the

gate voltage, and again a linear relationship with a coupling capacitance

of ≈8 fF can be found (see Figure 72 for a COCGSA DEPFET device). The

charge injection due to switching a gate on also exists, yet it is more

difficult to observe. When starting with a turned off DEPFET, a negative

spike on a zero current baseline is expected. The DCD2 can be biased with

an additional current flowing into each channel (instead of subtracting

the pedestal current), thereby shifting the zero baseline to an arbitrary

input level. This undershoot is shown in Figure 71b.
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Figure 72: A linear relationship is found between gate voltage amplitude and

drain injected charge, measured with a long COCGSA device.

7.3 .4 Results and consequences

Parasitic capacitances between drain and the gate and clear lines could

be identified as the source of the observed overshoots and undershoots.

Although the capacitances are only a few fF each, fast switching with high

voltages of ≈10V causes a significant displacement charge to flow and

a current is delivered to the readout chip DCD2. The total time penalty

for a readout cycle is ≈20ns. Statistics on these measurements, when

several pixels are combined, can also provide an insight to process related

variations.

Detailed studies are conducted to extract these parasitic capacitances

directly from the layout of DEPFET pixels before production [53, 54], to

improve the pixel geometries and to generate a comprehensive simulation

model for a DEPFET.
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7.4 pedestal current spread

The pedestal current spread of the COCGLE DEPFET sensor has been mea-

sured as a function of the gate source voltageVgs with theDCD2. A detailed

knowledge of the pedestal currents is important for a correct sizing of the

dynamic input range of future readout chips; even though final Belle II

DEPFET devices are not available yet, the possibility to do these measure-

ments automatically — with high statistics over all connected pixels using

the DCD2— is demonstrated here. The drain current Id vs. the gate source

voltage Vgs is shown in Figure 73a, where Vgs is varied from 2.9V to 4.9V

in 100mV steps by adjusting Vgate, on of the gate-SWITCHER. The drain

current has been measured after the clear process and does not include

differences in leakage current spread. The dynamic input range of the

DCD2 was piecewise adjusted by changing MainOffset from 500 to 1700 in

8 steps; a complete ADC calibration using an external precision current

source was performed for each step and for each DCD2 channel. This

procedure guarantees that no clipping of the input signals occurs, and

that for each ADC output code the input current can be calculated.

The drain current characteristics follow Equation 2.2:

Id =
1

2

W
L
µpC′ox(Vgs −Vth)

2
(7.1)

Drain current variations can be attributed to process variations during

manufacturing. Typically, during etching W
L can vary by ±∆W

L ; doping
variations of the transistor channel and internal gate lead to a variation

of Vth with ±∆Vth (possible oxide thickness variations act similarly to

∆W
L ). For Id follows:
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2
)

(7.2)

It can be seen that under these simple assumptions variations of the

geometry of the external gate should show a quadratic dependence on

Vgs while variations affecting the threshold voltage will show a linear

relationship with Vgs.

The distribution of Id variations is shown in the boxplots in Figure 73c

for a larger selection of drain currents, and as a histogram in Figure 73b

for a selected Id of ≈100µA (corresponding to Vgs = 4.6V). If all single

outliers are included, variations of up to 12 µA were recorded, including

only 99% of the pixels still leaves ≈9µA (≈10%) of variations. In Fig-

ure 73d the Id variations are again plotted vs. Vgs, given with simplified
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inclusion ranges. To test Equation 7.2, a second order polynomial can8 be

fitted to the data shown in Figure 73d.
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Figure 73: The DEPFET drain current Id has been measured as a function of

the gate source voltage Vgs for ≈1100 pixels of a COCGLE device. Currents are

measured with the DCD2, which has been calibrated for multiple Id ranges. The

main interest is in the pixel to pixel Id variations.

(a) shows the quadratic dependence of Id vs. Vgs according to Equation 2.2, the

spread of the currents is plotted.

(b) shows the distribution of the drain currents for Vgs = 4.6V.

(c) shows the distributions as a function of the mean drain current Id.

(d) summarizes plot (c) by providing a few typical inclusion ranges for the

output currents. Including all outliers, variations increase to ≈12%.

7.5 radioactive source measurements

A measurement with a radioactive 241Am source has been performed,

using the small COCGLE DEPFET device. The 241Am source shows char-

acteristic lines9 at 59.5 keV (≈16 481 e- in Si) and 26.3 keV (≈7285 e- in Si).

Due to the relatively small pixel size of 32 µm × 24 µm and diffusion of the

charge carriers, charge sharing between neighboring pixels is expected,

and the total charge in pixel clusters has to be considered. For this mea-

surement only, ten neighboring drain lines of the COCGLE DEPFETmatrix

have been connected to the DCD2, which allows (with the given double-

pixel structure) to create 5 × 5 and 3 × 3 clusters. A source measurement

8 The fitting results in a linear relationship, indicating stronger variations in the threshold

voltages. These measurements should however be performed with precision measure-

ments using dedicated equipment in a controlled environment, and not with the DCD2.

9 The 13.9 keV line of
241

Am cannot be seen clearly due to the present noise.
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with the long COCGSA device was impossible due to wire bonding limita-

tions.
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Figure 74: 241Amsourcemeasurement with a small COCGLE DEPFET device using

the DCD2, single sampling, 3 × 3 clusters, with a row time of 96ns. The 59.5 keV

line produces ≈16 481 e- in Si, and is measured to 5410(286) nA. This yields a

gq = 328(17) pA/e- , and an energy resolution of σE/E = 871/16481 = 5.3%.

The performed non-linearity corrections for the DCD2 ADC channels provided a

small improvement to the σ-width from 310nA (σE/E = 5.7%) to 268nA.

Data has been taken in single sampling mode, for two different readout

speeds of 800ns and 96ns per row. Several offline data processing and

correction steps were applied10 to the data:

1. A nonlinearity correction of the DCD2 ADC data is performed. To

the ADC transfer curves, measured previously for calibration, a

9th order polynomial is fitted to smooth DNL related effects. The

difference of this fit function to the best-straight-line fit is used for

data correction.

2. To suppress low frequency noise a common mode correction is

performed, where the mean value of the full frame (5 × 256 pixels)

is subtracted from each read out pixel. A row-wise common mode

correction is not possible due to the small number of pixels per

row.

3. Individual pixel pedestals are subtracted. The pedestal values are

calculated as a running average over a window of the last 64 frames.

4. Finally clusters are identified: a 3 × 3 cluster is created if the cen-

tral pixel (seed) has an entry ≥1.2 µA (seed-cut), pixels within this

cluster are allowed to contribute only if their entry is 200nA (noise-

cut). The total cluster energies are recorded in a histogram.

The energy spectrum of 241Am for trow = 800ns is shown in Figure 75,

and for trow = 96ns in Figure 74. For the fast measurement, the 59.5 keV-

10 Adetailed description of typical steps for data correction can be found e. g. in publications

by Reuen [83] and Esch [29].
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peak results in a signal of 5410(286) nA, which allows to calculate the

DEPFET internal amplification to gq = 328(17) pA/e-.
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241Am 26.3 keV
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σ = 260 nA (801 e-)
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Figure 75: 241Amsourcemeasurement with a small COCGLE DEPFET device using

the DCD2, single sampling, 3 × 3 clusters, with a row time of 800ns. This slower

measurement shows a peak of 5350(260) nA for the 59.5 keV line, yielding a gq =
324(15) pA/e-, and an energy resolution of σE/E = 801/16481 = 4.9%. Although

the noise is minimally smaller, the results match the faster measurement in

Figure 74.

Even though the noise11 of 286nA (≡871 e- ≡3.15 keV, σE/E = 5.2%)
is high, it is consistent with noise measurements presented here before.

Note that for a 3 × 3 cluster the noise of all contributing pixels adds in

quadrature, and a maximum factor of
√
9 = 3 has to be taken into ac-

count. The measurements could be further improved by implementing

DEPFET gain corrections; a more effective row-wise common mode cor-

rection will be possible in future setups where ≫5 neighboring pixels

are connected. Nevertheless, these measurements show a significant im-

provement in noise and energy resolution compared to the previously

used readout system. This system, based on the CURO [101] readout chip

and several generations of SWITCHER chips, was used extensively for beam

test campaigns [11, 55, 56, 83, 84, 107, 108].

Source measurements are reported12 by Furletov [34] and Esch [29]

for two devices: For a COCGVS DEPFET device (gq = 642(12) pA/e-) the
σ-width of the 59.5 keV line of 241Am is ≈1365 e- (σE/E = 8.2%), for a

COCGLB device (gq = 355(7) pA/e-) a σ-width of ≈1580 e- (σE/E = 9.6%)

is found. Earlier measurements done by Schmieden [92] with the same

system, but with a COCGLB device from the PXD4 production show a

σ-width of ≈1280 e- (σE/E = 7.8%, gq = 361(7) pA/e-).

11 The numbers should be understood as a total energy resolution; including noise, system-

atic errors, missing gain corrections, and sub-optimal common mode noise suppression.

12 Energy resolution values are extracted from [92, fig. 6.3], [34, fig. 6] and [29, fig. 4.3 and

fig. 4.4], gq values can be found in [29, tab. 5.3].
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Further, a more comprehensive study is found in an internal report by

Schmieden [91], where five COCGLB devices were studied, resulting13 in

an energy resolution of σE/E = 10%to10.6%.

A direct comparison with the used COCGLB devices, which have almost

the same internal amplification as the used COCGLE, show an improve-

ment in signal-to-noise and energy resolution by a factor of 1.5 to 2 for the

DCD2-based readout system, while additionally reading out much faster

and working in single sampling mode.

7.6 digital resolution limits of the readout chain

The digital signal resolution is an important quantity which influences the

quality of position reconstruction algorithms and ultimately the spatial

resolution of the detector. In the digital processing chain, the number

of required bits has an impact on signal transmission bandwidths and

other system aspects, e. g. the required area to implement algorithms or

storage memories, and power consumption. It would be too simple to

assume that the 8-bit resolution of the DCD-B-ADC equals the achievable

signal resolution. What are the limiting effects for the signal resolution?

To answer this question, a more realistic approach is needed, and effects

and error sources from the DEPFET, the DCD2, and further digital pro-

cessing (e. g. the DHP) have to be included. Key points are the dynamic

ranges of the devices, like DEPFET pedestal current Iped spread and the

dynamic input range of the DCD-B. Error sources include electronic noise,

nonlinearity of the ADC and numerical calculation errors. The following

sections review the dynamic ranges and these error sources and their

effect on the signal resolution.

7.6 . 1 Dynamic range of the DEPFET

The output current of the DEPFET-sensor is a sum of the static14 pedestal

current Iped, the signal current and dynamic contributions like common

mode noise. The dynamic output range is then given by the DEPFET

pixel with the lowest pedestal current Iped minus the maximum expected

commonmode noise (Iped,min−ICM) up to the highest output value which

is the sum of all possible constituents (Iped,max + ICM + Isig).

7.6 . 1 . 1 Signal current Isig range

For the following calculations a maximum signal in the sensor of 1 × 104 e-

is assumed (this is twice the most probable value of charge deposition

from minimum ionizing particles in 75 µm of silicon, see Figure 76).

This is less than the maximum energy deposited in a pixel by low energy

particles, so in the following readout chain clipping to the highest possible

13 Schmieden [91] measures the signal-to-noise ratio as the mean cluster signal divided by

the width of the cluster signal; the energy resolution given here are reciprocal values.

14 Static pedestal current Iped is assumed after thermal equilibrium has been reached.

Changes due to deliberate biasing changes, irradiation over time or aging effects are

considered to happen slowly and can require readjustments of the DEPFET or DCD-B

biasing.
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ADC value might occur for some pixels. The internal amplification gq of
the DEPFET is expected to be ≈0.5 nA/e-. This leads to a maximum signal

current Isig of 5 µA. The calculations can, however, be adjusted easily to a

different signal current.

0 5 10 15 20 25
seed charge / ke-

1st layer

2nd layer

100 MeV pions, Belle II PXD

(a) 100MeV pions seed charge

0 5 10 15 20 25
seed charge / ke-

1st layer

2nd layer

500 MeV electrons, Belle II PXD

(b) 500MeV electrons seed charge

Figure 76: Expected seed pixel (pixel of a cluster with highest entry) charge

for the two layer Belle II DEPFET pixel detector, assuming 75 µm thick silicon,

for different incident angles (colored curves, from 20° to 90°). The highest

deposited energy is roughly for 45°, where the particle has the longest trajectory

in the silicon. Simulation data kindly provided by Z. Drasal, Charles University,

Prague, Oct. 2010.

(a) shows the seed charge for low momentum 100MeV charged pions, which

deposit energy according to the Bethe-Bloch formula[17].

(b) shows the seed charge for 500MeV electrons, the most probable value is

≈5000 e-

7.6 . 1 .2 Pedestal current Iped range

The expected pedestal current Iped variations can be attributed to two

main factors, statistical process variations and ionizing radiation damage.

The mean pedestal current (i. e. the operating point of the DEPFET) needs

to be chosen so that all DEPFET pixels turn on and provide a reasonable

gain (see Equation 2.8).

process variations During the production of the DEPFET sensors

various processing steps, including implantations and etching, are subject

to statistical fluctuations and changing conditions. Doping concentrations

of the internal gate and transistor channel are not perfectly uniform, wet-

etching15 of polysilicon will cause small external gate length differences.

The DEPFET transistors will thus show variations in transconductance gm,
threshold voltage, and internal amplification gq. Measurements shown in

Section 7.4 display a pedestal current variation of ≈10% based on these

effects.

ionizing radiation damage The effects of ionizing radiation

damage onDEPFET-devices have been studied extensively byWei [111] and

are summarized in the Belle II Technical Design Report [27, chap. 4.5].

15 wet-etching: a chemical etching process where a wafer is usually immersed in a bath of

liquid, cf. plasma etching
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The DEPFET is a MOSFET device and thus suffers mainly from threshold

voltage shifts — and an increase in threshold voltage spread — due to an

increase of oxide charges in the gate oxide; a typical remedy is the reduc-

tion of the oxide thickness. With thin (100nm) oxides threshold shifts

in the order of 2V have been observed after irradiation up to 100kGy,

these voltage shifts can be easily compensated with the SWITCHER chips.

A problem however arises in case of inhomogeneous irradiation across

one module: Different DEPFET pixels now operate under different biasing

conditions. For a typical transconductance gm of 50 µS and 1V of thresh-

old dispersion the DEPFET drain current will show a 50µA variation. A

safe assumption is 50% pedestal current Iped spread after inhomogeneous

irradiation, as was shown in more recent measurements by Müller and

Ritter [69]. The final answer though can only be obtained once irra-

diated Belle II-type devices are available and have been measured with

reasonable statistics over several wafers.

common mode noise All unintended effects inducing a common

change in signal can be summarized as common mode noise. This can

happen due to electro-magnetic pickup, noise on power supply voltages

or digital switching in readout chips. As such, it is mostly a system aspect

and can be reduced if not totally avoided by careful design. The sensitivity

to commonmode effects can be quite high, e. g. a change of either VSource

or VGate by merely 2mV will cause 1 LSB of signal (with gm = 50 µS and
an ADC gain of 100nA LSB

−1).

7.6 .2 Dynamic range and error sources of the readout chips

7.6 .2 . 1 DCD-B dynamic range concept

The design of the DCD-B readout chip ideally needs to adapt to the dy-

namic output range of a DEPFET sensor, on the other hand the DCD-B can

only implement what is reasonable under various design constraints. The

dynamic range for digitization is directly given by the range of the 8-bit

ADC, the design value is 16 µA [see 79], however with the measurements

of the DCD2 chip shown in Section 6.1.1 a range of 24 µA is considered

possible. The pedestal range can be compressed by a factor of four using

a 2-bit DAC (see Figure 28). However, this does not simply extend the

total range to 8 + 2 = 10 bits, since the 2-bit DAC performs a fixed subtrac-

tion and only acts on compressing the pedestals and not the signal. The

required ADC range is then

ADC-range = 1⁄4 ⋅ pedestal-range + signal

with the signal only occupying a fractional part of the total range. The

signal current is then digitized with

signal-resolution [bits] = log2 (signal/ADC-range ⋅ 256) (7.3)

An example is illustrated in Figure 77 with typical numbers from Sec-

tion 7.6.1. The requiredADC range as a function ofDEPFET pedestal current

spread is shown in Figure 78, including a future scenario where a 3-bit
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DACmight be used. With a signal of 5 µA and a total ADC range of 17.5 µA

the signal will be digitized with ≈6.2 LSB.
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Figure 77: The pedestal range compression in the DCD-B is explained using

cumulative bar charts with realistic numbers as outlined in Section 7.6.1.

(a) The DEPFET is expected to operate with 50µA pedestal variations ( ), a

mean pedestal current of 100µA and a maximum signal ( ) of 5 µA. This

basically defines the input range of the DCD-B from 75 µA to 130µA.

(b) As a first step, 75 µA is subtracted for all input channels with a global current

source (cf. Figure 28).

(c)The biasing of the 2-bit pedestal compression DAC is set to match the total

pedestal spread: one bit equals one quarter (12.5 µA per bit). This leaves a total

range of 17.5 µA to be digitized by the ADC.

(d)The optional gain by the current receiver is set to unity gain for this example.

(e)The input current of 17.5 µA is mapped to the ADC range. Some headroom

needs to be reserved for offset and gain errors ( ), and common mode noise

( ).

7.6 .2 .2 Typical dynamic range reducing errors of the ADCs

When dealing with a large number (i. e. 2 × 256 in case of the DCD-B) of

ADCs, different behavior between individual channels might occur. This

is due to statistical transistor mismatch and systematic errors, like voltage

drops and as a result biasing changes over a large chip area. A simple

definition of the operating range of the whole readout chip is the common

operating range of all individual channels, which is also a guaranteed-

to-work approach when interfacing the DEPFET with the readout chip.

Various biasing parameters can then be iteratively changed to optimize

the interaction between the dynamic output range of the DEPFET and the

dynamic input range of the DCD-B. The effect of gain and offset variations

of ADCs is illustrated in Figure 79.
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Figure 78: The effect of DEPFET pedestal current spread on the required ADC

range is shown for a scenario with a 2-bit pedestal compression DAC ( ) and

a 3-bit DAC ( ). Assuming 5 µA of signal current, the signal resolution can

be calculated ( resp. ).

In both scenarios a 8-bit ADC is assumed. For a 7-bit ADC the signal resolution

is exactly one bit less (cf. Equation 7.3, log2 12 = −1).

7.6 .2 .3 Effect of the ADC nonlinearity

Nonlinearity is the deviation of the ADC transfer curve from a straight line,

reducing the effective resolution and sometimes the dynamic range. These

errors can be mitigated by calibration, if the real transfer characteristic

and the original digitized value is known. In case of the DEPFET readout,

the situation is further complicated:

◆ Both pedestal current Iped and signal current Iped + Isig suffer from

the nonlinear characteristics. Since only the real signal Isig is of

interest, a subtraction is performed; therefore not only the position

on the transfer function is important, but also the value of the signal

(see illustration in Figure 80a). In other words: The nonlinearity

correction needs to be applied to both pedestals and signals. For

a reasonable smooth transfer function and small signals the total

error is less than expected because now only the local slope of the

transfer function counts.

◆ Due to common mode corrections and possibly dynamic pedestal

subtractions done in the DHP chip the original ADC value remains

unknown, which makes it unlikely that a correction for the non-

linearity can be implemented offline.

The nonlinearity introduces a systematic error. For a typical signal of

5 µA (≈70 LSB) an error of ≈1.5 LSB is expected, assuming an integral non-

linearity similar to the DCD2 as shown in Figure 80c and Section 6.1.3.
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Figure 79: Typical dynamic range reducing errors of the ADCs. The usable range

can be defined as the common operating range of all individual channels. Most

common are gain and offset differences between channels due to statistical

transistor mismatch and systematic errors, like voltage drops. Partially broken

channels (c) show a reduced digitization range and also a larger DNL.
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Figure 80: (a)The INL is the maximum deviation from the real transfer function

of an ADC to a straight line fit. In single sampling readout mode for the DEPFET,

a signal current Isig is always referenced to the individual pedestal current Iped

of the pixel which has been sampled earlier with the same ADC. The local slope

of the transfer function counts: For a given input signal ∆s the ideal ADC output

would be ∆2 whereas in reality ∆1 is measured.

(b)The residuals (difference between the real and the ideal transfer function)

are shown for a second order polynomial function with INL=1 ( ) resp.

INL=2 ( ) and for the measured INL of the DCD2 ( ).

(c) The mean error depends on the transfer function and input signal range

(cf. (a)). For a given input signal (±5 LSB) all possible positions on the transfer

function have been evaluated and the mean error calculated. (INL=1 , INL=2 ,

DCD2 )

(d) The error distribution for a input signal of 40 LSB to 60 LSB based on the

measured (average over 24 channels, smoothed) DCD2 residuals is shown.
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7.6 .2 .4 Noise and numerical errors

The electronic noise component of the signal after the DCD-B is assumed

to be roughly 1 LSB. Similar slightly lower values have been measured with

the DCD2 (see Section 6.1) under optimized external conditions, i. e. a test

system with an optimal power distribution network and limited addi-

tional noise sources. Although a better stand-alone noise performance is

expected for the DCD-B compared to the DCD2, a final system on a silicon

hybrid with limited decoupling in an unshielded environment is likely to

show higher noise.

The numerical errors of the following digital processing chain (e. g. the

DHP) can be estimated easily, without deeper knowledge of the algo-

rithms16 used or calculations performed. If all internal calculations are

performed with optimal numerical precision, truncating the result to an

integer number will result in an error of 0.288 LSB (
√
1⁄12), if rounding

is used then one more bit of information is considered and the error is

reduced by a factor of two to 0.144 LSB (1⁄2 ⋅
√
1⁄12). Even in a conservative

scenario with three internal calculation steps and no extra precision the

error is still rather small with 0.5 LSB (
√
3⁄12).

7.6 .3 Summary

Limiting factors to the signal digitizing resolution have been explained in

the sections above within a realistic scenario for the dynamic ranges of

the DEPFET and the readout chip. The DCD-B will digitize DEPFET signal

currents only with ≈6.2 LSB resolution due to the way the pedestal currents

are handled. The signal is further impaired by ADC nonlinearity (1.5 LSB),

electronic noise (1 LSB), and numerical errors (0.14 LSB). This leaves a final

signal resolution of ≈4.4 LSB (6.2−
√
1.52 + 1 + 0.142) which is significantly

less than the 8-bit design value resolution of the ADC. There is however

room for improvement:

◆ A reduction of the pedestal current spread could be achieved by fab-

rication improvements (reduce implantation dispersion); it might

also be possible to supply SWITCHER chips with different voltages

to counter inhomogeneous irradiation effects.

◆ The DCD-B concept should be reconsidered as to include a 3-bit

pedestal compressionDAC and only transmit seven bits of ADC data.

The least significant bit of the ADC output is currently dispensable

due to noise and nonlinearity. This scenario would keep the total

number of connections required between the DHP and the DCD-B

which is an important constraint.

◆ Further studies are needed to check if the nonlinearity can be com-

pensated by calibration.

16 It is assumed that the algorithms used do either not deteriorate the signal or are offline

correctable.
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SUMMARY

The new Belle II detector at the SuperKEKB flavor factory requires a

vertex detector of unprecedented performance to take advantage of the

high beam luminosity and provide an increase in experimental preci-

sion. A pixel detector is foreseen, based on the DEPFET technology. The

Depleted Field Effect Transistor (DEPFET) pixel structure is an advanced

semiconductor detector, which delivers besides position sensitive detector

capabilities additional features: Low-noise, internal amplification, small

pixels, non-destructive readout, low power, and thinned detectors are the

main advantages.

The pixel detector consists of two layers of DEPFET modules, arranged

cylindrically around the beam pipe at radii of 14mm and 22mm. The

all-silicon modules combine an active sensor area of 75 µm thin DEPFET

pixels, the readout and steering chips, and an area for electrical, me-

chanical, and active cooling interconnect. During a frame time of 20µs,

192 rows of pixels are read out with a row time of ≈105 ns. The signal

currents are digitized directly on the module, further processing in the

digital domain provides zero suppression and triggered data readout. A

particular challenge is the fast readout of signal currents in 100ns or less,

given large scale detectors with high capacitive loads and intrinsic signal

RC times.

A new prototype generation of an analog-frontend current-mode read-

out ASIC is available, the Drain Current Digitizer (DCD2), which is suited

for the task of digitizing signal current from large DEPFET sensors fast.

The DCD2 compensates input capacitances of the DEPFET sensor with a

regulated cascode, and digitizes the signal currents of all input chan-

nels in parallel using cyclic algorithmic ADCs with 8 bit resolution and an

effective conversion time as low as 80ns.

A new custom FPGA based readout system was designed, which inter-

faces to the DCD2 readout chip located on a dedicated hybrid. This FPGA

system effortlessly handles the maximum data rate of 7.2Gbit s−1 of the

DCD2, provides storage memory and interfaces to a computer for data

processing. Substantial effort was devoted to PCB design, the develop-

ment of FPGA firmware, software development, data acquisition, and data

analysis. Since the DCD2 is the first prototype readout chip of its kind,

most design efforts started from scratch and special problems (e. g. high

speed design, high component integration density) had to be addressed.

A detailed characterization of the DCD2— standalone and connected

to a DEPFET matrix — is one major aspect of this thesis. For typical

Belle II operating conditions with optimized settings at a readout speed

of ≈105 ns an ADC range of ≈24 µA can be set, corresponding to a gain of

≈10.2 LSB/µA with an exceptionally low total spread over 48 channels of

only 0.2 LSB/µA. The static mean ADC noise is found to be 54nA, corre-

sponding to a DEPFET ENC of ≈108 e- (assuming a DEPFET gq = 500pA/e-).
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Studies on the effective ADC error, including all effects of noise, INL, and

DNL, result in a twice larger error in the range of 110nA.

Dynamic measurements with fast changing input signals and attached

capacitive loads were conducted. A complete settling of an input signal

to 1% with a capacitive load of ≈60pF can be achieved in ≤50ns with a

per-channel power consumption of the regulated cascode of ≈1.2mW and

a noise of ≈110 nA (≈1.15 LSB, ≈220 e-).
A new hybrid has been developed, combining a DEPFET sensor, a DCD2

readout chip and two SWITCHER steering chips. Two different assemblies

were used for measurements, one with a small COCGLE and one with a

large COCGSA DEPFET sensor.

The maximum achievable readout speed of a large DEPFET sensor has

far reaching consequences for the DEPFET pixel detector module layouts,

the frame time, and thus the hit occupancy. A detailed study of readout

sequences was made possible for the first time with the DCD2 operating

in sequential sampling mode. A settling time requirement of ≈50ns for

the DEPFET drain current was found after switching gate or clear of the

DEPFET transistor. These measurements motivate a transition from a

traditional double sampling sequence to a faster single sampling readout

operation for Belle II. Furthermore, limiting effects on the settling times

were studied, and identified as capacitive charge injections happening

within the DEPFET pixel cell itself.

Single sampling operation with the DCD2 allows a detailed look at

pedestal current statistics of DEPFET devices. A relative pedestal current

spread of the COCGLE device was measured to be ≈10%.

The consequences for the digital signal resolution limits of the readout

chain with respect to pedestal current spread, DCD2 dynamic range and

DCD2 non-idealities have been studied. The cumulative effects shown

here should be recognized for future design improvements.

Source measurements with 241Am demonstrate the performance of

the new DCD2 readout chip. Compared to previous measurements with

similarDEPFET devices, the signal-to-noise ratio and the energy resolution

increased by a factor of ≈2, while reading out with the fast Belle II target

speed in single sampling mode.

All in all, the DCD2 prototype chip performs exceedingly well: its new

concepts for digitizing DEPFET signal currents are proven to work at the

required specifications, and it already outperforms previously available

readout solutions in terms of noise, readout speed and flexibility. Fu-

ture production versions of this readout ASIC will, hopefully, continue its

success story. The measurements and studies done with DEPFET devices

provided important input to finalize the readout specifications as stated

in the Belle II Technical Design Report. The DEPFET Collaboration con-

tinues to use the developed FPGA readout system for current and future

development efforts.



A
DIRECT DEPFET ID MEASUREMENT

The output current of a DEPFET device has been measured as function

of time during a normal switching sequence with a trans-impedance

amplifier. This provides a complementary measurement to the waveforms

recorded with the DCD2, as shown in Section 7.1. A single drain of the

COCGLE DEPFET sensor is wire bonded directly to the amplifier1, the

output voltage is then measured with an oscilloscope. For a slow row time

of 2 µs the resulting waveform is shown in Figure 81 and should be directly

compared to the DCD2-based measurement in Figure 60 on page 71. For

a faster readout of 160ns as shown in Figure 82 (cf. Figure 61) the dips

due to capacitive charge injection and rise time effects are visible.
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Figure 81: DEPFET COCGLE single channel readout with a transimpedance am-

plifier and oscilloscope, as an independent confirmation of the DCD2 based

measurements. A slow readout sequence with 2 µs row time is shown. Signal

is accumulated due to leakage current and ambient light. The long spikes are

the result of capacitive charge injection within the DEPFET pixel due to parasitic

capacitances and high (≈10V) switching voltages of the SWITCHER. Other spikes

can be traced back to crosstalk on the system: * is related to the falling clock

edge of both SWITCHER chips (the rising edge is coincident with gate on); # is
the internal clock of the DCD2, and occurs eight times in equidistant spacing

(The DCD2 was running but not used).

1 Analog Devices AD8015ACHIPS, wideband / differential output transimpedance ampli-

fier, transresistance 20 kΩ, bandwidth 240MHz
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Figure 82: DEPFET COCGLE single channel readout with a transimpedance ampli-

fier and oscilloscope, with a fast readout sequence of 160ns. The DEPFET related

charge injections are easier seen compared to Figure 81. The high bandwidth of

the transimpedance amplifier causes excessive ringing and noise.
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