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Abstract— This paper presents the design and the experimental
characterization of a 10 Gb/s electronic driver for silicon Mach-
Zehnder modulators (MZMs). This driver is able to operate
in harsh environments characterized by radiation levels up
to 1 Grad(SiO;) total ionizing dose (TID). To compensate for
the detrimental effects that radiation produces on the target
65 nm bulk silicon technology both device- and circuit-level
radiation hardened by design (RHBD) techniques are developed
and implemented. Extreme TID levels are faced using long-
channel transistors with enclosed layout, avoiding the use of
p-MOSFETs, and implementing a differential self-biased cas-
code architecture with common-mode feedback. Band-widening
techniques, e.g., inductive peaking, cross-coupled capacitors, and
buffer chaining, have been used to improve the driver’s fre-
quency response and reach the targeted data rate. Electrical
measurements show 10 Gb/s waveforms with an eye diagram
amplitude suitable for MZM driving. Electro-optical measure-
ments performed connecting the electronic driver to a silicon
photonic MZM confirm the achievement of a 10 Gb/s system-
level operability. The radiation hardness of the driver is verified
by exposing the integrated circuit to X-rays. The measurements
confirm the ability of the driver to work up to 1 Grad with an
eye amplitude reduction of only 10% and a 7% increment in the
rise and fall times, validating the effectiveness of the implemented
RHBD techniques.

Index Terms— High-speed optical communication, radiation
hardened by design, CMOS integrated circuits, silicon photonics.

I. INTRODUCTION

HE upgrade of the current Large Hadron Collider (LHC)

at CERN, also known as High Luminosity LHC (HL-
LHC), requires electronics to reliably detect particle proper-
ties, manage the collected experimental data and transmit it
to the processing sites. Given the harsh conditions determined
by particle collision outcomes, all the electronic subsystems
must guarantee a robust operation against radiation damage.
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Radiation levels can indeed reach up to 1 Grad(SiO») of total
ionizing dose (TID) in the innermost detector shells [1]-[3].

LHC experiments currently exploit optical links to read out
the data produced by the various sensors deployed in the
detector. Fiber optic-based links enable low-power and high-
speed data transmission, allowing, at the same time, a substan-
tial mass and footprint reduction compared to aluminum- or
copper-based alternative solutions. Material budget is indeed
a critical metric for high energy physics (HEP) systems since
every spurious interaction with the surrounding environment
may affect the ability to precisely reconstruct particle trajec-
tories [4].

Tens of thousands optical links based on vertical-cavity
surface-emitting lasers (VCSELs) are already installed in the
experimental caverns together with the driving electronics
needed to convert the electrical signals coming out of the par-
ticle sensors into modulated optical waves. However, VCSEL
components have been shown to be strongly sensitive to radi-
ation effects. Radiation-induced atomic displacement damage
is indeed responsible for a progressive degradation of the laser
performance metrics, e.g., threshold current [5]. This phenom-
enon leads to device failures even at doses far lower than those
required by the HL-LHC upgrade [2], [3]. Therefore, state-
of-the-art electro-optic transceivers, e.g., VIRx+ [6]-[12],
are limited in their usage only to regions of the detector
which are relatively far from the particle beams interaction
point, i.e., where the radiation exposure is not prohibitive for
VSCEL devices [5]. Sensors located close to the beamline,
e.g., silicon pixel detectors, are thus still being accessed with
bulky copper cables, affecting material budget, speed, and
density scalability.

In the last years, devices based on silicon photonics
(SiPh) technology, such as Mach-Zehnder modulators (MZMs)
and ring modulators (RMs), have been reported to have
stronger radiation hardness than VCSELs, promising radi-
ation tolerance levels in line with the next HEP experi-
ment upgrades [13]-[19]. SiPh-based optical links able to
withstand up to 1 Grad(SiO,) are indeed one of the most
promising solutions for data transfer in HL-LHC experiments,
in order to deploy them down to the innermost detector
layers [2]. The design of 1 Grad(SiO;) tolerant high-speed
electronic drivers for optical modulators is thus of paramount
importance to support the transition to silicon-based inte-
grated photonic devices inside the electro-optical conversion
units.
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The work presented in this paper is the direct upgrade
of the previous design presented in [20], where two 5 Gb/s
electronic drivers, respectively designed for RMs and MZMs,
were able to work up to 800 Mrad TID while losing at most
30% in their output voltage swing. Extending the previous
work, this driver can operate to a doubled bit rate, i.e.,
10 Gb/s, thanks to an improved modeling of the load and
an extensive usage of circuit solutions to extend the opera-
tional bandwidth, e.g., inductive peaking and cross-coupled
capacitors. In addition, the implementation of circuit-level
radiation hardened by design (RHBD) techniques allowed us to
achieve higher radiation levels, i.e., 1 Grad(SiO»), with better
performances.

After a general introduction about the radiation effects on
the target 65 nm technology, a discussion regarding device-
level RHBD techniques is reported in Section II. The design
procedure that leads to the radiation-hard driver realization is
described in Section III, while a further technique for radiation
hardness improvement is proposed in Section IV. The follow-
ing sections, i.e., Sections V and VI, respectively, deal with
the driver layout and the report of the experimental electrical,
electro-optical, and radiation characterizations. Conclusions
are then drawn in Section VIIL.

II. RADIATION IMPACT AND DEVICE
LEVEL RHBD TECHNIQUES

Radiation effects on silicon technologies are mainly related
to the thickness of oxide layers. TID-induced effects, i.e.,
positive charge generation and transport in insulating layers,
indeed go as the square of the oxide thickness [21]-[24].
Metal-oxide-semiconductor field-effect transistors (MOS-
FETs) available in the selected technology are characterized
by a 2 nm-thick gate oxide, which would suggest a strong
resistance to radiation damage. However, at extreme levels of
absorbed ionizing dose, charges generated in the insulating
regions that surround the MOSFET channel start to play a
major role. The presence of shallow trench isolations (STIs)
and gate spacers indeed drastically reduce the performance
of the transistors. For example, minimum-sized n- and p-
MOSFETs connected in diode configuration suffer a reduc-
tion in their on-state current respectively of 52% and 98%
after 1 Grad(SiO;) TID exposure [25]-[28]. Therefore, RHBD
techniques must be adopted to face these detrimental effects
and extend the operability of MOSFET devices in environ-
ments pervaded by radiation [29]. In particular, the usage of p-
MOSFETsS should be avoided since radiation-induced positive
charges accumulated in the oxide layers generate an electric
field that repulses the p-MOSFET conductive charges, making
these devices more sensitive to radiation. Moreover, the usage
of longer-channel transistors helps in reducing the impact of
charges accumulated in gate spacers. Nevertheless, a trade-off
between speed and radiation resistance inevitably arises since
channel length is inversely proportional to MOSFET’s cut-
off frequency. Then, to reduce the impact of charges trapped
in STI trenches, enclosed layout transistors (ELTs) should be
used to avoid by design any interface between MOSFET chan-
nels and isolation oxides [30]. All these device-level RHBD
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Fig. 1. Schematic of the equivalent single-ended loading model. The top-right
detail shows the chip-to-chip coupling configuration used for electromagnetic
simulations of the bonding wires. The bottom-right detail shows a simplified
section of one of the two SiPh-MZM arms.

techniques are adopted in the driver’s design for radiation
hardness improvement.

III. DRIVER DESIGN
A. Output Load Modeling

One of the fundamental design steps is the modeling of
all the elements that will be connected to the driver, such
as electrostatic discharge (ESD) protection circuits, chip pads,
bond wires, and electro-optical modulators. A schematic of the
loading model is shown in Fig. 1. The ESD protections used
in this work are based on diode-triggered silicon-controller
rectifiers [31], [32] and are designed to be compliant with the
2 kV human-body model and 500 V machine model. They
were reused from previous projects since they have already
been qualified for sustaining high radiation doses. Their impact
on the driver design was modeled with an equivalent series
impedance, composed by a resistance and a capacitance whose
values were obtained from post-layout parasitic extraction,
respectively Rgsp = 1.8 Q and Cgsp = 350 fE. A 50 fF
capacitance (Cpap) is placed in parallel to the ESD equivalent
model to represent the impact of 50 x 70 um? pads. Pad
capacitance value, also extracted with post-layout simulations,
results to be mainly determined by the capacitive effects
between overlapping metals, i.e., between the top metal layers
exploited for the pad itself and the lower metal layers used
for the low-resistance ESD paths. These paths are used by
the ESD protection circuits to distribute the charge caused by
electrostatic discharge toward the power clamps protections
[33], [34]. The bond wires were modeled using an electromag-
netic simulator to convert connection wires into an electrical
model. Direct coupling between the electrical chip hosting the
driver and the SiPh chip hosting the MZM is assumed as a
study case (see top-right detail in Fig. 1). The wire bonding
simulations are performed considering a higher thickness of
the SiPh chip than the electronic one, in agreement with the
experimental setup which will be described in Section VI. The
pads of the two chips are arranged with a 100 gum-pitch in
GSGSG configuration, where G stands for ground and S for
signal.

The MZM is an optical modulator that relies on an inter-
ferometric working principle [13]. A beam of light travelling
in an integrated silicon waveguide is split in two parts and
routed through two different electro-optic phase modulators.
By recombining the two beams, the output optical power will
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Fig. 2. Frequency response of every single stage, the load network, and the
whole driver obtained using Harmonic Balance simulations.

depend on the phase difference between them. By driving the
phase shifters accordingly, e.g., differentially, is thus possi-
ble to achieve an optical amplitude modulation out of the
MZM, and thus encode a bitstream on the optical carrier
wave. High-speed electro-optical phase shifters are realized
in SiPh by embedding a pn-junction inside an integrated
optical waveguide and driving it in reverse polarization. The
MZM targeted in this work presents I mm long phase shifters
characterized by a modulation efficiency of V,-L; =1 V-cm.
This latter quantity corresponds to the voltage V. that should
be applied to an arm having length L, to produce a phase shift
of wradiant. Considering that the targeted MZM has 1 mm
long phase shifters, the voltage required to achieve a fully
destructive interference would be V,; ~ 10 V.

Considering the modulation speed required by the appli-
cation and the footprint of the devices to be driven, it is
sufficient to consider the MZM as a lumped device Concerning
the driver design, the pn-junction of the optical modulator
can thus be modelled as a series impedance made of a
capacitance to represents the depletion region and a resistive
contribution associated with the pn-junction access paths (see
Fig. 1 bottom-right detail) [35]-[38]. Considering the targeted
MZM device, we used Cyizm = 500 fF and Ryzm = 1.8 Q for
the model. Since the driver differentially drives the two MZM
arms, Fig. 1 only reports the single-ended loading condition
applied to each of the driver’s output nodes.

The contribution of pads, ESD structures, bonding wires,
and photonic modulator have been included in the model,
determining a transfer function characterized by a significative
+9.3 dB peak located at 6.3 GHz, followed by a rapid roll-
off at higher frequencies. Then, the £3 dB bandwidth of the
load network is located around 4.5 GHz, which imposes the
adoption of compensation mechanisms on the driver side to
target the 10 Gb/s bit rate.

Fig. 2 reports the frequency response of the output load
(pink dotted line) together with all the other stages’ frequency
responses, which will be commented in the next sections.

To give an intuitive explanation for the frequency responses
of the output load and the driving circuit, a simplified circuit
(shown in Fig. 3) can be used to carry out handily equations
for design purposes. A successive simulating phase is required
for the proper stage sizing.
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Fig. 3. Simplified model of the output load and of the output stage without
the inductive peaking (introduced in the next section).
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The output load frequency response is indeed character-
ized by the interaction between the MZM and the bonding
equivalent model. Considering the simplified model in Fig. 3,
we obtain the following transfer function, whose variable
names are the same as those in Fig. 3:

Vout 1
(s) ~ (D)
Vx LbondCmzms® + 1
that has two conjugate poles placed at a pulsation equal to:
1
)

Wp o) = ——

PI72 7 /LoondCrizm
which are well observable in the output load behavior reported
in Fig. 2 (pink dotted line). Note that this behavior is inde-
pendent of the driver design.

On the other hand, the frequency response of the output
stage, reported by the dashed yellow line in Fig. 2, can be
explained considering that the output response of the model
in Fig. 3 is given by the product between the equivalent driving
stage transconductance (G, = Iy,; / Vin) and the load made by
the parallel connection between the driver’s output resistance
(Rout) and the actual load impedance (Zx, seen on the right
side of the node x in Fig. 3):

Rout ) Zx
1o =6 (5255 ©
The frequency behavior of Zy is reported below:
1 o Lot
Zn(5) Ao— - bond CMZM )

Cout 2 Cout + Cyvzm
ot s s+ Lbond = CoutCmzm

Describing the frequency behavior of eq. (4) from low fre-
quency to high frequency, we can observe:

« a pole in the origin that generates a —20 dB/decade roll-
off for low frequencies. Being Zy in parallel to Rgy, the
Rout dominates the response for low frequencies so this
pole cannot be observed in Fig. 2.

« a pair of conjugates zeros placed at:

1
VLbondCmzm

They generate the yellow line drop at 6.3 GHz in Fig. 2.
To be noticed that these zeros are placed in the same
position as the output load poles.

Wy 1-2 =
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« a pair of conjugate poles placed at:
1

s (Er6222)

which generate a peak around 8.5 GHz. This peak has
a lower value than that shown in Fig. 2, because in
the complete design, the inductive peaking technique is
introduced in the pull-up impedance to increase this peak
and thus mitigate the overall frequency response (see
Section III-B).

Wp,1-2 =

B. Output Stage

The MZM requires quite large voltage driving to modulate
the optical carrier wave. Considering that the targeted MZM
device has a V, ~ 10V, a voltage swing on the order of 2 V
per arm is chosen to obtain an Extinction Ratio (ER) of nearly
2.5 dB, which is compatible with the modulation performances
required by the final application [9]. For this reason, a supply
voltage higher than the maximum supported by the standard
devices (also called “core” devices), i.e., those provided with
the technology process design kit (PDK), should be provided
to the last driving stage. According to the RHBD guidelines
introduced in Section II, this increased voltage stress on the
electronic devices could not be addressed with the usage of
thick-oxide MOSFETS to avoid trading off with radiation toler-
ance. Hence, a cascode architecture, composed of a common-
source (CS) and a common-gate (CG) stage, has been chosen
for the last driver stage, as shown in Fig. 4. Considering
the 10 Gb/s target data rate and the required voltage swing
to drive the MZM, two 50 Q pull-up resistors and 50 mA
tail current are adopted in the output stage. To sustain this
current level wide MOSFETsSs are employed, i.e., 828 ym wide
devices for the CS couple and 1248 xm wide for the CG ones.
Then, as described in Section II, device lengths longer than
the minimum allowed by the technology node were chosen to
address the effect of charge accumulated in MOSFETS’ spac-
ers. Channel lengths equal to 120 nm have thus been adopted
for the high-speed devices as a trade-off between speed and
radiation hardness. The choice comes from the evaluation of
the overall circuit performances by harnessing the MOSFET
model reported in [20], which was guaranteed till 1 Grad.
It is based on the Berkeley Short-channel IGFET Model whose
parameters are changed according to the characterization data
of 65 nm MOSFETs exposed up to 1 Grad [29].

In a common cascode configuration, as sketched in Fig. 4(a),
the sustained voltage is not equally distributed on both
the transistors [39]. Indeed, the time-domain simulation of the
cascode architecture reported in Fig. 5 shows that 73% of
the voltage swing falls on the drain-source voltage (Vps)
of the CG transistors and 27% on the CS one. The voltage
unbalance can be observed also on the drain-gate junctions,
making the CG drain-gate voltage drop (Vpg) the limiting
factor for the output signal swing. The maximum CS Vpg is
about half of the maximum CG Vpg (i.e., 58% of CG Vpg).

In addition, considering that the splitting efficiency of
radiation-induced electron-hole pairs depends on the electrical
field intensity [22], the higher the Vpg voltage and the heav-
ier will be the radiation effects on the transistor. Therefore,
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Fig. 4. Schematics of cascode output stage architectures: (a) Standard cascode
biasing, (b) Differential self-biased cascode.

v(v)

Fig. 5. Time-domain simulation results of the GD and DS junction voltages
on the standard cascode stage shown in Fig. 4(a).

a reduction of the Vpg will generate benefits not only in
terms of output swing and junction breakdown but also in
the overall circuit radiation hardness. To balance the voltage
sharing between the cascode devices a self-biased differential
cascode architecture is then proposed for the output stage
of the driver. As shown in Fig. 4(b), three resistors and a
capacitor are added to the conventional architecture. For low
frequencies, the self-bias structure allows us to modulate the
voltage on the CG gate with a partition of the output voltage
given by (R,/2)/(R1 + R,/2). Higher frequency components
are attenuated by the low-pass nature of the R-C network,
which generates a pole at a pulsation equal to:

R
.

The resistors and capacitor values can thus be chosen to
balance the Vgp between the CG and CS. In the proposed
driver, the CG gate is fed with one-third of the output voltage
and the frequency pole is fixed to one-fifth of the driver band-
width. With these values, a fairer voltage sharing is achieved,
as shown in the time-domain simulations of Fig. 6, without
affecting the overall driver frequency response.

The differential self-bias architecture indeed enables 55%
of the output voltage swing to fall on the CG Vpg with the
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Fig. 6. Time-domain simulation results of the GD and DS junction voltages
on the differential self-biased cascode stage shown in Fig. 4(b).

remaining 45% on the CS one. At the same time, the Vpg
voltages of the cascode internal stages have become approx-
imatively equal (i.e., CS’s Vpg is about 93% of the CG’s
Vpg). Therefore, this circuit solution is expected to mitigate
both junction breakdown issues and radiation hardness.
Concerning the frequency response, the output stage is
equipped with an inductive peaked 50 Q pull-up net-
work [40]-[43]. Being aware of the output load transfer func-
tion, the inductor has been chosen to achieve a maximally flat
response for the overall driver. As shown in Fig. 2, the peak in
the frequency response belonging to the output stage indeed
generates a +9.5 dB peak around 9.5 GHz which partially
compensates for the load roll-off at higher frequencies.

C. Predriver Stages

The wide-sized MOSFETs used in the output stage present
a huge input capacitance that imposes the introduction of a
few pre-driving stages to handle it. A tapered current-mode
logic (CML) chain composed of two elements has thus been
chosen to pre-drive the output stage. The two cells have
been designed with a scale factor equal to 3, unlike the
commonly used factors of 2 or 2.7. In particular, MOSFET
widths of 85 um and 262 um have been adopted for the
first and second predriver stages, respectively. A higher scale
factor indeed helps in reducing the number of stages but
has the drawback of also decreasing the overall bandwidth
[40], [41], [44]-[45]. To cope with this bandwidth reduction,
other broad-banding techniques have been adopted. Inductive
peaking is introduced in the output stage as well as in both
pre-driver stages. It helps in shaping the driver’s frequency
response to partially compensate for the rapid drop of the
output load frequency response after the 6.3 GHz peak (see
Fig. 2). The placement of the frequency response peaks and
their amplitudes depend on the inductor values, the pull-up
resistances, and the output node capacitances of each cell.
Since in a traditional buffer chain, the value of the pull-
up resistors and the node capacitances are imposed by the
scale factor, the inductor choice remains the unique degree of
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Fig. 7. Schematic of the whole proposed driver composed of an output stage
and two predriver stages. The additional biasing tails connected to the net
labeled “TID-C” is part of the TID countermeasure described in Section IV.

freedom to shape the device’s frequency response. To precisely
tune the position and the amplitude of the peaks, we thus
decided to introduce an additional circuital solution to modify
the output node capacitances. Cross-coupled capacitances have
thus been inserted between input and output nodes of critical
stages, as sketched in Fig. 7. This connection determines an
equivalent negative capacitance that goes in parallel with the
intrinsic gate impedance, effectively reducing the stage’s input
capacitance. This is intuitively related to Miller’s effect applied
to a capacitance placed across a positive gain stage [40], [41].

Generally, extensive usage of this technique is quite discour-
aged because the input capacitance reduction happens at the
expense of an output capacitance increase of the stage where
it is applied. Indeed, in the proposed design only a minimal
cross-coupled capacitive adjustment has been implemented on
the first pre-driver stage and the output stage, i.e., 40 fF
capacitances have been selected for the former while the latter
is equipped with 100 fF. These choices allowed to reduce the
input capacitances of 40% and 11%, respectively.

Then, the inductive peaks have been set at the desired
frequency position and amplitude by using 1.3 nH and 600 pH
on-chip inductors for the first and second pre-driver cells,
respectively. The tail currents of the predriver stages are
8.7 mA and 20.2 mA for the first and the second one,
respectively.

IV. RADIATION DETECTION AND CORRECTION

The exposure of the target 65 nm technology to high ion-
izing doses has several effects on the active devices used to
design the driver, e.g., threshold voltage shifts and leakage
current increase [21]. Few RHBD techniques related to single-
device engineering have already been reported in Section II.
In this Section, a circuit-level approach is introduced as a
counteracting mechanism to further increase the driver’s radia-
tion hardness when exposed to extreme TID levels. Assuming
that the amount of dose accumulated on the whole electronic
chip is uniform, we propose a design strategy that detects
radiation-related effects on a dedicated region of the chip and
then automatically compensates for the generated impairments
on all the other devices distributed on the chip. In other words,



3182
.. ML sensing cell ....Error amplifier
% é MsFﬁMA
. 1 o
g, —w |
5 éﬂ - - |t VIR |Lf
a = i :
B < | :
Common-mode : 4
M9 M8 M7 ¢ detection H
= M6

T
A
T

1w @10

Fig. 8. TID compensation system composed of a CML sensing cell,
a common-mode detection system, and an error amplifier. The transistors on
the left are the additional current tails connected to the “TID-C” net of the
driver’s stages depicted in Fig. 7.

it consists of the design of an indirect radiation-damage sensor
to locally counteract device performance degradation.

According to the large-signal analysis of a CML cell, the
output swing depends on the product of the tail current and
the pull-up resistors. Considering the higher impact that TID
has on active devices than passives ones, the signal amplitude
reduction at high doses could then be mainly attributed to a
bias current reduction rather than a variation in the resistance
values. The idea then relies on a compensation mechanism that
acts on the bias current of the driver’s stages whenever the
output amplitude starts to reduce because of radiation expo-
sure. In order to sense the radiation-induced swing reduction,
we recall that the output common-mode of a CML cell can be
expressed as:

Ltail

Vom=VDD— > ‘Rp

where Vpp is the supply voltage, Ry, is the pull-up resistor
and I, is the tail current of the cell. Being a function of
the cell’s bias current, the detection and control of the output
common-mode can be used to partially compensate for the
TID effects.

The circuit depicted in Fig. 8 is thus implemented for this
purpose. It is composed of a CML cell that is used as a sensing
element and an error amplifier which generates an additional
current bias for the driver stages, with the appropriate current
mirroring ratios (cross-check Fig. 7 and 8). In particular, the
second stage of the pre-driver is used itself as the sensing
element to save on area and power consumption. Its output
common-mode voltage is easily detected by an RC network
with a large time constant. TID is indeed a timely slow disturb,
e.g., the declared 1 Grad(SiO;) accumulated dose for LHC
experiments is forecast to be collected after at least ten years
of operating time.

Then, the error amplifier is employed to compare the
detected value with a reference voltage externally provided.
This amplifier is an n-couple differential amplifier with active
load. The error amplifier output is then used to drive a
current mirror feedback, which increases the tail current of
the sensing CML cell and that of the other CML stages of
the driver. Although p-MOSFET devices are heavily affected
by TID, as described in Section II, their use is allowed for

(6)
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low-frequency applications where long and wide devices can
be adopted.

The usage of a single CML structure to sense the TID effects
of the overall circuit with different MOSFET sizes is justified
by the relationship between TID and the MOSFETs sizes.
Each MOSFET parameter (e.g., transconductance, threshold
voltage, etc.) has typically a different dependence with respect
to TID and the device’s width/length sizing according to the
measured data reported in the literature [21]-[30]. However,
since MOSFET devices used for the driver circuit have short
channel lengths and wide widths, the following considerations
can be made:

o For n-MOSFETs with a width wider than 30 um, the
dependence of the related losses due to TID from the
device width is negligible. Therefore, for example, since
there is a linear relationship between the MOSFET width
and the on-current, the absolute current variation due to
TID has a linear dependence with the MOSFET width.

o Concerning the MOSFET length, it has a strong impact on
the performance of devices exposed to TID. In particular,
the dependence of the device length on the TID effects
is well observed for some MOSFET parameters, such as
threshold voltage, drain-induced barrier lowering, mobil-
ity, offset voltage, sidewall current, and subthreshold
swing factor. There is no linear relationship between the
TID effects on these parameters and the length of the
devices, but each parameter has its own relationship that
can be extracted by interpolating data from the litera-
ture [21]-[30], as performed in [29].

Therefore, the usage of the second stage of the pre-driver
as a sensing element is justified because it is designed with
the same channel lengths of all the other MOSFETS in the
circuit, while the different device width is compensated by
the appropriate choice of current mirror ratios in the feedback
circuit.

Concerning the feedback stability of the TID compensation
system shown in Fig. 8, the dominant pole is obtained by
the RC network used for the common-mode detection and
the input capacitance of the error amplifier. It is located at
7.8 MHz obtaining a phase margin of 98° and a gain margin
of 25.5 dB. Conservative stability margins are adopted to
consider an eventual pole shift due to the high TID doses. The
whole area and power consumption of the implemented TID
compensation technique are about 0.012 mm? and 2.6 mW,
respectively.

In Table I are listed the sizes of the error amplifier and of the
common-mode detection block involved in the TID compensa-
tion system. Considering the lower speed requirements of this
sub-circuit, the MOSFET lengths within this block have been
made longer than those chosen for the main driving stages,
reducing the TID effects on this block.

V. DRIVER LAYOUT

The full-custom layout of the driver is focused on the
techniques used to improve the driver bandwidth and mitigate
the radiation effects on silicon devices. The layout of all MOS-
FETs has an interdigitated structure for matching purposes.
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TABLE I
TID COMPENSATION SYSTEM SIZING

Device ‘Width [pm] Length [nm] Size

M1, M2 828 240 -
M3, M4, M5 1070 500 -
M6 105 500 -
M7 130 500 -
M8 413 500 -
M9 46 500 -

R - - 10 kQ

C - - 240 {F

Fig. 9. Photo of the 1 x 1 mm? chip in 65 nm technology with the integrated
driver enclosed by the red path.

They are designed with particular attention to the electro-
migration problem due to the high currents chosen for the
generation of the wide output voltage. Therefore, the last
metals of the stack are used everywhere is possible for their
higher tolerated current density. To improve the draining of the
radiation-induced parasitic charge, all the free layout space is
filled with a grid of substrate contacts to reduce the resistive
path toward the ground potential. The whole driver layout has
an area of about 0.15 mm? which is predominantly occupied
by the three differential inductors, as shown in the red circled
area of Fig. 9. A redesign of the inductors with a more compact
shape could be helpful in reducing the overall area.

VI. DRIVER MEASUREMENTS

The experimental characterization of the driver is performed
by wire bonding the chip directly to a testing printed circuit
board (PCB) to avoid the spurious effects that a package
may introduce. A four-layer board has been designed on a
Rogers™ 4003C substrate and is depicted in Fig. 10. It is
equipped with commercial off-the-shelf (COTS) components
dedicated to the generation of supply voltages and bias cur-
rents. To verify the radiation hardness of the driver, the whole
carrier board needs to be exposed to X-rays, hence a safe
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margin between COTS components and X-ray source prevents
them to be damaged during measurements under irradiation.
The board layout indeed includes a 2 cm distance keep-out
distance between the chip under test and the COTS devices.

A. Electrical Measurements

The electrical measurements are performed by exciting
the device under test (DUT) with a 232-1 combinations-long
pseudo random binary sequence (PRBS-31) generated by a
Kintex Ultrascale FPGA and using a 23 GHz 100 GS/s Tek-
tronix oscilloscope to acquire the output signals. The oscillo-
scope disturbs the signal measurement by introducing a 50 Q
loading impedance shunt to ground. This could change the
driver operation since it has not been designed for that load
configuration. In addition, also the testing board traces can
inevitably affect the quality of signal integrity. Therefore, some
simulations have been performed to understand the effects of
the testing board and the 50 Q loading on the driver perfor-
mances. They highlight a variation in 3 dB bandwidth variation
of nearly 1.7% and an almost halved amplitude. Therefore,
a factor of 2 should be considered to get the real signal ampli-
tude, while speed performances could be taken without further
adjustments. The frequency-domain characterization has been
performed by feeding the driver with the PRBS-31 signals at
different bit rates. This procedure, contrary to the use of a
vector network analyzer (VNA), allows us to also take non-
linear circuit behaviors into account. Indeed, the VNA only
excites the DUT with pure tones at different frequencies, thus
providing only a linear approximation of the driver bandwidth.
Fig. 11 shows the eye diagram amplitude of the driver output
signals for different bit rate values, from 1.25 Gb/s to 12 Gb/s.
The low-frequency amplitude is around 1.1 V, which should
be doubled to get the actual swing provided to a single arm
of a lumped MZM, i.e., a not terminated device.

Considering the 3 dB bandwidth, the driver appears to be
operable with a bit rate up to 10 Gb/s. The 10 Gb/s measured
eye diagram of the driver output signals is reported in Fig. 12.
It has an amplitude of about 0.9 V which is within the 3 dB
bandwidth and would correspond to a 1.8 V per arm with an
MZM load.

B. Electro-Optical Measurements

An electro-optical characterization has been performed
to verify the proposed driver’s capability to control a p-n
junction-based SiPh MZM.

As described in Section III-A together with the modelling
assumptions, the photonic integrated circuit (PIC) hosting the
MZM and the electronic chip including the driver under test
have been assembled on the same PCB. The electrical connec-
tions have been made with 40 ym-diameter aluminum wedge-
wedge bonding. The driver’s differential input and output ports
have been respectively bonded to the PCB and the PIC with
wire lengths on the order of 1 mm. A detail of the described
assembly is shown in Fig. 13.

Supply and control voltages for the driver are generated on
a custom-made programmable board, while the input electrical
bit stream is produced with an Anritsu MP1763C pulse pattern
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Fig. 11. Eye amplitude of the driver output signals as a function of bit rate.

generator (PPG) following a PRBS-31 sequence. This signal
is conveyed to the driver’s input port passing through sub-
miniature version K (SMK) cables, 2.92-mm connectors, and
on-board microstrip transmission lines.

Concerning the optical setup, a tunable laser source (TLS)
working in the C band has been used to provide optical power
to the MZM. The operating wavelength has been fixed to
1548 nm in order to drive the MZM in quadrature, i.e., the
working point which gives the maximum ER on the received
waveform. Since optical input/output coupling is realized with
grating couplers (GCs), a polarization controller (PC) was
placed in the optical chain before the PIC. GCs are typically
sensitive to a single polarization direction, hence an external
alignment allows us to maximise the light intensity injected
into the PIC. Although nominal optical insertion losses (IL)
for the GCs used in this work are rated around 3-4 dB at
each fiber-GC interface, these devices are strongly sensitive
to their relative position to the pigtailed fibers. A non-optimal
placement of the fiber array on the PIC can indeed dramatically
affect the overall insertion loss to access the photonic devices
under test [46]. In our measurement setup, we ended up with
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Fig. 13. Image of the driver chip connected with the testing board and SiPh
chip hosting the MZM through aluminum bonding wires.

an IL of nearly 40 dB while accessing the MZM on the PIC,
while expecting a maximum of 14 dB, considering optimal
fiber-GC positionings together with ILs due to the MZM
itself and on-chip routing. We attributed the excess loss to
a mechanical misalignment between the fiber array and the
GCs happened during the shipment of the testing boards.

To counteract this unexpectedly large IL and demonstrate
the driver’s ability to drive the on-chip MZM, two erbium-
doped fiber amplifiers (EDFAs) have been inserted in the
setup. Optical amplification has been split in two parts to
avoid injecting too high optical power levels in the silicon
waveguides, preventing the onset of optical nonlinear effects.
The optical noise introduced by EDFAs was partially filtered
by placing a tunable band-pass filter (TBPF) downstream the
last optical amplifier. In this way, the out-of-band amplified
spontaneous emission (ASE) was greatly reduced and, in turn,
also the ASE-ASE beat noise in the output waveform. Nev-
ertheless, the optical signal-to-noise ratio (OSNR) has been
measured to be greater than 27 dB, ensuring that any eventual
noise contribution to the received waveform could be attributed
to the electronic side. The measurement setup is completed by
a variable optical attenuator (VOA), followed by a 15 GHz-
bandwidth photo-receiver module (HP11982a) which includes
both photodetector (PD) and trans-impedance amplifier (TTA).

The electrical signal converted by the optical receiver is then
fed to either a 20 GHz-bandwidth oscilloscope (Agilent DCA
86100C) or an Anritsu MP1764C error detector (ED). An over-
all scheme of the experimental setup is depicted in Fig. 14.
Electro-optical bit error rate (BER) characterization has been
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Fig. 15. Electro-optical BER results as a function of the photo-receiver input
power and data rates.

performed as a function of both bit-rate and optical power at
the receiver (i.e., Ppg in Fig. 14) to verify the quality of the
data transmission. Setting the bit rate on the PPG, the optical
intensity level on the receiver is varied acting on the VOA
and the BER level is taken from the ED. The results of these
measurements are shown in Fig. 15. They confirm the driver’s
operability till 10 Gb/s when loaded with an MZM. Although
the BER trace for 10 Gb/s shows a reduced slope compared
to the curves at slower data rates, no apparent sign of BER
floor is visible. The BER 1-10~? condition was not explicitly
achieved for that trace because of the safety input optical
power levels of the used photo-receiver (max. 1.76 dBm).
Eye diagrams captured after the receiver’s TIA are reported
in the same BER condition (i.e., 8.1-10_9) for different bit
rates in Fig. 16. As expected from the BER characterization,
they show that an increment in the eye height, which is
proportional to the photo-receiver input power, is required to
achieve the same BER for higher data rates. This is due to
slight modifications in the shape of the eye diagrams while the
bandwidth limit of the driver is approached. It is worth noting
that the absolute values of the shown eye amplitudes depend
on several setup-related factors, e.g., input optical power,

{5.7mv

2.5Gb/s fsamv 5 Gb/s

£66ps

14 mv

Fig. 16.

Eye diagrams measured on the electro-optical setup. The photo-
detector output signals at different bit-rates are collected by the oscilloscope.

optical losses and amplifications, photo-receiver gain, etc., and
should not be considered as strictly relevant for the driver
characterization.

C. Radiation Hardness Performances

The radiation hardness of the driver is evaluated by exposing
the DUT to X-rays. The TID measurement is performed using
the X-ray Seifert RP149 machine at the X-ray facility of
CERN. The used dose rate is 8.2 Mrad/h, which is about
720 times higher than the mean dose rate forecasted for
HL-LHC. Since the charge build-up in the oxide layers does
not have time to recombine through annealing effects, the
results of this stressing TID test are more conservative than
the real case.

During irradiation, the driver is excited with 5 Gb/s
PRBS-31 signal. This speed downgrading, compared to the
results presented in Section III-A, was due to the imple-
mented measurement setup. The usage of 3 meters-long cables
indeed limited the maximum achievable bit rate. These long
interconnections were required to access the DUT inside the
irradiation chamber, while keeping data and power generators
and measurements instruments safely outside.
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Fig. 18. Variation of the rise time and fall time of the output signals as a
function of the dose.

In Fig. 17 the variation of the eye amplitude as a function
of TID is shown from O to 1 Grad. The eye amplitude
decreases with the cumulated dose increment for the reduction
of the MOSFETs performances, as expected from Section II.
Although high TID levels impose severe effects on silicon
devices, the driver is still able to operate with an eye ampli-
tude reduction of about 10% at 1 Grad(SiO;), thus validat-
ing the effectiveness of the proposed implemented RHBD
techniques. In [20], the presented drivers were produced in
the same technology and adopted only device-level RHBD
techniques ending up with eye amplitude reductions of 25-30%
at 800 Mrad (SiO»). This confirms the substantial contribution
of the circuit-level RHBD techniques proposed in this paper.

Concerning the impact of high-level TID on the driver’s
frequency response, we propose to analyse the behaviour of
the rise and fall times on the measured output signals.

The spectral power density of a generic random NRZ (Non-
Return-to-Zero) signal, is made by nulls at multiple of the bit
rate and a spectrum amplitude decrement of —20 dB/decade
up to the knee frequency (fxnee) and greater beyond [47]. The
fknee, Which is typically considered as the maximum significant
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Fig. 19. Eye-diagram of the driver output signals at 7.8 Gb/s in pre-irradiated
(top) and 1 Grad TID (bottom) measurements.

frequency of the random signal, does not depend on the bit
rate but only on the rise and fall times of the signal, as shown
in the following eq. (7):

1
2t

where t; is the rise time and it is considered equal to the fall
time. The behaviour of the fipeecas a function of the TID can
thus be extracted from that of the rise and fall times.

Fig. 18 displays the variation of the output signals’ rise and
fall times as a function of the TID levels. As can be observed,
the rise and fall times increase with the TID, reaching an incre-
ment of about 7% when the driver is exposed to 1 Grad(SiO»).

Considering eq. (7), this increment in the rise and fall times
corresponds to a reduction in fypee of about 6.54% at 1 Grad,
confirming the operability of the driver up to this high dose
level.

In addition, the total jitter measurements were performed
showing an increment of only 1.7% when the driver is exposed
to 1 Grad. Therefore, no significant degradation is expected on
the eye diagram shape. Fig. 19 shows the comparison between
the measured eye diagrams of the driver output signals when it
works in typical conditions and after being exposed to 1 Grad.
Both eye plots have been acquired with the same setup used
for the irradiation measurement to be comparable. Unfortu-
nately, as also stated above, the setup did not allow us to
perform 10 Gb/s measurements hence eye diagrams at 7.8 Gb/s
are reported in Fig. 19.

(N

fknee ~

VII. CONCLUSION

We have presented the design and the experimental char-
acterization of a driver for a SiPh MZM able to oper-
ate up to 10 Gb/s in radiation environments exposed to
doses up to 1 Grad(SiO;). Considering the heavy impact
that TID has on the performance of silicon technologies,
the driver was designed following device- and circuit-level
RHBD techniques. Design methodologies such as the usage
of long-channel transistors, the adoption of ELT devices, the
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TABLE 11
STATE-OF-THE-ART COMPARISON

[10] 9] [20]* This work
Technology 130 nm 65 nm 65 nm 65 nm
Bit rate 10 Gb/s 10 Gb/s 5 Gb/s 10 Gb/s
Electrical 2775V
output swing 04V 15 mA 2.08V 18V
Targeted  yogpp yOSEL MZM-RR MZM
Device
Optical AOP } 3.41 dBm/ -0.7dBm/ 2dBm /
/ OMA"® 0.96 mW 0.55 W 0.89 mW
Consumption 55\ 94w 9806mW 1148 mW
Power
TID tolerant 100 Mrad 600 Mrad 800 Mrad 1 Grad

*Two drivers with different output voltage swings are reported, one for an
MZM device and the other for a RR device.
"AOP (Average Optical Power), OMA (Optical Modulation Amplitude)

avoidance of p-MOSFETs and thick oxide devices have all
been adopted for device-level TID compensation. In addi-
tion, some circuit-level strategies have been exploited to fur-
ther increase radiation hardness. Differential self-bias cascode
architecture and common-mode feedback compensation for
TID-induced degradation have been developed and applied to
the driver. To meet both radiation-resistance and speed speci-
fications, several broad-banding circuital solutions have been
implemented, e.g., inductive peaking, cross-coupled capaci-
tances, and CML buffer chaining. Electrical characterization
in typical conditions shows the possibility to achieve data rates
up to 10 Gb/s with a measured eye diagram amplitude of
0.9 V (see Fig. 11). Considering the loading effect of the 50 Q
terminated oscilloscope an eye diagram amplitude of 1.8 V is
expected on each MZM arm.

Electro-optical measurements performed connecting the
proposed driver to an MZM through bonding wires indeed
report the achievement of a 10 Gb/s data rate. Then, the
driver’s radiation hardness, tested exposing the device to
X-rays, highlights an operative range up to 1 Grad(SiO;) with
an amplitude loss of only 10% in the output signal swing.
Considering the collected results, an eye amplitude greater
than 1.78 V is expected till 10 Gb/s and 1 Grad(SiO,). This
voltage swing is still suitable for driving an MZM and thus
validates the electronic driver’s feasibility for radiation-hard
optical link applications.

Table II compares the driver proposed in this work with
state-of-the-art drivers for electro-optical modulators able to
operate in radiation-pervaded environments. The work in [10],
implemented in 130 nm technology, presents a driver for
VCSEL diodes up to 10 Gb/s data rate using programmable
pre-emphasis circuits and T-coils inductors to compensate for
ESD capacitance. However, it shows a TID radiation hardness
level of about 100 Mrad, the lowest of the compared drivers.
In [9], another VCSEL driver reaches a 10 Gb/s data rate
removing the ESD protections and using a capacitive feed-
forward. Its radiation hardness is about 600 Mrad, which is
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still not suitable for the innermost layers of the HL-LHC
experiments, where the TID expected is 1 Grad.

Comparing the last two table columns is clearly observ-
able the performance upgrade with respect to our previous
work [20]. This work indeed outperforms the driver presented
in [20] not only in terms of speed performances but also
in terms of radiation hardness. All the implemented broad-
banding and RHBD techniques are therefore validated to be
effective for the design of radiation-hard optical drivers for
HEP experiments and could be further investigated in future
works to address even better performance levels.

ACKNOWLEDGMENT

The authors would like to give a grateful thanks to the
CERN staff G. Borghello and G. Termo for the help during
the irradiation test. They would also like to thank C. Scarcella,
P. Moreira, J. Troska, and F. Vasey for providing the photonic
integrated circuit, the testing board, and the fiber array pigtails.

REFERENCES

[1] B. Schmidt, “The high-luminosity upgrade of the LHC: Physics and
technology challenges for the accelerator and the experiments,” J. Phys.,
Conf., vol. 706, Apr. 2016, Art. no. 022002.

[2] N. Hessey, “Overview and electronics needs of ATLAS and CMS high
luminosity upgrade,” in Proc. Topical Workshop Electron. Phys. (TWEP),
Naxos, Greece, Sep. 2008, pp. 323-327.

[3] (2017). CERN, CMS Collaboration. The Phase-2 Upgrade of the CMS
Tracker. CERN-LHCC-2017-009. CMS-TDR-014. [Online]. Available:
https://cds.cern.ch/record/2272264

[4] D. Underwood et al., “New optical technology for low mass intelligent
trigger and readout,” J. Instrum., vol. 5, no. 7, Jul. 2010, Art. no. C07011.

[5] M. L. Chu et al., “Radiation hardness studies of VCSELs and PINs
for the opto-links of the atlas SemiConductor tracker,” Nucl. Instrum.
Methods Phys. Res. A, Accel. Spectrom. Detect. Assoc. Equip., vol. 579,
no. 2, pp. 795-800, Sep. 2007.

[6] A. Xiang et al., “A versatile link for high-speed, radiation resistant opti-
cal transmission in LHC upgrades,” Phys. Proc., vol. 37, pp. 1750-1758,
Jan. 2012.

[71 S. Biereigel, “The LpGBT PLL and CDR architecture, performance and
SEE robustness,” in Proc. Top. Workshop Electron. Part. Phys. (TWEPP),
vol. 2, 2019, p. 34.

[8] A. Paterno et al., “A prototype of pixel readout ASIC in 65 nm CMOS
technology for extreme hit rate detectors at HL-LHC,” J. Instrum.,
vol. 12, no. 2, Feb. 2017, Art. no. C02043.

[9]1 X. Huang et al., “A novel quad-channel 10 Gbps CMOS VCSEL array

driver with integrated charge pumps,” J. Instrum., vol. 15, no. 12,

Dec. 2020, Art. no. T12004.

G. Mazza et al, “High-speed, radiation-tolerant laser drivers in

0.13 um CMOS technology for HEP applications,” IEEE Trans. Nucl.

Sci., vol. 61, no. 6, pp. 3653-3659, Dec. 2014.

[11] Z. Zeng et al., “A compact low-power driver array for VCSELs in

65-nm CMOS technology,” IEEE Trans. Nucl. Sci., vol. 64, no. 6,

pp. 1599-1604, Jun. 2017.

G. Mazza et al., “A CMOS 0.13 um, 5 Gb/s laser driver for high

energy physics applications,” IEEE Trans. Nucl. Sci., vol. 59, no. 6,

pp. 3229-3234, Dec. 2012.

[13] J. Witzens, “High-speed silicon photonics modulators,” Proc. IEEE,

vol. 106, no. 12, pp. 2158-2182, Dec. 2018.

[14] J. Troska et al., “Radiation damage studies of lasers and photodiodes

for use in multi-Gb/s optical data links,” IEEE Trans. Nucl. Sci., vol. 58,

no. 6, pp. 3103-3110, Dec. 2011.

S. S. El Nasr-Storey et al, “Effect of radiation on a Mach—

Zehnder interferometer silicon modulator for HL-LHC data transmission

applications,” IEEE Trans. Nucl. Sci., vol. 62, no. 1, pp. 329-335,

Feb. 2015.

S. S. E. Nasr-Storey et al., “Neutron and X-ray irradiation of silicon

based Mach—Zehnder modulators,” J. Instrum., vol. 10, no. 3, Mar. 2015,

Art. no. C03040.

[10]

[12]

[15]

[16]



3188

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 69, NO. 8, AUGUST 2022

H. Sepehrian, A. Yekani, L. A. Rusch, and W. Shi, “CMOS-photonics
codesign of an integrated DAC-less PAM-4 silicon photonic transmitter,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 63, no. 12, pp. 2158-2168,
Dec. 2016.

S. Bhandaru, S. Hu, D. M. Fleetwood, and S. M. Weiss, “Total ionizing
dose effects on silicon ring resonators,” IEEE Trans. Nucl. Sci., vol. 62,
no. 1, pp. 323-328, Feb. 2015.

W. Bogaerts et al., “Silicon microring resonators,” Laser Photon. Rev.,
vol. 6, no. 1, pp. 47-73, Jan. 2011.

G. Ciarpi, G. Magazzu, F. Palla, and S. Saponara, “Design, implementa-
tion, and experimental verification of 5 Gbps, 800 Mrad TID and SEU-
tolerant optical modulators drivers,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 67, no. 3, pp. 829-838, Mar. 2020.

H. J. Barnaby, “Total-ionizing-dose effects in modern CMOS tech-
nologies,” IEEE Trans. Nucl. Sci., vol. 53, no. 6, pp. 3103-3121,
Dec. 2006.

A. Holmes-Siedle and L. Adams, Handbook of Radiation Effects,
2nd ed. Oxford, U.K.: Oxford Univ. Press, Jan. 2002, pp. 317-331.

T. R. Oldham and F. B. McLean, “Total ionizing dose effects in MOS
oxides and devices,” IEEE Trans. Nucl. Sci., vol. 50, no. 3, pp. 483-499,
Jun. 2003.

G. Anelli et al, “Radiation tolerant VLSI circuits in standard deep
submicron CMOS technologies for the LHC experiments: Practical
design aspects,” IEEE Trans. Nucl. Sci., vol. 46, no. 6, pp. 1690-1696,
Dec. 1999.

M. Menouni et al.,
technology for the HL-LHC upgrades,” J. Instrum.,
May 2015, Art. no. C05009.

L. Ding, S. Gerardin, M. Bagatin, S. Mattiazzo, D. Bisello, and
A. Paccagnella, “Drain current collapse in 65 nm pMOS transistors
after exposure to Grad dose,” IEEE Trans. Nucl. Sci., vol. 62, no. 6,
pp- 2899-2905, Dec. 2015.

F. Faccio, S. Michelis, D. Cornale, A. Paccagnella, and S. Gerardin,
“Radiation-induced short channel (RISCE) and narrow channel (RINCE)
effects in 65 and 130 nm MOSFETS,” IEEE Trans. Nucl. Sci., vol. 62,
no. 6, pp. 2933-2940, Dec. 2015.

F. Faccio et al., “Influence of LDD spacers and H+Transport on the
total-ionizing-dose response of 65-nm MOSFETs irradiated to ultra-
high doses,” IEEE Trans. Nucl. Sci., vol. 65, no. 1, pp. 164-174,
Jan. 2018.

G. Ciarpi et al., “Radiation hardness by design techniques for 1 Grad
TID rad-hard systems in 65 nm standard CMOS technologies,” in
Proc. Int. Conf. Appl. Electron. Pervading Ind., Environ. Soc. Cham,
Switzerland: Springer, 2018, pp. 269-276.

G. S. Cardoso and T. R. Balen, “Performance evaluation of radiation
hardened analog circuits based on enclosed layout geometry,” in Proc.
17th Latin-Amer. Test Symp. (LATS), Apr. 2016, pp. 123-128.

C. Yeh and M. Ker, “New design of 2xVDD-tolerant power-rail ESD
clamp circuit for mixed-voltage I/O buffers in 65-nm CMOS tech-
nology,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 59, no. 3,
pp. 178-182, Mar. 2012.

S. Cao, J.-H. Chun, S. G. Beebe, and R. W. Dutton, “ESD design
strategies for high-speed digital and RF circuits in deeply scaled silicon
technologies,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 57, no. 9,
pp- 2301-2311, Sep. 2010.

B.-W. Peng and C.-Y. Lin, “Low-loss I/O pad with ESD protection
for K/Ka-bands applications in the nanoscale CMOS process,” [EEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 65, no. 10, pp. 1475-1479,
Oct. 2018.

F. Lu et al., “A systematic study of ESD protection co-design
with high-speed and high-frequency ICs in 28 nm CMOS,” [EEE
Trans. Circuits Syst. I, Reg. Papers, vol. 63, no. 10, pp. 1746-1757,
Oct. 2016.

S. Cammarata et al., “Design and performance evaluation of multi-Gb/s
silicon photonics transmitters for high energy physics,” Energies, vol. 13,
no. 14, p. 3569, Jul. 2020.

K. Zhu, V. Saxena, X. Wu, and W. Kuang, “Design considerations
for traveling-wave modulator-based CMOS photonic transmitters,” JEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 62, no. 4, pp. 412-416,
Apr. 2015.

J. He et al., “A 56-Gb/s reconfigurable silicon-photonics transmitter
using high-swing distributed driver and 2-tap in-segment feed-forward
equalizer in 65-nm CMOS,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 69, no. 3, pp. 1159-1170, Mar. 2022.

“l1-Grad total dose evaluation of 65 nm CMOS
vol. 10, no. 5,

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

[47]

fields

Q. Liao et al., “A 50-Gb/s PAM-4 silicon-photonic transmitter incor-
porating lumped-segment MZM, distributed CMOS driver, and inte-
grated CDR,” IEEE J. Solid-State Circuits, vol. 57, no. 3, pp. 767780,
Mar. 2022.

T. Sowlati and D. M. W. Leenaerts, “A 2.4-GHz 0.18-um CMOS self-
biased cascode power amplifier,” IEEE J. Solid-State Circuits, vol. 38,
no. 8, pp. 1318-1324, Aug. 2003.

B. Razavi, Design of Integrated Circuits for Optical Communications.
Hoboken, NJ, USA: Wiley, 2012.

T. K. K. Tsang, K.-Y. Lin, and M. N. El-Gamal, “Design techniques of
CMOS ultra-wide-band amplifiers for multistandard communications,”
IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 55, no. 3, pp. 214-218,
Mar. 2008.

S. S. Mohan, M. D. M. Hershenson, S. P. Boyd, and T. H. Lee,
“Bandwidth extension in CMOS with optimized on-chip induc-

tors,” IEEE J. Solid-State Circuits, vol. 35, no. 3, pp. 346-355,
Mar. 2000.
J. Kim, “Design optimization of on-chip inductive peaking struc-

tures for 0.13-um CMOS 40-Gb/s transmitter circuits,” IEEE Trans.
Circuits Syst. 1, Reg. Papers, vol. 56, no. 12, pp. 2544-2555,
Oct. 2009.

S. R. Vemuru and A. R. Thorbjornsen, “Variable-taper CMOS
buffers,” IEEE J. Solid-State Circuits, vol. 26, no. 9, pp. 1265-1269,
Sep. 1991.

G. E. Matiga, “Design of a CML transceiver with self-immunity to EMI
in 0.18-um CMOS,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 64,
no. 4, pp. 981-991, Dec. 2017.

C. Li et al., “Silicon photonics packaging with lateral fiber coupling

to apodised grating coupler embedded circuit,” Opt. Exp., vol. 22,
pp- 24235-24240, Oct. 2014.

H. Johnson and M. Graham, High-Speed Digital Design: A Handbook
of Black Magic. Upper Saddle River, NJ, USA: Prentice-Hall, 1993,
pp. 1-29.

Gabriele Ciarpi (Member, IEEE) received the mas-
ter’s and Ph.D. degrees (cum laude) in electronic
engineering from the University of Pisa, Italy, in
2016 and 2020, respectively. From 2020 to 2021,
he was a Research Engineer at INFN, Pisa, where
he designed devices for high-speed radiation-tolerant
links. He is currently a Researcher with the Depart-
ment of Information Engineering, University of Pisa.
His main research is focused on the design of high-
speed links for applications in high-performance

: 1 computing and in high energy physics. His research
include the development of devices and architecture for micro-

thermoelectric generators, the design of devices for RF energy harvesting
and wireless power transfer, and the design of integrated dc/dc converters for

harsh

environments. He collaborates with the research and development labs

of international companies, such as Valeo and AMS, and research institutions,
such as CERN and INFN.

- A.’( 1

radiat

optics, high-speed electro-optic interconnects,

photol

Simone Cammarata received the B.Sc. and M.Sc.
degrees (cum laude) in electronic engineering from
University of Pisa, Italy, in 2016 and 2019,
respectively, where he is currently pursuing the
Ph.D. degree with the Department of Informa-
tion Engineering. In Summer 2017, he worked at
CERN, Switzerland, as a Undergraduate Student
in the Optoelectronics Group. He is associated to
the Scuola Superiore Sant’Anna, Pisa, Italy, and
the Istituto Nazionale di Fisica Nucleare, Pisa, since
2018, in the framework of a joint project focused on
ion-hard silicon photonics. His main research interests include integrated
radiation effects in silicon
nic devices, and quantum silicon photonics.



CIARPI et al.: DESIGN AND CHARACTERIZATION OF 10 Gb/s AND 1 GRAD TID-TOLERANT OPTICAL MODULATOR DRIVER

Danilo Monda received the bachelor’s and master’s
degrees in electronic engineering from the Univer-
sity of Pisa, Italy, where he is currently pursuing the
Ph.D. degree with the Department of Information
Engineering and INFN. He collaborates with the
research and development labs of international com-
panies, such as IMEC, and research institutions, such
as CERN and INFN. His research interests include
the design of high-speed ICs for harsh environments
and high-frequency communication systems.

Stefano Faralli (Member, IEEE) received the M.Sc.
degree in physics from the University of Pisa,
Pisa, Italy, in 2000, the M.Sc. degree in optical
communications systems and networks from the
Politecnico di Milano, Milan, Italy, in 2001, and
the Ph.D. degree in telecommunications technology
from the Scuola Superiore Sant’Anna, Pisa, in 2006.
From 2011 to 2012, he was a Visiting Scholar with
the University of California at Santa Barbara, work-
ing in the optoelectronics group. From 2015 to 2017,

) he was a Senior Process Engineer at the Inphotec
Center, Scuola Superiore Sant’Anna, in charge for the processes of PECVD
and LPCVD deposition, wet and dry oxidation. He is currently an Assistant
Professor with the Scuola Superiore Sant’Anna. He is a co-founder of Infibra
Technologies S.r.l., a spin-off company of Scuola Superiore Sant’Anna. He is
the author and coauthor of publications among patens and papers in peer-
reviewed international journals and conference digests. His current research
interests include optical fiber sensors, integrated optics, silicon photonics, thin-
film processing, and optical amplification for optical communication systems
and networks.

Philippe Velha received the degree in engineering
and the M.Sc. degree in integrated digital electronics
from the Ecole Centrale de Lyon, France, in 2004,
and the Ph.D. degree in physics from the Université
Paris-Sud XI in 2008. Over the years, he has been
involved in the supervision of over ten Ph.D. stu-
dents. In 2013, he has joined the Scuola Superiore
Sant’Anna, Pisa, Italy. He is the coauthor of more
than 90 publications and is a Senior Member of
the OSA.

Open Access funding provided by ‘Universita di Pisa’

3189

Guido Magazzu received the master’s degree in
electronic engineering from the University of Pisa
in 1991. Since 1995, he has been a Research Engi-
neer and a Senior Research Engineer (since 2008)
at INFN—Sezione di Pisa. His activity has been
mainly focused on the design of digital and ana-
log integrated circuits for applications in the high-
performance computing and in the high energy
physics (HEP) experiments and in the development
of FPGA-based trigger processors. He was at CERN
as a Staff Research Engineer from 2003 to 2007.
He was responsible for the development and the integration of the electronics
of the outer barrel of the silicon tracker of the CMS experiment at the
Large Hadron Collider. He was with the Department of Physics, University of
California at Santa Barbara, as a Visiting Project Scientist, from 2011 to 2013,
working on the upgrade of the CMS muon calorimeter.

Fabrizio Palla received the master’s degree in
physics from the University of Pisa in 1989 and the
Ph.D. degree in physics with the Scuola Normale
Superiore, Pisa, in 1994. He has been the Research
Director of INFN, Pisa, since 2013, where he coordi-
nates research and development of radiation-tolerant
high-speed links based on silicon photonics and
optical wireless, and local responsible for 65-nm
readout chip of the CERN RD53 project. Since 1999,
he has coordinated several research groups in the

: high-energy physics experiments ALEPH at LEP
and CMS at the LHC at CERN. He is the author of more than 1300 articles
with an H-index of 119. In 2013, he was awarded the “High Energy and
Particle Physics European Physical Society Prize” (to ATLAS and CMS
collaborations) for the discovery of a Higgs boson. In the past 20 years, his
technological research activity has been mainly devoted to the development
of silicon detectors and photonic links, as well as on ATCA format boards.
Recently, he started the application of several sensors for food and agriculture.

Sergio Saponara (Senior Member, IEEE) received
the master’s degree (cum laude) and the Ph.D. degree
in electronic engineering the University of Pisa.
In 2012, he was a Marie Curie Research Fellow at
IMEC, Belgium. He is currently a Full Professor
of electronics with the University of Pisa. He was
an IEEE Distinguished Lecturer and a co-founder of
special interest group on IoT of both IEEE CAS and
SP societies. He is the Director of I-CAS Laboratory,
of the Summer School Enabling Technologies for
IoT. He is an associate editor of several IEEE, IET,
and Springer journals. He has coauthored more than 300 scientific publications
and holds 18 patents. He is a Funding Member of the IoT CASS SiG. He has
been a TPC member of over 100 international IEEE and SPIE conferences.
He is the leader of many funded projects by EU and by companies.

within the CRUI CARE Agreement




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


