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Abstract—in automotive mixed-signal SoCs, the analogue/mixed-
signal front-ends are of particular interest with regard to 
dependability. Because of the many electrical disturbances at the 
front-end, often (active) filters are being used. Due to the harsh 
environments, in some cases, degradation of these filters may be 
encountered during lifetime and hence false sensor information 
could be provided with potential fatal results. This paper 
investigates the influence of aging in three different types of 
active filters in an automotive environment, and presents an 
embedded instrument, which monitors this aging behaviour. The 
monitor can be used for flagging problems in the car console or 
initiate automatic correction.  
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I.  INTRODUCTION  
With the introduction of new semiconductor technologies, as 

well as the increased usage of integrated heterogeneous circuits 
in safety-critical applications, dependability is getting 
increasingly important [1]. 

In order to prepare deep-submicron SoCs for safety-critical 
applications, the dependability of the SoCs, especially the 
analog/mixed-signal IP based SoCs, needs to be drastically 
improved. There are not many publications concerning the 
dependability of this type of SoCs. Most of the publications are 
dealing with digital IP-based SoCs and use for instance 
redundant components together with dynamic routing to 
improve the dependability [2].  

An industrially important area  for safety-critical SoC 
applications is the car electronics industry. There are currently 
many electronic systems improving the safety in cars, like ABS 
and EPS [3]. Especially with the introduction of hybrid cars, 
and future advanced car-control options (e.g. automatic radar-
based car collision prevention) the safety levels of the required 
electronics have to be extremely high. The conditions (mission 
profile) under which these SoC electronics have to operate can 
be very harsh, upto 1750C, including high moisture and 
vibrations, among others. A lifetime of 20 years for trucks has 
to be guaranteed. 

 

     
Especially the analogue/mixed-signal front-end (but also 

back-end) in cars is of interest, as the sensors (e.g. angular, 
temperature, pressure) and associated electronics, are often at 
close distance to the measured physical quantity.  

A generic setup of car front-end electronics is shown in 
Fig.1. A sensor providing e.g. a small noisy voltage signal is 
first amplified, and subsequently filtered, and again amplified 
before entering an ADC for digitalization. Advanced systems 
can include some programmability for monitoring and 
calibration (purple). As self-monitoring and self-correcting 
opamps under aging have been discussed elsewhere [4], this 
paper will be focussed on (active) filters (Fig. 1). Incorrect 
filter transfer functions, e.g. in terms of amplitude, phase or 
cut-off frequency can seriously detoriate sensor data, and can 
hence endanger human life. As embedded instruments are more 
generic and wider to use, we have taken this path of aging 
monitoring in filters during lifetime. Process variations (at life-
time zero), although of high importance, are not within the 
scope of this paper. 

This paper is organized as follows. First aging models and 
aging experiments used in the paper are discussed. Then three 
types of active second-order low-pass (LP) filters are 
investigated in terms of their aging behaviour under harsh 
(automotive) conditions. They are an active-RC LP filter, a 
switched-capacitor LP filter and finally an OTA-C LP filter. 
The aging behaviour of the latter gives rise to the requirement 
of monitoring its behaviour over its lifetime.  

Circuit-level simulations of this filter show that particular 
currents are well correlated with this behaviour and hence 
candidates for aging monitoring. Next, a current monitor is 
presented and shown to be suitable as embedded instrument for 
aging and communicating to the outside world via P1687 
(IJTAG). Finally, some conclusions are being provided. 

 

This research has been conducted within the CATRENE project TOETS (CT-
302) which is financially supported by Agentschap NL. 

 

 
Figure 1. Possible analogue/mixed-signal front-end in cars 
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II.  AGING MODELS USED IN AGING EX

There are many aging effects in nan
technologies, like hot carrier injection (HCI)
dielectric breakdown (TDDB), negative b
instability (NBTI), and so on. Among them, N
critical reliability threat [5]. Hence this paper 
NBTI aging influence on active filters in
technology. 

 
Accurate measurement of the NBTI is d

because the NBTI degradation can recover a
removed. And the recovering is really fast an
ultra-fast measurement methods to avoi
artefacts associated with the common measur
approach [6]. However, the measurement m
been proposed are still far from perfect. It 
NBTI modelling. In fact there is no single N
can perfect explain all phenomena fo
measurements until now [6]. 

 
Among the NBTI models proposed, three 

popular. They are power models (PM) [7], r
models (RD) [8] and hole-trapping models (H
models are based on function fitting 
extrapolation from DC stress measurements.
well in DC stress situations. However, it is 
optimistic for AC stresses [5]. As an improvem
and HT models can both model the recover
NBTI, and can model the AC stress much bet
still competing with each other for usefulness 

 
In this paper, we use Cadence Relxpert 

NBTI degradation on active-filters. Only th
degradation for PMOS transistors are consid
model used in Relxpert is a PM model, whic
as the expression in (1). 
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Where ∆VTH, Vୱ୲୰ୣୱୱ, T, k and tୱ୲୰ୣୱୱ are thresh
of the PMOS transistor, the applied stre
temperature, Boltzmann constant and the str
fitting parameters are A, γ and Eୟ, which need
from stress measurements.  
 

There are two reasons to use the PM mo
simulation here. First, most foundries can only
model parameters based on (1) for the NBT
their CMOS technologies. Second, one wan
worst-case scenario. That often means the ma
DC stresses instead of AC stresses. For examp
the active-filters are biased at a DC level clos
the worst case scenario, since the input differ
active-filters are PMOS. At a later stage of 
accurate model (including  charge restoration
will be used. The reliability behaviour 
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All NBTI aging simulations hav

profile of 20 years, at 200℃. All 
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III. AGING EXPERIMENTS

A. Active filters 
In the past, we have carried out 

CMOS circuits in automotive SoCs
IPs [11] and OpAmps [4]. Especia
simulations for active filters, as we
under specific operating conditions 

 
Three kinds of second-order B

have been designed. They are resp
filter, switched-capacitor (SC) LP 
filter. All these LP filters have the s
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B. Active-RC LP filter 
As first filter, an active RC low-pass 

investigated. The circuit diagram in 65nm CM
Fig. 2. It uses the Tow–Thomas universal 
[12]. The design employs three operational a
are using a PMOS input differential pair w
class-AB output stage, providing more than 
Vbias in Fig. 2 is a DC voltage for input biasin

 
Fig. 3 shows that NBTI is not a problem f

low-pass filter, as NBTI has nearly no effect
Active-RC LP filter. Especially the phase beh
difference. The explanations for this dependab
following. First, the frequency behaviour is m
by the passive RC components. They are inse
aging (unless MOS capacitors). Second, the f
the sensitivity to the gain of the Opamps if 
high. So the gain degradation of the Opamp
the filter performance degradation. What's mo
gain is low (0db). Thus the offset caused by t
problem. Hence in this case there is no need
this filter on its aging behaviour during life tim

 

C. Switched-Capacitor LP Filter 
As second filter, a switched-capacitor se

pass filter has been investigated. The circuit d
in Fig. 4. It employs the Fleischer-Laker app
used operational amplifiers are the same as 
input differential pair with a rail-to-rail class-A

 
Fig. 5 indicates that NBTI has nearly no e
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visible. Therefore, also in this case no embedd
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Figure 4. Circuit design of the second-order  switched-c
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D. OTA-C  LP filter  
As last example of a filter, an 

investigated. Again, the Tow–T
structure has been used [18]. The 
differential pair with current mirr
shown in  Fig. 6. 

 
Fig. 7 shows the simulated a

observe, that the filter frequency ha
the case of aging. The reason can be
transfer function of the OTA-C filte
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From the transfer function, the -3dB freque
gain of the filter can be expressed as in (3) and
that the -3dB frequency is determined n
capacitors, but also by the multiplication
conductances. And the DC gain is determine
two trans-conductances.  
 

The NBTI effect can increase the threshol
transistors in the input differential pair. The dr
be degraded and hence the trans-conductance 
be reduced after aging. An interesting r
simulations shows that the trans-conductance
all OTAs in the filter are in close correlation
the stresses for each OTA are proportional an
the overall input signal of the filter. So th
relatively aging insensitive (4) and ω-3dB will b
to the aging (3).  
 

This filter could be a candidate for aging
an embedded instrument. One option could b
the output and compare with a “correct” re
like the method shown in [14]. However, the 
[14] cannot monitor the aging degradatio
reference circuits are also aged. Another o
concurrent error detection [15][16]. However
detection method also faces the same prob
detection circuits are aged as well, which 
alarms or miss alarms. 

 
 It is possible to investigate if there is alr
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behaviour, thereby easing the design of
instrument. During simulation we have obser
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the current in the differential pair transistors o
excellent candidate. This is supported by the c
shown in Fig. 8. It shows the -3dB frequenc
cascode current. Each star represents anothe
which indicates that the largest variation in the
is in the first year. Actually, this approach ca
as a sensitivity analysis for the aging behaviou
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aging. In fact there are already some IDDQ
could measure the current flowing in the 
[17][18]. However, the IDDQ monitor often
power supply voltage which is harmful for re
circuits are complex. So in the next section, 
current monitor with standard supply v
presented. 
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In this section a very simple a
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alarm signal when there is too much difference. The aging 
monitor can work both on-line and off-line. 

Although the embedded aging-monitor instrument is 
working under the P1687 format (and potentially under IEEE 
1149.4), the embedded monitor communicates with the outside 
world by digital signals only.  For simplicity, the digital 
interfacing circuit is not shown here. 

A digital signal can set the reference current via a 
programmable current source or a current-steering DAC, 
providing at some moment a digital signal if this level (aging 
setting) is reached. This makes the instrument very easy to use. 
The digital signals can be internally or externally provided, but 
also by an embedded processor. 

 The circuit design of the monitor circuit is shown in Fig. 
10. It is a very simple circuit, in 65 nm CMOS processing. A 
pseudo differential transistor pair with diode connected 
transistor loads is used to sensor the similar current through 
the differential pair transistors in the first stage of the OTAs. A 
current-mirror based current comparator compares the sensed 
current and a reference current. The Aging_alarm signal is 
produced to indicate the occurrence of a certain amount of 
performance degradation due to aging. 

The NBTI degradation of the monitor circuits is considered 
in the simulation as well. However, the reference current is 
assumed to be aging insensitive. It is reasonable if the reference 
current is directly provided externally. While, if the reference 
current comes from a programmable current source or a DAC, 
the aging of these circuits also need to be considered. These 
works are under research together with a new NBTI model for 
arbitrary-waveform stresses in our group.   

Fig. 11 shows the reference current value versus 
Aging_alarm pin voltage. If the reference current is low, the 
Aging_alarm voltage will be high, or in digital, one.  If the 
reference current is high, the Aging_alarm voltage will be low, 
or in digital, zero.   A reference current threshold value could 
decide the Aging_alarm pin voltage to be zero or one. 
The

 

 
threshold current value is selected as the real reference value 
during the self-calibration after fabrication. Finally, Fig. 12 
shows the good correlation of the measured current with 
(changing) 3dB frequency. 
 

From this figure, one can see the threshold current value is 
smaller with aging. That could be used to detect the aging. For 
example, based on the figure, we select 5uA as the real 
reference current. In fresh state, the Aging_alarm signal is 
zero. When aging for around 6 years, the aging alarm signal 
will be one, which means 10% degradation occurred. 

 
Since the aging-monitor instrument needs to detect 1μA 

current drop, we have used a programmable current source 
with steps of 0.1μA. Furthermore, to cover the PVT variation, 
the programmable current source should cover 10 μA in 
range.  This means it requires a 6 to 7 bits digital 
programmable current source or current-steering DAC. The 
design can be similar to the one used to monitor offsets in 
OpAmps [4]. 
 

V. CONCLUSIONS 
This paper has dealt with monitoring the aging process of 

active filters in automotive analogue front-ends in SoCs by 
using an embedded instrument. We have shown by experiments 
that the feed-back in many active filters provide sufficient 
protection against aging scenarios in analogue front-ends even 
under harsh automotive mission profiles.  

 
Figure 11. Aging alarm in voltage versus the reference current  

 
 

Figure 10. Circuit design of the embedded current monitor  

 
 
 

Figure 9. Proposed configuration of a embedded instrument for monitoring 
the aging 



 
However in some cases, like the second-order OTA-C low-

pass filter example in this paper, indeed filter characteristics 
may change to the extend to endanger sensor readings. This can 
potentially endanger the car safety. By monitoring the filter 
during lifetime using an embedded instrument, either car 
console flagging or direct corrective actions can be taken.  

Finally, we have shown the design of an aging-monitor in 
the same process as the filter, and also validated its capabilities, 
enabling a highly dependable analog/mixed-signal front-end. 
The aging monitor is generic in its nature, and can hence also 
be used for other IPs. 
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