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A Low Noise and High Dynamic Range CMOS
Integrated Electronics associated with Double Sided
Silicon Strip Detectors for a Compton Camera
gamma-ray Detecting System

Mokrane Dahoumane, D. Dauvergne, J. Krimmer, J.-L. Ley, E. Testa, Y. Zoccarato

Abstract- An 8-channel Front End integrated Electronics
(FEE) circuit is designed and fabricated using the AMS-CMOS
0.35 pm process to equip a Compton camera system for quality
control in Hadrontherapy. The circuit provides the energy
deposited by prompt y rays interacting in a 2 mm thick Double
sided Silicon Strip Detector (DSSD), the (x,y,z) space coordinates
and the time of the interaction. Each channel includes a Charge
Sensitive Amplifier (CSA) followed by two parallel shapers. Slow
and fast shapers, with 1 ps and 15 ns shaping time are used to
measure the energy and time stamping, respectively. In order to
increase the detection efficiency, a 3 bit multi-gain configuration
is chosen to implement the fast shaper. The output of the latter is
sent to a voltage comparator which provides a digital signal used
as event time stamp and resetting signal of the CSA feedback
capacitor to avoid pileup or circuit saturation. A 5 bit DAC is
integrated to compensate any comparator offset dispersion
between channels. A programmable digital circuit is also
integrated in this design to adjust the delay and the width of the
reset signal. All configuration settings are controlled by an 12C
interface circuit which is integrated in the circuit. The present
design provides the readout of the two sides of the DSSD thanks
to a hole or electron configurable system. All the functionalities
of the design have been successfully tested and validated. The test
results are in good agreement with analytical and simulation
calculations. A high linearity over a range of 3x10° to 3x10°
electrons is reached with a conversion gain of 3.6 mV/fC. The
circuit (CSA output) achieves an ENC (Equivalent Noise Charge)
of 290 electrons rms. The circuit dissipates 23 mW/channel and
occupies an area of 2x4.5 mm?, including pads.

[. INTRODUCTION

everal techniques to be used in hadrontherapy for cancer

treatment worldwide are under study and development. The
treatment consists in irradiating the tumorous cells with
protons or ions. During irradiation, part of the incident
projectiles undergoes nuclear fragmentation. Since excited
fragments emit y-rays almost instantaneously (below the ns
range), the detection of prompt-gamma rays can be used to

Manuscript received December 30, 2014.

This work is supported by the FP7-ENVISION program (grant agreement
n°241851), the ANR Gamhadron project (ANR-09-BLAN-0106), the Rhone-
Alpes Regional Program for Hadrontherapy Research, and the LabEx
PRIMES (ANR-11-LABX-0063).

Mokrane Dahoumane, D. Dauvergne, J. Krimmer, J.-L. Ley, E. Testa, Y.
Zoccarato are with with the IPNL, Université de Lyon, F-69003 Lyon, France;
Université Lyon 1 and CNRS/IN2P3, UMR 5822 F-69622 Villeurbanne,
France. (corresponding author Tel.: +33 47243 11 05. e-mail:
m.dahoumane@ipnl.in2p3.fr)

monitor online the ion range [1], [2]. A Compton camera
device has been proposed [3], [4], and is nowadays being one
of the most attractive techniques thanks to its very high
efficiency and fastness for the online dose control and high
resolved 3D image reconstruction. In the proposed system
shown in Fig. 1, the scatter detector is composed of a stack of
2x64-strip Double sided Silicon Strip Detectors (DSSD) with
a volume of 90x90x2 mm”.
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Fig. 1. Compton Camera device. (a): monitoring configuration system: the
prompt y-ray emission points are reconstructed by intersecting the ion
trajectory, given by the hodoscope and the Compton cone, reconstructed with
the Compton camera [4]. (b): zoom on the scatter detector composed of 10
planes of DSSD mounted on PCB EFF&DAQ card.

The detectors have been bonded and mounted on a PCB test
board for characterization. First measurements of the leakage
current as a function of temperature have already been done
successfully. The scatter detector provides the spatial and
temporal coordinates (x, y, z, t) and the energy deposited
during the interaction of y-rays. The DSSD detector will be



coupled with a multi-channel readout electronics fulfilling the
particular requirements imposed by the application, such as:

e Low Equivalent Noise Charge (ENC) about 120 electrons

rms (FWHM =1 keV),

e Large dynamic range for both P&N polarities (from 3000

to 3000,000 electrons —N side),

e High occupancy rate: 10° hits/s per strip. This requires a

fast switched system to avoid pile-up.

For this aim, a dedicated Front End Electronics (FEE) is
designed and fabricated using the AMS CMOS 0.35 pm
process. Hereafter will follow design details and test results of
the realized circuit prototype.

II. DESIGN ARCHITECTURE

Fig. 2 shows a block diagram of a single channel of the
circuit which is AC-coupled with a double sided DSSD
detector. According to signal-to-noise ratio, and number of
integrated functionalities, this circuit is an improved version
and a complete system in comparison with the results of a
previous version [5]. Each channel includes a Charge
Sensitive Amplifier (CSA) followed by two parallel shapers.
Slow and fast shapers, with 1 ps and 15 ns shaping time are
used to measure the energy and time stamping, respectively. In
order to increase the detection efficiency, a 3 bit multi-gain
configuration is chosen to implement the fast shaper. The
output of the latter is sent to a voltage comparator which
provides a digital signal used as event time stamp and
resetting signal of the CSA feedback capacitor to avoid pileup
or circuit saturation. During the reset phase, the outputs of the
two shapers are fixed to a reference value. A 5 bit DAC is
integrated to compensate any comparator offset dispersion
between channels. A programmable digital circuit is also
integrated in this design to adjust the delay and the width of
the reset signal with 3 and 5 bit control signals, respectively.
All configuration settings are controlled by an 12C interface
circuit which is integrated in the circuit.
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Fig. 2. Block diagram of a single channel of the readout electronics to be
coupled with a double sided DSSD detector. The P and N strips are read with
two different selectable configurations.

The present design provides the readout of the two sides of
the DSSD thanks to a hole or electron configurable system.
Indeed, a DC shift level diode was inserted between the source
of the IN-NMOS transistor and the ground as shown in Fig. 3.

In order to determine the DSSD signal profile and thus the
depth of interaction point in the silicon, the CSA output can be
directly accessed.

The detector, with a capacitance Cgy, produces charge pulses
that are integrated on the CSA feedback capacitor C [5], [6],

[7].
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Fig. 3. CMOS switched reset feedback : illustration of a hole configuration
by inserting a well dimensioned DC shift level Diode on the source of the

input transistor of the CSA.

A. The Charge Sensitive Amplifier (CSA) description

Classical cascode architecture has been chosen to
implement the CSA stage of the readout [5], [8]. The
geometry of each component is optimized for the foreseen
performances. The first order transfer function of the CSA in
response to a pulse charge stimulus is given by:

Vaut (a)) - — Zf - ) (1)
I, . wC,
in 1+ j————
0,G,C,

where, Z; is the equivalent feedback impedance composed by
Rogr (very large) of the MOS switch in parallel with Cy. and Cy
the detector capacitance. The value of C; (250 fF) is fixed by
the maximum signal of the dynamic range and the power
supply voltage value which is 3.3 V in 0.35 pm CMOS
process we used.

An NMOS input transistor has been chosen to get a better
power supply rejection ratio and higher speed than the PMOS
one (more details were reported in the previous version of this
design [5]). In order to minimize the ballistic deficit, G,Cr has
to be very superior to Cy4 (GoCp>>Cy), where Gy is the open
loop gain of the CSA, C; the feedback capacitance and C, the
detector capacitance. To ensure up to 99 % of signal charge
transfer, Gy should be around 67 dB according to the
following formula which gives the charge transfer rate a:

;C . )
1+—4
G,C y
The rise time of the CSA output for a pulse charge stimulus
is determined by the amplifier time constant Tcgu as:

o =

Y\ _cr . 3)

T = =
M 2n,G.C,

in



where,

o, =271,G, 4)

is the Gain Bandwidth Product.
A pole—zero R and C feed forward compensation technique is
used to improve stability without affecting the speed of the
CSA [9].

The authorized output dynamic range maintaining all
transistors in the saturation mode is given by the approximate
following formula:

—480fC
o 250 /F

where Q, is the injected charge.
The total dynamic range corresponding to both polarities
equals £1.92 V. So, a DC level shifting is needed in the case
of P polarity (Cf. Fig. 3).

The CSA includes a source follower witch is needed to
increase the driving capability.

I _QOmax _

=-192 7, Q)

B.  The shaper implementation

A CR-RC signal shaping has been chosen to implement the
two shapers (Cf. Fig. 3). Active shaping is performed by using
a two stage compensated Miller OTA (Operational
Transconductance Amplifier) [5]. The shaping stages perform
a pulse shaping primarily to optimize the signal-to-noise ratio
(SNR) of the system and also to measure the energy and the
time with the slow shaper around 1 ps shaping time and the
fast one with a shaping time of 15 ns, respectively.

CR-RC shaper transfer function in the frequency domain is
given by:

H(s)=—2

2 9
(1+w)
where, T is the shaping time. Here, we chose the derivation

and the integration time constants to be equal (Cf. Fig. 3):
T =CxR. (7)

(6)

shaping

III. NOISE STUDY

A. Noise calculation

The most critical issue in this design is the noise. The
desired energy resolution of the Compton camera which gives
an acceptable spatial resolution of the whole hadrontherapy
system must be below 1 keV FWHM. This corresponds to an
input ENC (Equivalent Noise Charge) of 120 electrons rms.

Generally, there are two main sources of noise in a CSA: a
parallel and a series noise. The parallel noise is generated by
the thermal noise of the feedback resistor and the detector
leakage current fluctuations. The input referred power spectral
density (PSD) of the parallel noise is given by:

4T

S(w)=2ql,+——=i’, (8)
Rf

where, q is the electron elementary charge, I is the detector

leakage current, k is the Boltzmann constant and T is the

temperature.

In this design, the feedback resistor was removed and
replaced by a MOS switch. Therefore, this source of noise
which represented 75% of the total noise in the previous
design related in [5] has been canceled.

The noise input voltage spectrum (series noise PSD) of a MOS

transistor in saturation is given by:

S( )_§k_T+L:e:+£' )
3 gm COXWLf f

The first term is the channel thermal noise and the second
term is the 1/f or Flicker noise [10]. Optimal noise matching is
found by varying input transistor dimensions.

Total (series and parallel) noise output voltage spectrum is
given by:

2

.2
S (@)=|1+5e (ej+ﬁj+—jn _ (10)
C, /) oC,
This formula 1is obtained through the following
approximations: infinite open loop gain of CSA and

considering an ideal integrator (i.e. no feedback resistance).
The output noise voltage of the complete chain is performed
by integrating the product of CSA’s output PSD by the
shaper’s Transfer function as in:

) 2
Vi =[S, (@|H (o) 5= (an
0

Total input referred noise after shaping is given by:

\/_\/_@m\/_\/_ CWL zf , (12)

where, C,is the total input capacitance composed mainly by Cy
and grid-source C, capacitance of the CSA input transistor, t
is the filtering time constant (shaping time).

In this design, calculations were done to find the optimal value
of W/L of the input transistor leading to the best trade-off
between minimizing series and 1/f noise and maintaining low
value of Ct.

ENC=e

B. Noise simulations

To simulate the noise of a switched system, a transient noise
simulation method is recommended, the drawback of this
method is its high simulation time.

Fig. 4 shows the transient noise response of the CSA to the
same injected charge using Cadence tool: 75 sweeps are used.
The CSA was configured in the electron functioning mode.
There is different ways to calculate the noise on the Fig. 4.
Best noise results are obtained by combining a CDS
(Correlated Double Sampling) and averaging techniques. First
an interval on the curve is selected and an average of the
values is calculated by choosing number of samples. Then, the
signal amplitude is the difference between the hit signal and
its base line (Cf. Fig. 4). The standard deviation ¢ of the
amplitudes is then calculated. The noise is given by:

ENC=—2

_— 13
(gaian) (13)



where, gain is the CSA conversion gain given in mV/fC and q
is the elementary charge. More statistics increase obviously
the result, but at the expense of the counting rate. So, a
compromise is to be found between counting rate and noise.
This method gave an ENC noise of 105 electrons (rms), with
CSA conversion gain = 3.5 mV/fC and 0 =59.2 pV.

The same method has been used to measure the noise
(electrically) in the test.
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Fig. 4. Transient noise response of the CSA (75 simulation iterations),
configured in electron functioning mode.

IV. LAYOUT DESIGN

The multi-channel nature of the design which will fit the

form of the strips of the DSSD detector (crosstalk issue), low
noise and high speed are parameters that require a special care
when drawing the layout of the input stage (CSA).
Therefore, the R, must be minimized by splitting the input
transistor into a matrix of small transistors perfectly identical.
The size of each channel has exactly the width of a pad
(100 um). This makes the channel multiplication easier and
minimizes the mismatch between channels.

Fig. 5 shows the layout of the ASIC, an emphasis of the
input transistor of the CSA is carried out.

Input Transistor

Fig. 5. Layout of the full chip fabricated in CMOS 0.35 pm process of
AMS: a zoom on the CSAs’ input transistor is shown.

V. EXPERIMENTAL RESULTS

A prototype has been fabricated in a CMOS 0.35um process
from Austria Micro System. It includes 8 channels of the
described FEE readout of the Compton camera. A
photography of the chip is shown in Fig. 6.

Time outputs

Energy outputs

Fig. 6. Photography of the chip showing its various blocks: 8 parallel
complete channels, bias blocks and individual testing blocks.

The circuit dissipates a power of 23 mW per channel from
3.3V supply voltage and occupies an area of 2x4.5 mm’,
including pads.

A. Test setup

A test board was designed to characterize the prototype
experimentally. Fig. 7 shows a photography of the test board
and a synoptic of its modules. A charge injection circuit is
used to simulate the detector charge which will be generated
by the stopping of a Compton recoil electron in the DSSD.

adoos/oav

injection circuit Diff. ampli 50 Q :

Buffering and adapting
with the ADC dynamic
range

Power supply and

reference voltages
Photography of the
test card

Fig. 7. Test set up and photo of the test board supporting the ASIC (device
under test). On the top, is shown a synoptic of the test board.

This circuit is composed of a fast pulse generator terminated
by a 50 Q resistor, a 1 pF injection capacitor and a 10 pF
capacitor to simulate the detector capacitance. The response of
the ASIC to an input pulse is sent to a 50 Q fully differential
buffering stage to drive different signal processing devices
(e.g. scope, external amplifiers, ADCs...).

B. Test results and circuit performances



The circuit has been successfully tested. The test results are
in good agreement with analytic and simulation calculations.
All the functionalities have been validated.

Fig. 8 shows output waveforms of the circuit for both
negative and positive signal polarities. The measured shaping
time of the slow shaper is 0.9 pus. The measured rise time of
the CSA is 30 ns in response to a fast pulse injected charge.
The CSA is fast enough to follow the incoming charge signal
without modifying its shape.
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Fig. 8. Screenshot of the response of the circuit to P and N polarities. In
(a) is shown the CSA output and in (b) the CSA+slow shaper output.

e

Linearity measurement was also performed and shown in
Fig.9. The top of the figure shows the measured and
simulated CSA outputs as a function of the input charge (in
fC). The bottom of this figure shows the measured and
simulated output of the chain including CSA and slow shaper.
On the left side is shown the electron mode and on the right
the hole mode functioning of the circuit.

= . N
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Fig. 9. Output vs. injected charge (Qj,j) response of the CSA for N and P
polarities on the top side. Output vs Qj,j response of a complete chain (CSA
followed by slow shaper) for N and P polarities on the bottom of the figure.

The circuit achieves a high linearity even over the needed
dynamic range, mostly less than 1 % of INL with a conversion
gain of 3.6 mV/fC, which is very close to the simulation one.
The noise evaluation has been performed according to the
measurement standards. Noise and signal were measured in
the same conditions (temperature and electromagnetic
environment).

An ENC of 290 electrons rms was measured for electron
configuration on the output of the CSA. The ENC measured
on the slow shaper output is about 390 electrons rms (electron
configuration). The performances obtained for the hole
configuration are slightly lower than those achieved for the

electron one. This is due to the DC shift level diode used in
case of P polarity (Cf. Fig. 3).

The parallel disposition and neighborhood of channels gives a
cross talk of 0.6 %, mostly (>90%) coming from the supply
voltage disturbance.

C. Time measurements and digital part testing

The time measurement is performed on the fast shaper’s
branch of a readout channel. As said above, the fast shaper is
followed by a fast comparator. The latter provides a digital
signal used for time stamping and reset signal. A digital part is
integrated in the chip to control the width of the reset signal
and its occurrence delay. In order to bypass the comparator
offset dispersion problems, a 5bit DAC has been integrated. It
tunes the reference voltage of the comparator of each channel
individually. All these parameters are controllable thanks to
12C interface witch is integrated in this prototype.

The tests of all these modules have been successfully
performed. Among them: comparator S-curves, DAC linearity,
12C writing and reading frames, fast shaper gain. The digital
part is thoroughly tested, because it is very important to
control the instant of the reset separately for the CSA and the
shaper. The width of the shaper reset must be larger than the
CSA one. This was verified and validated in the tests.

D. Detector readout system

After electrical characterization, the ASIC was coupled to a
64-strip double-sided SSD detector to measure the energy
spectrum of radioactive sources (e.g. '*’Ba providing photon
lines at 30.9, 53, 80.9, 276, 303, 356 and 383 keV). Fig. 10
shows a photography of the PCB card designed to support
mechanically and to bias the detector. This mezzanine card
will be mounted on a data acquisition (DAQ) mother card in
the way shown in Fig.l1-b. The DAQ card is being
manufactured.

|
i

Fig. 10. Photography of the silicon detector bonded on a PCB mezzanine
card. The P and N strip are ac-coupled with the readout ASICs. Bias resistors
are also mounted on this card.

TABLE I gives a summary of the circuit performances. The
measured parameters are close to schematic simulation ones.
The values of the measured noise include the setup and the



scope noise. This explains the difference between simulations
and measurements in terms of noise.

TABLE I. PERFORMANCE SUMMARY

Sch. Simu. Test

Power supply Both polarities 33V 33V
CSA input transistor Both polarities 5mA 5 mA
current (85% of the
total consumption)
CSA conversion gain electrons 3.63 mV/fC 3,25 mV/fC
(mean)

holes 2,83 mVifC 2,25 mVifC
CSANoise (ENC) electrons 105 e-rms 290 e- rms
ms (transient noise simulation)

holes 435 e-rms 560 e- rms

(transient noise simulation)

CSA-Slow Shaper electrons 4.35 mV/fC 3.6 mV/fV
conversion gain

holes 3.85 mV/fiC 3 mV/iC
CSA-Slow Shaper electons | - 390 e-rms
Noise (ENC)rms

holes [ = 630 e- rms
Shaping Time (slow electrons 09us 09us
shaper)

VI. CONCLUSION AND OUTLOOK

An 8-channel front end readout electronics has been
designed and fabricated in 0.35 um CMOS process from
AMS. It will readout the signals delivered by the Silicon Strip
Detectors constituting the Compton camera for prompt-
gamma monitoring of hadrontherapy. The test of this
prototype has given very satisfactory results and has validated
all the functionalities and features of the circuit. By using a
switch-reset technique, parallel noise that could be generated
by a feedback resistance is removed. In contrast, the
complexity of the design is increased. Noise measurement
setup is being optimized in order to get better results. In the
final design of a plane composing the scatter detector the
analog signal of the ASIC will be directly sent to an ADC. So,
the scope and the setup noise will be canceled. Production of
180 additional chips is scheduled for February 2015, to equip
all the scatter detectors.
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