The SAR control logic is responsible for both digital code output generation and
control signal management for the three-phase switching process during conversion. It is
primarily composed of D flip-flops (DFFs), which play a crucial role in sequential
operations. However, conventional master-slave latch DFFs are highly susceptible to SETs
and SEUs due to their sequential nature, leading to erroneous output results when exposed

to radiation-induced disturbances.

Among radiation-hardening techniques for DFFs, TMR is also widely used for
mitigating SEEs. However, this method incurs significant area and power overheads. To
address this, the Dual-Interlocked Cell (DICE)-based D flip-flop is employed to enhance
SET immunity [29] . This structure uses an interleaved master—slave latch architecture with
physically separated sensitive nodes, thus minimizing the risk of charge sharing and
subsequent errors. As illustrated in Figure 3-7(a), the master latch consists of storage nodes
1,2, 5, and 6, while the slave latch comprises storage nodes 3, 4, 7, and 8. Additionally,

nodes 9 and 10 serve as interlocking reset nodes to further enhance SET resilience.

Under normal operation, assuming a valid reset signal and clock, when the input D =
“1”, the feedback inverters ensure that the correct state is latched, propagating the output
Q =*“1" while preserving internal state integrity. If an SET occurs, such as a transient strike
at node 1, attempting to drive it from low (“0”) to high (“1”), the interlocking mechanism
prevents a state change. Since node 5 remains at “0”, transistors P1 and N1 are turned off,
isolating node 2 and maintaining its original state. Similarly, P1’ and N1’ are activated,
allowing node 6 to quickly recover due to the back-to-back inverter structure, effectively
suppressing the SET. The slave latch follows the same recovery principles, ensuring state

retention and immunity against transient faults.

As shown in Figure 3-7(b), the DICE DFF layout emphasizes structural symmetry to
minimize layout-induced variations. Crucially for SEE tolerance, the layout implements

physical separation between logically redundant sensitive node pairs within the master
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(nodes 1, 2, 5, 6) and slave (nodes 3, 4, 7, 8) latches. This spacing, a key aspect
complementing the DICE topology, aims to reduce the probability of SEE causing
simultaneous upsets on multiple critical nodes through charge sharing. Standard practice
like well/substrate contacts is also employed to further isolate sensitive regions. Compared
to techniques like using Enclosed Layout Transistors (ELTs), our approach relies on the
inherent redundancy of the DICE circuit combined with careful node spacing and

symmetric layout.

A radiation-induced SET fault within the SAR control logic may propagate through the
system, affecting timing signals such as CLK, leading to an SEU that persists until reset in
the next conversion cycle (Figure 3-8(a)). However, as demonstrated in Figure 3-8(b), the
radiation-hardened DICE DFF effectively suppresses SET-induced errors, ensuring

reliable SAR operation.

3.4. EXPERIMENTAL RESULTS AND ANALYSIS

The proposed RHBD split Coarse/Fine SAR ADC prototype was implemented in TSMC
65 nm CMOS technology and subjected to comprehensive testing to assess its
performance under both nominal and irradiation conditions. The chip die photograph,
captured using an infrared camera, is shown in Figure 3-9(a). This image was taken from
the substrate side (backside) of the chip package after underfill is polished, specifically
prepared for SEE laser testing. To facilitate a direct comparison of radiation-hardening
performance, both a 10-bit 50 MS/s proposed RHBD SAR ADC (right) and a 10-bit 50
MS/s conventional SAR ADC (left) were integrated into the same chip. A symmetric
layout incorporating guard rings and interdigitated transistors was employed to mitigate
charge collection effects. The proposed RHBD ADC core, occupied 0.0875 mm? area and
measured power consumption of 2.79 mW at a sampling rate of 50 MS/s under a 1.2 V
supply. Compared to a conventional SAR ADC, the design incurs approximately 42% area
and 40.9% power overhead.
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Figure 3-9. (a) Die photograph and (b) power consumption breakdown for RHBD SAR ADC.
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Figure 3-10. Measured DNL and INL.

As shown in Figure 3-9(b), the power consumption is dominated by the C-DAC
switching logic (45%), followed by the comparator (23%) and the sample-and-hold circuit
(18%). The error detection and correction logic consume only 6%, highlighting its
efficiency. These results demonstrate that the ADC balances radiation resilience, power

efficiency, and performance.
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A. Electronic Measurement Results

The measured performance of the proposed RHBD SAR ADC is thoroughly analyzed
through static and dynamic evaluations. Figure 3-10 illustrates the static linearity
performance, where the INL is maintained within +0.60 LSB/-0.58 LSB, and the DNL
remains within +0.82 LSB/-0.77 LSB after off-chip LMS bit-weight calibration. These
results indicate that the ADC preserves monotonicity across the entire input range, ensuring

reliable digital output conversion with minimal non-linearity distortions.

The dynamic performance, depicted in Figure 3-11, is evaluated based on SNDR,
ENOB, SNR and SFDR. For a low-frequency input of 1.18 MHz, the ADC achieves an
SNDR of 54.6 dB (corresponding to 8.78 ENOB), while at 24.22 MHz (near the Nyquist
limit), the SNDR slightly decreases to 53.8 dB (8.65 ENOB). This minor degradation at
higher frequencies is primarily attributed to parasitic coupling and capacitor mismatches,

which are common in nanoscale CMOS implementations.
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10 Fin = 1184.1 kHz 0| | Fin=24218.8 khz
SNDR = 54.6 dB SNDR = 53.83 dB
20 ENOB = 8.78 bits 20+ | ENOB = 8.65 bits
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Figure 3-11. Measured RHBD ADC output Spectra (F;,, =1.18 MHz in (a) and F;,, =24.21 MHz

near-Nyquist in (b) at Fsgmpiing = 50 MHz2).
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Figure 3-12. Measured dynamic performance for RHBD SAR and conventional SAR ADCs.

Further comparative analysis between the RHBD SAR ADC and a conventional SAR
ADC is presented in Figure 3-12, where the SNDR and SFDR trends over the input
frequency range are analyzed. Since the conventional SAR ADC uses the same circuit
implementation and layout arrangement of Fine ADC in proposed RHBD ADC, the results
confirm that the RHBD architecture exhibits comparable SNDR and SFDR performance
to conventional SAR ADCs, despite the inclusion of radiation-hardening features. The
nearly flat SNDR across different input frequencies highlights the robustness of the design

in preserving high dynamic range and signal integrity.
B. Irradiation Test Results

The irradiation tests were conducted in two separate sections: SEE testing using a high-
energy laser beam and TID testing utilizing the Gammacell 220 Cobalt-60 (*°Co)

irradiation chamber at the University of Saskatchewan, SK, Canada.

1) SEE Test Results
A two-photon absorption (TPA) laser test platform, shown in Figure 3-13(a), was

employed to inject pulsed energy (0.1-0.5 nJ) into critical ADC components, including
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CDAC switches, SAR logic, S/H switches, and comparators. While heavy ion testing
provides the most comprehensive SEE assessment, TPA laser testing is employed here as
a practical and targeted method to evaluate the relative effectiveness of the implemented
RHBD techniques compared to the conventional design. The laser scan targeted these
regions to simulate incident particle strikes, generating SEE-induced transient errors, [30],
[31], [32] . The spot size for the 10x objective is calibrated to 2.7 um. The ADC was
operated at a 50 MHz clock frequency with a DC input during testing. The laser pulse
energy was kept at 0.5 nJ during scanning. This energy level was selected to consistently
induce measurable SEE events across different circuit blocks for effective comparison
between the RHBD and conventional designs, while remaining below potential damage
thresholds. As expected, lower laser energies (<0.2 nJ) resulted in negligible errors, while
higher energies would likely increase the error rate and severity. The pulse frequency was

set to 1 kHz, with a pixel density of 2 for block-level scans and 4 for entire ADC scans.

Laser
Direction k
. 2/
\ L Laser I
Generato

. — A= : Remote
L' § | == Control

Laptop

Supply | [

Figure 3-13. (a) DUT setup prepared for SEE laser testing. (b) DUT undergoing TID testing with

remote monitoring via laptop.
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Table 3-1. SEE Laser Scan Plan

Phase Laser Settings Density Blocks
1 0.5nJ at 1 kHz 2 CDAC switches and SAR logic
2 0.5nJ at 1 kHz 2 Comparator and S/H
3 0.5nJ at 1 kHz 4 Two entire ADCs

The scanning procedure was conducted in three phases, with each phase consisting of
two independent laser scans. The results were averaged to enhance accuracy. Table 3-1
summarizes the laser scan plan for each phase. Phase 1 and Phase 2: The scan covered the
entire ADC core, excluding the data register and CDAC. The exclusion was due to the
MOM capacitors in the CDAC residing on the top metal layer, which prevents them from
collecting charge from laser-induced injections. Phase 3: The scan covered the entire ADC,

including previously excluded regions.

Errors were recorded while scanning different regions of the ADC. Figure 3-14 presents
the error rate comparison based on error magnitude in LSB variations for both ADCs across
two injection phases. A 5 LSB error threshold was set for total error rate recording, meaning
any transient SEE-induced deviation exceeding 5 LSBs was recorded as a bit error. The
majority of transient errors were below 80 LSBs. The overall error rates comparison across

all three phases for different block scans are summarized in Figure 3-15.
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Figure 3-15. ADC error rate comparison with different laser injection phases for error threshold of

5 LSBs.

Phase 1 (CDAC switches & SAR logic): The proposed RHBD ADC successfully
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corrected large conversion SEE errors observed in the conventional ADC. The error rate
reduction was 93%, demonstrating the effectiveness of the split Coarse/Fine redundancy
mechanism and DICE DFF. Phase 2 (Comparator & S/H block): Despite the comparator
being hardened, the input stage remained sensitive to SEE errors, as anticipated. However,
the error rate was still reduced by 48% compared to the conventional SAR ADC. Phase 3
(Entire ADC scan): The proposed RHBD ADC demonstrated a 91% reduction in error rate
compared to the conventional ADC, for large transient error > 5 LSB. This substantial
improvement provides strong experimental evidence supporting the effectiveness of the
co-designed LBC and MD error detection scheme, in conjunction with the hierarchical
Coarse/Fine redundancy correction algorithm. Together, these mechanisms significantly
enhance the ADC’s resilience to radiation-induced SEEs, validating the robustness of the

RHBD architecture over conventional SAR ADC.
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Figure 3-16. ADC performance versus total does, up to 100 krad(Si).

2) TID Test Results
The Device Under Test (DUT) was subjected to gamma irradiation using a *°Co source.
The Gammacell 220 facility, depicted in Figure 3-13(b), provides an irradiation dose rate

of 81.33 rad(Si)/minute at the chamber's center, with a total accumulated dose of 100
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krad(Si), in compliance with the MIL-STD-883, Method 1019.9 radiation testing standard.
The irradiation was conducted under ambient room temperature conditions and both ADCs

remained fully operational post-irradiation.

Figure 3-16 illustrates that after a total dose of 100 krad(Si1), the SNDR degraded by 6 dB
and the SFDR by 9.5 dB in the RHBD ADC, primarily due to parasitic coupling and TID-
induced threshold shifts in the standard bulk CMOS process, particularly charge trapping
in isolation oxides. Both ADCs maintained stable performance up to 40 krad(Si), after
which degradation accelerated. The results confirm that the proposed system-level error
correction techniques do not introduce additional performance degradation under TID
conditions. While the primary focus of this work's RHBD techniques was SEE mitigation,
the device demonstrates functionality up to the 100 krad(Si) level common for many space
requirements. Additionally, TID-induced degradation in passive and active IC components

on the PCB contributed to the overall performance decline.

C. Performance Comparison

Table 3-2. Performance Comparison with State-of-the-Art
Radiation- Hardened ADCs

Conventional
Proposed
SAR ADC [16] [34] [35] [33] [36]
Parameter RHBD
(on same ISSCC 17 [NGCAS 17| Sensors 20 | TNS 23 IRPS 23
SARADC .
chip)
0.15um 0.35um
Process 65nm bulk| 65nm bulk | 65nm bulk 65nm bulk 0.35um/65nm
bulk SOI
SAR Pipelined-
. SAR [SARw/D.F| Flash .
Architecture | w/Split SAR SAR . . .« |SAR W/ATT™
. w/ELT"! DFF™ w/C.P."3
Coase-Fine w/DMR
Resolution
. 10 10 14 10 10 8 13
(bit)
Measured
~8.78 ~8.79 ~11.47 ~9.6 N/A N/A ~10.7
ENOB
SFDR (dB) 70 70.1 89 77.2 63.13 N/A N/A
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Conventional
Proposed
SAR ADC [16] [34] [35] [33] [36]
Parameter RHBD
(on same ISSCC 17 [INGCAS 17| Sensors 20| TNS 23 IRPS 23
SARADC .
chip)
0.15pm 0.35pum
Process 65nm bulk| 65nm bulk | 65nm bulk 65nm bulk 0.35um/65nm
bulk SOI
SAR Pipelined-
) SAR |SARw/D.F| Flash .
Architecture | w/Split SAR SAR . . .. |SAR w/ATT™
w/ELT"! DFF™ w/C.P."3
Coase-Fine w/DMR
Speed (MS/s) 50 50 35-75 1 0.025 N/A 0.1

Power (mW) 2.79 1.98 24.9 1.23 0.84 40 N/A

Area (mm?) 0.0875 0.062 0.21 0.06 N/A 0.04 0.068

FoM (fJ/conv.) 126 90 117-134 792 N/A N/A N/A

Proton . .
SEE Exposure| TPA Laser | TPA Laser B N/A Simulation| N/A et
eam
TID Tested | 100 krad 100 krad 1 Mrad 300 krad N/A 100krad N/A

*I Enclosed Layout Transistor, *? Delay-Based Dual Feedback Flip-Flops,

"3 Charge Pump unit, " Adaptive Topology Transformation

Table 3-2 presents a comparative analysis of the proposed RHBD split coarse/fine SAR
ADC against several state-of-the-art radiation-hardened ADCs. The proposed architecture
achieves high sampling rate among the listed designs while maintaining moderate
resolution and relatively low power consumption. In terms of chip area, the proposed ADC
prototype exhibits a larger footprint compared to other radiation-hardened SAR ADCs.
However, it benefits from a system-level hardening employed, utilizing a split architecture
with error correction, providing resilience against faults impacting entire conversion sub-
stages. This architectural strategy complements the component-level hardening techniques,
such as those in [33], [34], [35], [36] , by offering a hierarchical approach to balance
performance, speed, and radiation robustness, and achieve overall design robustness in
radiation environments. While some references report higher TID tolerance, often achieved
through specialized processes (e.g., SOI) or TID-specific circuit techniques not employed

here, our design focuses on demonstrating significant SEE resilience improvement using
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architectural redundancy in a standard bulk CMOS process, achieving functional tolerance

up to 100 krad(Si).

3.5. CONCLUSION

This work presents a 10-bit, 50 MS/s radiation-hardened SAR ADC that leverages
system-level redundancy (via a split Coarse/Fine architecture) and circuit-level hardening
techniques (such as the Quatro-Latch comparator and DICE-based D flip-flops). The co-
designed LBC/MD detectors achieve over 90% large SEE error correction with minimal
power and area overhead. Measured results demonstrate 8.78 ENOB, £0.6 LSB INL, and
robust post-TID performance (100 krad). The ADC’s 0.0875 mm? core area and 2.79 mW
power consumption make it suitable for low power radiation-prone systems. Future work
will explore increasing the resolution, further reducing TID sensitivity through advanced
compensation techniques and improved layout strategies, and crucially, validating the SEE

performance through heavy ion irradiation testing.
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ABSTRACT

This article presents a comprehensive analysis of the sensitivity of different switched-
capacitor amplifier circuits to Single Event Transients (SETs). SETs are temporary
variations in circuit output voltage or current caused by the interaction of heavy ions or
high-energy protons with sensitive device nodes. The study focuses on three types of
amplifier circuits commonly used in Multiplying Digital-to-Analog Converter (MDAC)
stages of state-of-the-art pipelined ADCs: operational amplifier (Op-Amp) MDAC:S,
comparator-based switched-capacitor (CBSC) MDACs, and ring amplifier (RAMP) based
MDACs. By employing a TCAD-calibrated double exponential transient current pulse
model, we simulate the SET responses resulting from heavy ion strike experiments on
sensitive nodes of each MDAC type. Our analysis and simulations reveal the amplitude
and recovery time of the output results for each MDAC type when subjected to SETs.
Notably, we propose a novel radiation hardening solution: the parallel-auxiliary ring
amplifier (PA-RAMP) structure, which demonstrates significantly better tolerance to SETs
compared to other designs. This research not only contributes to the understanding of SET
effects on analog switched-capacitor amplifier circuits but also introduces a cost-effective
approach to mitigate these effects. As technology nodes scale down and circuits become
more susceptible to SETs, the PA-RAMP structure offers a promising solution for
radiation-hardened applications, enabling the use of scaling-friendly RAMPs with
enhanced tolerance to SETs.

Index Terms— CMOS technology, nanoscale CMOS, operational amplifier, op-amp, ring
amplifier, RAMP, CBSC, analog to digital converter, ADC, MDAC, switched-capacitor
circuits, switched-capacitor amplifier, heavy ions, single event transient (SET), radiation

hardening, RHBD.
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4.1. INTRODUCTION

Single Event Transients (SETs) are temporary variations in a circuit's output voltage
or current, caused by the interaction of a heavy ion or high-energy proton with a sensitive
device node in the circuit [37], [38], [39], [40] . These variations can propagate through
the circuit, potentially degrading performance or even disrupting functionality. As
technology nodes scale down, with reduced transistor geometries and thinner gate oxides,
the charge required to disrupt normal functionality decreases, making circuits more
susceptible to SETs [41], [42] . Therefore, it is essential to study the effects of SETs on
components operating in radiation environments and to develop effective hardening
methods. SET effects in digital circuits have been extensively studied within the radiation
effects community [43] , [44] . Recently, there has been growing attention on analog
Radiation Hardened by Design (RHBD) as analog circuits have become increasingly
vulnerable to SETs due to significant process scaling. Analog RHBD is still in the
research phase [45] , [46] , [47], [48], [49] . This study aims to further investigate the
effects of SETs on analog CMOS circuits and introduce cost-effective RHBD approaches
to mitigate these effects.

Switched-capacitor amplifiers are used in a variety of applications due to their ability to
achieve accurate gain control through capacitor ratios [50], [51], [52] . They are integral
in programmable gain amplifiers (PGAs), active filters, residue amplifiers (RA) and
sample-and-hold circuits within analog-to-digital converters (ADCs). Switched-capacitor
amplifiers are also essential in digital-to-analog converters (DACs) as output buffers and
in chopper stabilized amplifiers for noise reduction. Additionally, they play crucial roles in
instrumentation amplifiers, analog signal processing, and sensor interfaces. Their
integration and precision make them invaluable in modern ICs for tasks such as signal
conditioning, amplification, and frequency synthesis. Most of the amplifiers are
conventional multi-stage Op-Amp to provide high open loop gain. The susceptibility of

CMOS amplifiers in switched-capacitor circuits to single event transients (SETs) has
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garnered significant attention in the field of radiation-hardened by design (RHBD). As
technology nodes continue to scale down, the impact of SETs on amplifier performance
and reliability becomes increasingly critical. SETs in several commercial Op-Amp have
been examined under radiation environment [53], [54], [55] . The sensitivity in the input
stage increases with the gain. Increasing the compensation capacitance reduces the
amplitude but prolongs the duration of the transient. Consequently, the sensitivity may
either increase or decrease, depending on the criteria defined for the application. In the
gain stage, the SET response of the Op-Amp is influenced by the resistor values used to
set the closed-loop gain. The sensitivity of the gain stage increases with both higher gain
and compensation capacitance. The output stage, however, is minimally affected by
changes in gain or compensation [56] . Hence, it is imperative to conduct research on SETs
affecting submodules within amplifiers. This research aims to develop a robust on-chip

switched-capacitor amplifier designed for fast-developing CMOS technology.

Previous work on hardening Op-Amp-based analog circuits has primarily focused on
fortifying external components and splitting the input nodes into separate parallel signal
paths to effectively prevent input errors from propagating to the output [57], [58] . More
recent findings have introduced novel RHBD techniques such as Sensitive Node Active
Charge Cancellation (SNACC) and Differential Charge Cancellation (DCC), [59] , [60],
[61] . These layout-based techniques leverage the inherent properties of CMOS technology
to mitigate the impact of single-event voltage transients. However, as technology nodes
scale down, conventional Op-Amps often face significant challenges, such as reduced
voltage headroom. In scaled CMOS processes, conventional Op-Amps may suffer from
decreased gain and increased power consumption, necessitating additional design

considerations to maintain performance.

This article investigates the SET sensitivity of three types of switched capacitor circuits

commonly employed in the multiplying digital-to-analog converter (MDAC) stages of
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state-of-the-arts pipelined ADCs as a representative application for switched-capacitor
amplifiers. These include operational amplifier (Op-Amp) MDACs, comparator-based
switched-capacitor MDACs, and ring amplifier (RAMP) based MDACs. Our research
introduces the parallel-auxiliary ring amplifier (PA-RAMP) structure, which leverages the
high efficiency of ring amplifiers while incorporating an auxiliary path to enhance SET
tolerance. Unlike previous approaches, the PA-RAMP structure minimizes power overhead
and area, providing a scalable solution for advanced CMOS technologies. The simulation
results demonstrate that the PA-RAMP structure significantly reduces the amplitude of
transient responses and improves recovery times compared to traditional Op-Amp designs.
This research aims to develop an on-chip switched-capacitor amplifier designed for fast-
developing CMOS technology, contributing to the advancement of resilient and reliable

radiation-hardened CMOS amplifier circuits.

The article is organized as follows. Section 4.2 presents the architecture of the amplifiers
in MDAC. Section 4.3 illustrates the current pulse model used to simulate heavy ion strike
experiments. Section 4.4 provides SET simulation results, analyzes their effects, and
discusses potential radiation-hardened techniques for different types of MDACs. Section
4.5 discusses design considerations for proposed RAMPs. Section 4.6 compares the trade-
offs between Op-Amp and RAMP choices for switched-capacitor amplifiers and introduces

possible layout techniques. Finally, the conclusion is summarized in Section 4.7.

4.2. ARCHITECTURE OF AMPLIFIER IN MDAC

A case study on the radiation effects on the switched-capacitor amplifier is presented
using the 1.5-bit MDAC circuit, as illustrated in Figure 4-1, [62] , [63] . During the
sampling phase ( ®;), the input is sampled onto capacitors C; and Cr. During
amplification phase (), a gain of two (assume C; = Cy) is achieved by discharging the
charge stored in Cs into Cp, the output transfer function of the switched capacitor amplifier
is given by
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Cf + Cs
Vour = C_ Vin- (4—-1)
f

A. Conventional Op-Amp Based MDAC

In conventional 1.5b/stage switched capacitor MDAC, the operational amplifier can
employ a classic fully differential two-stage folded-cascode architecture with Miller
compensation. Figure 4-2 illustrates the amplifier topology, excluding bias voltage
circuitry for simplicity. M; and M'; are input stage, M, — M are served as telescopic
structure. M, — Mg are second stage. The resistance R is taken equal to the inverse of
gm to suppress the zero pole. M, and My can serve common mode stabilization and
source degeneration for differential mode. A dynamic switched-capacitor common-mode
feedback (SC-CMFB) network (not shown in Figure 4-2) connects the outputs of the stages,
regulating the common-mode voltage at the differential output nodes. This differential
configuration enhances common-mode rejection ratio, mitigates issues like charge
injection and clock-feedthrough, and suppresses even harmonics, thereby improving

amplifier linearity.

Vin

Figure 4-1. Conventional 1.5b/stage switched capacitor MDAC (It is shown single-ended but

implemented fully differentially).
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Figure 4-2. Conventional differential two stage folded-cascode Op-Amp (Biasing and SC-CMFB

are not shown).
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Figure 4-3. CBSC with coarse and fine current sources. The coarse current charges the output

capacitance rapidly, while the fine current corrects the overshoot.

B. Comparator Based Switched-Capacitor MDAC

Traditionally, the residue amplifier uses high-gain Op-Amp, but as the CMOS
technology scales, the intrinsic gain of the transistor (g,,7y) reduces. An alternative
solution using a comparator or zero-crossing detector instead of an Op-Amp in the MDAC
was proposed in [64] , [65] , [66] . Zero-crossing detector is a comparator circuit with zero
reference voltage. Figure 3 depicts an idealized CBSC based MDAC model of the charging
period. During the amplification phase (®,), it starts with a preset phase (P). The initialized

virtual nodes activate the current source I;, charging the output load until the virtual node
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polarity reverses. This step faces practical challenges, the overshot, caused by the signal-
dependent comparator delay. To address output overshoot, the second current drain is
introduced as I, the charging process is divided into two phases, as shown in Figure 4-3:
Coarse Charging Phase (E;): Employs a large current source to rapidly charge the output
node, resulting in significant overshoot. Fine Discharging Phase (E,): Utilizes a smaller
current source to discharge the capacitor until the comparator's polarity reverses again,
effectively canceling the overshoot. Additional noise-limiting factors in comparator-based

circuits are examined in [67] .

C. Ring Amplifier Based MDAC

Another alternative to the classic Op-Amp for switched-capacitor amplification is the
ring amplifier (RAMP) [68], [69], [70] . A RAMP is created by splitting a ring oscillator
into two signal paths and embedding equal and opposite offsets in these paths. When placed
in a switched-capacitor feedback network, internal mechanisms generate an initially
oscillatory unstable-to-stable charging operation, allowing the highly nonlinear RAMP to
function as a linear amplifier. A simplified RAMP structure is depicted in Figure 4-4, and
its implementation in a switched-capacitor MDAC. The RAMP embeds equal and opposite
offsets (Vpz, termed the dead-zone) into the two signal paths to create a range of input
values where neither of the output transistors fully conduct. If this dead-zone is sufficiently
large, the RAMP operates by oscillating/slewing, stabilizing, and locking into the dead-

zone region.
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Figure 4-4. The RAMP in switched-capacitor feedback network.

Figure 4-5. Example of ring amplifier operation for an exaggerated design biased at the edge of
stability, showing the three key phases of operation: 1) initial ramping, 2) stabilization, and 3)

steady-state.

Figure 4-5 shows the internal node voltages of the RAMP in the switched-capacitor
feedback configuration. During amplification/oscillation, as V;, enters the input-referred
dead-zone region, the output initially slew charges with one output transistor on, then both
transistors turn off briefly before the output slews in the other direction. This brief period
reduces the overdrive voltage of the transistors in subsequent oscillations, eventually

leading to both transistors turning off completely. Due to the reduced overdrive voltage.
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The dead-zone determines the accuracy and speed trade-off of the ring amplifier. This
structure is extremely power-efficient since it has no static power consumption and can be
regarded as a self-regulated dynamic amplifier [71] . The RAMP achieves high gain
through its three gain stages without relying on complex gain enhancement techniques.
Additionally, it enables efficient slewing, as the third-stage inverter functions as a pair of

digital switches during the slewing process.

4.3. DOUBLE EXPONENTIAL CURRENT PULSE MODEL FOR SET ANALYSIS
AT CIRCUIT LEVEL

To study the impact of single-event effects (SEE) on circuits and their system
performance, researchers have conducted simulations of SEE at various levels, including
device, circuit, and system levels, and developed relevant models. These models are
subsequently fitted to experimental and test results through repeated trials. Early research
on SEE simulations utilized device-level simulation methods to establish semiconductor
device physical models. These models consider parameters such as process, size, and
electrical characteristics, simulating changes in current and voltage when circuits are
impacted by high-energy particles. Currently, the most mature and widely used device-
level simulation tool is the Technology Computer-Aided Design (TCAD) developed by
Synopsys.

At the circuit level, the SEE charge collection process is equivalently modeled using a
transient current source, which is then integrated into circuit simulation to model the SEEs.
Circuit-level simulations are relatively simple and fast but lack precision in current
measurements. In contrast, device-level simulations are time-consuming, but the simulated
transient current pulse matches experimental radiation results more closely, though current
measurements are still difficult. Given the complexity and long simulation times of full
three-dimensional TCAD circuit simulations, which can take several days or even longer,

device-level simulations are not suitable for large-scale integrated circuit designs.
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Three-dimensional device simulations, combining SPICE and TCAD, have been
employed to study the intricacies of SEE in deep sub-micron technologies, [77] , [78] ,
[79],[80], [81],[82],[83],[84],[85],[86]. These simulations underscore the necessity
of accounting for bias-dependent characteristics of single-event photocurrents to accurately
predict circuit upsets and errors. Furthermore, they indicate that in deep sub-micron
technologies, single-event currents are not accurately represented by circuit simulations
that rely solely on the idealized independent double exponential current source. However,
when SEE simulations are performed on individual devices in TCAD with ideal fixed
voltage rails, the double exponential waveform still provides a reasonable approximation
of the device response. [86] presents a comparison between the NMOS drain current from
a single-device TCAD simulation and a double exponential waveform with matching time
constants, peak current, and total accumulated charge. Since the single-device response can
still be well-approximated by a double exponential waveform, it has been used as a
foundational function in various modeling approaches. Consequently, a hybrid approach,
which combines the strengths of both device-level and circuit-level simulations, has been
proposed. While TCAD simulations of deep sub-micron devices have shown an extended
"plateau" effect in the single-event generated current, the hybrid simulation method can
still produce relatively accurate transient currents and is significantly faster than pure

device-level simulations, making it highly suitable for early-stage research.

To analyze the circuit-level effects of single-event transients (SETs), an analysis model
must first be established based on the impact of SETs on sensitive nodes in the circuit. A
device-level simulation model is constructed to investigate how current and voltage are
generated and altered within a device after it is struck by high-energy particles [72], [73],
[74] , [75] . When high-energy particles collide with a semiconductor device, the charge
collection at the PN junction generates a significant amount of charge, leading to a transient
current pulse that can be detected at the circuit level. If this transient current exceeds certain

thresholds, it can cause a soft error by altering the circuit's original state. The charge
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collection model for an NMOS transistor is illustrated in Figure 6.

When high-energy particles collide with the silicon atoms in a semiconductor device, a
large number of electron-hole pairs are generated. The electrons and holes are separated by
the electric field and collected at the drain and source terminals, generating a current. This
charge collection process is modeled and analyzed, where the carrier density n(r,t) along
the ionized track L diffuses at a certain rate towards the PN junction. This diffusion process

is depicted by Equations (4-2) and (4-3).

rz t
LLET(l) e 3Dt =
n(r,t)=f T O zdl 4-2)
0 “pari (4mDt)2
I (£) = f f quen(r, t)dxdy (4-3)
Sdrain

The Linear Energy Transfer (LET) value is used to calculate the amount of charge
generated when high-energy particles strike semiconductor devices. The LET value
characterizes the extent of radiation damage caused by high-energy particles to
semiconductor devices. LET can be expressed as the ratio of the energy lost by the particle
per unit path length in the semiconductor material to the density of the material being struck.
The LET is presented by

1 dE

where p represents the density of the semiconductor material, E represents the energy
carried by the high-energy particle, and x represents the penetration depth of the particle
when it strikes the semiconductor material. In typical designs, the density of silicon is 2.239
g/cm?, and the unit for the energy loss of high-energy particles per unit distance is
MeV /cm.After normalization, a material independent LET value is obtained, with its basic

unit being MeV - cm?/mg.
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Figure 4-7. TCAD SET simulation model for current collection under heavy ion strike.
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Figure 4-8. (a)The SET currents resulting from heavy ion strike on the drain of N/PMOS transistors

from TCAD simulation. (b) Double exponential SET currents model from isource.
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In 1982, G.C. Messenger proposed the use of a double exponential current source as a
theoretical method to simulate SET-induced transient currents [76] . This method has been
widely recognized and applied in academic research [49], [77] [78] [79] , [81], [82], [83],
[84], [85] , [86] . By modeling SET-induced transient currents with a double exponential
current source and fitting parameters based on TCAD simulation results, researchers can
quickly evaluate the sensitivity of different circuit nodes to SET and thus save substantial
time. TCAD simulations describe the transient pulse shapes at various circuit nodes, allowing
for parameter adjustments to better approximate actual SET injection scenarios. The

resulting double exponential current source model is expressed as follows:
f®)=a; et +a,- e™t (4 -5)

Here, a4, a,, 71, and 1, are parameters that control the current pulse's magnitude, height,
and duration. By precisely adjusting these parameters, the TCAD simulation results can
achieve high consistency with empirical data, providing more accurate parameters for
evaluating circuit-level SET sensitivity and thus enabling faster and more effective

simulations.

In this study, based on 65nm bulk CMOS technology, we used Synopsys Sentaurus™ as
the TCAD simulation tool to directly inject heavy ions perpendicularly (90°) to the
transistor-level inverter circuits. Once a heavy ion hits the sensitive region between the drain
and the substrate, the released charges are directly collected by the drain. The schematic
diagram of the simulation is shown in Figure 4-7. Germanium ’*Ge with energy of 206
MeV, range of 30um and LET of 37 MeV - cm?/mg is chosen as the heavy ion particle
which is a typical value used for hardened design evaluation. The SET currents resulting
from heavy ion strikes on the drain of NMOS and PMOS transistors in the inverter are shown
in Figure 4-8(a) as an example. The NMOS drain current is positive, while the PMOS current
is negative. The amplitude of the current response after the heavy ion strike is approximately

1 mA. The current pulse width is around 3000 ps, with a rising time of 500 ps and a falling
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time of 2500 ps. This supports the conclusion made by F. Wrobel et al. in 2014 [80] , which
states that the falling time is rough approximately five times the rising time, based on their
research on double exponential law of SET current pulses. Moreover, a double exponential
current source, implemented using an isource instance with exponential source type, is
employed as the SET injection source for circuit-level simulations. As shown in Figure 4-
8(b), the TCAD calibrated isource output curve simulates the current changes due to SEE
strikes, providing the same current peak of 1mA, 500 ps rising and 2500 ps falling time to

mimic the transient response of SETs in circuit-level simulation.

The primary limitation of this model is that it represents a single-node strike. It does not
inherently model more complex phenomena such as charge sharing, where a single particle
can deposit charge on multiple circuit nodes simultaneously, an effect that becomes more

prominent in scaled technologies.

4.4. SET ANALYSIS AND RADIATION HARDENING DESIGN CONSIDERATIONS

Schematic-level SPICE simulations were conducted to evaluate how differences in SET
responses influence the performance of the three MDACs. The TCAD calibrated double
exponential current source model, isource, was injected into the drain node of P/NMOS
connected to potential sensitive nodes, as introduced in Section 4.3. As described in Section
4.2, the three commonly used state-of-the-art MDACs are conventional Op-Amp based,
comparator based, and RAMP based structures. The simulations were performed for
different sensitive nodes and during amplification phase. In the simulation setup, identical
capacitances of 400 fF for sampling capacitance (Cs) , feedback capacitance (Cy), and
load capacitance (C;) were used across all types of MDAC:S, resulting in an amplification
factor of 2. Based on the analysis and the SET simulation results, RHBD design

considerations will be discussed for those MDAC:s.
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Figure 4-9. SET simulation output results for Op-Amp Based MDAC
A. Conventional Op-Amp Based MDAC

Compared to a five-transistor amplifier, the cascode configuration enhances amplification
gain by increasing output impedance. The cascode transistor also isolates the input from
output voltage variations. The folded input stage allows for a high voltage swing and a large
common-mode input range. These characteristics make the folded-cascode circuit popular in
CMOS circuit design. The Op-Amp in the MDAC configuration as shown in Figure 4-2 has
been designed with the parameters of > 70 dB open loop gain, > 800 MHz gain bandwidth
product (GBW) and > 60°phase margin. For MDAC implementation, the differential input
voltage is set to 200 mV. The conventional differential two stage folded-cascode Op-Amp
has several potential SET sensitive parts: basing circuit, first stage and second stage. To study
the effect of SETs on Op-Amp of the MDAC, the width and amplitude variations of the SET
output voltages are analyzed in detail. As shown in Figure 4-9, during the amplification
phase, when the MDAC output is settled, the TCAD calibrated double exponential SET
currents are injected into the most sensitive nodes of basing circuits (shown in Tp), first stage
(Ty) and second stage (T), respectively. It is obvious that the SET injected on the first stage
(T;) causes the largest voltage variation which is the most sensitive part to SETs. This is

because the SETs induced variation on the output of first stage, Vppsa/Vona, Will be
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amplified by the second stage’s common-source gate due to the open loop gain of Op-Amp:

Vv
A, =L =4, -4, (4 —6)
Vin

where A; and A, are the gain of first stage second stage respectively. The SET induced
variation after the second stage amplification will be transmitted to the output to charge load
capacitor (C). SETs occurring in the biasing stage will contribute to variations in the bias
voltages Vpp,1, Vppz and Vg, altering the transconductance (gm) of transistor M3 — Ms.
This will cause signal variations in the first stage which will also be amplified by the second
stage and transmitted to the output. When SET current is injected into the second stage (T5),
it charges the load capacitor (C;). The increased voltage variation in the charging process of

a capacitor can be modeled by the following equation:

[gpr -t
Usgr = c. 4-7)
L

Assuming that Isgr and t are constant, the SET-induced voltage can be inversely

proportional to the load capacitance (Cp).
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Figure 4-10. (a) Complimentary inputs folded-cascode two stage Op-Amp. (b) Simulation results
of SET injection on the first stage for both conventional and complimentary inputs folded-cascode

Op-Amps.

Since the first stage of the Op-Amp is the most sensitive part to SETs, a complementary
inputs folded-cascode two-stage Op-Amp (C-Op-Amp), shown in Figure 4-10 (a), can be
proposed to mitigate SET-induced variations. In this design, the input signal is propagated
into both NMOS and PMOS differential input pairs. Due to the dual-path input stages, the
unaffected path will counteract the SET-induced variations before they are transmitted to the
second stage. The simulation results, shown in Figure 4-10 (b), compare the effects of an
SET on the first stage for both the conventional Op-Amp and the complementary inputs
folded-cascode two-stage Op-Amp. It is evident that the C-Op-Amp exhibits relatively
smaller output voltage variations than the conventional Op-Amp, and it also has a shorter
recovery time. As previously discussed, SET-induced voltage variation is inversely
proportional to the load capacitance (C; ) on the second stage. Therefore, increasing the load
capacitance can help mitigate the SET effect on the second stage. However, this approach

will slow down the performance of the MDAC.
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B. Comparator Based Switched-Capacitor MDAC

To study the SET effect on the CBSC MDAUC, the circuit is implemented in a pseudo-
differential structure as shown in Figure 4-3. The input is 400 mV. TCAD calibrated double
exponential SET currents are injected into the most sensitive nodes, and the width and
amplitude variations of the SET output voltages are analyzed in detail. The CBSC consists
of a continuous-time comparator, a logic control digital circuit, and coarse and fine current
sources, all of which are considered potential SET-sensitive components. There is a
significant difference between the CBSC and the Op-Amp. The Op-Amp-based MDAC
operates continuously, meaning that when SETs occur in the Op-Amp, it can automatically
correct the output. In contrast, the CBSC does not have this feature. As shown in Figure 3,
the Coarse Charging Phase (E ), which rapidly charge the output node, and Fine Discharging
Phase (E,), which cancel overshoot, only occur once during each amplification phase. Any
SET that occurs on the CBSC after the output has settled will not be corrected by the CBSC,
making it sensitive to radiation induced SETs. The SET simulation outputs of the CBSC are
shown in Figure 4-11. Under normal conditions, during period T;, after the coarse charging
and fine discharging phases, the output settles at 0.8V. Period T, displays the output result
when an SET is injected into the coarse current source. It is evident that when a positive SET
current is injected into the current source, the output variation is significant and will not be
discharged within the period. When a negative SET occurs in the current source, it takes
much longer to charge the output capacitor compared to normal conditions. Period T; shows
the output result when an SET is injected into the comparator during the fine discharging
phase. The SET affects the comparator's correct decision, causing it to make an opposite or
delayed decision, which results in single event upsets (SEUs) on the fine current control

signal (E}), leading to voltage variation at the output node.
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Figure 4-11. SET simulation output results for CBSC.

For radiation hardening design considerations, two main aspects can be addressed. The
first is the comparator. Triple Modular Redundancy (TMR), [87] , is a fault-tolerant design
technique suitable for high-reliability applications, particularly in radiation environments.
TMR involves triplicating critical components, such as the comparator, and using a majority
voting mechanism to compare their outputs. If one of the three comparators fails and
produces an incorrect output, the other two correct outputs will still match, allowing the
system to identify and correct the error by selecting the majority value. This method enhances
system reliability and fault tolerance by ensuring that single faults do not impact overall
operation, although it increases complexity, hardware, and power consumption. The second
consideration is to adjust the output capacitance. As previously discussed, SET-induced
voltage variation is inversely proportional to the load capacitance (C;) on the second stage.
Therefore, increasing the load capacitance can help mitigate the SET effect on the second
stage. However, this approach will slow down the performance of the MDAC. 1t is
important to note that the current source and the current mirror cannot be effectively
hardened because they are directly connected to the output capacitor. Any SETs occurring in

these components will cause SET-induced voltage variations on the output.
C. Ring Amplifier Based MDAC

To study SET effect on the Ring Amplifier, the self-biased fully differential RAMP
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based MDAC with SC-CMFB is implemented. The self-biased RAMP shown in Figure 4-
12. It uses resistors Rg to embed a dead-zone offset for improved dynamic biasing,
enhancing both efficiency and speed. It makes the ring amplifier simpler and more robust
to PVT variation while maintaining the benefits of the ring amplifier [88] . Enable switches
are introduced to turn off the RAMP when it is not in the amplification phase to reduce the
power consumption for switched capacitor circuit. The RAMP in the MDAC configuration,
which has been designed with the parameters of >70 dB open loop gain, >800 MHz gain
bandwidth product (GBW). The schematic and process are identical to the study on Op-
Amp based MDAC. The input is 200 mV. TCAD calibrated double exponential SET
currents are injected into the most sensitive nodes on the RAMP. The width and amplitude
variations of the SET output voltages are analyzed in detail. The RAMP structure basically
consists of three stages of inverter. The potential sensitive nodes are on each inverter stage.
As shown in Figure 4-12, during the amplification phase, when the MDAC output is settled,
the TCAD calibrated double exponential SET currents are injected into the output nodes
of first stage (T;), second stage (T,), and the third stage (T3), respectively. The SET-
induced output variation pattern is similar to the Op-Amp based MDAC studied in part A.
There are large voltage spikes on the output when SET occurs on sensitive nodes of RAMP.

It is clearly shown that all the three stages are sensitive to the SETs.

I Vevrs  stg1p

M’s

E°—| M’s

Figure 4-12. Schematic of fully differential self-biased RAMP, SC-CMFB not shown.

93



550.0
Positive SET Currents
500.0 Negative SET Currents
Input Differential Value
; 450.0
é 400.0
[
D 3500
=
o
S 300.0
=
3 250.0
o
5 200.0
3
© 1500
2
g 100.0
£ 500
a 004 —— T1 e — T2 T3 L—
-50.0

T T T T T T T T T T T
200.0 225.0 250.0 275.0 300.0 325.0 350.0 375.0 400.0 425.0 450.0
Time (us)

Figure 4-13. SET simulation output results for RAMP Based MDAC.

¢
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Figure 4-14. Proposed PA-RAMP based MDAC structure for radiation tolerance design (It is

shown single-ended but implemented fully differentially, SC-CMFB not shown).

For radiation-hardening design considerations, the proposed Parallel-Auxiliary Ring
Amplifier (PA-RAMP) shown in Figure 4-14, represents a significant advancement in the
design of radiation-hardened switched-capacitor amplifier by leveraging the complementary

roles of coarse and fine RAMPs in a parallel configuration. As an example shown in Figure
4-15, the coarse RAMP is designed with larger resistors Rp(.), dynamically applying a

higher offset (dead-zone) to the gate of the third stage, while the fine RAMP, with smaller
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resistors Rp(r), applies a lower offset (dead-zone), [63] [83] [84] , where the dead-zone
voltages satisty the following condition:

Vpp — Vss — 2Vp
A, )

Voz =

(7)

where Vpz is the dead-zone voltage, Vpp and Vgg are the supply voltages, Vi is the
threshold voltage, and A, is the gain factor of the second stage. The PA-RAMP integrates a
coarse RAMP, characterized by a high slewing capability, and a fine RAMP, which offers
precision in the settling process. During the initial phase, both RAMPs contribute to the
output charge, but the coarse RAMP dominates the initial charging due to its rapid response

and larger slew rate, quickly bringing the output voltage close to the desired level. This coarse

path is designed with larger resistors Rp(c) to dynamically apply a higher offset (dead-zone)

to the gate of the third stage, ensuring a fast reaction to abrupt changes such as those induced
by SETs. Once the coarse RAMP enters its dead-zone where further contributions to the
output are minimal, it automatically “disconnects” from the output, transferring control to

the fine RAMP. The fine RAMP then takes over to complete the final settling of the output

voltage, ensuring accuracy. It is designed with smaller resistors Rgpy to apply a lower offset,

allowing it to fine-tune the output voltage with higher precision, as lower offset value offers
higher gain compared to conventional single channel RAMPs [89] . The interplay between
the coarse and fine RAMPs is governed by dead-zone voltages that ensure smooth transitions
and minimize the impact of transient disturbances. This dynamic handoff significantly
reduces the recovery time and amplitude of SET-induced variations, offering a more robust
response compared to conventional RAMPs, which may struggle to recover from SETs in a

single amplification cycle.
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Figure 4-16. The comparison of SET simulation output results for RAMP Based MDAC and
Proposed PA-RAMP based MDAC.

Thanks to the parallel structure of the RAMPs, when one of the RAMPs is affected by
SETs, the other RAMP remains high driving ability that quickly responds to restore the
output voltage to its original state. This interaction shortens the recovery time and
significantly reduces the amplitude of SET-induced variations. The comparison of SET
simulation output results between the RAMP-based MDAC and the proposed PA-RAMP-
based MDAC is shown in Figure 4-16. The first and second stages select which third stage
device charges the load capacitance, C;. The slew rate is approximately doubled compared
to the conventional RMAP, given by
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where Iz4pp 18 the current provided by the third stage at the initial slewing phase and V;,
is the threshold voltage of the transistor. Due to the doubled initial slew rate and the presence
of a redundant RAMP, the proposed PA-RAMP can react instantly to SETs and shorten the

recovery time.

4.5. DESIGN CONSIDERATIONS FOR RAMPS

The structure and operation of a RAMP differ significantly from those of a conventional
amplifier. Consequently, the standard design methodologies used for conventional
amplifiers cannot be directly applied to RAMP. However, designing a PA-RAMP is not as
complex as it may initially seem. To start, a standard 3-stage self-biased RAMP, as
illustrated in Figure 4-12, must be developed to meet the specific design requirements.
Optimal sizing for this type of amplifier generally involves an iterative process. To simplify
this task and avoid the complexity of advanced optimization techniques, such as those
outlined in [90], [91], a more straightforward and intuitive sizing approach can be adopted.
This method focuses on determining the optimal sizing for each stage based on key

performance parameters, including gain, speed, stability, and noise.

1) GAIN

The gain of a ring amplifier is a critical parameter determined by the small-signal gain
of its individual stages, which is a function of the transconductance (g,,) and output
resistance (7,) of the transistors involved. The small-signal gain of a single inverter stage

is given by:

Ay = (gmN + ng)(roN Il 7op) 4-9)

here gmn, 9mp> Ton, and 1yp represent the transconductance and output resistance of the

NMOS and PMOS transistors, respectively. The gain is influenced by the channel length
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(L) of the transistors; increasing L increases gain but reduces the amplifier bandwidth due
to increased parasitic capacitance, affecting the settling time. The design trade-off involves

selecting the smallest L that meets the gain requirement to maximize the bandwidth.

2) NOISE

The noise performance of a ring amplifier is predominantly determined by the first stage
inverter, as most of the flicker noise is mitigated through auto-zeroing. The input-referred
thermal noise of an inverter is given by:

4KTy

a Imn1 + Impr1

Vnz,ln (4 -1 0)

where V%, is the input-referred thermal noise, K is the Boltzmann constant, T is the

temperature in Kelvin, and vy is a process-dependent parameter. To minimize input-referred
noise, the first stage is designed to be the most power-hungry, with higher transconductance
leading to lower noise. The power for the first stage can be regulated to maximize its

transconductance, thus optimizing noise performance.

3) SPEED

The speed of a ring amplifier is defined by its settling time, which is the sum of slewing
time and stabilization time. The slew rate is directly proportional to the aspect (W /L) ratio
of the third inverter stage and is given by Equation (4-8). To achieve proper operation, the
overshoot voltage needs to be considered for a balance between the slew rate of the third
inverter and the delay of the first two inverters. This balance ensures optimal settling time

and proper operation of the ring amplifier.

4) STABILITY
In the stabilization phase, each inverter contributes a pole (P). The overall transfer

function can be written as
Vour () Im1To1 * Ym2T02 * Im3To3

Vin (5) B (1+s/P)(A+s/P)(1+s/P;)
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where P; =

resistance and output capacitance of each stage, respectively. Stability is crucial for the
proper operation of a ring amplifier, which is achieved by creating a dominant pole through
biasing the third stage in the sub-threshold region. This increases the output resistance
(Tstg3) and forms a dominant pole with the load capacitance (Cp). As the offset voltage
increases, the third stage becomes more biased into the sub-threshold region, improving
the phase margin but at the cost of reducing the overall bandwidth of the ring amplifier.
The offset voltage introduced by the value of Ry also directly impacts the amplifier's
small-signal gain. At larger offset values, the gain decreases as one of the transistors in the

second stage enters the triode region, diminishing its contribution to the overall gain.

Once the standard RAMP design is developed to meet the design specifications, it can
be divided into two distinct paths by adjusting Rp, effectively splitting the original offset
voltage into higher and lower values for two parallel RAMPs, as illustrated in Figure 4-15.
The coarse RAMP is assigned a larger offset voltage to enhance its slewing capability,
dominating the initial charging behavior and quickly settling both the differential and
common-mode levels close to their final target values. Conversely, the fine RAMP is
provided with a smaller offset voltage, enabling it to function as a high-gain precision
amplifier, as explained in the previous section. The offset voltage of the fine RAMP is
necessarily smaller and entirely contained within the larger offset voltage range of the
coarse RAMP. Fine tuning of the coarse and fine RAMP can be performed by leveraging
the previously discussed trade-offs, allowing it to function effectively as a standard self-
biased RAMP. The coarse RAMP’s SC-CMFB ensures that the common-mode voltage level
is settled with sufficient accuracy. This PA-RAMP configuration does not need an extra
CMEFB in the fine RAMP. To save power, the coarse and fine RAMP are only enabled during

amplification phase (P,).
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4.6. COMPARISON, DISCUSSION AND FUTURE WORK

When comparing the SET effects on switched-capacitor amplifiers, the CBSC structure
is not considered a viable candidate for radiation-hardening design due to its inability to
recover from SET-induced variations within a single amplification cycle. As discussed in
the previous section, Table 4-1 summarizes the comparisons of SET effects between Op-
Amps and RAMP-based 1.5-bit MDAC:sS, focusing on average power consumption, SET
pulse amplitude, and pulse width. The Op-Amp configuration exhibits larger voltage
amplitudes and longer recovery times for SET-induced variations compared to the RAMP
configuration. Additionally, Op-Amps consume more static power than RAMPs. To
mitigate voltage variations in the first stage and reduce recovery time for conventional Op-
Amp based switched-capacitor amplifiers, the C-Op-Amp can be an alternative solution.
For RAMP-based switched-capacitor amplifiers, the PA-RAMP structure is proposed to
significantly reduce both the amplitude and recovery time of SET-induced variations
compared to the conventional self-biased RAMP. Although the PA-RAMP doubles power
consumption, it remains lower than that of a conventional two-stage folded-cascode Op-
Amp. As previously discussed, increasing the load capacitance can help mitigate the SET
effect in the second stage. However, this approach may compromise the MDAC's

performance by slowing down its operation.

As this paper primarily focuses on circuit-level analysis and simulation, future layout
designs for Op-Amps and RAMPs in radiation-hardened applications could benefit from
advanced layout techniques to enhance resilience against radiation-induced SETs. Three
notable strategies include the application of Sensitive Node Active Charge Cancellation
(SNACC) and Differential Charge Cancellation (DCC) [59], [60], [61], [92] , [93] for Op-
Amps, as well as the Layout Design through Error-Aware Transistor Positioning (LEAP)
[94] , [95], technique for inverter-based RAMP layouts. These layout methods share the

similar principle of charge collection cancellation and offer significant potential for
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improving radiation performance while maintaining design efficiency, making them valuable

considerations for layout optimization.

In inverter-based RAMP layouts, in addition to DCC technique, the LEAP technique can
also be potentially considered to enhance resilience against Single Event Multiple Upsets
(SEMUs). By positioning the drain contact nodes of PMOS and NMOS transistors in close
proximity, LEAP allows for charge cancellation when multiple nodes are simultaneously
affected by a particle strike. This layout-based hardening approach significantly improves
radiation tolerance without the need for large physical separation between sensitive nodes,

enabling more compact and efficient designs while ensuring high levels of resilience.

Table 4-1. Comparison of SET Effects on the Qutputs

Between Op-Amps and RAMPs for MDACs

TYPE/Power
Bias Stage 1 Stage 2
(mW)
Ampl(mV) 242 457 163
Pos.
Op-Amp Width (nS) 9.8 11.2 12.5
/1.257 Ampl(mV) 33 211 111
Neg.
Width (nS) 15.1 13.4 11.2
Ampl(mV) 210 321 236
Pos.
C-Op-Amp Width (nS) 7.9 7.4 5.8
/1.565 Ampl(mV) 36 69 130
Neg.
Width (nS) 12 8.1 73
Stage 1 Stage 2 Stage 3
Ampl(mV) 182 143 82
Pos.
RAMP Width (nS) 34 4.8 53
/0.398 Ampl(mV) 34 353 165
Neg.
Width (nS) 2.8 54 5.5
Ampl(mV) 33 15 35
Pos.
PA-RAMP Width (nS) 2.4 32 2.1
/0.819 Ampl(mV) 102 97 39
Neg.
Width (nS) 2.4 33 2.5
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In general, the choice between a RAMP and a conventional Op-Amp for switched-
capacitor amplifiers is determined by specific performance and design requirements.
Several key factors, including power efficiency, speed, stability, and compatibility with
advanced CMOS processes, must be considered. The following sections provide a detailed

comparison:

A. Power Efficiency

RAMPs are specifically designed to maximize power efficiency, achieving high
performance with significantly lower power consumption compared to conventional Op-
Amps. This feature is particularly advantageous portable devices, where power
conservation is a critical design constraint. In contrast, traditional Op-Amps tend to
consume more power due to the constant biasing currents required in their internal stages.
While conventional Op-Amps may be sufficient in applications where power efficiency is
not a priority, they generally exhibit lower efficiency than RAMPs, particularly in low-

power designs.

B. Speed and Slew Rate

RAMPs can achieve very high slew rates, making them ideal for high-speed applications.
This rapid response is particularly beneficial in switched-capacitor circuits, where fast
settling within the clock period is essential. Although conventional Op-Amps can also
achieve high slew rates, this often comes at the expense of increased power consumption.
In scaled CMOS technologies, maintaining high slew rates with conventional Op-Amps
becomes increasingly challenging due to reduced voltage headroom and other limitations

inherent to these processes.

C. Stability

A primary challenge associated with RAMPs is ensuring stability across varying

operating conditions. However, RAMPs can be designed with intrinsic stability
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mechanisms, which reduce the need for complex compensation schemes, a common
requirement in traditional Op-Amps. Conventional Op-Amps often rely on external
compensation techniques, such as Miller compensation, to maintain stability, particularly
in high-gain or wide-bandwidth applications. These compensation methods add

complexity to the design and may limit the speed of the amplifier.

D. Settling Time

The fast-settling time of RAMPs provides a significant advantage in switched-capacitor
circuits, where settling time directly impacts the accuracy and speed of the circuit. The
quick response of a ring amplifier leads to enhanced performance in applications such as
ADC:s. Conversely, conventional Op-Amps tend to have longer settling times due to slower
slew rates and the need for compensation, which can be a limiting factor in high-speed
switched-capacitor applications. This may result in reduced accuracy or necessitate longer

clock cycles.

E. Adaptability to Scaled CMOS Technologies

RAMPs exhibit greater adaptability to advanced CMOS processes, which is particularly
advantageous as semiconductor technologies continue to scale down. RAMPs can maintain
their performance in low-voltage environments, where conventional Op-Amps often face
significant challenges, such as reduced voltage headroom. In scaled CMOS processes,
conventional Op-Amps may suffer from decreased gain and increased power consumption,

necessitating additional design considerations to maintain performance.
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Table 4-2. Comparison Between Op-Amps and RAMPs

for Switched Capacitor Applications

Parameter Op-Amps RAMPs
Moderate— )
SET Recovery . High — Faster recovery due to
. Requires external . .
Capability . internal feedback mechanisms
compensation
Power Lower power . .
. . High power efficiency
Efficiency efficiency
Slew Rate Slower High — Fast slew rate
Settling Time Longer Shorter — Quicker settling time
Easier to design
) More complex
. but requires .
Stability . design due to
compensation for .
L stability concerns
stability
SET-Induced )
Larger amplitude ) o
Voltage o Smaller amplitude variations
. variations
Variation
Adaptability to Struggles in .
Better suited for advanced CMOS
CMOS low-voltage
) processes
Processes environments
Input/ Limited input/ Rail-to-rail due to
Output swing output swing class-AB-style
. More complex
Design ) ) . L.
. Simpler to design design, requiring
Complexity )
precise control

Table 4-2 summarizes the comparison of SET effects on the outputs of Op-Amps and
RAMPs in switched-capacitor amplifiers. This table demonstrates that while Op-Amps are
simpler in design and commonly used for general-purpose applications, RAMPs offer
superior performance in terms of power efficiency, speed, compatibility with advanced

CMOS processes, rail-to-rail input/output swing, and their ability to handle SET effects.
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These characteristics make RAMPs a more favorable choice for modern switched-

capacitor amplifier applications, especially those in radiation-prone environments.

Future research will focus on experimentally validating the proposed PA-RAMP
structure through hardware implementation and testing, including heavy ion and high-
energy proton irradiation experiments to empirically verify the simulation results.
Additionally, further exploration of other amplifier structures and configurations will be
undertaken to identify additional radiation hardening opportunities. Integration of our
radiation hardening solutions with advanced technology nodes, such as 28 nm and beyond,
will be pursued to address the specific challenges posed by smaller technology nodes.
Optimization of the PA-RAMP design will be aimed at maximizing performance while
minimizing trade-offs, such as power consumption and area overhead. Furthermore,
comprehensive design guidelines and best practices for implementing SET-tolerant
amplifier circuits will be developed. Collaborations with industry partners will be essential
for translating our research findings into practical applications, ensuring the robustness and
applicability of our solutions in real-world environments. These efforts will contribute to

the advancement of resilient and reliable radiation-hardened CMOS amplifier circuits.

4.”7. CONCLUSION

In this paper, we have analyzed and compared the impact of SETs on various switched-
capacitor amplifiers, including conventional Op-Amps, CBSC, and RAMPs. The research
highlights the vulnerability of these amplifiers to SETs, with Op-Amps showing the largest
amplitude variations and longest recovery times due to their inherent design characteristics.
RAMPs, on the other hand, demonstrate superior performance in terms of SET recovery,
power efficiency, and speed, making them highly suitable for radiation-hardened designs.

The proposed PA-RAMP structure represents a significant advancement in mitigating
SET effects. By integrating a parallel configuration of coarse and fine RAMPs, the design
achieves faster recovery times and reduces amplitude variations during SET events,
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outperforming both conventional operational amplifiers and traditional RAMP designs.
This makes PA-RAMP a highly promising solution for high-performance, radiation-
hardened analog circuits, albeit at the cost of doubling the power consumption compared
to traditional RAMPs, though it still remains considerably lower than that of conventional
Op-Amps. Additionally, the paper introduces various layout strategies aimed at enhancing
radiation tolerance in amplifier designs, providing a solid foundation for researchers to

further optimize radiation-hardened applications.

106



CHAPTER 5.

DISCUSSION, CONCLUSION, AND FUTURE WORK

5.1. RECAPITULATION OF RESEARCH SCOPE AND OBJECTIVES

This doctoral research was initiated to address the critical need for reliable, high-
performance Analog-to-Digital Converters (ADCs) capable of operating effectively in the
harsh radiation environments encountered in aerospace applications. The primary
objectives were to design, implement, and experimentally validate a 10-bit, 50 MS/s
Radiation-Hardened by Design (RHBD) Successive Approximation Register (SAR) ADC
in a standard 65-nm CMOS process. Key goals included the development of novel system-
level redundancy strategies, the incorporation of robust circuit-level hardening techniques,
the implementation of efficient error detection and correction mechanisms, and the
minimization of power consumption and area overheads. Beyond the primary ADC, the
research also aimed to investigate Single Event Transient (SET) vulnerabilities in critical
analog sub-components, specifically dynamic comparators and switched-capacitor
amplifiers, and to propose innovative hardening solutions for these building blocks. This
chapter discusses the principal findings in light of these objectives, critically evaluates the
implemented strategies, draws overall conclusions, and outlines promising avenues for

future research.

5.2. DISCUSSION OF KEY FINDINGS AND CONTRIBUTIONS

The research has culminated in several significant contributions to the field of radiation-
hardened mixed-signal circuit design. These are discussed below, focusing on the main

RHBD SAR ADC and the insights gained from component-level studies.
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Strategies for radiation hardening can be systematically viewed through the paradigm of
prevention, detection, and correction. These strategies are implemented across a hierarchy
of design levels: the semiconductor device itself, the physical layout, the circuit topology,
and the overall system architecture. Device-level changes (e.g., using SOI technology)
offer strong prevention but are costly. Layout techniques like ELTs prevent certain TID
effects. This thesis focuses primarily on the circuit and system levels, which offer a
powerful and flexible trade-off between effectiveness and design effort. At this level, we
can design circuits that inherently prevent upsets (e.g., DICE latch) and create systems that
detect and correct errors (e.g., the split-ADC architecture), providing a complete and robust

solution.
5.2.1. The RHBD SAR ADC: Architecture and Performance

A central achievement of this work is the successful design, fabrication, and
experimental validation of a 10-bit, 50 MS/s SAR ADC specifically architected for
radiation tolerance. The ADC, implemented in 65-nm CMOS, demonstrated strong
electronic performance, achieving up to 8.78 Effective Number of Bits (ENOB), a
Spurious-Free Dynamic Range (SFDR) of 70 dB, and a Signal-to-Noise and Distortion
Ratio (SNDR) of 54.6 dB ata 1.18 MHz input. The total power consumption was measured
at 2.79 mW from a 1.2 V supply, with a compact core area of 0.0875 mm?. This results in
a competitive Figure of Merit (FoM) of 126 fJ/conversion-step, indicating good power
efficiency despite the incorporated hardening features. The ADC's architecture is based on
a novel split Coarse/Fine asynchronous SAR structure, which not only facilitates efficient
conversion under normal conditions but also forms the basis of its system-level redundancy
strategy. This architecture, detailed in Chapter 3, proved effective in mitigating the impact

of radiation-induced errors.

5.2.2. Efficacy of System-Level Redundancy and Error Management
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The split Coarse/Fine architecture was specifically designed to provide system-level
redundancy against SEEs. This approach allows the ADC to detect errors in either the 5-
bit Coarse ADC (C-ADC) or the 10-bit Fine ADC (F-ADC) and reconfigure its operation
to discard erroneous data while salvaging correct information. For example, if an error is
detected in the C-ADC, its results are discarded, and the F-ADC undertakes a full 12-bit
conversion (including 2 redundant bits). If an error occurs in the F-ADC, its results are
discarded, and the 5 valid MSBs from the C-ADC are retained. This strategy results in area
and power overheads of approximately 42% and 40.9% respectively, compared to a
conventional non-hardened SAR ADC. This is a significant improvement over traditional

full TMR or DMR schemes, which typically incur overheads exceeding 200%.

The efficacy of this redundancy scheme is critically dependent on the integrated error
detection mechanisms. This research implemented a co-designed error detection system
comprising Last Bit Cycle (LBC) detection and Metastability Detection (MD). The LBC
detector, using an additional capacitor (CLec=5%CLrsg), monitors the DAC voltage for
significant perturbations indicative of an SEE by comparing the LSB decision with a
subsequent LBC decision. The MD circuit, employing a ramp generator and a threshold
trigger (tmargin=1.5ns), identifies comparator settling failures due to either metastability
or certain SETs affecting the comparator's input stage. Experimentally, the combination of
these detectors was experimentally shown to enable the correction or mitigation of over
90% of large SEE-induced errors (>5 LSB) during laser testing. The error correction
algorithm's operation was demonstrated under various error injection scenarios (Figure 3-

15), confirming its ability to manage faults effectively.
5.2.3. Impact of Circuit-Level Hardening Techniques

Complementing the system-level strategies, specific circuit-level hardening techniques
were crucial for enhancing the overall radiation tolerance of the ADC. The StrongArm

Quatro-Latch comparator, detailed in Chapter 3.11I. and, was implemented to improve the
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SET resilience of the critical comparator stage. By replacing conventional cross-coupled
latches with a 10-T Quatro-latch cell, which features redundant internal feedback
mechanisms, the comparator's latch stage became significantly more robust against SETs
attempting to flip its state. Laser test results targeting the comparator block showed
approximately a 48% reduction in the error rate for the RHBD ADC compared to its
conventional counterpart. This hardening was achieved with only a negligible ~5 ps
increase in comparator delay. DICE D flip-flops were employed in the SAR control logic
and output registers to mitigate SEUs. The interlocking structure of DICE DFFs, combined
with physical separation of sensitive nodes in the layout (Figure 3-7(b)), effectively
suppresses SETs and prevents them from being latched as SEUs, as demonstrated by
simulations (Figure 3-8). The use of sub-radix-2 DACs in both the coarse and fine
conversion stages introduced inherent redundancy, allowing the ADC to tolerate minor
errors, such as those arising from comparator noise, small SETs, or slight mismatches, by
providing overlapping decision ranges. This contributes to the overall robustness and

accuracy of the conversion process.

5.2.4. Advances in Component-Level Hardening

Beyond their integration into the main ADC, this research also contributed to the broader
understanding and hardening of key analog components. The study on dynamic
comparators provided a systematic comparison of their SET vulnerabilities. It underscored
the limitations of conventional designs and TMR (due to voter vulnerability and overheads)
and experimentally validated the StrongArm Quatro-Latch as an efficient circuit-level
solution for hardening the latch stage against SETs. The investigation into switched-
capacitor amplifiers (Op-Amp based, CBSC, and RAMPs) revealed their distinct SET
sensitivities. Traditional Op-Amps exhibited significant SET-induced output variations,
while CBSC architectures were found less suitable for robust SET recovery within a single

cycle. Ring Amplifiers, though power-efficient, were also shown to be susceptible. The
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proposed Parallel-Auxiliary Ring Amplifier (PA-RAMP) structure, featuring parallel
coarse and fine RAMPs, emerged from this study as a novel approach. Simulations
indicated that its dual-path design could significantly improve SET recovery times and
reduce output voltage variations, offering a scalable and efficient hardening technique for

these important analog building blocks.

5.3. CRITICAL EVALUATION AND COMPARISON WITH STATE-OF-THE-ART

The 10-bit 50 MS/s RHBD SAR ADC developed in this work demonstrates a compelling
combination of performance, power efficiency, and radiation tolerance, particularly when
evaluated against other published RHBD ADCs (Table 3-2). Its Figure of Merit (FoM) of
126 fJ/conv.-step positions it competitively among RHBD ADCs. Many existing radiation-
hardened ADCs either operate at lower speeds, offer lower resolution, consume
significantly more power, or are fabricated in specialized, often more costly, processes like
Silicon-On-Insulator (SOI) which inherently offer better TID tolerance or latch-up
immunity. A key contribution of this research is the demonstration of substantial SEE
resilience (>90% suppression of large errors) and functional TID tolerance up to 100
krad(Si) within a standard 65-nm bulk CMOS process. This makes the design approach

more accessible and cost-effective for a wider range of aerospace applications.

The system-level redundancy achieved through the split Coarse/Fine architecture,
coupled with the co-designed LBC/MD error detection, represents a novel and resource-
efficient alternative to brute-force redundancy like full TMR or DMR. While TMR can
offer comprehensive fault masking, the >200% area/power penalty is often prohibitive.
DMR with skip-and-fill has bandwidth limitations for correction. The proposed
architecture's ~42% area and ~40.9% power overhead for significant SEE mitigation offers

a more balanced solution. The effectiveness of the error detection and correction
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mechanisms was clearly shown by the laser test results, where the error rates were
dramatically reduced compared to the conventional ADC fabricated on the same die. The
performance, including an ENOB of ~8.78 bits and SFDR of ~70 dB at 50 MS/s, is
comparable to or better than several reported RHBD ADCs with similar specifications,
especially considering the comprehensive hardening implemented. For example, compared
to the 10-bit SAR ADC in 0.15um bulk by Baghbanmanesh et al. (2017) [4] which used
ELTs and reported simulation for SET/SEU at 1 MS/s, this work operates at a significantly
higher speed with experimental SEE validation. While some Pipelined-SAR ADCs with
DMR have shown higher ENOB, they also report higher power consumption and area, and

target different operational speeds.

5.4. IMPACT OF TECHNOLOGY SCALING AND DESIGN CHOICES

The selection of the TSMC 65-nm bulk CMOS process for this research was strategic,
reflecting its maturity, widespread availability for mixed-signal designs, and relevance for
System-on-Chip (SoC) integration in aerospace systems that require a balance of
performance, integration density, and cost. Designing in a scaled node like 65-nm brings
forth specific challenges and opportunities for RHBD. The thinner gate oxides in 65-nm
generally offer some mitigation against TID-induced gate oxide charge trapping compared
to older technologies. However, as discussed, the critical charge (Qcrit) required to cause
an SEU or a significant SET also decreases, potentially making circuits more susceptible
to particle strikes. This necessitates robust SEE hardening strategies, which were a primary

focus of this work.

The lower nominal supply voltage (1.2 V in this process) imposes constraints on analog
circuit design, particularly regarding dynamic range, signal swing, and the ability to

achieve high gain in amplifiers without resorting to multiple stages or complex topologies.
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Design choices such as the Vem-based DAC switching scheme and asynchronous SAR
operation were made to optimize power consumption and speed under these conditions.
The effectiveness of the SEE mitigation techniques implemented—both system-level (split
architecture, error detection) and circuit-level (Quatro-Latch, DICE DFFs)—is highly
pertinent not only for 65-nm but also for more advanced technology nodes where SEEs are
an even greater concern. The investigations into RAMPs and the proposal of the PA-RAMP
structure were also driven by the need for power-efficient amplifier solutions that are well-
suited to low-voltage, scaled CMOS processes, where traditional Op-Amp design faces

increasing difficulties.

5.5. OVERALL CONCLUSIONS

Based on the comprehensive design efforts, detailed simulations, and extensive
experimental validation presented in this thesis, several key conclusions can be drawn

regarding the development of radiation-hardened ADCs for aerospace applications:

1. The successful design, fabrication, and testing of the 10-bit, 50 MS/s RHBD SAR
ADC demonstrate that a synergistic combination of innovative system-level
redundancy strategies (specifically the split Coarse/Fine architecture) and robust
circuit-level hardening techniques (including the Quatro-Latch comparator and
DICE DFFs) can yield significant improvements in radiation tolerance within a
standard 65-nm bulk CMOS process. This approach offers a practical and efficient

pathway to developing reliable data converters for space environments.

2. The co-designed error detection mechanism, integrating Last Bit Cycle (LBC) and
Metastability Detection (MD), proved highly effective in identifying SEE-induced
errors and comparator metastability. When coupled with the split Coarse/Fine

architecture's correction algorithm, this system achieved over 90% suppression of
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large SEE-induced errors, underscoring the value of intelligent, integrated error

management.

Targeted hardening of critical analog and digital sub-blocks is paramount for
achieving overall system resilience. The Quatro-Latch comparator and DICE D
flip-flops significantly contributed to the SEE robustness of the ADC, highlighting

the efficacy of embedding radiation tolerance directly at the component level.

The proposed Parallel-Auxiliary Ring Amplifier (PA-RAMP) architecture, based
on simulation studies, presents a promising and power-efficient solution for
enhancing the SET tolerance of ring amplifiers, addressing a key challenge in
designing robust, scaling-friendly analog front-ends for radiation-prone

applications.

This work collectively underscores the viability of a holistic RHBD methodology
that co-designs solutions across system, circuit, and layout levels. Such an approach
is essential to meet the stringent requirements of modern aerospace applications,
effectively balancing the competing demands of radiation hardness, electronic

performance, power consumption, and silicon area.

5.6. FUTURE WORK

The research presented in this thesis provides a solid foundation and opens several

exciting avenues for future investigation and development in the field of radiation-

hardened mixed-signal integrated circuits. Key recommendations for future work include:

Comprehensive Heavy Ion Irradiation Testing:

The most critical piece of future work is to perform comprehensive heavy-ion beam

testing to determine the SEE cross-section and LET threshold of the ADC. This
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requires specific infrastructure. Hardware requirements include access to a particle
accelerator facility (such as TRIUMF at UBC campus in Canada), a custom-designed
test board with the ADC chip under test, a low-noise power supply system, and a high-
speed data acquisition instrument (e.g., a logic analyzer or FPGA board). Software
requirements include LabVIEW or Python-based scripts for full automation of the test,
including instrument control, DUT configuration, and real-time data logging and error

analysis.
Further Enhancement of ADC Performance and Radiation Tolerance:

o Increased Resolution and/or Speed: Explore architectural refinements (e.g.,
advanced DAC switching schemes, faster comparators, optimized SAR logic) and
circuit techniques to further increase the ADC's resolution (e.g., to 12 or 14 bits) or

sampling speed while maintaining or enhancing its radiation hardness.

o Advanced TID Mitigation Strategies: Investigate and implement more advanced
TID-specific hardening techniques. This could include exploring different transistor
types (e.g., ELTs more extensively if not already optimized), advanced gate biasing
techniques, guard band structures for isolation, and circuit-level compensation for
TID-induced parametric drifts (e.g., in bias circuits or reference voltages). The goal
would be to extend TID tolerance beyond 100 krad(Si) or reduce performance

degradation at higher doses.

o Development of On-Chip, Radiation-Tolerant Calibration: Design and integrate
an on-chip calibration system (either foreground or background) that is itself
radiation-tolerant. This would address DAC capacitor mismatches, comparator
offsets, and potentially TID-induced drifts automatically, improving the ADC's

long-term accuracy and autonomy in space.
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Experimental Validation and Optimization of the PA-RAMP Structure: The PA-
RAMP architecture for switched-capacitor amplifiers, proposed in, showed promising
SET tolerance in simulations. Future work should involve fabricating this amplifier in
silicon, characterizing its electronic performance (gain, bandwidth, noise, power), and
conducting experimental SEE and TID testing to empirically validate its radiation

hardness and refine the design for optimal trade-offs.

Exploration and Implementation of Advanced Layout Hardening Techniques:
Systematically study and implement advanced layout-level RHBD techniques, such as
Sensitive Node Active Charge Cancellation (SNACC) and Differential Charge
Cancellation (DCC) for any operational amplifiers that might be integrated or explored,
and Layout Design through Error-Aware Transistor Positioning (LEAP) for inverter-
based structures like RAMPs and digital logic. Quantify the improvements in radiation

tolerance achieved through these layout optimizations.

Migration and Adaptation to Advanced Technology Nodes: Investigate the
applicability and scalability of the proposed RHBD principles and specific circuit
designs (e.g., split Coarse/Fine ADC, Quatro-Latch comparator, PA-RAMP) in more
advanced CMOS technology nodes (e.g., 28 nm, FinFET technologies). This will
involve addressing new challenges related to radiation effects in these deeply scaled
devices, such as increased variability, complex multi-node charge collection, and

lower operating voltages.

Development of Comprehensive RHBD Design Guidelines and Methodologies:
Based on the findings of this thesis and continued research, contribute to the
development of more comprehensive and systematic design guidelines and best
practices for implementing SET-tolerant and TID-robust ADCs and their constituent
analog/mixed-signal blocks. This could involve creating models or tools to predict

radiation response and optimize RHBD trade-offs early in the design cycle.
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7. System Integration and Application in Aerospace SoCs: Collaborate with
aerospace industry partners or space agencies to integrate the developed RHBD ADC
IP and related hardened analog building blocks into larger, more complex SoCs for
specific space missions. This would involve addressing system-level integration
challenges and demonstrating the practical benefits of the research in real-world

applications.

By pursuing these avenues, the knowledge and solutions developed in this thesis can be
further expanded, contributing significantly to the creation of highly reliable and efficient
electronic systems capable of operating robustly in the demanding radiation environments

of space and other critical fields.
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