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This paper presents the design and characteristics of a front-end readout system for silicon sensors used in nu-
clear spectroscopy studies. Furthermore, the study proposes circuit topologies that combine gain-boosting and
class-AB techniques featuring a good performance regarding gain, accuracy, speed, linearity, and power con-
sumption, meeting the stringent requirements of deep submicrometer CMOS technologies. The readout channel
comprises a charge-sensitive amplifier with a tunable discharge time, pole-zero cancellation circuit, and first-
order unipolar shaper with a peaking time of 90 ns. The building blocks are made up of single-stage op-amps,
thus not requiring compensation. Furthermore, the circuit is optimized for a detector capacitance of 5 pF, and the
noise performance is discussed. Experimental results in a 180 nm CMOS process and a supply voltage of +£0.9 V
validate the designed front-end channel. The total area of the chip obtained was 0.028 mm?. The conversion gain
was 3.1 mV/fC, and the system maintained linearity up to an input charge range of 150 fC with a maximum
output swing of 460 mV and recovered to the baseline within 400 ns. The compact design and the power con-
sumption of only 1.97 mW provided a feasible solution for current radiation detectors coupled to many highly
dense electronic channels.

channels and wide range of potential requirements, front-end elec-
tronics, which receive and process signals directly from sensors, are

1. Introduction

Modern radiation detectors are complex mixed-signal systems built
from several circuits that perform specific functions, in which the crucial
performance is set by the analog circuitry that receives the signal from
the sensor [1]. The impinging radiation energy is converted into elec-
tricity by a sensor, with the electric signal being initially processed by
analog front-end electronics and subsequently by digital circuitry. These
types of detectors produce electrical charges and are essential devices in
many research areas, such as particle physics, nuclear, astrophysics,
space, and medical imaging, thus providing wide application prospects
[2-8].

Modern technologies that allow for the development of high-
performance systems, high segmentation and large-scale use of mod-
ern detector arrays, and experimental complexities demand more
compact, high-channel-density systems coupled directly to the detector
and low-power electronics wherever possible. Owing to the many

often fabricated as custom integrated circuits using modern very-large-
scale integration (VLSI) technologies. Consequently, in the last decade,
microelectronic design in CMOS technologies has marked a trend in the
development of readout front-end electronics (FEE), with widespread
implementation in hybrid multichannel architectures where analog and
digital circuits share the same chip [9-11]. FEE are the electronics
located near the detector that manage the analog conditioning of the
signals in terms of charge-to-voltage conversion, amplification, pulse-
shaping, and analog-to-digital conversion.

The specific requirements of CMOS technology used for analog front-
end signal processing distinguish it from those used for digital signal
processing [12]. The analog part requires robust technology with low
electronic noise and a high dynamic range, typically requiring high
power supply voltages. In addition, the existence of many independent
channels requires a sensitive area to be segmented to allow highly
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parallelized processing of the resulting signals. This, in turn, demands
design simplicity, high speeds, and limited power consumption. Class AB
amplifiers maintain low static power dissipation with large output cur-
rent levels and should be included in building blocks [13-15].

This study focuses on front-end electronics for sensors that detect
individual charged particles and approaches circuit solutions to imple-
ment the most critical analog building blocks of such systems. The
remainder of this paper is organized as follows: Section 2 presents an
overview of a conventional readout front-end system. Section 3 presents
the proposed topologies of the preamplifier and shaping circuit using
gain-boosting and class AB techniques. Section 4 discusses the simula-
tions and experimental results. Finally, the conclusions are presented in
Section 5.

2. Readout front-end analog processing channel overview

The operation of radiation detectors is based on converting the en-
ergy lost by incident particles into electrical signals, which are then
processed by appropriate electronics. The first element of a readout
system is often an integrated circuit designed to serve a specific purpose
(application-specific integrated circuit, ASIC). The design of the ASIC
reflects the requirements for processing signals in parallel in an identical
manner, that is, to perform amplification, filtering, analog-to-digital
conversion, and high-speed data transmission, which enables the inte-
gration of complex analog and digital circuits on the same silicon sub-
strate [16]. The general architecture of a front-end system is shown in
Fig. 1(a). At the input of each channel, there is an amplifier followed by a
filter designed to maximise the signal-to-noise ratio. The signal can be
further processed before being digitised and stored in memory until
reading. The complexity of some system blocks is application-specific;
thus, they can sometimes take simple forms or be omitted entirely. As-
pects such as the physics of the process under study, the characteristics
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of the sensor, or additional constraints such as the power consumption,
required number of channels, or space available to fit the system into the
condition of the choice of the parameters of the front-end electronics.

Front-end electronics (FEE) are typically produced by cascading
several stages. A preamplifier-shaped structure is commonly adopted in
the design of the above systems, in which several key parameters are
defined by the input amplifier and filter [17]. The conventional block
diagram of the detection system is shown in Fig. 1(b).

Regarding signal formation in the detector, a charged particle
crossing the sensor interacts with its atoms, creating hole-electron pairs
in the semiconductor. The detector is an inversely biased pn junction
built with two electrodes. It is connected to a high-voltage supply, which
is filtered to reduce noise and is tied to the input of a preamplifier, which
is obtained by connecting a suitable network in the feedback path of a
high-gain voltage amplifier. This justifies the representation of the de-
tector as a current source I3 with a capacitor in parallel, indicated as Cgq.
The electronic charges from the sensor must be transformed, sorted,
analysed, and stored. The total charge contained in the signal is linked to
the energy released in the sensor by the impinging quantum radiation.
Thus, the basic information of interest is associated with signal
amplitude.

The first stage, which is connected directly to the sensor, is the
preamplifier, whose core is a voltage amplifier that works as an inte-
grator. In nuclear and particle physics, the obtained detector signals are
typically significantly fast pulse signals that are transformed into voltage
signals using a preamplifier, whose role is to amplify and preserve the
shape of the signal with high fidelity. This requires circuits with
significantly large gain and bandwidth and, thus, high power con-
sumption. However, the integration of CMOS technologies implies that
each channel must be compact, have a low power budget and low noise,
be linear, and adapt to the experiment. A feedback capacitor transforms
the charges or equivalent electrical current into voltage. A feedback
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Fig. 1. (a) General block diagram for a front-end ASIC. (b) Conventional preamplifier-shaping filter readout front-end system.
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switch cuts off the signal and must be used to prevent accidental pile up
when new charges arrive. Thus, the generated charge Qv in the detector
is integrated into a small feedback capacitance, which gives rise to a
step-voltage signal at the output of the preamplifier with an amplitude
equal to Qn/Cr. The architecture used for the preamplifier is also known
as a charge-sensitive amplifier (CSA). It is preferred owing to the
insensitivity of the gain to the detector capacitance if the open-loop gain
A of the core of the preamplifier is sufficiently high:
1 A

HS)= ————"— — &~ ———
) s (A+1)Cr +Cay sCr

ifA>>1 (€]
where Cj, includes all the capacitances appearing at the input of the
preamplifier, i.e., detector, stray capacitances owing to the connection,
and the own operational amplifier. Thus, because the feedback capacitor
Cris a well-controlled component, the previous relationship agrees that
the input charge is accurately converted into a voltage pulse. This
conversion gain of the CSA is also called the charge gain and is expressed
as (Vour / Qiv) = 1/Cr (V/pico coulomb). In practice, Cr is selected based
on the required conversion gain. Nevertheless, sensitivity is another
parameter that is used to express the output of the energy deposited in
the detector in mV/MeV. The amount of charge generated is given by Qq
= Ee(e” / &), where E denotes the deposited energy (MeV), e~ denotes the
electron charge (1.6 x 1071°C), and ¢ denotes the energy required to
produce a pair of charge carriers in the detector in electron volt. If it is
assumed that all of this charge is delivered to the preamplifier, and by
using the previous expression for Qq, the output voltage is given by v, =
(Ee1.60101%10°) / (eoCp), where ¢ = 3.62 eV for a silicon detector at
300 K and 10° converts the MeV to eV. Therefore, the sensitivity is
denoted as v, /E assuming that all charges produced in the detector
contribute to the output pulse.

However, the core amplifier has frequency-dependent voltage gain,
which in the simplest form with one pole can be written as:

Vour (5) A, A
Vin(s) v 1+s/wo

(2)

where wp is the dominant pole of the amplifier. The gain-bandwidth
product of the amplifier is GBW = A wo.
Considering the currents in the input node,

i0(5) = Vin(5)-SCin + (Vin5) — Vou(s) ) (Rl + st) 3)
yields,

Vour(S) _ A

in(s) @

1+A 1 (Cin+Cr)R
RLF +s |:RFCF + m:| + SZW

Since A > 1 and assuming that the requirement (A + 1)Cr > Cq is
fulfilled, (4) can be rewritten as,

Vout (S ) ~ RF
iD (S)

(5)

14s {Rpcp " ﬁ] | 2R

The above transfer function has two poles w; and wz, which are
usually real and widely separated (w; < @wz). As the denominator of this
function can be written as D(s) ~ 1+ (s/w;) + (s>/ ®1w2), the dominant
pole of CSA is w; = 1/(R¢CF + GBW 1) ~ 1/(RpCp) because the feedback
time constant RpeCp is much higher than 1/GBW. The second high-
frequency pole is given by w; ~ (GBWeCp)/(Ci, + Cpg). There are two
time constants related to the above poles feedback time constant 7y = 1/
w7 and 75 = 1/w,, and the transfer function of the CSA can be rewritten
as,

Vour(S) Rr _ 1 = T T2 ®)
Crtp—13\1+st7 14512

ip(s) (1 +szp)-(1+s75)
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For an input current pulse ip(t) = Q;,#5(t) from the detector, the CSA
output is [12,18]:

. —t —t
Vour(t) & — %: 7;7’”12 [e; - eﬁ} ™)

The time constant 75 is responsible for the slow signal decay and 7,
determines the rise time at the CSA output. For very high feedback
resistance Rr — oo, the time constant Tz — oo, and (7) becomes v, (1) ~
—(Qin/Cr)(1 — e 72). For a very fast core amplifier GBW — o, the time
constant 7, — 0 and finite 75, the equation simplifies to vou(t) ~ —(Qin/
CF)(e—t/rF)'

Another parameter of the CSA to take into account is the input
impedance. For low frequencies it is given by:

~ 1 RF
Zn(s) ~ =4 (1 +sCFRF> ®)

For high values of R, the input impedance is capacitive, given by: Ci,
~ AeCr. However, for high values of Rrand high frequencies, is given by:

s 1 1

~GBW sC;  CrGBW ©

Zin(s)

Thus, the time constant at the input of CSA, 7;, = Rj,eCiy is 7in = Cin
/(Cr ¢GBW). Therefore, the amplifier’s bandwidth must be large enough
to quickly transfer the charge generated by the detector to the CSA
amplifier.

The subsequent stages of the FEE are band-limited and determine the
frequency spectrum of the output pulse and its shape, thereby forming a
pulse shaper. The time response of the system is tailored to optimise the
measurement of either the signal magnitude or the time and rate of
signal detection. The output of the signal chain is a pulse whose area is
proportional to the original signal charge, that is, the energy deposited
in the detector. The pulse shaper transforms a narrow detector current
pulse into a broader pulse (to reduce electronic noise) with a gradually
rounded maximum at the peaking time (the time taken by the shaper to
reach the peak value) to facilitate the amplitude measurement by an
analog-to-digital converter. The signal is digital and can be stored and
processed.

Literature proves an optimum signal-to-noise ratio can be obtained
using a Gaussian-shaped step response. Filters with complex poles
designed following the synthesis method reported in [19] achieve a
nearly true Gaussian pulse shape. Filter topologies such as multiple
feedback topology, Sallen-Key or Bridged-T feedback can be used
[18,20]. Nevertheless, the most commonly used pulse shapers in readout
systems are semi-Gaussian pulse-shaping filters. A well-known tech-
nique uses the CR-RC" filter to approximate delayed Gaussian wave-
forms. This type of shaper uses a differentiator followed by n cascaded
integrators. The pulse duration is set by a high-pass (HP) filter and a low-
pass (LP) filter located posteriorly, increasing the pulse rise time to limit
the noise bandwidth. However, a physical system cannot be imple-
mented by using an ideal Gaussian shaper since an infinitely large
number of RC integrators is necessary. Increasing the order of the filter
makes the pulse more symmetrical and return to the baseline faster,
reducing the probability of pulses pile-up in high-rate experiments. A
higher filter order requires more power and occupies more silicon area.
For that reason, multichannel readout ASICs also use simple CR-RC
shapers to save power consumption and die size [21].

3. Readout circuit design
Fig. 2 shows the readout channel designed in this work, which is

formed by the preamplifier-shaper structure commonly adopted in the
design of the above systems.
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Fig. 2. Proposed front-end channel. (a) Building blocks. (b) Schematic of the circuit at transistor level.

3.1. Preamplifier

The CSA implementation is based on a folded-cascode structure
composed of transistors Mj, Ms, My and Ms. This topology provides a
high gain together with a relatively large bandwidth [22,23]. While the
input transistor of the folded-cascode is an nMOS, the cascode (or
common-gate) transistor is a pMOS, which allows the DC levels of the
input and output signals to be equal. In such a configuration, the pa-
rameters determining the open-loop gain are the ratio of the currents in
the left and right branches of the folded-cascode, the dimensions of the
input and load transistors, and the amount of current I4; flowing through
the input transistor.

Regarding the reset mechanism of the CSA, the integrated element
continuously discharges the feedback capacitance, provides a DC path

for the leakage current of the detector, and defines the DC operating
point of the amplifier. Although a simple resistor may seem to be a
feasible reset device, its integration into a small silicon area is not
possible. To avoid the use of a high-value resistance, a CSA reset circuit
was implemented using a pMOS transistor (Mp) biased in the triode
region.

The buffering of the output of the CSA, which is performed using
transistors Mjp and Mj;, provides the driving capability and the DC
operating point of transistor M; through the feedback resistance Rr (MFp).
To couple the preamplifier with the shaper, a DC-level shifter was pro-
vided by the transistors M, and Mjs. Biasing currents Iz; and Iy are
provided by transistors M2 and Ms, which are implemented using a
current source architecture.

For stability, a feedback capacitor (Cp) is placed between the CSA
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input node and the gate of the source follower transistor configuration
stage. The input node, which is connected to both Cr and transistor Mg,
discharges capacitance Cy.

The one-stage folded-cascode topology uses cascode transistors Ms
and My to increase the output resistance (and gain), thereby achieving
an accurate charge-to-voltage conversion for the preamplifier. The use
of cascode transistors limit the output swing to Vpp—(|Vopzs|+|Vops|+
Vob4 + Vopsp), where Vop; = Vgsi — Vi denotes the overdrive voltage of
M;. Nevertheless, the output voltage of the CSA usually swings tens of
millivolts, and it does preclude the use of cascode transistors.

The small-signal voltage gain is given by: A, = G,eryy, being G, ~
&mi1, due to the output short-circuit current being approximately equal to
the drain current of Mj since the impedance seen looking into the source
of Ms, that is, (gm3 + gmb3) | |Tos, is typically lower than r,; || rog. The
output resistance r,y is given by:

Tout = {[1 + (gm3 +gmb3)r03](r01 Hrozb) + roS}H{[l + (gm4 +gmb4)ro4]ro5b

+ ro4}
10
Thus, the small-signal voltage gain is approximately:
AV = Gmrout ~ gml{ [gm3r03 (rol Hrozb) } H {gm4ro4r05b] } (11)

The transconductance of the input transistor is maximized by using a
wide nMOS and ensuring that the bias current of the input transistor is
substantially larger than the bias current of the cascode transistors. The
unity-gain frequency is given by g,1/Cr, where Cy, is the load capacitance
in the output node. The second pole is mainly associated to the folding
point, i.e., the time constant introduced by the impedance and parasitic
capacitances at the source of M3. This impedance is approximately 1/
(gms + gmpb3), and the total capacitance at this node arises from Cgss,
Csg3, Cpai1, Copi, Copzp and Cppgp. The relatively low transconductance
of M3, and the high contribution of My, to the total parasitic capacitance
given that it must be wide enough to carry the drain currents of both
branches of the op-amp, suggests that a carefully design must be made
taking into account the other key parameters of the CSA.

Gain-boosting technique: The limited gain of one-stage op-amps,
accentuated by modern CMOS technologies where transistors have
degraded analog properties, and the difficulties in using two-stage op-
amps at high speeds have forced the proposal of new topologies. Thus,
the presented design also uses a gain-boosting approach based on the
regulated cascode technique [24,25] to further increase the output
resistance without stacking more cascode transistors, which would
reduce the output swing, and thus, the charge range in which the front-
end is capable of linear processing. It is a negative local feedback loop
formed by a gain stage (Agp) around cascode transistors M3 and My,
which maintains a constant voltage at the sources of these transistors as
shown in Fig. 2(a). These local gain stages drive the gate of M3 and My,
forcing the voltages V3 and Vy to be equal to Vy and V), respectively.
Thus, the use of this local feedback keeps stable the drain-source voltage
across My, and Msp, in Fig. 2(b) against voltage variations at the drains of
M3 and My, yielding higher output resistance by a factor (1 + Agp).

The implementation of the local feedback amplifier is crucial to
provide the desired enhanced output resistance without limiting the
output swing, and with minimum additional waste of current. In this
work, we have used a compact solution based on a common-source stage
driven by transistor Mg, (and its counterpart Mg,). The use of transistors
Mg, and Mo, opposite in type from their cascode transistors does not
decrease the output swing of the folded-cascode op-amp. The feedback
loop also includes a flipped voltage follower (FVF) [26,27] formed by
transistors Mgp, M7 and Ig3. The connection between transistors Mg, and
My provides a very low impedance node at the common source of Mg,
and Mg that sets the dc voltage at the drain of M5, to a value equal to the
voltage Vy. The voltage at the sources of Mg, and Mg, can be considered
constant due to the aforementioned very low resistance in this node that
is given approximately by:
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1 To1B3
T (1 +m> lIror a2

reyp R ——F————————
8&m7 (ro6b Hgm6br06bro7)

As the source I3 is a simple current mirror (ry, 183 = 'o6b), T'ryr tends to
2/(8m6b®&m79To6b)-

As the local feedback amplifier has a common source topology, its
small-signal voltage gain can be approximated to Agp2 ~ &n6a®To6a (AGB1
A moa®To9q)- Therefore, the output resistance given in (10) is modified as
follows:

Tour = { [1 + (&ms + &mv3)To3(1 + Agp1) | (Tor [Fozn) + T3 } |

{[1 + (gm4 + Gnba)Toa(1 + Agp)]Fosb + Toa } 13)

and the final voltage gain of the folded-cascode op-amp with gain-
boosting shown in Fig. 2(b) is given by:

Ay = Gulour ~ gm1 [gmsrosAGm (Torll72s) } I [gm4ru4Achrsb} a4

To maintain Mg, and My, at saturation, the sizes of Mgq, M4, Mg, and
M3, and bias current I3 were carefully adjusted. To maximise gni: gm =
v/241,Cox(W/L)I11, the bias current of My is substantially larger than the
bias current of the cascode transistors, also resulting in a higher r, for all
transistors connected to the output branch of the folded-cascode op-
amp: r, a 1/(Aely), where 1 denotes the channel-length modulation
coefficient.

Regarding the stability of each regulated cascode structure formed
by Mgq, Mgy, and My (and that formed by Mg, Mgg, Mgp), each contains
two independent negative feedback loops. The first structure consists of
Mgp and M7, with two poles: the dominant pole is located at the drain of
Mgy, (high-impedance node) and is given by:

1 1

R o S S P— ey (15)
Y R,Cy (roJES Hgmabroebrw) Gy

and the high-frequency pole is located at the source of Mg, and is
given by:

1 .1 16)

R.Cx <1+rn.153/roeh HT 7) C
o X

8m6b

where Cy and Cy are the total capacitance at the aforementioned nodes.
As the gain bandwidth product is given by gu7/C), the stability is
ensured if the condition wy > 2(gn7/C,) is met, which leads to C,/Cy <
(8mep/49gm7) for the above mentioned condition r, g3 ~ roep. A detailed
stability analysis reported in [26] shows that if the parasitic capacitance
at the source of Mgy, is low, the condition to ensure stability is easily
achieved by adequately sizing transistors Mg, and My.

The second feedback loop inside the regulated cascode structure,
formed by M4 and Mg, also contains two poles: the high-impedance node

Table 1
Transistor dimensions and bias condition of the preamplifier.

Transistor W/L (um/pm) Bias condition

M; 125/0.36

Moa, Moy, 120/0.36

M; 130/0.36

M, 100/0.36 Voo 0.9V
Ms,, Msp, 15/0.36 —Vbp -09V
Mea, Meb 0.25/0.7 Ip; 1 mA
M; 0.5/0.36 Ip2 250 A
Mg 0.25/0.7 Iss 5pA
Moa,, Moy, 0.25/0.25 vy —600 mV
Mig 5/0.36 Vi 550 mV
M1, 0.72/0.36 Cr 650 fF
Mo 1.2/0.36

M3 9/0.18

Mg 0.22/6
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at the gate of My sets the dominant pole, and the very low-impedance
node at the source of My is responsible for the non-dominant pole.
Therefore, the bandwidth is not significantly reduced since the gate-
source capacitance associated with the cascode transistor My domi-
nates the Miller capacitance in the gain stage Mg,. Selecting the proper
dimensions for M4 and Mg, ensured stability. The same analysis was
performed on samples M3, Mg, Mg, Mop.

The transistor dimensions and biasing conditions of the preamplifier
are listed in Table 1. The drain current of the input transistor is 750 pA,
the bias current of the cascode output transistors is 250 pA, and each
gain-boosting block consumes 10 pA. Thus, the CSA consumes 1.87 mW,
including the buffer and level shifter.

3.2. Semi-Gaussian unipolar shaper with a PZC circuit

The next stage of the readout front-end system is the shaper circuit as
shown in Fig. 2(a). Because shapers (filters) are typically active struc-
tures, a first-order CR-RC scheme was used to minimise the power
overhead of the active filter and comply with the requirements of a low
power budget and small die size for each readout channel. The CR-RC
shaper provided a unipolar semi-Gaussian output pulse as discussed in
section 2. Thus, the pulse shaper is basically a band-pass filter whose
first section is formed by the differentiator C,-R,, which sets the duration
of the pulse by introducing a decay time constant. The low-pass filter,
which is the next circuit section, acts as an amplifier and integrator in a
non-inverting configuration. It uses resistive and capacitive feedback
(Rfsh and Crp), increases the rise time, and limits the noise bandwidth.
The ratio Rygn/Rz gives the DC gain, and the common-mode voltage is
zero. When the CSA output pulse with its long tail is fed into the CR-RC
filter, the response at the shaper output is:

Qn 1 s 1

- Cr s+ ﬁ s+ ﬁ SCf,shRf,sh +1

Vourst (S) 17)

In the time domain the above pulse has a long negative undershoot,
whose amplitude and width depend on the time constant 7z = CreRp and
its relation to the filter time constants 7o and 7¢.s;. The undershoot causes
a negative baseline shift at the shaper output and the loss of the
amplitude resolution of the system. The undershoot can be eliminated
by applying a pole-zero cancellation (PZC) circuit included in the dif-
ferentiator itself to cancel the CSA pole. By adding an extra resistor Rp,

(Mg; in Fig. 2) in parallel to capacitor Cp the pulse at the shaper output is
given by

saturation
triode
saturation
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1
Qn 1 St &Ry 1
V, S) = (18)
outSH( ) CF s+ ﬁ s+ m SCf,ShRffsh + 1

Thus, if the relation Cr eRp(Mg) = CpeRp,(Mg1) is fulfilled, the above
equation can be rewritten as

Qin 1 1

= 19
Cr s+ 7C0(R1)12HR0) SCr_snRp-sn +1

VoutsH (S )

with the pole of the CSA being cancelled by the zero of the PZC
circuit, and an undershoot at the shaper output being avoided [28]. The
new time constant after the PZC is equal to Cpe(Rp;||Ro) and it is smaller
than 7p. Transistor Mg; is composed of two transistors in parallel that
have the same aspect ratio as transistor My (implemented by two tran-
sistors in series), and the gates of both transistors are tied to the DC
voltages V.7 and V.

Fig. 2(b) shows at transistor level the implementation of the active
device of the shaper. A current mirror topology has been proposed for
the operational amplifier with a class-AB output branch based on dy-
namic cascode biasing techniques using quasi-floating-gate transistors
(QFG) [29]. The amplifier does not require a compensation capacitor
owing to its one-stage topology.

A drawback of a simple current mirror amplifier is that it suffers from
low open-loop voltage gain, approximately (gner,)/2, where gner, de-
notes the intrinsic transistor gain. In modern deep-submicrometer CMOS
technologies, the intrinsic gain is degraded to low values, resulting in
poor accuracy because the latter parameter depends on the open-loop
gain. The use of cascode transistors in the output helps to increase the
output resistance and, thus, the open-loop voltage gain to approximately
(gm’ro)z/ 2,

Ay = Gul'ow = gml4{ [gmlsrolsrolé} H [gm17ral7rol8}} (20)

i.e., practically the same expression in (11) as that for the folded-
cascode op-amp without the regulated cascode technique.

On the other hand, the need for a fast signal response with a low
quiescent current cannot be satisfied by class-A topologies because the
bias current provides the maximum output current. The class-AB
approach overcomes this restriction, achieving a good slew-rate-
quiescent current tradeoff because the output currents reach
maximum values that are several orders of magnitude higher than the
bias current. Nevertheless, if the circuit uses cascode transistors in the
output branch, it makes the class-AB operation difficult and limits the
output swing, as explained below. Fig. 3 shows this problem and a detail
of the proposed circuit solution.

Class-AB operation: Current boosting is achieved in the output

©
?

lIB-sh/2 lout l

o
?

Class-A / Class-AB

N
o

IB—sh/ 2

DC Transfer curves Lo, (LA)
8

triode
o

saturation triode

MlSd
lIB-sh/2 Iout l

triode

QFG transistor|

Iout l

o2

Class-AB

Fig. 3. Comparative between class-A and class-AB approaches, and proposed class-AB output based on the dynamic cascode biasing using QFG transistors.
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Table 2
Transistor dimensions and bias conditions of the shaper.

Transistor W/L (pm/pm) Bias conditions

M 42, M14p 2/0.36

M54, M1sb, 1.1/0.25

Misc 2.5/0.25 Ipsh 20 uA
M;sq 5/0.25 Cp 1pF
Mi6a M16b, Mige 1/0.25 Co 2.4 pF
Miea 2/0.25 Ro 15 kQ
Mi7a 2.5/0.36 Cesn 300 fF
M7 0.36/0.36 Resn 150 kQ
Miga 5/0.36 R, 15 kQ
Misgp 0.72/0.36

Mg 0.22/6

MRiarge 50/0.18

branches using an adaptive load formed by nonlinear current mirrors
[30]. It operates as follows. The active load formed by transistor M is a
conventional current mirror, where all transistors operate in the satu-
ration region under quiescent conditions, sinking the low current given
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by Ipsw/2. However, Mig, and its counterpart Mg, (see Fig. 2b for
transistors named with subscripts a and c) are biased near the triode
region, with drain-source voltages Vpg close to Vpg 5. These Vpg values
were set based on M5, and M;sp aspect ratios because their gates were
tied to the ground, simplifying the design. With the input of the
amplifier slew, the current increased, and the gate-to-source voltages of
Mjs, and Mjsp also increased. This caused the transition of Mjg, and
Mjep from the saturation mode to the triode mode, featuring large gate

Table 3
Specifications of the ASIC.

Parameter Value

Fabrication process TSMC 180 nm CMOS

Die size 1.5 x 1.5 mm?
Active area 0.028 mm?
Package JLCC68

Power supply +09V

Power consumption 1.97 mW
Detector / Sensor 5 pF

e
PSS

(b)

Fig. 4. (a) Microscope caption of the chip. (b). Layout.
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Fig. 5. Open-loop gain of the preamplifier with and without using the gain-boosting technique.

Fig. 6. Photographs of the test setup. (a) Electronics laboratory. (b) Nuclear technology laboratory.

voltage changes. Output current mirror transistors Mis. and Mjeq
remained in the saturation region, delivering larger output currents
(quadratically) than the input currents provided by M;j¢, and Mjgp as
depicted in Fig. 3. Using the known expressions (neglecting second-
order effects) for the drain current in the triode and saturation regions
Ip = K(V(;s — VTH) o Vps and Ip = (K/Z)(VGS — VTH)z, respectively, the
nonlinearity of these current mirrors yields the desired output current
boosting (class-AB behaviour) using the following expression:

K.
Ipiea = -2 ( (1)

Ipep )
2 \Kiep ® Vsp16p

where Kiep, 164 = #eCox®(W/L) denotes the transconductance factor of
transistors My, and Misq, and Vgpiep is set
Vpp—m + |Vrup|. The analysis was similar for the other
branches of the current mirror amplifier.

This current boosting typically precludes the use of cascode

to Vspiep =
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transistors in the output branch because if a classical cascode scheme is
used, a large increase in the current causes an increase in the gate-source
voltages (M5, and M;sq), driving Mj¢. and Mjeq into the triode region,
as shown at the bottom left of Fig. 3. Consequently, the slew rate
enhancement factor was considerably reduced.

The solution is to adapt the gate voltage of cascode transistors Mys,
Mjisq, Mi7q and Mjzp, to their drain current. The quasi-floating gate
technique developed by Rigrge (MRiarge) and Cp was used to provide a
simple scheme without additional power consumption [31,32], as
shown on the right side of Fig. 3. Transistors Mgjarg Operate in the cutoff
region and exhibit large resistances. Therefore, all cascode transistors
have gates set to the ground under quiescent conditions as shown in
Fig. 2b (in Fig. 3 it has been denoted Vj;4s to highlight the operation of a
QFG transistor). However, for dynamic operation, when the gates of
triode transistors M, and M;¢p feature a large change, these variations
are also transferred to the gates of the cascode transistors by the ca-
pacitors Cp and the large time constant of the quasi-floating gate RC
networks (Cp®MRgiarge). This precludes the transistors Miec and M4 from
entering the triode region; thus, they can deliver current boosting. The
class-AB strategy was achieved without additional power consumption
and with simplicity in the design.

Table 2 shows transistor dimensions and biasing conditions. The
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power consumption of the shaping circuit is 0.1 mW. Thus, the total
power dissipation of the readout preamplifier-shaper channel is 1.97
mW.

4. Noise analysis

The design procedure for front-end electronic systems must consider
noise optimisation. The noise performance of a detector readout system
is generally expressed as the equivalent noise charge (ENC). The ENC
corresponds to the charge that must be delivered to the front-end to
achieve an output signal-to-noise ratio equal to unity. Although some
parameters such as the detector capacitor, peaking time, and order of the
shaping filter are related to the total noise, the main noise contributor is
the preamplifier, where the ENC must be as low as possible to avoid
degradation of the intrinsic detector energy resolution [33].

The total integrated rms noise at the output of the pulse shaper is
given by

Ve = / 1o (joo) 2 HGo) dlf @2)

where H(jw) is the transfer function of the shaper and v,(jw) is the noise
power spectrum at the preamplifier output. Considering the accepted
assumption that the total system noise arises solely from the input
transistor M; of the CSA if the input device has sufficient gain, the noise
contribution of M; is dominated by the thermal noise of the channel and
1/f noise from the interfaces, according to the simplified expression:

2
8 1 K 1
<3kBTgml * ng WL f) (23)

2
2
veq

Cin
Cr

Cr

v, (j) =

where v, is the total equivalent noise voltage of the input transistor, Cj,
is the total preamplifier input capacitance, kg denotes the Boltzmann
constant, T the temperature, and K; denotes an intrinsic process
parameter for 1/f noise. The other parameters have their conventional
meaning.

The transfer function of the semi-Gaussian pulse shaper consisting of
one RC differentiator and one integrator is given by:

- (558 )

1+ jwetasy ) \1 + joozy,

where 74 and 7, are the time constants of the differentiator and inte-
grator, respectively, and A is the dc gain of the integrator.

Substituting (23) and (24) in (22), and dividing to the signal
amplitude due to one electron charge, the formulas for noise taking into
consideration both thermal and flicker contributions are given by:

2 31
ENGC? = §kTi M(ﬂ (25)
Y37 gm  g*4ar,
2
NG = G (26)

F T C2 WL 2¢°

where B is the function beta [34] that is 1.57 for one integrator, and
T, is the peaking time of the shaper. For the mentioned value of B, (25)
reduces to the classical expression for ENCy: ENCﬁ, ~ (koToCﬁler)/
(2ogm10q2r[p).

The flicker noise is inversely proportional to the gate area of the
input transistor, strongly dependent on the technology process, and in-
dependent on the peaking time. For the relatively long-channel CMOS
process used in this study (180 nm), the contribution of 1/f noise can be
neglected, and the low peaking time (90 ns) also contributes to the
thermal noise being dominant. Moreover, the input transistor M; of the
gain-boosted folded-cascode topology is optimised for reducing the
thermal noise by using a significantly high transconductance of 9.6 mA/
V, and a non-minimum channel length. A careful design is required to
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Fig. 10. Measured response at the shaper output for an inaccurate pole-zero cancellation.

minimise the contribution to the input noise from the transistors oper-
ating in the current sources (M, and Msp) in Fig. 2(b), resulting in gp1 »
8&mabs &msb- Subsequently, the output branch is optimised to achieve the
required high gain.

Advanced models of noise consider possible excess noise that may
arise in submicron transistors owing to short channel effects [35], with
equations and parameters that can be strongly dependent on the tech-
nology since modern CMOS technologies are developed for digital
design. Other parameters such as, the inversion region (strong, moderate
or weak) of the input transistor of the CSA, the noise associated with the
detector leakage current, the detector bias resistance, and the effective

feedback resistance Ry in the CSA also contribute to the total noise.

5. Simulation and experimental results

The front-end channel has been designed, simulated, and fabricated
in a TSMC 180 nm CMOS test chip prototype with power supplies of
+0.9 V. The microphotograph is shown in Fig. 4(a). The layout is also
shown in Fig. 4(b) to clarify the image owing to the opaque passivation
layer. The chip was packaged in a standard 68-pin J-leaded chip carrier
(JLCC), and the active area is 176 um x 157 um = 0.028 mm?. The chip

specifications are listed in Table 3.
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Fig. 11. (a) Output of the shaper for several input charge signals. (b) Output peak amplitude versus input charge and relative deviation.

Fig. 5 shows the open-loop frequency response of the preamplifier. A
high open-loop gain was required to achieve an accurate charge-to-
voltage conversion. Although the folded-cascode amplifier was a
single-gain stage, its gain could be high because the product of the
transconductance of the input transistor and the output resistance
determine it. High transconductance is already required for noise and
was maximised by using a wide nMOS device, and cascode techniques
can achieve a significant output resistance. Moreover, as described
previously, the bias current of the input transistor was considerably
larger than that of the cascode transistors. This approach increased the
transconductance and the output resistance (r, ~1/(Aelz). As shown in
Fig. 5, using the regulated cascode gain-boosting technique, a signifi-
cantly high gain of 66 dB was achieved with a gain bandwidth product of
640 MHz (for a load capacitor of 1 pF), which meets the short-timing

11

requirements. If this technique were not used, it can be noted that the
gain decreases to 51 dB.

The system was measured using the calibrated pulse generator
81160A from Keysight to provide a square wave voltage signal of
controlled amplitude. By applying a voltage step Vi across an on-chip
small test capacitor (Fig. 2a), a charge Qi = Viest X Crest is injected into
the input of the preamplifier. A high-speed time-domain digital oscil-
loscope is then used to analyze the characteristics of the FEE output
pulse and measure the energy response. Fig. 6 shows photographs taken
in the laboratories of electronics and nuclear technology of the Faculty
of Experimental Sciences at the University of Huelva (Spain). It can be
seen the printed circuit board with the chip prototype and the test in-
struments in Fig. 6(a). Fig. 6(b) shows the chamber containing the de-
tector and other instruments commonly used in these experiments.
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Fig. 12. An example of measured noise waveform and histogram of the readout channel.

Fig. 7 shows the output pulse of the preamplifier for an input charge
of 67.5 fC, corresponding to the detection of approximately 1.5 MeV in
silicon. The pulse height was about 104 mV (according to vy, =
(Eo1.6010*19)/(soCF) in section 2), yielding a charge-to-voltage con-
version rate of 1.54 mV/fC, and the rise time was 65 ns from 10 % to 90
% of the amplitude for an input capacitor of Cger = 5 pF.

The decay time is five times the time constant Rp-Cr, and it can be
programmed to meet the requirements of high-rate experiments. Fig. 8
shows this feature for estimated values of the active feedback resistance
of 800 kQ, 1.2 MQ, 1.8 MQ and 2.5 MQ at several bias conditions of Mf.

Regarding the shaper, Fig. 9 shows the output pulse of the readout
front-end channel to a 1.5 MeV charge signal, showing a peak height just
above 210 mV, thus providing a pulse gain of 3.1 mV/fC. This low
sensitivity is necessary to enlarge the input energy range that the system
processes linearly because the output swing is limited owing to the use of
cascode transistors in the output branch (both in the preamplifier and
shaper). The peaking time, that is, the time required for the pulse to
reach its maximum value, was approximately 90 ns.

Fig. 10 shows the undershoot in the shaper output when the pole of
the preamplifier is not completely cancelled by the PZC circuit. There-
fore, a change in the decay time of the preamplifier also influences the
PZC network, which must be changed to preserve the same relationship
and avoid an undershoot.

The output voltage of the readout channel should be linear within the
detector charge range. Fig. 11(a) shows the shaper output at 90 ns
shaping time for several charges injected at the input of the readout
front-end, and Fig. 11(b) shows a nonlinearity of less than 1 % for up to
150 fC over this range. Finally, the readout front-end has been coupled
to a silicon detector with a 5-pF capacitance, generating a measured ENC
equal to 705 e, taking also into account the noise floor. Fig. 12 shows
an example of noise histogram of the readout channel taken with the
oscilloscope MS09404A Infiniium 4 GHz from Keysight.
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6. Conclusions

This paper presented the design of a readout front-end system in
which the building blocks were based on one-stage amplifiers that
employ gain-boosting and class-AB techniques to meet the required
simplicity, power efficiency, and accuracy for modern front-end ASICs
with several hundred channels used to measure the energy of charged
particles in silicon detectors. The proposed circuit solutions preclude the
degradation of the open-loop gain of the op-amps used in the readout
channel in modern CMOS technologies without additional static power
consumption. Thus, the charge-sensitive amplifier achieved an
enhanced voltage gain of 15 dB, and the shaper consumed only 100 pW.
The ASIC was fabricated using 180 nm complementary metal-oxide
semiconductor technology. The measurement results confirm that the
chip can process 30-150 fC of injected charge and is optimised for
capacitance in approximately 5 pF.
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