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Abstract

The CARIOCA chip is an 8 channel Amplifier Shaper Discriminator chip for the LHCb
muon system wire chambers, developed in IBM 0.25µm CMOS technology. This note
describes the specifications, overall functionality and building blocks of the chip.



1 Introduction

CARIOCA (CERN And RIO Current-mode Amplifier) is an octal amplifier-shaper-
discriminator circuit, with baseline restoration, dedicated to the Multi Wire Proportional Cham-
bers (MWPC) of the LHCb Muon system [1]. It is developed in 0.25µm CMOS technology,
that operates at 2.5 volts. The CARIOCA amplifier is developed in the current-mode approach,
that is attractive for fast circuits. The chip has to amplify, shape and discriminate the current
signal induced on the wire chamber electrodes.

For the development of the chip, the circuit was divided into various sub-circuits, allowing
the realization and test of the individual prototypes. In this paper we describe the circuit topol-
ogy and design, together with some simulations. More details and results obtained with several
prototypes are described in [2]- [6].

2 Overview and Specifications

The task of the wire chambers of the LHCb Muon System is to measure the arrival time of
muons to better than 3 ns r.m.s. The chamber signal is characterized by a fast rising edge and
a long1/(t + 1.5 ns) tail, going over into a DC current lasting for about 20µs . This signal
has to be shaped to a unipolar narrow pulse in order to cope with the high rates expected in the
experiment.

A detector gas gain of105 together with an amplifier peaking time of 10 to 15 ns is found
to be the optimum working point for this detector. This results in an average pulse height of
about 60 fC of charge, when referred to a delta input signal. To obtain a narrow pulse, a tail
cancellation circuit has to be implemented which should correctly work for at least 99 % of
chamber signals (up to 250 fC input charge), which sets the specification for the gain and linear
range of the chip. In order to allow the desired threshold of 10 fC, the equivalent noise charge
(ENC) at the input should not exceed 2 fC up to the largest detector capacitance of 250 pF. In
addition, the amplifier input impedance should be less than 50Ω to keep crosstalk low.

High rates of up to 800 kHz per channel in some detector regions require fast pulse shaping
and baseline restoration circuits to compensate for baseline shifts and fluctuations. A total
accumulated dose of 1 MRad during the life of the experiment requires radiation tolerant chip
technology.

3 Topology and Architecture

The CARIOCA integrated circuit is developed in two versions: one for cathode readout (positive
input polarity version) and another for anode readout (negative input polarity version). Each
chip is composed of eight identical channels and a bias network, that provides the bias voltages
and currents to the channels. The block diagram of a single CARIOCA channel is shown in
Figure 1.

The input of the CARIOCA circuit is pseudo-differential, consisting of two identical
current-mode amplifiers. One amplifier is connected to the chamber pad through a trace on
the printed circuit board (PCB). The other, dummy amplifier, has a floating input and it is used
to provide DC balance to the shaper and common mode rejection to pickup, crosstalk and noise
on the power supply lines. Following the amplifier there is a shaper circuit and a differential
amplifier which provide further gain together with signal and amplifier tail cancellation. The
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Figure 1: CARIOCA channel block diagram.

differential amplifier output is fed to the discriminator. The discriminator output is sent to the
LVDS driver that provides the chip output signal.

A baseline restoration circuit, realized as a nonlinear feedback loop around the second dif-
ferential amplifier, limits baseline fluctuations [7].

4 Current-mode Amplifier

The CARIOCA amplifier input stage is a cascode structure with a large input transistor, fol-
lowed by a voltage to current converter and a current mirror. The input transistor (N1) is a
n-channel with a length of 0.7µm and width 1600µm, giving to an input capacitance of 6 pF.
This transistor operates in moderate inversion and has 42 mA/V transconductance (gm) at a
drain current of about 3.2 mA. The folded transistor (N2) is chosen to have an open loop gain
of about 30. The compensation capacitor (Cfeed) of 406 fF is used to split the first two poles of
the circuit and improve the stability. The designs of positive and negative polarity amplifiers,
shown in Figure 2, are very similar and they have the same working principle. The main differ-
ence is the output stage current mirror (N5/N6). Since we want to have both amplifiers with
the same output polarity, the current of the negative input polarity amplifier is inverted by an
additional current mirror (N7/N8).

Current sources are realised with high impedance cascode transistors. A global bias circuit
provides the required bias voltages for the circuit, setting the correct DC voltage level.

Figure 3 shows the simulated output voltage waveforms on the node between the amplifier
and the shaper. The positive amplifier has a gain of 3.0 mV/fC while the negative one has a gain
of 2.7 mV/fC at an input capacitance of 60 pF. Considering the MWPC pad capacitance range
(50 pF to 250 pF) the sensitivity decays from 3.2 mV/fC (2.8 mV/fC) to 2.1 mV/fC (1.6 mV/fC)
and the peaking time increases from 7 ns (7 ns) to 14 ns (15 ns) for the positive (negative) input
polarity amplifier.

The CARIOCA amplifier has a bandwidth of 22 MHz and 15 MHz for the positive and
negative polarity amplifiers, respectively. Both amplifiers show a small signal gain around
30 dB. The input impedance is smaller than 50Ω for both amplifiers as shown in Figure 4.
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Figure 2: Simplified schematic of the CARIOCA amplifier for positive (a) and negative (b)
input polarity.
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Figure 3: Normalized output voltage of the positive (full line) and negative (dashed line) input
polarity amplifiers for a delta input charge of 60 fC at 60 pF input capacitance.
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Figure 4: Input impedance of the positive (full line) negative (dashed line) input polarity ampli-
fiers.

4.1 Open Loop Analysis

One important issue of this circuit is to investigate the stability of the amplifier with its feedback.
The stability study is done by breaking the circuit feedback and analysing the dependence of
the poles and phase margin on circuit parameters.

CARIOCA is a transimpedance amplifier and for small signal analysis it can be modeled as
a three pole system. The dominant pole is located on the input node. Due to Miller effect, the
shunt resistance at this node (Rin) is dominated by the transconductance ofN5 (gm5) and can
be written as:

Rin =
1

A ∗ gm5
, (1)

whereA is the amplifier open loop gain. The shunt capacitance on the input node (Cin) is
determined by the detector capacitance in parallel with the compensation capacitor (Cfeed), as
seen at the input (Miller effect) and the gate capacitance ofN1, which is negligible. This shunt
capacitance can is given by

Cin = Cdet + Cfeed(1 + gm1 ∗ Rl2) , (2)

whereRl2 is the resistance load of the first stage, and it is dominated by the Miller effect, even
when the detector capacitance (Cdet) varies from 50 pF up to 220 pF, which makes the amplifier
less sensitive toCdet spread.

The dominant pole is located at about 10 Hz and 0.1 Hz for the negative and the positive
version, respectively. The non dominant pole is on nodeN2, where the shunt resistance is
equal to the resistive load of the first stage (Rl2). The shunt capacitance on this node is the
compensation capacitance in parallel to the gate capacitance ofN3. The corresponding pole
frequency is at about 10 MHz for both polarities. The third pole is situated at nodeN3. This
pole is rejected to a high frequency of about few GHz because it has small shunt resistance and
capacitance.

In order to calculate the open loop gain and to study the phase margin, we use the Cadence
schematic. The schematic does not take into account wire capacitances present in the circuit
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Figure 5: Positive (full line) and negative (dashed line) input polarity amplifiers open loop
response gain (a) and phase (b) Bode plots.

layout, which can be neglected compared to the transistor capacitance. Figure 5 shows the Bode
diagram for the positive and and negative input polarity amplifiers. Both amplifiers version have
a good phase margin that decayes from 79◦ (72◦) to 59◦ (50◦) for the negative (positive) input
polarity version, for a detector capacitance from 50 pF to 220 pF.

5 Shaper

The CARIOCA shaper is a one stage pole/zero filter with 2 poles and 2 zeros. The input stage is
a current-to-voltage converter shown in Figure 6. The output current from the amplifiers (Iamp

andIdummy) are converted into voltage (VinA and VinB) by a 5 kΩ resistor and these voltages
are sent to the shaper inputs. A simplified schematic of the shaper circuit is shown in Figure 7.
It consists of a differential amplifier in a folded cascode configuration with common-mode
feedback. The DC output voltage is set by the common-mode voltage (VCM ) via 5 kΩ resistors.
The common-mode voltage is chosen to be 1.27 V to explore the maximum dynamic range of
the signals.

The tail cancellation is performed by a double pole-zero compensation network [8, 9] com-
posed byR1, R2, R3, C1 andC2. The pole/zero network transfer function is given by:

H(s) =
s + 1/τ1

s + 1/τ2

· s + 1/τ3

s + 1/τ4

(3)

whereτ1=9 ns,τ2=2.6 ns,τ3=80 ns andτ4=40 ns.
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input transistorsN3 andN4, respectively.
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Figure 8: Normalised positive (full line) and negative (dashed line) amplifier and shaper differ-
ential output voltage, for a delta input charge of 60 fC and 60 pF input capacitance.

Figure 8 shows the shaper output for positive and negative input polarity amplifiers with
delta input charge of 60 fC. The shaper gain is about 4.0 mV/fC and 3.6 mV/fC for the positive
and negative polarity amplifiers, respectively.

The shaper circuit is designed with a speed such that the amplifier peaking time is not sig-
nificantly degraded. The contribution to the peaking time is about 1 ns. Therefore the dominant
high frequency pole is located at about 140 MHz. The shaper voltage gain peaks at about -37 dB
in the range of 6 to 23 MHz.

6 Differential Amplifier

The differential amplifier follows the basic design shown in Figure 9 [10]. It serves as gain and
shaping amplifier. The gain is set by the load impedanceZ and the source impedanceY . The
source impedance is a combination of resistors and capacitances, making a pole/zero structure
to cancel the time constant of the amplifier output. Since the positive and negative input polarity
amplifiers have a different tail, two different pole/zero structures are chosen, i. e., the value of
Y differs from positive to negative input polarity version.

The DC output voltage of the differential amplifier is established by common mode feed-
back. The output nodes are connected to the gates ofN5/N6 andN9/N10, that operate in their
linear region as resistors, with 100 mV acrossN5/N6 and 62 mV acrossN9/N10. Common
mode gain is achieved by modulating the field effect transistor (FET) resistances via common
mode output voltage. Common mode feedback drives the common mode output voltage to the
reference voltageV cm. This reference voltage is common to the differential amplifier and the
baseline restoration circuit and is set to 1.5 V. The bias current (Ibias) is set by a bias network.
The drain currents of the input pairN1/N2 is set by the mirrorsN14 andN17 and it is a factor
four higher than the bias current.

The differential amplifier transfer function can be written as:

H(s) =
s + 1/τ1

s + 1/τ2
, (4)
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Figure 10: Positive (full line) and negative (dashed line) polarity amplifiers, shaper and differ-
ential amplifier normalised output voltage, considering a delta input charge of 60 fC and 60 pF
input capacitance.

whereτ1=6.3 ns (10 ns) andτ2=3.2 ns (3.9 ns) for the positive (negative) input polarity ampli-
fiers.

Figure 10 shows the differential amplifier output at 60 pF input capacitance for positive and
negative input polarity with a delta input charge 60 fC. The differential amplifier shows a linear
voltage gain of 1.6 (6.3 mV/fC) and 2.0 (7.4 mV/fC) for the positive and negative input polarity,
respectively, over the expected signal range.

The equivalent frequency spectrum of differential amplifier shows a gain of approximately
-32 dB (-28 dB) for the positive (negative) input polarity amplifier, in the range of 6 to 24 MHz
with a -3 dB bandwidth of about 145 MHz.

7 Baseline Restoration Circuit

An active baseline restoration (BLR) is implemented in the CARIOCA chip. This circuit, shown
in Figure 11, consists of three amplifiers with the same structure of the one in Figure 9. The
only difference is that the bias current mirror has a gain 1, which makes the input pair drain
current equal to the bias current. The standing current in the first and third amplifiers (BLR1
andBLR3) is set by a polysilicon resistorR referred to the power supply, and not byIbias. This
current it is not fixed on the second amplifier (BLR2) because it has influence on the circuit
time constant, as described below.

The BLR1 stage samples the differential amplifier output voltage and feeds the BLR2 stage
with the currentI1 = gm1Vout. The BLR2 stage integrates the current giving the output voltage
V2 = 1/sCI1. The BLR3 stage produces the output currentI3 = gm3V2 which results in the
voltage∆V = RI3 whereR is the resistor on the shaper output. Using all these relations and
assuming the gainA of the differential amplifier, the voltagesVin andVout are related by

Vout = Vin − ∆V → Vout =
A

1 + 1
sτ

Vin τ =
C

ARgm1gm3
(5)
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Figure 12: Baseline restoration open loop response - gain (a) and phase (b) Bode plots- for
positive (full line) and negative (dashed line) input polarity amplifiers.

This transfer function is equal to a simpleRC differentiating element and if all the stages
would be linear in the entire signal range the BLR would just differentiate the signal resulting
in a bipolar signal shape. The essential feature of the BLR is that the first stage is nonlinear i.e.
the signal is clipped at a design value of 50 mV. Therefore only small signals enter the feedback
which provides the desired baseline restoration.

7.1 Open Loop Analysis

The Base Line Restoration block is introducing a feedback loop in the circuit. As for the
amplifier, one should verify if the BLR loop is not introducing any instability in the channel.
We first locate the poles position, then the phase margin, obtained by plotting the Bode Diagram
of the open loop gain, gives us a clear idea of the system stability. The BLR loop consists of
3 blocks, as shown in Figure 11. All three blocks use the same structure with almost the same
transistors size and same bias. For each node the shunt resistance is thus in the same range of
magnitude. The shunt capacitances seen at each node will determine the pole positions.

Due to Miller effect, the shunt capacitance on noden3A and n3B is dominated by the
feedback capacitance of the BLR2. The pole corresponding these nodes is shifted to low fre-
quency and becomes the dominant pole. The corresponding frequency is around 2 Hz. The non
dominant pole is on noden4A andn4B at about 500 KHz.

The other poles, corresponding to nodesn1A, n1B, n2A andn2B have almost the same
frequency which is about few MHz. For the negative version, the phase margin is 81◦ while for
the positive version, the phase margin is 84◦, as shown in Figure 12.
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Figure 13: Discriminator circuit schematic.

8 Discriminator

The discriminator, whose design is based on an existing circuit [10], is a high-gain differential
amplifier with symmetric current-mirror loads. Figure 13 shows the schematic. The threshold
voltage is set in a differential way on the nodesV refA andV refB and these voltages unbal-
ance the current through the main differential pair. The amount of hysteresis is programmable
by means of a current source (I3), which shifts the effective discriminator threshold. The bias
currents I1, I2 and I3 are supplied from an external input through current mirrors.

Figure 14 shows the discriminator output voltage for the positive and the negative input
polarity circuits with 60 fC input charge and 60 pF input capacitance, considering a threshold of
10 fC. The discriminator gain peaks at -84 dB in the range from 7 to 13 MHz.

9 LVDS Driver Properties

The LVDS driver provides an LVDS-like low-level logic output, with nominal swing of 160 mV
centred at 1.2 V with 100Ω termination resistor, corresponding to the reduced range link de-
scribed in [11]. This cell consists of a single to differential converter, a main LVDS driver stage
and a bias network, shown in Figure 15.

10 Input Test Pulse

Each channel is provided with an internal pulse injector. For the negative version, the pulse
injector consists of a single inverter stage as input followed by a 50 fF serial capacitor. While
for the positive version, two inverters in serie are followed by a 50 fF serial capacitance, as
shown in Figure 16.

A voltage step from 0 to 2.5 Volts, called INPUTTEST, fires the inverter stage. The output
swing magnitude of the inverter stage is controled by the DC voltage TESTLEVEL. The input
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Figure 14: Positive (full line) and negative (dashed line) polarity amplifiers, shaper, differential
amplifier and discriminator output voltage for a delta input of 60 fC, 60 pF input capacitance
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(a) (b)

Figure 16: Input test pulse block diagram.

charge is given by:
Qin = Cinj ∗ VTEST LEV EL . (6)

The pulse injector can inject a charge from 50 fC to 125 fC. This minimum charge is defined by
the DC voltage TESTLEVEL, that cannot be smaller than 1 V, otherwise the inverter does not
work properly.

11 Input/Output Pad Protection

The analog I/O pads use a dedicated electrostatic discharge (esd) protection circuit (Figure 17)
to protect against discharges due to handling of the chip. To protect the CARIOCA chip from
high voltage discharges in the chamber, and external protection circuit is required.
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