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Abstract

A discrete components design for a current digitizer
based on the current-to-frequency converter (CFC) princi-
ple is currently under development at CERN. The design
targets at higher current inputs than similar designs, with
a maximum equal to 100 mA and a minimum of 1nA, as
required by the ionization chamber that will be employed
in the Proton Synchrotron and Booster accelerators as well
as in the LINAC 4. It allows the acquisition of currents
of both polarities without requiring any configuration and
provides fractional counts through an ADC to increase res-
olution. Several architectural choices are considered for
the front-end circuit, including charge balance integrators,
dual-integrator input stages, integrators with switchable-
capacitor. Design approach and measurements are dis-
cussed in this article.

INTRODUCTION

The Beam Loss Monitoring system employed in the
CERN accelerator chain determines the energy density de-
posed in the individual accelerator elements as well as the
residual radiation. For this reason, a wide dynamic range
is required, equal to approximately seven decades. The
ionization chambers employed are suitable sensors for this
purpose, as they are able to provide a current signal with
a dynamic range that exceeds the aforementioned require-
ments. The acquisition electronics must be designed ac-
cordingly, in order not to decrease the dynamic range below
the system specifications. The dynamic range of the whole
chain is limited by the very first stage: the acquisition of
the signal has to be carried out with a circuit architecture
other than a Miller integrator, since its dynamic range is
limited to approximately 60dB.

GENERAL SCHEME OF RECYCLING
INTEGRATORS

The general scheme of a recycling integrator is shown in
Fig. 1. It contains a loop composed of an integrating system
and a comparator block closed by the reset circuitry of the
integrator.

The current signal at the input (1;,) is integrated and ev-
ery time the result (V,) exceeds a threshold (Vrg), the inte-
grator is reset, lowering its output again under the threshold
value. At the same time, the value stored by a counter is in-
cremented by one unit, to keep track of the acquired charge.
At the end of the measurement time window (7'/), the out-
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Figure 1: General scheme of a recycling integrator.

put of the integrator is sampled and its value is combined
with the number of resets, according to the formula:

Q=C (Vo(Tu) —Vo(0)) +nQrer (D
Q is the charge acquired in the interval (0, Ty),

n is the number of resets performed during the said time
interval,

QOrer 1s the charge that is lost by the integrator at every
reset event,

C is the proportionality factor between the output voltage
and the stored charge in the integrator.

Two successive commutations of the comparators are
separated by a time interval given by the time required to
accumulate a charge equal to the amount subtracted in the
last reset. If the input is a constant current, the switching
frequency of the comparator is ideally linked to the value
of I;y by the following relationship,

Jsw = )

which can be generalized for an arbitrary input wave-
form as:

I—Tsw
fSW = L = ﬂ (3)

Tsw OREF

I,N(t)lgsw is the average value of the input current in the
time interval (0, Tsw) between two consecutive com-
mutations.

DESCRIPTION OF THE CIRCUITS

The charge-to-voltage conversion of the recycling inte-
grator is determined by the reset circuit, as seen in Eq. 2
(Qger dependence). According to the specifications of the
circuit, several implementations of the described scheme
have been performed in this work.
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Figure 2: Reset schemes.

Charge Subtraction Schemes

In the design of recycling integrators, two resets strate-
gies are often employed, the first being short-circuiting the
feedback capacitor in the Miller integrator and the second
being the injection of an opportune charge Qggr through a
current source (/ggr) connected to the virtual ground at the
inverting node of the amplifier for a fixed amount of time
(Trer) [2]. The disadvantages of the former are the intro-
duction of a blind time and a corresponding non-linearity
in the digitizer conversion, while the main disadvantage of
the latter is its high power dissipation for the considered
input currents.

The feedback capacitor has been modified as depicted
in Fig. 2a. It is composed by two capacitors C; and C»,
connected through a system of switches. When the con-
trolling signal changes status, the connection of C; to C|
is reversed and the charge is shared between the two ca-
pacitors. If the capacitance value of both is the same and
equal to C, a charge equal to 2 C Vg is removed from the
integrator.

Another possibility is the use of two integrators as de-
picted in Fig. 2d. At any time, only one integrator is con-
nected to the input and output of the system through single-
pole double-throw switches. While the connected charge
amplifier integrates the input signal, the other is being re-
set. As soon as the output of the active integrator crosses a
threshold voltage, the connected and resetted integrator are
swapped.

The possibility of injecting a fixed charge into a Miller
integrator has also been foreseen. Referring to Fig. 2c,
top (bottom) diagram, in absence of triggering, the volt-
age drop across the capacitor C is 0V (5V). When the
buffer switches to 5V (0V), D; (D,) is reverse biased and
D; (D3) is forward biased, transferring the charge to the in-
put node. As the output of the buffer switches back to the
initial condition, the diode D (D4) recharges the capacitor
back to the initial condition.

A similar design based on resistors instead of capacitors
is shown in Fig. 2b, top (bottom). The diode D; (D,) is
forward biased when the output of the buffer is equal to
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5V (=5V) and prevents a DC current from flowing to the
input node when the output of the buffer is 0 V.[3]

Bipolar Currents

The extension to bipolar currents has been implemented
adding an additional comparator and threshold and du-
plicating the injection schemes for both charge polarities.
Whenever a comparator flips, the appropriate reset circuit
is triggered, bringing the integrator output in the region of
operation.

Calibration and Accuracy

To calibrate the converter, the leakage current is compen-
sated through a potentiometer and the conversion factor is
adjusted through the timer responsible for the activation of
the injection circuit (Fig. 2c, 2b) or regulating the threshold
voltage (based on a precision voltage reference, Fig. 2a,2d).

The accuracy of the converter is limited by the accuracy
of the instrument used to perform the calibration.

DESIGN CONSIDERATIONS

Dynamic Range

The dynamic range is the ratio of the largest to the small-
est detectable signal. The largest signal is limited by the
correct operation of the loop. The maximum frequency at
which the integrator can be reset, together with the conver-
sion factor, determine Ijax.

The lower limit is set by the standard deviation of the
output noise of the system and the residual input leakage
after compensation (Al;gag). Although the input leakage
is deterministic and may be compensated, its variation with
the temperature and aging results in an imperfect matching.
The dynamic range assumes the expression:

InaxT
DR = max1Ly @)

AILEAKTM + ,’S[TM + O—IZQO
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Figure 3: Measurements regarding the considered circuits.

0%0 Variance of the error introduced by the readout elec-
tronics (e.g. ADC),

S; Double-sideband current noise at the input, assumed
white, stationary and Gaussian.

Linearity

The linearity of the conversion of the charge digitizer de-
pends on the Miller integrator, the uncompensated leakage,
the source resistance and the reset circuit.

Taking into account the finite gain-bandwidth product
(GBW = Apw,), the finite differential input resistance (Ry;)
and source resistance (Rj), the Miller integrator has a trans-
fer function equal to:

Vo(s) _ 1 1

0u(s)  Cre(1/ag)(1+=)(1+ %)

&)

R is given by (Rq // Ry).

From Eq. 5, the behavior of the circuit may be analyzed for
high and low frequency operation as follows:

Vo(s) = —¢ - Toomiz Qun(s)  for s < GBW  (6)

for s >

1
__1_ 1
Vo(s) = T C1+s/GBW Oin(s) CRA, (7
The inverse Laplace transform of the time response to a
_ (19}

charge ramp Q;,(s) = —<7 is reported in Eq. 8, 9, for Eq. 6,
7 respectively.

Vo) ~ ° (1 ! ) @®)

_—2CRA0+"'

1
V(1) = 22 {t +

- o [exp(-GBW ) - 1]} )

At low frequency there is an error approximately equal to
Tsw/(2CRAy) (relative) and to 1/GBW (absolute) at high
frequency. [1]

At all operating points, the following output drift is also
present:

dVo(1) _ Al gpak
dt C

Vos
CR;

Vo(1)
CR;

(10)
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Non-idealities in the reset circuit result in a different
charge subtraction depending on the output frequency.
Considering the circuits in Fig. 2a, 2c, 2d, the incomplete
discharge of the feedback capacitors introduces an error.
The change in the output voltage during reset is governed
by the combined effect of the time constant of the charge
transfer and the slew rate of the amplifier.

The conversion characteristic is also affected by a current
offset error, due to the aforementioned Al gak .

Signal to Noise Ratio
The signal to noise ratio of the converter is given by:

InT
SNR = INIM

2 2
AILEAKTM + \/S]TM + Oro + nOger
O'?esr Variance of the charge removed at each reset.

MEASUREMENTS

The measurements on selected circuits are shown in
Fig. 3.

CONCLUSIONS

Several possible designs have been proposed that pro-
vide an increase in the dynamic range compared to the
Miller integrator, up to 160dB, for signals from particle de-
tectors in the range 1 nA-100mA. The circuits provide a
user-adjustable conversion factor, offset compensation and
ability to acquire currents of both polarities. SNR and lin-
earity limits have been underlined.
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