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Abstract

The Technological Unit of the Institute of Cosmos Science of the University of Barcelona
(ICCUB-TECH) is focused on developing ultrafast read-out electronics for high-energy
physics, medical imaging, astrophysics and space. The group has developed Application
Specific Integrated Circuits (ASIC) for many different applications. In the framework of
bridging developments and improvements in radiation detectors, ICCUB-TECH and the
European Organization for Nuclear Research (CERN) collaborate in the design of a new
front-end Application Specific Integrated Circuit (ASIC) (FastlC) in 65 nm CMOS
technology, devoted for fast-timing applications in high energy physics, medical imaging,
and other fields such as Fluorescence Lifetime Imaging, LIDAR and direct 3D-Imaging.
This Master Thesis presents the design of three different Rail-to-Rail (RTR) Operational
Transconductance Amplifiers (OTA) that will be included in the FastlC ASIC. The first
version of the RTR OTA is a slow version with a GBW of 1,5 MHz and a power consumption
of 70 yW, capable of driving a capacitive load of 1 pF. The second version of the RTR OTA
is a fast version with a GBW of 115 MHz and a power consumption of around 700 uW,
driving a capacitive load of 1 pF. The third version of the RTR OTA is a modification of the
second version with a Slew Rate (SR) enhancement up to 330 V/us and a GBW of 143
MHz.
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1. Introduction

1.1. ICCUB

The Institute of Cosmos Sciences of the University of Barcelona (ICCUB) is an
interdisciplinary center devoted to fundamental research in the fields of cosmology,
astrophysics and particle physics. In addition, the institute has a strong technology program
through its participation in international collaborations in observational astronomy and
experimental particle physics.

The Technological Unit of the Institute of Cosmos Science of the University of Barcelona
(ICCUB-TECH) is focused on developing ultrafast read-out electronics for high-energy
physics, medical imaging, astrophysics and space. The group has developed Application
Specific Integrated Circuits (ASIC) for many different applications.

e The LHCDb detector is located at the European Organization for Nuclear Research
(CERN) and dedicated to the research fields of CP violation, charm physics and
rare decays of the B meson. An ASIC for the LHCb detector has been designed,
produced and tested. It performs signal processing of Scintillator Pad Detector
(SPD) multi-channel photo-multiplier tubes: amplification, shaping, and
discrimination. More than 6000 channels are equipped.

e The LHCb will be upgraded in order to increase the instantaneous luminosity and
new electronics will be required. More specifically, a new analog circuit has been
designed for the Calorimeter sub-detector and for the scintillator fiber tracker (SciFi).
The group developed 2 different ASICs in 130 and 350 nm technologies, for the
calorimeter and tracking sub-detectors respectively.

e The Cherenkov Telescope Array (CTA) is intended to explore the Universe in depth
in Very High Energy gamma rays and investigate cosmic non-thermal processes.
Three different ASICs were designed for the CTA project, for pre-amplification,
triggering and Signal Conditioning. Recently, a multipurpose Silicon Photomultiplier
(SiPM) anode readout chip (referred as MUSIC) based on a novel low input
impedance current conveyor has been developed. This chip allows using SiPMs
instead of photomultiplier tubes (PMT) in CTA project, but it has also aroused the
interest of CERN SHiP experiment, and neutron detector industry.

e Finally, two different ASICs have been developed for Positron Emission
Tomography (PET). The first one is a readout circuit for SiPM arrays in a 350 nm
technology, Flexible Time-over-Threshold (FlexToT). It includes a novel input stage
and it offers an excellent timing measurement with good energy resolution
measurement and pile-up detection. An upgraded version of this readout chip, High
Resolution Flexible Time-over-Threshold (HRFlexToT), has been developed in a
180 nm technology. This ASIC provides state-of-the-art results in terms of Single
Photon Time Resolution (SPTR) (60 ps RMS) [1] driving 3x3 mm? SiPM, while
allowing linear energy measurement.

1.2. FastiC

This Master Thesis takes part in the CLUES project (reference FPA2016-80917-R) which
goal is to advance the state of the art in detector technology to allow a breakthrough in
molecular imaging, particularly in PET imaging. Several improvements in current PET
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scanners are needed to transform in-vivo molecular imaging into a standard tool for
personalized medicine: reduce the radiation dose, scan time and costs per patient. A way
to achieve it is pushing Time-of-Flight (ToF) Coincidence Time Resolution (CTR) to ~10 ps
[2], enabling direct 3D imaging.

Thus far, the NINO amplifier/discriminator [3], designed in 2004 at CERN, has been the
reference ASIC in the ToF community, covering a wide range of applications but allowing
only for time measurement and not energy measurement.

In the framework of bridging developments and improvements in radiation detectors,
ICCUB and CERN collaborate in the design of a new front-end ASIC (FastIC) in 65 nm
CMOS technology, devoted for fast-timing applications in high energy physics, medical
imaging, and other fields such as Fluorescence Lifetime Imaging, LIDAR and direct 3D-
Imaging.

From the need of being suitable for a wide range of applications, FastlC requires to be a
highly configurable front-end, capable of coping with different detectors such as Photo
Multiplier Tubes (PMTs), Micro Channel Plates (MCPs), and SiPMs, targeting a SPTR of
20 ps RMS for PMTs/MCPs and small SiPMs (for a detector charge ~100 fC). In contrast
to the NINO ASIC, FastIC will be able to provide linearity in the energy measurement (2.5 %
linearity error), as well as a fairly large dynamic range, from 5 uA to 20 mA peak, being
capable of reading out photodetector signals in single-ended, with a configurable front-end
for positive and negative polarities, and pseudo-differential modes and targeting a power
consumption per channel around 5 mW [4].

1.3. Obijectives

The objective of this Master Thesis is to present the design of Rail-to-Rail (RTR)
Operational Transconductance Amplifiers (OTA) that will be included in the FastiC ASIC.
These amplifiers are implemented in TSMC 65 nm CMOS process. A block diagram of a
channel of the ASIC is shown in Figure 1. These RTR OTAs are intended to be general
purpose blocks to be used in different points of the ASIC. Three versions of the RTR OTA
are designed with different specification.

e Slow RTR OTA
e FastRTROTA
e Fast RTR OTA with Slew Rate (SR) enhancement

The slow version features a GBW of 1 MHz and the two fast versions have a GBW of 100
MHz. The Slow RTR OTA version will be used in the Common Bias block (not shown in the
block diagram) to propagate DC bias voltages. The Fast RTR OTA will be used in various
blocks throughout the ASIC, some of these blocks are the Peak Detector and Track and
Hold Hold (PDH) and the Ramp Generator, which is based in an integrator. The Fast RTR
OTA with SR enhancement will be used to propagate the analog signal of the SiPM after
the Shaper block to an output buffer.
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Figure 1. FastIC channel block diagram

Since the work of this Master Thesis is inside the framework of a project in collaboration
between ICCUB and CERN, the student has done a stay of three months at CERN, learning
from the analog designers in the Experimental Physics, Electronic Systems for the

Experiments, Micro Electronics (EP-ESE-ME) group at CERN.

10
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2. Rail-to-Rail Amplifiers

RTR amplifiers are special amplifiers that admit input voltages from the negative supply
voltage to the positive supply voltage. It is usual that amplifiers have the possibility of
providing this range of voltages at their output. However, this is more complicated at the
input [5].

2.1. Why and when to use RTR amplifiers?

With the reduction in power supply voltages in new microelectronic technologies comes a
reduction in the dynamic range of the circuits, so it is necessary to exploit the maximum of
it. This is possible with RTR amplifiers since their input common-mode range (ICMR) is the
maximum possible. However, although RTR output voltage swing will always be required,
it will not be necessary at the input in all the cases. Three amplifier configurations are
shown in Figure 2.

a) Vin b)
— ——o Vout Vout
vin o=A\/\/\—
VW %

c)

Vin

—o Vout

Figure 2. Commonly used amplifier configurations

Figure 2 a) shows an inverting amplifier, Figure 2 b) shows a non-inverting amplifier and
Figure 2 c) shows a voltage follower. In inverting and non-inverting amplifiers, the output
signal is divided by the open-loop gain so that the input hardly sees any signal. Thus, the
voltage at the input will not reach RTR swings. On the other hand, in the voltage follower,
the input has to be able to follow the output. In conclusion, the only configuration that needs
a RTR ICMR is the voltage follower.

11
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3. Rail-to-Rail OTA Architecture

The complete circuit schematic of the RTR OTA presented in this project [6] is shown in
Figure 3. Different parts of the amplifier can be identified: input stage, summing circuit,
class-AB control, bias block and output stage. These parts will be explained below.
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Figure 3. Complete Rail-to-Rail OTA

3.1. Input Stage

A special input stage is implemented in order to achieve a RTR ICMR. NMOS and a PMOS
differential input pairs are connected in parallel, as shown in Figure 4. The NMOS input
pair (M1 and M2) is active with input voltages between Vjg,: + Vs, @and Vpp while the
PMOS input pair (M3 and M4) is active with input voltages between Vss and Vpp — (Vpsar +

Vesp)-

Vo
I B \/Dsat
Vss
M3 M4 Viy >
Vin+ Vin-
O —|— — \/CM

M1 M2 ‘— Vew

_ \/GSn

E‘] I B \/Dsat

Vss

Figure 4. Rail-to-Rail input stage

12
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One drawback of the RTR input stage is that its transconductance gm varies by a factor of
two over the ICMR, because in the middle section of this range, the two differential input
pairs are working and the resulting gm is the sum of the transconductance of each pair.
This variation of the gm impedes an optimal frequency compensation, because the gain-
bandwidth product (GBW) of the amplifier is directly proportional to the transconductance
of the input stage. The transconductance at the lower and upper section of the input range
has to be multiplied by two to achieve a constant gm along the complete input range.
Considering that input transistors operate in strong inversion, the gm is proportional to the
square root of the drain current I.

Mot = gmy + gmy
Wn . W,
gm, = ’Zﬂncox ZID‘H. o gmy = ZﬂpCox L_:IDp

Where gm;,; is the resulting transconductance of the two differential pairs connected in
parallel, gm, and gm, are the transconductances of the NMOS and PMOS pairs
respectively. u,, and u, are the mobility of the minority carriers for the NMOS and PMOS
respectively, C,, is the capacitance of the oxide, I, and Iy, are the drain currents of the

NMOS and PMOS respectively and % and ? are the size ratios of the NMOS and PMOS
n P
respectively.

For a transistor with a given dimensions, the mobility and the oxide capacitance will be
constant, and it will be biased with a constant DC current. Thus, the following assumption
can be made:

gmy = gmp ~C Ibias

IMeor = C(\/ Ipn + \/E)

If Ip, = Ip,, to maintain gm,,, constant, when one of the currents are zero, the other has
to be multiplied by four:

VA +VA =0 ++44 = 2V/A

A way to multiply the drain current by four is to add three times this drain current only when
needed, in other words, when the other input pair is switched off. A circuit that performs
this operation is shown in Figure 5 [5]. The transistors labelled as M., and M, are two
current switches. When low common-mode input voltages are applied, the PMOS input
pair operates and the NMOS pair is off, while the My, is conducting and M, is off. My, takes
the current Iz from the NMOS tail current source and directs it to the PMOS current mirror
master and, since the current mirror has a gain of three, it adds three times the tail current
to the existing PMOS tail current I;. Since the PMOS and NMOS tail currents are equal,
the tail current of the PMOS equals 41;. If high common-mode input voltages are applied,
the complementary situation happens.

13
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ViﬁﬂH

“f m,
:

bk
) <

Figure 5. Input stage with gm equalization by three-times current mirrors

Finally, if intermediate common-mode input voltages are applied, both switches M, and
M, are off and the two input pairs are operating with a current I.

This is not the only method to provide a constant gm throughout the ICMR. Another method
is the use of Zener diodes [5], but since in CMOS technologies there are not Zener diodes,
MOSFET transistors will be used.

j DD

] 8/3
=
o

8/;?#

Vss

Figure 6. Input stage with gm equalization by Zener diode

This technique is shown in Figure 6. For intermediate common-mode input voltages all the
transistors are working. The tail current is now 8Iz and, since the diode-connected
transistors are 6 times wider than the differential pair, they take 6 times the current flowing
through each transistor of the differential pair, which is now Ij.

The voltage across the two diode-connected transistors is V,; which is two times V. Thus,
when the voltage across the Zener diode is below V;, the transistors are off. When the input
common-mode voltage increases, the PMOS input pair will turn off and the voltage across

14
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the Zener diode will be below V,, turning the Zener diode off. With the Zener diode off, all
the tail current has to flow through the NMOS input pair thus each transistor conducts 415
and its gm is increased by a factor of two.

3.2. Output Stage

Class-AB biased output transistors connected in common-source configuration are chosen
to achieve RTR voltage swing at the output node. The class-AB output stage is shown in
Figure 7. It consists of two common-source connected transistors, O1 and O2, which are
directly driven by two in-phase signal currents, I;,,; and I;,,. Transistors M5 and M6 form
the floating class-AB control, which gates are driven by the diode connected transistors
M7-M8 and M9-10 respectively. The output transistors operate in class-AB because the
voltage between their gates are maintained constant. If I;,,; and I;;,, are pushed into the
output stage, the current of M5 will increase while the current of M6 will decrease by the
same amount. Consequently, the voltage at the output transistors gates will increase, and
the circuit will pull current from the output node. This continues until the current of M5 is
equal to Iz;. The complementary behaviour happens when the input signals pull current
from the output stage.

DD

T
o 55 on
by 1

O1

®
1

Vout
—O

/ in2 EFJ

®
¥l

02

M9

,_7{[-
Dk O J?Q[lwo

Ves

Figure 7. Class-AB output stage

3.3. Topology of the OTA

In this section, the complete architecture of the rail-to-rail OTA will be explained. The
complete schematic implemented is shown in Figure 3.

The conventional method to design a two-stage amplifier is to cascade those stages,
however, this approach has a number of drawbacks. A few modifications to the cascade
structure are made to obtain a compact OTA.

Input stage

Transistors P1a, P1b, N1a and N1b form the two complementary input differential pairs.
P2 and N2 are the tail current sources that bias the differential pairs. The gate voltages for
these current sources Vbp and Vbn are generated outside the OTA. P2a, P2b, N2a and

15
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N2b are the three-times current mirrors which together with the switches PR and NR form
the gm equalization circuit.

Summing circuit

Since the input stage described above has four output currents, an additional circuit is
necessary to do the summation of these four currents. P3a, P3b, P4a, P4b, N3a, N3b, N4a
and N4b form this summing circuit. It is based on a complementary folded cascode
structure.

Floating class-AB control

P5 and N5 form the floating class-AB control explained above. It is shifted inside the
summing circuit and is biased by the cascodes P4b and N4b. This way, the input transistors
and the summing circuit mainly determine the noise and offset of the amplifier.

Bias block

The Bias circuit inside the OTA is formed by BP1, BP2, BP3, BP4, BP5, BN1, BN2, BN3,
BN4 and BN5. The purpose of this block is to generate the bias voltages for the cascodes
and the floating current sources. The necessary bias DC currents are generated and then
copied to the corresponding transistors.

Class-AB output stage

O1 and O2 are the two output transistors. They are common-source configuration and
biased in Class-AB. C1, C2 are frequency compensation capacitors, and R1 and R2 are
zero-nulling resistors.

3.4. Small Signal Analysis

A simplified small signal model of half of the amplifier in open loop configuration is shown
in Figure 8. gm, is the transconductance of the first stage, R, is the output resistance of
the first stage, gm, is the transconductance of the second stage, R, is the output
resistance of the second stage, C. is the compensation capacitance and C; is the load
capacitance.

Vx C Vout
|
!

C
{ .
|
R ¢ gmy Vy Ry ——=C_
L

¢ gmy Vin

Figure 8. Simplified small signal equivalent circuit

If the two nodes of the circuit are analyzed, the result is the following nodal equations:

Ux

R + (Ux - 17ou1:)SCc =0
1

gmqVin +

16
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Vout
gmovy + R + sCLvoyue + (vout - vx)SCc =0
2

Solving the system of equations form by the two equations above:

Vout (S) _ gmy Ry Ry (gm; — sC,) (1)
Vin(s)  C.CLRyRy52 + (CLRy + C.(Ry + Ry + gmyRRy))s + 1

To easily identify the dominant, non-dominant pole and the zero of the system, the transfer
function has to be written in the form:

vt Aot (1+ Zil)

Vin _(1+%)(1+%)

If the denominator in (2) is expanded, the following expression is obtained:

2

s s s s s
(1+—)<1+—)=1+—+—+
D1 P1 P2 P1P2

Since the dominant pole is designed to be far from the non-dominant pole with the goal of
good stability (p; < p,), the following simplification can be made:

Aor (14 Zil)

S 52
1+—+
P1  PiP2

Vout _
Vin

@)

Now, the terms of (1) can be identified in (3), and solving for s = 0 the open-loop gain of
the OTA is obtained:

Aor = A14; = gmigmyRoye1 Rour

If the denominator of (1) is equalled to 0 and the resulting equation is solved for s, the zero
of the OTA is obtained:

gmy, —sC. =0
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In the denominator, the term that multiply s can be identified to solve the dominant pole:

1
CLRZ + CC(R1 + R2 + gmleRz) = p_
1

1 1
" C.R, + C.Ry + C,R, + C.gm,R1R, C.gm,RiR,

D1

From the term multiplying s2 the non-dominant pole can be calculated:

C.CLRiR; = E

_ 1 _gmy
CcC R Ry Cy

D2

Finally, the GBW of the amplifier can be calculated multiplying the open-loop gain of the
amplifier by its bandwidth. Since the dominant pole is the one which limits the bandwidth
of the amplifier, the GBW can be obtained as:

gmy
Ce

GBW = AOLpl =

With the equations presented above, the effect of the different elements of the circuit to the
different parameters can be observed.
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4, Slow RTR OTA

The first OTA designed is a slow version with a GBW of 1 MHz. This OTA will be used to
propagate DC bias voltages.

4.1. Specification

The specifications wanted for this OTA are listed in Table 1. Low offset and low power
consumption are requirements for the usage of this OTA.

Table 1. Slow Rail-to-Rail OTA specification

Parameter Value
GBW 1 MHz
Phase Margin 60°
Gain 70 dB
Random Offset 1mV
PSRR at 10 Hz 70 dB
Power consumption 100 W

In this version of the RTR OTA, the differential input pair transistors are in weak inversion.
The relation between gm and Ip is not the same as in strong inversion. In weak inversion,
the transconductance is directly proportional to the drain current of the transistor, as shown
in expression (4). This means that to double the transconductance of the transistor, the
current has to increase by a factor two and not by a factor four. Thus, the current mirror
ratio has to be 1:1 instead of 1:3.

_ D )
gmy; = th

Where gm,,; is the transconductance of a MOSFET transistor in weak inversion, I, is its
drain current, V; is the thermal voltage and n is a factor that depends on the bias current of
the transistor.
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4.2. Simulations

AVDD

Figure 9. Test bench schematic

The test bench used to simulate the RTR OTA is shown in Figure 9. The supply voltage
(i.e. between Vpp and Vss) is 1,2 V. An ideal current source and two diode connected
transistors are used to generate the bias voltages Vbn and Vbp. This bias current will be
generated in the common bias block from a Bandgap Reference inside the ASIC. The
voltage source vi; generate the DC common-mode input voltage, the AC voltage for AC
analysis and an square signal to test the Slew Rate of the amplifier. The voltage source
Vesrr generated an AC voltage to test the Power Supply Rejection Ratio (PSRR) of the
amplifier. The component “iprobe” is used to test the stability parameters, which is
equivalent to a short circuit in DC and an open circuit in AC. The load applied to the
amplifier is a capacitor which value is CL = 1 pF.

This version of the RTR OTA is implemented with the schematic shown in Figure 3. The
results of the nominal simulation of the schematic are shown in Table 2. The goal of this
version of the RTR OTA is to obtain good stability and a small random offset, in order to
obtain reliability to propagate DC voltages.
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Table 2. Slow RTR OTA schematic simulation results

Parameter Value
GBW 1,534 MHz
Phase Margin 72,03°
Gain 92,88 dB
PSRR at 10 Hz 82,7 dB
Power consumption 70,33 pW
RMS Noise 2771 Vv
Slew Rate (rise) 708,7 Vims

Monte Carlo simulations are performed to see the changes that process variations can
make on the performance of the Slow RTR OTA. The results are shown in Table 3. The
differences due to process variations are relatively small.

Table 3. Slow RTR OTA Monte Carlo Process simulation results

Parameter Mean Std Deviation
GBW 1,54 MHz 72,72 kHz
Phase Margin 72,07° 2,685°

Gain 92,81 dB 0,6745 dB

PSRR at 10 Hz 82,44 dB 8,506 dB
Power consumption 70,69 pW 5,935 yw
RMS Noise 2771 pv 6,195 pv
Slew Rate (rise) 708,5 V/ms 35,95 V/ms

Monte Carlo Mismatch simulations are performed to evaluate the random offset of the
amplifier. The results are shown in Table 4. The standard deviation of the offset is below 1
mV throughout the complete ICMR.

21



UNIVERSITAT POLITECNICA
DE CATALUNYA ) ) telecom
BARCELONATECH BCN

Table 4. Slow RTR OTA Monte Carlo Mismatch simulation results

Parameter Mean Std Deviation
Offset@ 0,2 V 5,289 pv 803,7 uv
Offset@ 0,4 V -456,2 nV 814,4 pv
Offset @ 0,6 V -2,723 pv 796,5 pv
Offset @ 0,8 V 42,23 yv 945,9 pv

Offset@ 1V 39,92 pv 955 pv

Corner simulations are also performed, taking into account the following cases:

o Power supply voltage: 1,1V, 1,2Vand 1,3V
e Temperature: -40°C and 80°C
e Process comers: TT, FF, SS, FS and SF

The worst cases are listed:

e At 80°C in the TT corner the Phase Margin decreases to 65°
e At 80°C in the FF corner the PSRR decreases to 49 dB

In Figure 10 the transconductance of the differential input pair in function of the common-
mode input voltage without the gm equalization circuit is shown, and in Figure 11, the same
is shown but with the gm equalization circuit to illustrate the effect of the gm equalization
circuit described above in this version of the RTR OTA.

\ | | [ \ | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Vem [V]

Figure 10. PMOS (green), NMOS (red) and total (blue) gm vs common-mode input voltage without gm
equalization
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Without gm equalization, a variation of 46% is observed. On the other hand, with the gm
equalization circuit a variation of only 7,3% is achieved.

\ | | [ \ | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Vcm [V]

Figure 11. PMOS (green), NMOS (red) and total (blue) gm vs common-mode input voltage with gm
equalization

As it has been explained above, the GBW of the OTA is directly proportional to the
transconductance of the first stage, with a constant gm, a constant GBW is expected. GBW
and Phase Margin through the ICMR are shown in Figure 12. As it can be observed, these
parameters are constant and allow for a good frequency compensation.
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Figure 12. GBW and Phase Margin vs common-mode input voltage
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4.3. Sizing

The sizes of the different components of the Slow RTR OTA are listed in Table 5.

D

Table 5. Slow RTR OTA sizing

Component Size (M x W/L pm)
P1a, P1b, PR 8 x 5/1
N1a, N1b, NR 8 x 5/1
P2, P2a, P2b, BP1, BP2 2x5/2
N2, N2a, N2b, BN1, BN2 2x5/2
P3a, P3b, BP3 4 x7,5/6
N3a, N3b, BN3 8 x3,5/10
P4a, P4b, BP4 1x5/2
N4a, N4b, BN4 1x5/2
P5, P6, BP5 8 x7,5/0,13
N5, N6, BN5 8 x7,5/0,13
C1,C2 715 fF
R1, R2 36 kQ
o1 24 x 5/0,13
02 8 x 5/0,13

telecom
BCN
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44. Layout

The layout of the Slow RTR OTA is shown in Figure 13 and the results of nominal
simulation’ are shown in Table 6. The extraction of parasitic components is made with
Calibre tool. Some parameters are significantly worse than in the schematic simulation.
The Gain of the amplifier has decreased around 10 dB but it still fits the specification. In
addition, PSRR at low frequency has decreased more than 15 dB.

Figure 13. Slow RTR OTA layout

Table 6. Slow RTR OTA extracted layout simulation results

Parameter Value
GBW 1,447 MHz
Phase Margin 70,59°
Gain 81,96 dB
PSRR at 10 Hz 64,3 dB
Power consumption 69,82 yw
RMS Noise 251,2 yv
Slew Rate (rise) 671,2 V/Ims

' Only nominal simulations are performed with the layout extraction due to a series of software
issues with the extraction of parasitic components
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5. FastRTR OTA

The second OTA designed is a fast version with a GBW of 100 MHz. This OTA will be used
to propagate DC bias voltages when a fast response is needed.

5.1. Specification

The specification wanted for this OTA are listed in Table 7. The offset and the power
consumption is higher than the slow version due to the increase in speed.

Table 7. Fast RTR OTA specification

Parameter Value
GBW 100 MHz
Phase Margin 60°
Gain 60 dB
Random Offset 5mV
PSRR at 10 Hz 60 dB
Power consumption 800 pw

5.2. Simulations

The simulations are performed with the test bench schematic shown in Figure 9.

Table 8. Fast RTR OTA schematic simulation results

Parameter Value
GBW 115,3 MHz
Phase Margin 70,94°
Gain 76,06 dB
PSRR at 10 Hz 56,66 dB
Power consumption 7257 yW
RMS Noise 306,6 pv
Slew Rate (rise) 52,9 V/us
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This version of the RTR OTA is implemented with the schematic shown in Figure 3. The
results of the nominal simulation of the schematic are shown in Table 8.

Monte Carlo simulations are performed to see the changes that process variations can
make on the performance of the Fast RTR OTA. The results are shown in Table 9. The
differences due to process variations are relatively small.

Table 9. Fast RTR OTA Monte Carlo Process simulation results

Parameter Mean Std Deviation

GBW 115,7 MHz 5,718 MHz
Phase Margin 70,86° 1,561°

Gain 76 dB 0,2746 dB
PSRR at 10 Hz 56,82 dB 0,9873 dB
Power consumption 7247 pyW 39,82 pW
RMS Noise 306,7 pv 5,487 pv
Slew Rate (rise) 53,11 V/us 2,174 V/us

Monte Carlo Mismatch simulations are performed to evaluate the random offset of the
amplifier. The results are shown in Table 10. The standard deviation of the offset is below
5 mV throughout the complete ICMR.

Table 10. Fast RTR OTA Monte Carlo Mismatch simulation results

Parameter Mean Std Deviation
Offset@ 0,2 V 261,9 pv 2,758 mV
Offset@ 0,4 V 208,5 pv 2,81 mV
Offset @ 0,6 V 256 pv 2,717 mV
Offset @ 0,8 V 378,3 pv 3,14 mV

Offset@ 1V 362,4 pv 3,086 mV

Corner simulations are also performed, taking into account the following cases:

o Power supply voltage: 1,1V, 1,2V and 1,3 V.
e Temperature: -40°C and 80°C.
e Process comers: TT, FF, SS, FS and SF.
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The worst cases are listed:

e At -40°C in the SS corner with a power supply voltage of 1,1 V the Phase Margin
decreases to 55°.

¢ At 80°C in the FF corner with a power supply voltage of 1,1 V the PSRR decreases
to 47 dB.

In Figure 14 the transconductance of the differential input pair in function of the common-
mode input voltage without the gm equalization circuit is shown, and in Figure 15, the same
is shown but with the gm equalization circuit to illustrate the effect of the gm equalization
circuit described above in this version of the RTR OTA.
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Figure 14. PMOS (green), NMOS (red) and total (blue) gm vs common-mode input voltage without gm
equalization
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Figure 15. PMOS (green), NMOS (red) and total (blue) gm vs common-mode input voltage with gm
equalization
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Without gm equalization, a variation of 46% is observed. On the other hand, with the gm
equalization circuit a variation of only 6,5% is achieved.

GBW and Phase Margin through the ICMR are shown in Figure 16.
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Figure 16. GBW and Phase Margin vs common-mode input voltage
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5.3. Sizing

The sizes of the different components of the Fast RTR OTA are listed in Table 11.

D

Table 11. Fast RTR OTA sizing

Component Size (M x W/L pm)
P1a, P1b, PR 8 x 5/0,3
N1a, N1b, NR 8 x 5/0,3
P2, P2a, P2b, BP1, BP2 4 x 51
N2, N2a, N2b, BN1, BN2 4 x 51
P3a, P3b, BP3 2x5/0,3
N3a, N3b, BN3 4 x7,5/1
P4a, P4b, BP4 1x5/0,13
N4a, N4b, BN4 1x5/0,13
P5, P6, BP5 8 x7,5/0,13
N5, N6, BN5 4 x5/0,13
C1,C2 160 fF
R1, R2 3kQ
o1 30 x 5/0,13
02 10 x 5/0,13

telecom
BCN
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6. Fast RTR OTA with SR enhancement

The third version of OTA is a modification of the previous version (Fast RTR OTA). This
version will be used to drive the signal of a SiPM sensor, which is a fast signal with a high
slope. Thus, an amplifier to drive this signal needs a high SR, but maintaining the GBW.

The reason to increase the SR without increasing the GBW is to be able to drive signals
with a bandwidth similar to the GBW of the amplifier but with a rise time of a few
nanoseconds, but attenuating higher frequency harmonics or high frequency noise.

6.1. Specification

The specification wanted for this OTA are listed in Table 12. In this case, the SR
specification substitute the Random Offset specification. With the techniques applied to
increase the SR of the amplifier, the random offset of the amplifier becomes worse.

In Appendix A, the expression (14) defines the minimum SR that the amplifier needs to
maintain signal integrity. Since a RTR OTA is designed to be used in a voltage follower
configuration, the BW can be considered equal to the GBW, and if a step from Vss to Vop
is considered, for this particular amplifier, the minimum SR can be expressed as:

VopGBW 1,2 -100 - 10°

SR > 035 0,35

=3429V/us

Table 12. Fast RTR OTA with SR enhancement specification

Parameter Value
GBW 100 MHz
Phase Margin 60°
Gain 60 dB
Slew Rate 300 V/us
PSRR at 10 Hz 40 dB
Power consumption 1,6 mW

This version of the RTR OTA is implemented with the schematic shown in Figure 17. Three
different techniques are applied to increase the SR of the amplifier.
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Figure 17. Fast Rail-to-Rail OTA with SR enhancement schematic

Input differential pair shrinking

In the other two versions of the RTR OTA, the differential input pair transistors have a large
WI/L ratio to maintain them in weak inversion, improving the gm/Ip ratio and reducing the
offset due to mismatch. In this version of the RTR OTA, the width of the differential input
pair transistors has been reduced compared to the Fast RTR OTA version, moving the
transistors out of weak inversion and thus degrading the gm/Ip ratio

Source degeneration

This technique consists of connecting resistors between the sources of the differential input
pair transistors and the tail current sources. This changes the effective transconductance
of the transistor, which now is [6]:

gm

IMRS = 11 gmRS

Where gmgg is the effective transconductance of the transistor with a source degeneration
resistor, gm is the original transconductance of the transistor and RS is the value of the
source degeneration resistor.

This new effective transconductance is reduced with respect to the original one, but it does
not affect the current flowing through the transistor thus achieving the same effect than
reducing the WL ratio, which is reduce the gm/Ip ratio.

Indirect frequency compensation

With direct frequency compensation, the zero calculated above is a right-hand plane (RHP)
zero due to the feed-forward component of the compensation current. This RHP zero
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decreases the phase margin thus the compensation capacitance has to be large. The RHP
zero can be eliminated by blocking the feed-forward component of the compensation
current using, for example, the common-gate amplifier that forms the cascode transistors
of the folded cascode structure of the RTR OTA [8]. This technique improves the phase
margin of the amplifier allowing the reduction of the compensation capacitance. Since the
main contribution to the limitation in SR is this compensation capacitance, the SR of the
RTR OTA increases.

Other techniques

Another SR enhancement technique was explored which consist on increasing the tail
current of the differential input pairs only when a large voltage difference between the
inverting and the non-inverting input of the OTA appears.

~Voo

&) Is O) -

M1s M1 M2 M2s

M4 M5 M6 Virl];—‘ }—\C/?"”
)

RO RO RO

Vss

Figure 18. SR enhancement circuit

The circuit that implements this function is shown in Figure 18. M1 and M2 form the
differential input pair, M1s and M2s are matching current sensors connected in parallel with
the differential input pair and M3 is the tail current source. M4, M5 and M6 form a non-
linear cell, which output current is defined by the smaller of the two sensor currents. The
smallest of the sensor current through M5 or M6 defines the voltage at the gate of M3,
which controls the tail current [9].

Only the PMOS differential pair is shown in Figure 18. To implement this technique in the
RTR OTA, the complementary circuit for the NMOS differential input pair needs to be added.
The issue found during the implementation of this technique in the RTR OTA is that it
interferes with the gm equalization circuit and it should be modified to integrate the two
actions (SR enhancement and gm equalization), thus it was decided not to use it.
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6.2. Simulations
The simulations are performed with the test bench schematic shown in Figure 9.

Table 13. Fast RTR OTA with SR enhancement schematic simulation results

Parameter Value
GBW 143,4 MHz
Phase Margin 70,39°
Gain 59,88 dB
PSRR at 10 Hz 44,19 dB
Power consumption 1,582 pWw
RMS Noise 877,4 wv
Slew Rate (rise) 335,9 V/us

Monte Carlo simulations are performed to see the changes that process variations can
make on the performance of the Fast RTR OTA. The results are shown in Table 14. The
differences due to process variations are relatively small.

Table 14. Fast RTR OTA with SR enhancement Monte Carlo Process simulation results

Parameter Mean Std Deviation

GBW 143,7 MHz 6,996 MHz
Phase Margin 70,22° 2,147°

Gain 59,86 dB 0,5328 dB
PSRR at 10 Hz 44,44 dB 0,4258 dB
Power consumption 1,578 mW 0,1466 mW
RMS Noise 878,5 pv 19,05 pv
Slew Rate (rise) 341,8 V/us 33,34 V/us

Monte Carlo Mismatch simulations are performed to evaluate the random offset of the
amplifier. The results are shown in Table 15. The random offset is higher than in the Fast
RTR OTA due to the techniques implemented to improve the SR. This is an important
parameter to take into account when deciding where to use this OTA.
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Table 15. Fast RTR OTA Monte Carlo Mismatch simulation results

Parameter Mean Std Deviation
Offset @ 0,2 V 1,152 mV 7,857 mV
Offset @ 0,4 V 1,081 mV 8,099 mV
Offset @ 0,6 V 1,158 mV 6,498 mV
Offset @ 0,8 V 1,97 mV 8,825 mV

Offset@ 1V 1,957 mV 8,584 mV

D)

Corner simulations are also performed, taking into account the following cases:

o Power supply voltage: 1,1V, 1,2V and 1,3 V.
e Temperature: -40°C and 80°C.
e Process comers: TT, FF, SS, FS and SF.

The worst cases are listed:

e At 80°C in the FF corner with a power supply voltage of 1,3 V the Phase Margin
decreases to 62°.
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Figure 19. PMOS (green), NMOS (red) and total (blue) effective gm vs common-mode input voltage without
gm equalization

In Figure 19 the effective transconductance of the differential input pair in function of the
common-mode input voltage without the gm equalization circuit is shown, and in Figure 20,
the same is shown but with the gm equalization circuit to illustrate the effect of the gm
equalization circuit described above in this version of the RTR OTA. Note that, since source
degeneration is applied in this version of the RTR OTA, the gm equalization circuit has to
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be tuned to obtain the lower error in the effective transconductance of the differential input
pair.

Without gm equalization, a variation of 43% is observed. On the other hand, with the gm
equalization circuit a variation of only 15% is achieved.
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Figure 20. PMOS (green), NMOS (red) and total (blue) effective gm vs common-mode input voltage with gm
equalization
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Figure 21. GBW and Phase Margin vs common-mode input voltage
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GBW and Phase Margin through the ICMR are shown in Figure 21.

6.3. Sizing
The sizes of the different components of the Fast RTR OTA with SR enhancement are
listed in Table 16.

Table 16. Fast RTR OTA with SR enhancement sizing

Component Size (M x W/L pm)
P1a, P1b, PR 6 x 5/0,3
N1a, N1b, NR 3 x5/0,3
RS1a, RS1b, RS2a, RS2b 4 kQ
P2, P2a, P2b, BP1, BP2 6 x 5/1
N2, N2a, N2b, BN1, BN2 6 x 5/1
P3a, P3b, BP3 4x5/0,3
N3a, N3b, BN3 8 x 7,51
P4a, P4b, BP4 1x5/0,13
N4a, N4b, BN4 1x5/0,13
P5, P6, BP5 8 x7,5/0,13
N5, N6, BN5 4 x5/0,13
C1,C2 83 fF
R1, R2 8 kQ
o1 30 x 5/0,13
02 10 x 5/0,13
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7. Conclusions and Future Development

In this Master Thesis, three different RTR OTAs have been designed to be used in the
FastlC ASIC. The first version of the RTR OTA is a slow version with a GBW of 1,5 MHz
and a power consumption of 70 yW, capable of driving a capacitive load of 1 pF. Layout of
this version has been done.

The second version of the RTR OTA is a fast version with a GBW of 115 MHz and a power
consumption of around 700 uW, driving a capacitive load of 1 pF. The third version of the
RTR OTA is a modification of the second version with SR enhancement, with a GBW of
143 MHz and increasing the SR to 330 V/us.

As a future work, firstly, the layout of the two Fast RTR OTAs, will be finished. When the
layout of the amplifiers is finished and optimized, one of the following steps is to design
higher-level blocks that include this OTAs. The PDH is a block that the student will be
working on.

The Fast RTR OTA with SR enhancement is an amplifier that can be improved. The
integration between SR enhancement circuits and the gm equalization circuit has to be
studied. Also, the random offset of the amplifier is high, thus techniques to reduce it will be
explored.

In addition, new layout techniques will be explored to improve the performance of the
amplifiers.

Since the student will continue working at ICCUB, this work might become the starting point
of a PhD thesis.
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Appendix A. Signal integrity

In this Appendix the justification for the necessity of a certain Slew Rate of an amplifier to
maintain signal integrity is developed [9].

If a step signal (5) is introduced into a first-order low-pass system (6), the response in (7)
obtained.

|74
u(s) =2 )
S
1 (6)
H(s) =
(s) s+1
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—
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» t | f
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Figure 22. Step signal (left) and first-order low-pass frequency response (right).
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If the inverse Laplace transform is applied to (7), the response in temporal domain in (8) is
obtained.

o(t) =V, (1—e77) (8)

Isolating the variable time in (8) the time for a given amplitude can be calculated.

_ _a® (9)
t= Tln<1 7 >

The instants for 10% and 90% of the amplitude can be calculated as:

t,(10%) = —7In(1 — 0,1) = —71n(0,9)
t,(90%) = —71In(1 — 0,9) = —71n(0,1)

The difference between these two instants can be defined as the rise time of the signal.
t, =t, —t, = —tIn(0,1) + 71n(0,9) = 7(In(0,9) — In(0,1)) =~ 2,19727 (19
In a first-order low-pass system, the time constant is

o1 (11)
2nBW

Replacing (11) in (10)

L 2,1972 0,35 (12)
"7 2mBW ~ BW

The Slew Rate is defined as the ratio between the voltage of the step and its rise time
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SR = 4 (13)
t‘l"
Replacing (12) in (13)
_VBW (14)
SR= 0,35

The expression in (14) represents the minimum SR that an amplifier needs to maintain the
signal integrity, depending on the amplitude of the step signal considered and the
bandwidth of the amplifier.

43



UNIVERSITAT POLITECNICA
DE CATALUNYA ) ) telecom
BARCELONATECH BCN

Glossary

ICCUB Institute of Cosmos Sciences of the University of Barcelona
ASIC Application Specific Integrated Circuit
CERN European Organization for Nuclear Research
SPD Scintillator Pad Detector

CTA Cherenkov Telescope Array

SiPM Silicon Photomultiplier

PMT Photomultiplier Tube

PET Positron Emission Tomography

ToT Time over Threshold

SPTR Single Photon Time Resolution

ToF Time of Flight

CTR Coincidence Time Resolution

MCP Microchannel Plate

RTR Rail to Rail

OTA Operational Transconductance Amplifier
RMS Root Mean Square

GBW Gain Bandwidth Product

PDH Peak Detector and Hold

ICMR Input Common Mode Range

PSRR Power Supply Rejection Ratio

BW Bandwidth

RHP Right Hand Plane
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