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ABSTRACT

Analog integrated circuits operating in radiation environments. In previous irradiation experiments performed on 
a switched-capacitor filter, implemented in a programmable analog array, it was observed a sudden recovery of 
the device performance during the irradiation, while increasing the accumulated dose.  In some cases the con-
sidered performance parameters (such as the total harmonic distortion) may even be enhanced if compared to 
the pre-irradiation measurements, in specific accumulated dose intervals. This behavior is associated to partial 
inactivity windows in the internal components of the device. Spice simulations considering two complementary 
architectures of a simple CMOS Operational Amplifier (OpAmp) are performed, aiming to understand the origins 
of this effect.  Results indicate that shifts on the operating point of the amplifier building blocks are responsible 
for the degradation and recovery of the OpAmp performance. Results also show that specific architectures, as 
well as, application constraints (such as the external feedback and the input signal amplitude and frequency) may 
result in different robustness levels related to the linear applications of the OpAmps in radiation environments.

Index Terms: CMOS Operational Amplifiers, Total Ionizing Dose, Radiation Effects, Inactivity Windows.

I. INTRODUCTION

Electronic systems operating in radiation en-
vironments, such as in space applications and nucle-
ar facilities, are exposed to significant radiation doses. 
Frequently, constraints associated to the budget and 
development time of a giving project or mission, lead 
to the adoption of COTS (Commercial Off-The-Shelf) 
devices and standard CMOS process in the develop-
ing of electronic systems to be employed in such ap-
plications [1], associated with design or system-level 
mitigation techniques. Moreover, with the technology 
scaling of standard CMOS process, the performance 
related to Total Ionizing Dose (TID) effects is natural-
ly being improved due to the thinner isolation oxides 
of newer technologies, which reduces the charge trap-
ping induced by ionizing radiation [2-4]. 

On the other hand, the scaling of analog circuits 
is not as aggressive as it is for the digital parts. Therefore, 
it is common to find commercial available analog and 
mixed-signal (MS) devices fabricated in older CMOS 
technologies as, for example, 0.5mm technology node. 
Moreover, these technologies are still being offered as 
low cost production alternatives by several foundries 
around the world, and represent a significant part of 
the semiconductor market [5], mainly when consider-
ing analog or RF applications [6]. However, the devic-

es fabricated in such technologies are more sensitive to 
TID effects, since some of these effects are more severe 
in thicker oxide technologies [7, 8].

Total Ionizing Dose (TID) is a class of cumula-
tive radiation effects that, in electronic systems, causes 
the degradation of electrical characteristics of the cir-
cuit devices. Electrical degradation in MOS transistors 
exposed to ionizing radiation is mainly caused by the 
buildup of trapped charges in the isolation oxides of the 
integrated circuit [7]. The main consequences of oxide 
and interface charge buildup are shifts in the threshold 
voltage (Vth) of transistors and current leakage [7, 8].

Several works have been developed addressing 
important issues in the context of TID effects on ana-
log circuits. In [2-4] the performance under radiation 
effects of individual parameters of CMOS analog cir-
cuits, such as the transistors drive current, transconduc-
tance, and threshold voltage, were studied. In [9, 10] 
experimental radiation data regarding the output offset 
and open loop gain of bipolar and CMOS commer-
cial Operational Amplifiers (OpAmps) were presented. 
Considerations on the impact of transistors sizing on 
the TID effects and radiation-hardening-by-design ap-
proaches using ELT (Enclosed Layout Transistor) are 
discussed in [11, 12].

In a previous work of our group the effects of 
TID in a 0.6mm switched-capacitor (SC) programma-
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ble analog device were investigated [13]. In that work 
it was observed a sudden recovery of the device per-
formance during a specific interval of the irradiation 
phase (after significant signal degradation was estab-
lished). This recovery may be associated to partial in-
activity windows in the analog switches of the device 
as well as in the device OpAmps, as described in [13] 
and firstly observed in [14] on irradiated commercial 
analog switches. 

With this in mind, this work aims to investigate 
the behavior of analog building-blocks of operational 
amplifiers under cumulative radiation effects. The main 
goal is to enhance the understanding of the contribu-
tion of these important subsystems in the performance 
degradation of the operational amplifiers exposed to 
ionizing radiation, and their contribution to the inac-
tivity window effect. Two counterpart architectures of 
a two-stage OpAmp are considered as case study due 
to the inherent difference between the behavior of the 
NMOS and PMOS devices under cumulative radiation 
effects. Threshold deviations are injected into the tran-
sistors of the OpAmps’ building-blocks by means of 
Spice simulations. The simulations were focused both 
on the behavior of intrinsic OpAmp parameters (such 
as the biasing currents, DC operating points and small 
signal transfer characteristics) and, also, on perfor-
mance parameters related to the application (frequency 
response, harmonic distortion, and dependence on the 
external feedback). 

This paper is organized as follows: Section II 
presents the previous works that motivated this study 
and a brief discussion on the effects of TID in MOS 
devices. Section III presents the simulation models em-
ployed in this work, while section IV shows the obtained 
results and discussions. Section V concludes this paper.

 
II. RELATED WORKS

A. Previous work

In a recent work of our research group, the ef-
fects of TID in a switched-capacitor (SC) programma-
ble analog device were investigated [13]. In that work 
the THD (Total Harmonic Distortion) of the signal 
processed by a second order analog SC filter, pro-
grammed into the device, was monitored during the 
device irradiation with a Cobalt-60 gamma ray source. 
It was observed a sudden recovery of the THD during 
a specific window of the irradiation phase. This fail-re-
covery pattern may be associated to partial inactivity 
windows in the analog switches of the device as well as 
in the device OpAmps, as described in [13] and first-
ly observed in [14] on irradiated commercial analog 
switches. 

In order to discard the possibility of any mea-

surement error or environmental interference, we re-
peated the experiment with another sample of the de-
vice. However, a different analog hardware was pro-
grammed into the Field Programmable Analog Array 
(FPAA) under study. Similarly to the first experiment, 
we programmed two band-pass filters into the device. 
In addition, we also tested a continuous anti-aliasing 
filter that is available in the I/O cells of this FPAA.

This new experiment produced very similar re-
sults to those of the first experiment. The THD of the 
signals at the output of the monitored filters presented a 
significant variation in respect to the accumulated dose. 
At the beginning of the experiment, the THD was near 
2%, reaching approximately 20% few minutes before 
the complete failure of the device. However, between 
these two extremes, the harmonic distortion did not 
show a monotonic behavior. As depicted in Fig 1, the 
THD started to increase, with an exponential trend, 
when the dose reached approximately 12krad. Then, 
when the total accumulated dose reached 17.5krad, the 
harmonic distortion suddenly decreased and started to 
increase again with the same trend presented before. At 
22.5krad the circuit lost its functionality.

B. Effects of TID on MOS transistors

As one will see in the remainder of this paper, 
the behavior observed on the irradiation experiments 
is associated to the degradation of the electrical charac-
teristics of the device transistors. 

Electrical degradation in MOS transistors ex-
posed to ionizing radiation is mainly caused by the 
buildup of trapped charges in the isolation oxides of 
the integrated circuit [7]. The main consequences of 
oxide and interface charge buildup are shifts in the 
threshold voltage (Vth) of transistors and current leak-
age [7, 8]. 

The complementary transistors (NMOS and 
PMOS) present different characteristics regarding 
the TID-induced charge buildup at the oxide and at 
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Figure 1. Total Harmonic Distortion evolution of output signals of 
three analog Filters programmed in an SC-FPAA, as function of 
the accumulated dose, in a practical TID experiment [13].
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the oxide-silicon interface. The oxide-trapped charges 
are usually positive for both devices while the inter-
face-trapped charges are typically positive for PMOS 
transistors and negative for NMOS transistors [7]. 
For this reason, while the net charge accumulated in 
PMOS transistors is always positive, leading to nega-
tive deviations of the threshold voltage, the net charge 
accumulated in NMOS transistors may be positive, 
neutral or negative. Therefore, the threshold voltage 
shifts of irradiated NMOS transistors may be positive 
or negative. Moreover, for moderate dose rates and ex-
posure times the contribution of each mechanism on 
the deviations of the threshold voltage (∆Vit and ∆Vot) 
is significant [7]. In addition, according to [15] the 
interface charge buildup is slower than the buildup of 
oxide trapped-charges buildup. This behavior is taken 
into account in the simulations performed in this work 
as it will be presented in section III.

III. SIMULATION SETUP

Considering this different characteristic regard-
ing the TID-induced threshold deviations on NMOS 
and PMOS transistors, we selected two counterpart 
operational amplifiers as case study. Both architec-
tures consist in a two stage amplifier with miller com-
pensation, as can be seen in Fig 2. The configuration 
depicted in Fig 2(A) comprises a PMOS differential 
amplifier as input stage (M1(A) and M2(A)) and the 
second stage is composed by a common-source ampli-
fier (M6(A)). From here on, this configuration will be 
referred as PMOS Differential Amplifier (PMOS-DA). 
Fig 2(B) shows the counterpart architecture, in which 
the first stage is now composed of an NMOS differen-
tial pair (M1(B) and M2(B)) and the output stage is 
composed of a PMOS transistor (M6(B)). This config-
uration is referred, in this work, as NMOS Differential 
Amplifier (NMOS-DA). 

In order to understand the role of each OpAmp 
stage on the observed behavior of the irradiated cir-
cuits (fail-recover-fail), each OpAmp was partitioned 
in two building blocks, as can be seen in Fig 2. Fig 
2(C) and 2(E) show the input and output stages of the 
PMOS-DA architecture, respectively. The NMOS-DA 
building blocks are depicted in Figs 2(D) and 2(F).

The sizing of the OpAmp components consid-
ered in this work is summarized in Table I.  Both de-
signs have similar specifications, as follows:

• Iss=10μA,
• Gain-Bandwidth=1MHz, 
• CL=20pF
• CMR from -2V to +1V (PMOS-DA) and 

from -1V to +2V (NMOS-DA). 
On the functional point of view, these two com-

plementary amplifiers have no significant difference. 

However, it is important to take care to achieve a good 
matching between M1-M2 and M3-M4 (Figure 2 (A 
or B)). This can be accomplished by employing layout 
techniques, especially on the differential pair stages.

Regarding Radiation Hardened-By-Designed 
(RHBD) techniques, a popular layout technique ap-
plied to digital circuits to cope with TID is the Enclosed 
Layout Transistor (ELT) [11, 12]. However, design of 
analog circuits with this technique is not a very sim-
ple task, since it does not allow arbitrary W/L ratios 
required in analog designs.  For this reason, investiga-
tion of architectural implications in radiation hardness 
of analog blocks, while using conventional transistors, 
is also important to the design phase of an analog or 
mixed-signal system.

The effects of charge buildup due to TID were 
simulated by injecting threshold shifts in the transis-
tors model, directly in the model cards of the consid-
ered technology (AMI 0.5mm). The injected deviations 

Figure 2. Schematic of the investigated architectures:  (A) 
PMOS-DA OpAmp; (B) NMOS-DA OpAmp; (C) PMOS-DA Input 
stage; (D) NMOS-DA Input stage; (E) PMOS-DA Output stage; (F) 
NMOS-DA Output stage.

Table I. Sizing of the components of both OpAmps.

Transistors PMOS-DA(W/L)[µm] NMOS-DA(W/L)[µm]

M1, M2 4/1 1.5/1

M3, M4 1/1 5/1

M5 2.5/1 1.5/1

M6 24/1 60/1

M7 30/1 9/1

M8 2.5/1 1.5/1

Capacitor CC 4.4pF 4.4pF

IBias 10µA 10µA
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were carried out according to the typical behavior of 
the threshold voltage shifts (according to [14]) for the 
dose rate applied in the practical experiment previous-
ly performed by the authors (1krad/h), whose results 
have motivated this investigation [13]. This behavior is 
depicted in Fig. 3. Therefore, 124 spice files modeling 
different Vth deviations were generated. Considering 
also the nominal condition, 125 files were individual-
ly simulated using HSpice®. One additional Matlab® 
code was used to compute the results from the 125 
Spice output files.

Several analyses were carried out through these 
simulations. DC analyses were performed to check 
the linearity of the OpAmp stages and the mobility 
of operating point due to the threshold deviations. At 
this point, Monte Carlo simulations were carried out 
to investigate the combined effect of TID-induced 
Vth shifts with mismatches of this parameter between 
the transistors of the input differential pair. The bias-
ing current was also evaluated in these simulations. 
Finally, transient analyses were performed to inves-
tigate the behavior of the OpAmp when used in an 
inverter amplifier configuration, with different closed 
loop gains (external feedback factor) and frequencies 
of the input signal.

IV. SIMULATION RESULTS

More than one hundred of Vth combinations 
(for PMOS and NMOS transistors) were injected, to 
simulate the threshold voltage degradation caused by 
TID. However, in order to simplify the results presen-
tation, seven points representing important Vth com-
binations were selected to be displayed. These combi-
nations represent different values of accumulated dose, 
and are highlighted in  3 (markers 1 to 7).

The first point simulates the pre-rad situation 
(nominal values of VthN and VthP). Between the sec-
ond and forth points VthN goes negative, configuring 

a potential inactivity window, into which it is expected 
the partial or total failure of the OpAmps or some of 
their components. Samples 5 to 7 represent the most 
aggressive situation, when the transistors present high 
shifts in their threshold voltages.

It is important to point out that in our previous 
experiments, the transistors threshold voltage could 
not be measured and the exact correspondence of this 
parameter to the accumulated dose is unknown. Also, 
there is no comprehensive available data on the litera-
ture concerning TID induced threshold deviations for 
this technology. For this reason we adopted the quali-
tative degradation pattern depicted in Fig 3. This fig-
ure represents the threshold deviation behavior versus 
the accumulated dose. 

In this case the dose is shown in arbitrary units, 
since the exact Vth behavior depends on several factors, 
such as the fabrication technology, transistors’ sizing, 
DC operating point, external operation conditions and 
also the dose rate to which the devices are exposed. 
However, as one will see on the results of this work (in 
the following sub-sections) this degradation model for 
the Vth parameter produced similar simulation results 
to that observed in the practical experiments previously 
performed. As an example, in one of our experiments 
the partial inactivity window occurred nearly from 
13krad up to 17.5krad, as can be noticed in Fig 1.

A. Input stage DC analysis

Fig 4 shows the behavior of the bias current 
(Iss) for NMOS-DA and PMOS-DA architectures. 
The nominal value of the bias current is 10μA. During 
the potential inactivity window the bias current of 
the NMOS-DA amplifier increases. Conversely, the 
PMOS transistor presents negative Vth shifts, decreas-
ing the bias current of the PMOS-DA configuration. 
Nevertheless, during the potential inactivity window, 
for both topologies the biasing current is not interrupt-
ed. This occurs only in point 6 for PMOS-DA and near 
point 7, for NMOS-DA, as can be noticed in Fig 4.

Figs 5 and 6 show the DC analysis results for 
the differential amplifier architectures, from which the 
small signal behavior of these blocks may be obtained. 
The curves highlighted with the number 1 (on both 
figures), represent the nominal response of the differ-
ential amplifier blocks. It is possible to see that both 
PMOS-DA and NMOS-DA present a high and linear 
gain near 0V on the “Vin-” axis. When VthN is negative 
(situation 3), the operating point of the PMOS-DA 
amplifier is pushed to a strongly non-linear region, se-
riously degrading the OpAmp performance. 

The same did not occur with the NMOS-DA 
differential amplifier, to which the operating point re-
mains in the linear range with an adequate linear voltage 
swing possibility. An exception is observed to the worst 

Figure 3. Vth deviation behavior considered in the simulations 
(adapted from [14]).
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case condition (situation 7) when the threshold voltag-
es of NMOS transistors are near VDD and PMOS tran-
sistors are below VSS. In this situation the behavior of 
the NMOS-DA is no longer linear and the PMOS-DA 
is no longer functional, as can be seen in Figs 5 and 6. 
This occurs because the drain voltage of M5 assumes the 
maximum allowed voltage (VDD), thus, in this case |VDS| 
of M5 is 0V. Even if |VGS| exceeds VthP, |VDS| is always 
0V and no current flows through the drain of M5. The 
same occur with the NMOS-DA architecture, when VthN 
is beyond VDD, M5 is off and there is no current flowing.

The nominal DC operating point of NMOS 
and PMOS differential amplifiers are highlighted 
(with a black dot) on Figs 5 and 6. One can notice that 
PMOS-DA operating point tends to be negative while 
the NMOS-DA OP is positive.  Although the NMOS-
DA OP is closer to VDD if compared to the distance of 
PMOS-DA OP from VSS, the NMOS input stage is 
more robust compared to its counterpart, considering 
the OP mobility. This is because the voltage Vout1 tends 
to move towards VSS, while for NMOS-DA input stage 
this voltage moves away from VDD, as the Vth of the 
transistors are shifted.

Fig 7, shows the behavior of the OP of both in-
put amplifier architectures. It is possible to see that the 
shifts on NMOS-DA OP follow the same trend of the 
threshold shifts injected in PMOS transistors, while 
the operating point of  PMOS-DA vary similarly to the 
NMOS threshold deviations considered (according to 
the pattern depicted  in Fig 3). The reason for that is 
because the main responsible to set the DC OP voltage 
(Vout1) are the active loads of both architectures (M3 
and M4) that are composed of PMOS transistor on 
the NMOS-DA stage and NMOS transistors on the 
PMOS-DA block. 

One can conclude from these analyses that the 
design specifications of the OpAmp can influence the 
circuit robustness. It occurs because the performance 

Figure 5. Small signal characteristic of the PMOS-DA differential 
amplifier.

Figure 4. Behavior of bias current (Iss) for the PMOS-DA and 
NMOS-DA due to the injected threshold deviations.

Figure 7. Input stage operating point tendency for both NMOS-
DA and PMOS-DA architectures, during the Vth shifts simulation.

Figure 6. Small signal characteristic of  the NMOS-DA differential 
amplifier.
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gain. In the nominal combination of threshold voltage 
(fault-free condition), for PMOS-DA output stage, the 
operating point is close to -1.2V in ‘Vin’ axis, as depict-
ed in Fig 10 (curve 1).

The critical situation occurs when Vth parame-
ter of NMOS transistors goes negative, which means 
that M6 (Fig 3(A)) is operating in strong inversion, 
and therefore, any voltage between drain and source 
is sufficient for M6 to present a high drain current. In 
this situation the NMOS transistor pull down the out-
put to Vss, as can be observed in Fig 10 (curve 3). The 
evolution between situations 3 and 4 (VthN from -0.5V 
to 0.01V and VthP from -1.26V to -1.7V) is depicted 
in curves 3.D to 3.A, which shows the recovery of the 
output stage of the PMOS-DA architecture. A similar 
behavior is observed when the Vth deviation goes from 
sample 2 to 3 i. e., entering in the partial inactivity 
window, but, in this case, the evolution is in the op-
posite direction (3.A to 3.D), degrading the transfer 
characteristic of the output stage.

requirements define the transistors sizing, which, in 
turn, defines the operating point of the circuit. 

Thereby, it is intuitive to think that the OP 
must be allocated far from power supply voltage 
rails to increase the robustness regarding TID effects. 
Considering symmetric power supply, it could be con-
venient to set 0V for the OP voltage, especially for 
PMOS-DA configuration. It may be achieved by cor-
rect adjust of transistors M1-M5 aspect ratio. However, 
the tradeoff of this arbitrary adjustment is the system-
atic offset that may appear at the output stage.  For this 
reason, this condition is not always possible to achieve, 
due to  design constraints.

B. Monte Carlo analysis of differential pair

Monte Carlo (MC) simulations were also per-
formed, in order to investigate the influence of Vth mis-
matches among transistors M1, M2, M3 and M4 (in-
put stage). These analyses were performed, specifically, 
for Vth values inside the potential inactivity window (as 
highlighted in Fig 3), with a maximum deviation from 
the central value of 25mV (3σ) [16]. Figs 8 and 9 show 
the results of 1000 MC iterations for both OpAmp ar-
chitectures. The central curves represent the responses 
with zero mismatch (VthN=-0.5V and VthP=-1.26V, for 
all transistors). 

Taking into account the same pattern simulated 
for both architectures, it is possible to observe that, for 
the NMOS-DA block, the non-linear regions of the dif-
ferential amplifier were not achieved in any case inside 
this window, as can be seen in Fig 9. The same did not 
occur with the PMOS-DA topology, to which in most 
MC iterations the operating point is shown to be in 
a non-linear region as can be observed in Fig 8 (near 
marker 2). It is possible to conclude from these analyses 
that mismatches between the threshold voltage of input 
transistors play an important hole on the performance 
of  the amplifiers under radiation, since, for a given ra-
diation induced threshold deviation (mean) the random 
factor can define between the functionality or inactivity 
of the block. An appropriate layout of the differential 
pairs may also be relevant to the robustness of this block.

C. Output amplifier DC analysis

The individual behavior of output stages was 
also investigated. These building-blocks comprise tran-
sistors M6 – M8, as depicted in Figs 2(E) and 2(F). 
A DC analysis was carried out with the input voltage 
(Vin) varying from -2.5V to 2.5V. Considering the 
complete OpAmps, the output signal of the differential 
amplifier, Vout1 (Figs 2(C) and 2(D)), drives the input 
of the output stage (Vin in Figs 2(E) and 2(F)). The 
operating point of this building block is the input volt-
age to which the amplifier presents a high and linear 

Figure 8. Monte Carlo simulations of the differential amplifier in 
the PMOS-DA architecture, considering Vth mismatches among 
the input transistors.

Figure 9. Monte Carlo simulations of the differential amplifier in 
the NMOS-DA architecture, considering Vth mismatches among 
the input transistors.
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Fig 11 shows that the operating point of  the 
NMOS-DA output stage also presents a variation 
around the nominal value, but not strong enough to 
degrade its linearity. This shift can lead to an increase in 
the output systemic offset if the shift in the OP of the 
input stage does not vary in the same way.

D. Frequency performance on a closed loop 
configuration

Both counterpart amplifiers were designed to 
achieve 1MHz Gain-Bandwidth (GBW) parameter. 
Fig 12 shows the simulated frequency response of the 
PMOS-DA OpAmp, employed in an inverter configu-
ration with a closed loop gain equal to 10 and consid-
ering the same Vth deviations adopted on the DC anal-
ysis. No significant change in the frequency response 
is observed until the threshold deviations achieve the 
values of situation 2 (marker 2 on the related figures). 
However, inside the considered inactivity window 
(situation 3), it is possible to notice a degradation in 

the frequency response. The GBW of the PMOS-DA 
OpAmp is recovered when considering threshold volt-
age deviations higher than the upper limit of the win-
dow (situation 4). The NMOS-DA OpAmp remains 
fully operational for all combinations of Vth until the 
situation 6, as can be observed in Fig 13. 

One can notice that, for both counterpart 
amplifiers, TID induced threshold voltage deviation 
did not change the rolloff factor of the frequency re-
sponse. On the other hand, the frequency of the first 
pole can be slightly modified, as can be seen in Figs 
12 and 13.

The numerical value of the GBW parameter is 
shown in Fig14, as a function of the simulated evo-
lution of threshold shifts. Regarding the PMOS-DA 
architecture, the inactivity window effect is well evi-
denced near marker number 3. With the correspond-
ing threshold deviations within this window the out-
put signal is always fully attenuated, thus the GBW 
parameter was not evaluated. On the other hand, the 
NMOS-DA topology shows an improvement of the 

Figure 11. Behavior of the output stage of the NMOS-DA OpAmp.

Figure 10. Behavior of the output stage of the PMOS-DA OpAmp.

Figure 13. Frequency response of the NMOS-DA OpAmp.

Figure 12. Frequency response of the PMOS-DA OpAmp.
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GBW parameter until the situation 3, comparing to 
the pre-rad performance. It can be explained due to the 
increasing of the bias current (ISS), as can be noticed in 
Fig 3, since the GBW is directly proportional to this 
current [17].

The influence of the input frequency and the ex-
ternal feedback were also briefly investigated by means 
of transient simulations. For this purpose, three config-
urations concerning the input frequency (fi) and closed 
loop gain (G) of an inverter amplifier were considered: 
1) G=1 and fi = 10kHz; 2) G=1 and fi = 1MHz; 3) 
G=20 and fi = 10kHz. Figs 15 to 17 show the out-
put signal for each condition with superimposed sig-
nals representing 3 distinct situation of threshold de-
viations: before the partial inactivity (27 iterations of 
injected Vth shifts between situations 1 and 2), during 
the  partial inactivity (36 iterations) and after the in-

activity window (26 iterations). The total number of 
superimposed curves is 89.

When the input frequency and/or closed loop 
gain are increased (reducing the feedback factor), the 
differential voltage at the OpAmp is increased, forcing 
it to work in a wider range of the differential and in-
verter amplifiers voltage swing. This increases the pos-
sibility that the non-linear regions of the transfer curve 
of the amplifier stages (Figs 5 and 6, for example) be 
reached by the internal signals. As a result, it may affect 
the robustness of the OpAmps related to TID-induced 
threshold voltage deviations. This dependency can be 
noticed in Figs 15 to 17.

Figure 16. Time domain behavior of both OpAmp architectures 
in an inverter configuration with unit gain and 1MHz as input 
frequency, considering 89 combinations of threshold deviation 
following the trend presented in Fig 3.

Figure 15. Time domain behavior of both OpAmp architectures 
in an inverter configuration with unit gain and 10KHz as input 
frequency, considering 89 combinations of threshold deviation 
following the trend presented in Fig 3.

Figure 14. Gain-Bandwidth behavior of both OpAmp architectures.

Figure 17. Time domain behavior of both OpAmp architectures 
with close loop gain equal to 20 (inverter configuration) and 
10KHz as input frequency, considering 89 combinations of 
threshold deviation following the trend presented in Fig 3.
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Fig 18 illustrates the increase of the amplitude 
signal at the OpAmp differential input when increasing 
the closed loop gain (reducing the negative feedback) 
and the signal frequency, considering the PMOS-DA 
topology. For the NMOS-DA OpAmp, no catastroph-
ic change was observed at the output signal to all the 
89 simulated iterations of each combination (gain and 
amplitude).

The OpAmp DC gain is inversely proportional 
to ISS [17], whose tendency during the inactivity win-
dow is depicted in Fig 4. Regarding the PMOS-DA 
architecture, the DC gain during the inactivity window 
is well evidenced, as can be seen in Fig 19.

The THD of the output signal was also eval-
uated in the simulations, considering 100 harmonics. 
Results are shown in Fig 20, in which the inactivity 
windows for the PMOS-DA architecture can be no-
ticed. A similar behavior was observed in our practical 
radiation experiments [13].

Figure 19. Behavior of DC gain for PMOS-DA and NMOS-DA 
architectures.

Figure 20. THD of the signals at the output of both OpAmps.

Figure 18. Inverter input signal (V-) of the PMOS-DA OpAmp 
with the non-inverter input connected to ground, in an inverter 
amplifier configuration.

E. Output offset analysis

Finally, the OpAmp output offset voltage was 
also monitored considering an inverter configuration 
with unit gain. Taking into account the threshold volt-
age deviation simulated in this work for both amplifi-
ers, it is possible to observe the effect of partial inactiv-
ity window in PMOS-DA architecture (between mark-
ers 2 and 4 of Fig 21). In this window the OpAmp 
fails, reducing the DC level of the output to near VSS. 
After this window the PMOS-DA recovers its normal 
operation condition, showing a similar offset of that 
presented in nominal situation.

Considering the NMOS-DA topology, no im-
portant modification was observed on the offset volt-
age until its complete failure, near situation 7 (final 
iterations of the injected threshold deviations).

Figure 21. Offset voltage of the complete OpAmp with PMOS-DA 
and NMOS-DA architecture.
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V. CONCLUSIONS

In this work the impact of TID-induced 
threshold deviations on the building-blocks of two 
complementary OpAmp topologies was studied. 
Results help to understand the inactivity window 
effect observed in previous radiation experiments. 
The threshold shifts induced by TID alter the biasing 
current and the transistors electrical characteristics, 
tending to pushing them to an operation condition 
outside the saturation region. This may lead to shifts 
on the operating point of the internal stages, in a way 
that the linearity of the OpAmp building blocks is 
no longer guaranteed. Additionally, some operation 
conditions related to the feedback factor and the in-
put signal frequency and amplitude, may evidence the 
inactivity window effect.

Considering the radiation-induced threshold 
deviation pattern simulated in this work, the PMOS-
DA amplifier clearly showed the partial inactivity win-
dow effect. No catastrophic effect was observed, into 
the same window, to NMOS-DA architecture, indicat-
ing that the NMOS differential amplifier architecture 
may present an improved robustness in radiation en-
vironments, since it can maintain its functionality for 
the same degradation conditions to which the PMOS 
architecture fails. 

Finally, despite the OpAmps that were investi-
gated in this work are simple 2-stage configurations, 
their building blocks are the same that are used in more 
complex architectures. This way, it is expected these re-
sults can be extended to such architectures.
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