Monitor-Based In-Field Wearout Mitigation for CMOS RF Integrated Circuits
by

Doo Hwang Chang

A Dissertation Presented in Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

Approved November 2017 by the
Graduate Supervisory Committee:

Sule Ozev, Chair
Bertan Bakkaloglu
Jennifer Kitchen
Umit Ogras

ARIZONA STATE UNIVERSITY

December 2017



ABSTRACT

Performance failure due to aging is an increasing concern for RF circuits. While
most aging studies are focused on the concept of mean-time-to-failure, for analog
circuits, aging results in continuous degradation in performance before it causes
catastrophic failures. In this regard, the lifetime of RF/analog circuits, which is defined as
the point where at least one specification fails, is not just determined by aging at the
device level, but also by the slack in the specifications, process variations, and the stress
conditions on the devices. In this dissertation, firstly, a methodology for analyzing the
performance degradation of RF circuits caused by aging mechanisms in MOSFET
devices at design-time (pre-silicon) is presented. An algorithm to determine reliability
hotspots in the circuit is proposed and design-time optimization methods to enhance the
lifetime by making the most likely to fail circuit components more reliable is performed.
RF circuits are used as test cases to demonstrate that the lifetime can be enhanced using
the proposed design-time technique with low area and no performance impact. Secondly,
in-field monitoring and recovering technique for the performance of aged RF circuits is
discussed. The proposed in-field technique is based on two phases: During the design
time, degradation profiles of the aged circuit are obtained through simulations. From
these profiles, hotspot identification of aged RF circuits are conducted and the circuit
variable that is easy to measure but highly correlated to the performance of the primary
circuit is determined for a monitoring purpose. After deployment, an on-chip DC monitor
is periodically activated and its results are used to monitor, and if necessary, recover the
circuit performances degraded by aging mechanisms. It is also necessary to co-design the

monitoring and recovery mechanism along with the primary circuit for minimal



performance impact. A low noise amplifier (LNA) and LC-tank oscillators are fabricated
for case studies to demonstrate that the lifetime can be enhanced using the proposed
monitoring and recovery techniques in the field. Experimental results with fabricated
LNA/oscillator chips show the performance degradation from the accelerated stress

conditions and this loss can be recovered by the proposed mitigation scheme.
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CHAPTER 1

INTRODUCTION

1.1. Background

Integration of RF/analog and digital subsystems is considered as the way to meet
stringent specifications in terms of performance, power consumption, and form factor.
These integrated systems consist of high performance mixed-signal designs with
analog/digital blocks and sensitive RF frontends. In order to meet the ever increasing
performance demands, digital circuits necessitate the use of advanced digitally-tuned
processes. However, these processes are inherently less stable in terms of variations and
are subject to wearout mechanisms in transistor parameters, which can cause malfunction
in analog circuits long before the underlying devices are deemed to catastrophically fail
[1, 2]. Hence, it is essential to ensure that a circuit operates with respect to all
specifications to meet lifetime requirements at specified use conditions.

While in-field degradation due to aging for digital circuit is a continuing
challenge, concerns for analog/RF circuits have scarcely been researched. In the context
of analog and RF circuits, reliability is defined as the ability of a circuit to conform to its
specifications over a specified period of time under specified conditions [3]. Several
researchers have focused on analysis of aging degradation in various analog/RF circuits.
These mechanisms include hot carrier injection (HCI) [3-5], time dependent dielectric
breakdown (TDDB) [6-8], negative bias temperature instability (NBTI) [9-11], and

electromigration (EM) [12], [13]. Of these mechanisms, HCI and NBTI are determined to



be the most critical for deep submicron designs [2][10]. As CMOS technology scales to
the nano-meter range, the threshold voltage shift due to increased internal electric fields
becomes more prominent on transistor. Major mechanisms of the circuit aging as HCI
and NBTI eventually result in an increase in the absolute threshold voltage and reduction
in device current, thereby degrading circuit performance such as speed, gain, and data
stability. An analysis of the performance of CMOS LC-tank oscillators under HCI stress
is presented in [5], [14]. The authors conclude that HCI causes increased phase noise
because of the decrease in the oscillation amplitude due to the degraded NMOS
transistors. In [11], various analog circuits are simulated for NBTI reliability and their
degradation is analyzed. The authors conclude that when these circuits are implemented
using fine-geometry digital processes, performance degradation starts within the first few
months of device use and gradually accelerates. In [15], the authors develop a time
scaling model to relate experimental data from accelerated aging studies to nominal
operational use.

In order to assess the reliability risk on silicon for RF circuits experimentally,
aging studies have conducted on a commercial RF amplifier (MAX1472). This amplifier
was subjected to a temperature of 120°C and 10% supply voltage overdrive to enhance
the effects of aging degradation. Fig. 1.1 shows the degradation in the amplifier gain with
respect to stress time. After about 60 hours of continuous stress, the gain of the amplifier
has dropped by 0.5dB, which is a significant loss. Under nominal supply voltage, 60
hours of stress time is projected to 5400 hours of continuous operation, which may make

the device parametrically fail within the first 7 months of deployment. This experiment



demonstrates that analog/RF circuits are just as susceptible to aging related failures as

digital circuits.
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Figure 1.1. Performance Degradation of RF Amplifier for Reliability Study.

With mounting evidence on the impact of device aging for analog circuits, many
techniques have been developed to analyze circuit reliability at design time [14], [16-18].
Design-time improvements at the circuit-level and at the layout level, such as using
higher than minimum length, can ensure that statistically, most manufactured devices will
not experience significant degradation in their parameters. For example, NBTI and
process variations are exacerbated with technology scaling based on Pelgrom’s law [19],
[20]. In digital circuits such as SRAM, by using larger devices, the delay spread due to
process variations can be reduced as a function of device dimension (cc1/+/LW, where L
is gate length and W is the gate width), and the impact of NBTI on circuit reliability also

can be reduced. However, aging is a random process and cannot be ruled out even with



design-time adjustments. More importantly, there are no known techniques to identify
devices that will experience faster aging during operation time. Wholesale use of
reliability enhancement techniques at the device level is also counterproductive in terms
of performance and area [21]. Hence, an in-field mechanism to monitor and mitigate the
effects of device aging is needed.

While prior work in RF reliability addresses the analysis of aging phenomena on
RF circuits, there has been little to no work to make use of this knowledge in the field as
the device ages. Since aging results in continuous degradation after the device is
deployed, it can be detected by monitoring the circuit performance. Once it is known that
aging mechanisms have started causing noticeable degradation, remedial action can be
taken by introducing compensation circuits. As a result, it is necessary to monitor the
degradation of the circuit while the circuit is in the field.

Unfortunately, direct monitoring of RF/analog circuit performance is often not
feasible since many specifications, such as noise, third order input intercept, or S-
parameters, cannot be measured in the field. Therefore, alternative measurement
mechanisms need to be developed for in-field monitoring that relies on information from
easy-to-design circuits. This monitoring strategy requires establishing a strong correlation
between the current and future status of the circuit and the monitor response. Existing
work for design-for-reliability focuses on compensating for PVT variations [22]-[24].
However, they require significant increase in design area and time to incorporate for self-

compensation.



1.2. Reliability Models for CMOS Transistors and Analog/RF Circuits

Of the various mechanisms of degradation, HCI and NBTI have been identified as
the most detrimental to the device operation for deep sub-micron technologies. In this
section, the aging mechanisms are reviewed, and a simulation and analysis method for

these aging mechanisms under process variations and mismatch is presented.

1.2.1. Hot Carrier Injection (HCI)

Time-dependent aging effects will cause a shift of transistor parameters as a
function of time. Hot-Carrier injection (HCI) is one such degradation mechanism mainly
affecting N-type MOSFETs. During hot carrier stress caused by high electric field near
the drain region, either an electron or a hole at the end of the drain junction gains
sufficient kinetic energy to overcome the potential barrier, and then migrates toward the
oxide silicon surface. These hot-carriers can cause both interface state generation and
charge traps which increase the leakage substrate current and decrease drain current.
After hot carrier stress, the transistor characteristics, such as threshold voltage and
channel mobility, may shift, changing the characteristics of the device.

The impact of HCI effect is more pronounced for RF/analog circuits due to the
strong dependency of performance parameters on the threshold voltage of critical
transistors. Effects of HCI on the RF characteristics of single N-type MOSFET and RF
circuits have been studied [8].

HCI can be physically shown as the generation of charges in the region close to

the Si/S102 interface. Charge generation is localized to drain region making HCI to be a



strong function of drain-source (lateral field) voltage, Vus. For a given stress time and
assuming interface trap generation for HCI occurs at drain end, it is possible to derive the
closed form equation for threshold voltage Vi shift of a device under HCI stress [10][26].
For example, for a constant gate voltage increasing drain voltage results in higher Vi,
shift. At higher gate-source voltage Vs for thin oxide devices, the electric field across
oxide increases which causes higher scattering of electrons for the same drain voltage.
Thus, HCI depends both on Vg and V.

The set of analytical models governing the HCI effect with respect to the stress
time, #, is given in Table 1.1. Eox is the vertical electric field (due to V), En is the lateral
electric field, i is the minimum energy in eV required by hot electron to create impact
ionization, A is the mean free path, Ey is the activation energy, K is the fitting parameter
and n is the time exponent. The model parameters can be characterized for a given
technology node and implemented in a circuit simulation environment. This model has

been experimentally verified for a multitude of bias conditions [10][27].
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SUMMARY OF PARAMETERS IN AGING MODELS

En Vs = Vi) /1 Eox Vo Vi) /1
Eo(V/nm) 0.8 Oi Coe Ve = Vi)
A (nm) 7.8 K (nm-C%) 1.7x10°
0 0.5 Pit 3.7

Table 1.1. Summary of HCI Aging Model.

1.2.2. Negative Bias Temperature Instability (NBTI)

The negative bias temperature instability (NBTI) occurs in PMOS devices when a
negative bias is applied to the gate or equivalently, when the gate is grounded and a
positive bias is applied to the source/drain. NBTI is caused by the interface traps and
fixed charge under negative gate voltage bias and accelerates when the operation
temperature increases. In other words, NBTI is caused by the reaction-diffusion (R-D)
mechanism, where holes initiate the breaking of Si—-H bonds (reaction phase) at the
silicon substrate/oxide interface by a combination of electric field and temperature. The
broken hydrogen species diffuse away from the interface into gate oxide and the
polysilicon gate (diffusion phase) and thus, interface charges are generated [28].
Therefore, NBTI leads to a shift in the threshold voltage, which is proportional to the

interface trap generation. This threshold voltage shift decreases the drain current under



constant voltage bias. For current bias, the threshold voltage shift will result in increased
gate-to-source bias voltage. Hence, if a transistor is biased through a current mirror, the
mismatch between the mirror transistor parameters is the major source of degradation.

NBTI effects can be categorized by two models depending on the stress
conditions, namely, static NBTI and dynamic NBTI. Static NBTI is experienced under
constant stress, as in the case of DC bias. This form of NBTI degradation cannot be
recovered. For dynamic NBTI, the device undergoes AC operation and experiences
positive and negative stresses, which generates a cycle of degradation/recovery. Finally,
the threshold voltage degradation due to NBTI at a time ¢ can be obtained by 4V g1 =
Cngrr - 1" where Cngrr is a parameter depends on process variations, voltage, and
temperature. n’ is the time exponent [10], [26].

Based on this stress/recovery cycle, one might conclude that NBTI is not a big
issue for oscillators where voltage swing is comparable to DC bias. However, the large

swing is only experienced by the coupled transistors, and is not symmetric.

1.2.3. Electromigration (EM)

Shrinking metal thickness leads to higher current density flowing through
interconnects, exacerbating electromigration (EM) effects on circuit performance and
reliability. Even though some new materials with better immunity to EM failures have
been used as on-chip interconnects to replace Aluminum (Al), EM is still a reliability
concern. EM is the process of mass transport caused by momentum transfer between
conducting electrons and metal atoms. During electromigration, the metal atoms move in

the direction of electron flow along the grain boundaries. Over time, enough material
8



may move resulting in significant change in the metal resistance. As in the case of HCI
and NBTI, research has focused mostly on catastrophic failure, and the well-established

Black’s model is used for calculating MTTF [29]:

A E
MTTF = —ex 4 1.1
YT p( T) (1.1)

k
where A is a material parameter dependent on structure and geometric properties of the
conductor, n is the current exponent factor, J is the current density, E, is the activation
energy, k is the Boltzmann constant, and 7 is the temperature. While most EM research
has focused on digital circuits and catastrophic failure modes [30][31], studies show that

EM results in continuous increase of trace resistances as soon as current starts flowing

through the metal [32][33].

1.2.4. Process Variation

Parametric variations present one of the toughest challenges in reliability analysis
and modeling for RF/analog circuits [17], [18], [21]. Variations exist both in physical
process parameters, such as threshold voltage, and in degradation model parameters, such
as the trap generation energy. Hence, it is imperative to take process variations into
account. Process variations are classified as die-to-die variations and within-die
(mismatch) variations [34][35]. Die-to-die variations, which shift parameters of all
devices on the same die in the same fashion, are larger compared to mismatch variations,
which affect each device randomly. Traditionally, die-to-die variations have been the
main concern in CMOS digital circuit designs. However, as CMOS technology scales

down, within-die variations are a growing concern for maintaining the specified

9



performance [36]. Since analog/RF circuits are very sensitive to mismatch, both die-to-
die and mismatch variations need to be taken into account. There have been literature
works in the past which considered process variations and the aging in RF/analog circuit
simultaneously at the simulation level [1], [18], [37]. However, mismatch in degradation
parameters is typically considered negligible. In this dissertation, a hybrid
simulator/model based technique is used to evaluate random circuit instances and a

mismatch in both process and degradation parameters is included in the analysis.

1.3. Reliability Simulation at Circuit Level

In order to analyze the effect of the failure mechanisms on circuit reliability, a
simulator is needed. However, most reliability simulators that are commercially available
are not amenable to analog operation where devices undergo different bias/swing
conditions. In order to identify the reliability hotspots, it is required to be able to turn the
degradation on or off for each transistor or transistor pair. In [37], a reliability simulation
framework is presented that integrates variability with reliability by employing transistor
drain current surrogate models. A transistor-level circuit simulator is employed to
measure the degradation of performance parameters of fresh and aged circuits [38-40].
The proposed method uses a similar hybrid methodology by adapting a sub-circuit model
of the threshold voltage shift of the aged transistors [41]. The analytical model of each
aging effect (HCI of NMOS and NBTI of PMOS) is implemented to a Verilog-A
simulator and modeled as a voltage-controlled voltage source (VCVS) in series to the
gate of the aged transistor as illustrated in Fig. 1.2. In each time step during a transient

circuit simulation, the threshold voltage shift is determined based on the current bias
10



conditions of a transistor and degradation parameters of the aging effect. Finally, this
VCVS-based aging model is inserted into SPICE environment for each NMOS/PMOS
transistor. Since the model is calibrated for various bias conditions during the operation,
the sub-circuit model accurately captures the aging degradation. The complete sets of
analytical models of aging effects are summarized in [10], [42]. These model coefficient
can be easily characterized for a given technology and implemented in the circuit
simulation environment. The major difference in this work is that a mismatch between

aging parameters of various transistors is taken into account during circuit simulation

environment.
D

Bias conditions |[—— > Verilog-A

N r—0
Degradation / G | @ | \ NMOS
parameter LAVTH
of aging effect INR
HCI/NBTI SPICE

Figure 1.2. Sub-circuit Implementation of Aging Effect Model Using Verilog-A.
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1.4. Outline of Dissertation

In this dissertation, RF BIST methods for advanced RF transceiver such as RF
polar transceiver and RF phased array are proposed. In addition, robust amplitude and
gain measurement for RF BIST application are proposed and discussed.

In chapter 2, a systematic approach to design on RF circuit with expected lifetime
as a specification parameter is proposed. In the proposed framework, parametric aging
effects for RF circuits are analyzed and the overall lifetime is determined. An algorithm
to determine reliability hotspots in the circuit and design-time optimization methods to
enhance the lifetime by making the most likely to fail circuit components more reliable
are presented. Based on the information that has been collected from simulations, it is
possible to enhance the lifetime of the circuit without changing its performance if
reliability is taken into consideration at design time.

In chapter 3, a comprehensive systemic methodology for co-designing CMOS LC
oscillators together with in-field monitoring and recovery mechanisms to enable aging
mitigation with minimal performance and area overheads. The proposed technique
includes  hotspot  identification to  determine the weakest component,
monitor/reconfiguration network design, and an algorithm to automatically swap the aged
transistor with a new one to enhance the lifetime. In order to demonstrate the proposed
technique, cross-coupled LC oscillator circuits are used for simulations and a CMOS
class-C LC oscillator is fabricated in 180nm IBM process for experimental results.

In chapter 4, a methodology for enhancing the lifetime of RF circuits in the field
using low-impact circuit level monitor and recovery techniques. The particular aging

mechanism focusing on is hot carrier injection (HCI) although the proposed method
12



would work with any aging mechanism that can be modeled to enable simulations. Since
the monitoring circuit is also prone to process variations, the monitoring mechanism is
designed as a relative measurement, based on the amount of change in the monitor circuit
output, rather than the absolute value. In order to demonstrate the concepts of reliability
analysis and monitor and recovery circuit design, a generic LNA architecture is

implemented as a case study.
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CHAPTER 2
DESIGN-TIME RELIABILITY ENHANCEMENT USING HOTSPOT

IDENTIFICATION FOR RF CIRCUITS

2.1. Simulation Framework for Aging Mechanisms

To develop a design-for-reliability approach for RF circuits, a framework for
simulating aging effects is necessary. While commercial tools exist to simulate for digital
circuits, they typically report an overall lifetime in terms of a catastrophic failure, mean-
time-to failure (MTTF). Therefore, an aging simulation method that is based on SPICE is
developed to:

1) Analyze each circuit component and each aging mechanism independently and

2) Evaluate parametric degradation in specifications and determine lifetime.

To enable these simulations using existing tools (e.g., SPICE), each circuit
component model is modified with an equivalent that changes circuit parameters with
respect to the amount of degradation. The degradation amount with stress time for pre-
silicon simulation is determined based on well-established reliability models [10], [27]
and the current state of the circuit performance. In this proposed simulation framework,
the aging effects of HCI, NBTI, and EM are included.

Similar to [40], the proposed simulation framework uses improved circuit
components to model the degradation effects. However, [40] aims to analyze the effect of
degradation on the circuit when all circuit components are under stress. This approach
does not provide the necessary information for hotspots identification. Moreover, device-

to-device mismatch for process or degradation parameters has not been previously
14



considered. Mismatch results in unequal degradation in different transistors and has a
profound effect on analog circuit performance. In the proposed framework, it is necessary
to pay particular attention to the following issues:

1) Circuit components are subject to both die-to-die and within-die (mismatch)
variations.

2) Degradation model parameters are also subject to mismatch variations among
circuit components.

3) Each circuit component is subject to differing levels of stress due to bias
conditions and dynamic signal behavior.

4) Circuit bias conditions change over time; simulations based on an initial bias
point are unreliable.

Fig. 2.1 shows the flow of the reliability simulation approach. Initial bias voltages
and currents are determined via simulations. For small-signal operation, degradation
parameters (e.g., threshold voltage) can be determined using dc bias. For large-signal
operation, dynamic signals also need to be considered. An initial time step (e.g., N
months) is used to calculate degradations in circuit component parameters. The circuit is
simulated again to determine the change in dc operating point. If the shift in dc point is
above a tolerable threshold (e.g., > a mV), the time step is reduced and the prediction is
repeated. Otherwise, the circuit is simulated for performance evaluation (e.g., gain and
phase noise). With this simulation framework, it is possible to simulate the aging effect

for a single or multiple components.
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Figure 2.1. Flow of the Reliability Simulation Approach.

2.2. Design-Time Optimization Methodology

After analyzing the reliability impact of aging mechanisms on the circuits in
several steps, the reliability simulation can concentrate on each circuit component and
determine at what point it will cause a specification failure, assuming that it is the only
contributor to degradation. This proposed method can determine the reliability hotspots
and concentrate design optimization efforts on these circuit components. If the projected

lifetime is not satisfactory, the most dominant lifetime-limiting component is modified so

as to increase its reliability.
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Fig. 2.2 shows an overview of the proposed methodology. The first step in the
process is to analyze the aging effects on circuit performances using the analytical
models of each aging effect. One aging effect for one device is activated at a time to
isolate the hotspot device and the cause of the degradation. The stress time is gradually
increased with an adaptive time interval and the aging impact on circuit specifications is
analyzed. This information combined with the circuit specifications yields a certain time
point at which the specification will fail. The sensitivity of circuit specifications with
respect to each circuit component degraded by aging effects differs. Due to different sizes
and operating points, this profile will be different for each circuit component. Therefore,

each circuit component will cause a distinct failure time for each specification.

Initial

Design

e s Hotspot
Specifications )=— |0 tification

Determine
Critical
pomponen

Models of
Aging effects

Design time
Optimization

Updated
Design

Overall lifetime
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Figure 2.2. Flow of the Proposed Design-time Optimization Method.
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Note that at this point, the method focuses on one circuit component at a time to
determine the lifetime-limiting factors. The actual failure point of the circuit will differ
from this first-level sensitivity study, since all circuit components simultaneously age,
albeit at a differing rate. This process iteratively go through each circuit component and
track the failure time of the each circuit specification. Once all the failure times are
collected, it is possible to decide the most vulnerable component to aging effects.
Component-centric lifetime enhancement can be done using established techniques by
adjusting the component parameters. Clearly, once one component is modified, circuit
specifications shift, thus requiring modifications on other components. Hence, circuit
modifications need to be done incrementally to avoid ping-pong behavior of the
optimization process. Moreover, a circuit component is not modified to enhance the

lifetime to beyond what is limited by another circuit component.

2.3. Case Studies

2.3.1. Low Noise Amplifier with HCI and EM Analysis

A cascode low noise amplifier (LNA) is used as an example to demonstrate the
RF performance degradation due to HCI and EM effects. Fig. 2.3 (a) shows a narrow-
band LNA where the transistors are enhanced to account for degradation effects [43]. The
circuit is designed with the following specifications:

[S21>17dB, S11 <-10dB, S22 <-10 dB and NF < 1.5 dB] @ 1.5 GHz.
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Figure 2.3. (a) HCI Analysis and (b) EM Analysis of Cascode LNA.

Reliability simulations of the LNA due to HCI effects are performed using the
framework outlined previously over three years of stress time. Time-varying threshold
voltage shift of HCI is modeled as a dependent voltage source with input node voltages.
These node voltages are connected to gate, drain, or source of the device and updated
after each time step to obtain more accurate actual simulation responses. In this design
example, there are three voltage sources AVrmp 12 at the gate of each nMOSFET to
consider the effects of threshold voltage shift. Degradation profiles of the LNA
specifications, such as S-parameters and noise figure (NF) are shown in Fig. 2.4. Due to
the degradation of threshold voltage, it reduces the drain-source current of transistor and
hence its transconductance gn, thus resulting in degradation in specifications [43]. From
the simulations, it is observed that the circuit is likely to fail input return loss (S11), gain

(S21) and NF between 1 and 3 years of lifetime, which is generally not acceptable.
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and Three Years of Operation at Room Temperature.

To analyze the reliability impact of EM on the LNA, it is important to concentrate
on conductors (via and inductor) as shown in Fig. 2.3 (b). Both on-chip inductors, Ls and
Ly are implemented using metals. The inductor Q is modeled using the resistors R;s and
Ry, in series with ideal inductors, Ls and Ly, respectively. The inductor EM model Rema
and Rens are additional resistances in series with R4 and Rys. Since there is no dc current
into the gate of the input transistor, there is no EM effect on Lg. EM results in a slow
linear change in the resistance of the metal line [33]. LNA S-parameter degradation due

to increasing line resistances within three years is shown in Fig. 2.5. This result shows
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that the circuit is projected to fail the gain specification within eight months (~20x10° s)

of its deployment.
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Figure 2.5. EM Simulation Results.

2.3.2. CMOS LC Oscillator with HCI and NBTI Analysis
Fig. 2.6 (a) and (b) shows the two types of CMOS LC-tank oscillators used in the
circuit experiments. Important performance parameters of the LC oscillator are phase
noise and output amplitude [44]. The N-type oscillator is designed to yield a phase noise
better than -114 dB/Hz at 1-MHz offset and an output amplitude higher than 2V, at 5-

GHz center frequency.
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Figure 2.6. (a) HCI Analysis of N-type and (b) NBTI Analysis of P-type LC Oscillators.

Fig. 2.7 (a) shows the performance degradations in N-type LC oscillator over
stress time. Note that the cross-coupled transistors degrade faster due to higher voltage
stress. Therefore, a lifetime of < 60x10° seconds is predicted when output amplitude is
higher than 27V,,.

The performance degradation for the P-type oscillator is similar to the N-type.
However, NBTI has unique characteristics due to stress recovery [10]. In a P-type
oscillator circuit, the cross-coupled transistors are exposed to ac stress, while the tail
transistor is under dc stress. Due to the recovery phase of the NBTI, the parameter
degradations on cross-coupled transistors are less compared with the tail transistor,
although the stress conditions for cross-coupled transistors are greater than the tail
transistor in the P-type LC oscillator. Fig. 2.7 (b) also represents the simulation results for

the P-type oscillator after NBTI effect.
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Fig. 2.7 also shows the reliability simulation results of cross-coupled transistors
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Figure 2.7. Performance Degradations of (a) N-type and (b) P-type LC Oscillators versus
Stress Time.

with +5% mismatch in process parameters and aging parameters. While these transistors
undergo similar stress patterns, in both dc and ac domains, there is still some mismatch in
their parameters. This is due to the mismatch in process and degradation patterns. It is
observed that the degradation in cross-coupled transistors does not cause a significant

degradation in the overall performance. This result may be at first counterintuitive.



However it can be explained with the phase noise model [44]. The g of the cross-
coupled transistors plays a role in determining the equivalent resistance, hence the phase
noise. However, it is primary determined by the tail transistor, since the transistor size
does not change. Hence, a change in the threshold voltage of cross-coupled transistors
does not cause significant degradation in the phase noise, unless it alters the bias so

significantly that the circuit diverts from the desired operating point.

2.4. Hotspot Identification

The degradation of threshold voltage and LNA performances due to the HCI
effect during three years of stress time are shown in Fig. 2.8. This analysis indicates that
the S11 will fail earliest due to the degradation in transistor Mi. Hence, for the first

iteration, M is determined as the reliability hotspot due to HCI.
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Figure 2.8. Hotspot Identifications of LNA Due to HCI Effects.

To identify the critical component of EM resistances on LNA lifetime, the
functions relating the resistance of Ry (= RrstRems) and Ry (= RratRemd) to stress time are
shown in Fig. 2.9 (a) by scaling the slope for the design’s current density. EM results in a
linear increase in resistances Remd and Rems with stress time. The variations in LNA
performance parameters due to EM are shown in Fig. 2.10. Based on these simulations, it
is concluded that the Rema resistance is the critical component for §S21. For specifications
(521 > 17 dB and S11 < -10 dB), the lifetime of this device is estimated as 50x10°

seconds (~20 months). Thus, the reliability of this design is limited by the current path

through Lg.

25



——8521 (old)
——8521 (new)
—821 > 17dB

14 .
—Rs D
_ 12/ =&—Rd (old) [t
£ ——Rd (new
S 10— e = of _
-~ m
-]
[E | S = 16.5
S &
.g » 16!--
-]
[
15.5}--
2 i i i : 15
0 20 40 60 80 100 0
Stress time (Msec)
(a)

20 40 60 80 100
Stress time (Msec)
(b)

Figure 2.9. (a) R, and R; Variations Due to EM Effects over Stress Time and
(b) Lifetime Enhancement of LNA Due to EM Effects.

-9

—S11 < -10dB

g
-
n
140 20 40 60 80 100
Stress time (Msec)
-8

S22 (dB)

——822< -10dB
——Rd

40 60 80

Stress time (Msec)

20

$21 (dB)

16.5¢

—821>17dB
——Rd
—=—Rs

16

o

40 60 80

Stress time (Msec)

20

1.6

—NF < 1.5dB

Stress time (Msec)

Figure 2.10. Impacts of Each EM Resistor on Circuit Performances.

26



For the N-type LC oscillator shown in Fig. 2.6 (a), the degradation model of each
transistor is adjusted by HCI effect. First, the threshold voltage shift model of tail
transistor is adopted to analyze the performance with gradually increased stress time.
Because both tail transistor and cross-coupled transistor are biased with different dc bias
conditions, different amounts of degradation in threshold voltage shift are determined and
applied to the circuit. The overdrive voltage at the tail transistor is usually kept low to
allow a higher output swing. Thus, the transistor at the cross-coupled pair experience a dc
bias voltage of Vis = Vgs = Vaa. From the degradation results, shown in Fig. 2.7 (a),
although the degradation of threshold voltage in cross-coupled transistor is higher than
tail transistor, the degradation performances, such as phase noise and output amplitude,
for tail transistor No only aged are more significant than those of cross-coupled only aged
during three years. It is concluded that the tail transistor of N-type LC oscillator is a
critical device due to HCL

The same simulation process is implemented for the P-type LC oscillator. The
degradation model of NBTI effect is used to demonstrate the threshold voltage shift
under the stress condition. Fig. 2.7 (b) represents the reliability simulation results for a P-
type oscillator considering NBTI. As predicted earlier, the cross-coupled transistors will
introduce less degradation effects on the performance than the tail transistor because of
the recovery phase in the cross-coupled transistors. Therefore, the tail transistor Py of the

P-type LC oscillator is the critical device causing degradations due to NBTI.
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2.5. Design-Time Optimization in RF Circuits

To reduce or eliminate the HCI and NBTI effects, the circuits are redesigned with
adjusted bias to relieve the stress on the hotspot. After identifying the critical transistor(s)
with HCI or NBTI effects, it is possible to minimize the performance degradation by
changing the size of this critical transistor(s). HCI effect has a strong dependence on the
channel length of the nMOS device. For the cascode LNA and N-type LC oscillator with
the HCI effect, as the length of the nMOSFET device is reduced, the lateral channel
electric field increases, and the HCI effect becomes more significant [10]. Therefore,
redesigned LNA and N-type LC oscillator have increased critical transistor length from
65 to 130 nm, thus reducing the lateral electric field through the channel, and reducing
threshold voltage degradation. The critical transistor’s bias conditions and the RF
performance of the original and redesigned circuits should be the same at initial stress
time. To achieve comparable performance to the original design, it is required to co-
design the circuits by adjusting circuit parameters, such as transistor dimensions and
passive component values, in the redesigned circuits. The reliability simulation results
shown in Fig. 2.11 confirm that the redesigned LNA with 130-nm critical transistor
length has less performance degradations than the original LNA with 65-nm transistor
length. Furthermore, lifetime has been increased significantly. For instance, the lifetime
of original cascode LNA, which is estimated as 15%10° seconds due to a failure in S11
(S11 < -10 dB), has increased to 35x10° seconds after the redesign technique is applied.

The simulation results illustrating the enhanced performance in the N-type and P-type
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oscillators are shown in Fig. 2.12. For specifications (output amplitude > 2V), the
original N-type oscillator’s lifetime is estimated

as 50%x10° seconds. However, it is possible to achieve longer lifetime (>100%10° seconds)
by adopting the longer channel length for the tail transistor. Therefore, the proposed
design technique mitigates the degraded performance and increases both the LNA and N-

type LC oscillator’s lifetimes.
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Figure 2.11. Lifetime Enhancement of LNA Due to HCI Effects.
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While designing a P-type LC oscillator to reduce the NBTI effect, it is required to
consider the bias condition of critical device which is a tail transistor in the P-type LC
oscillator. Contrary to HCI, NBTI is relatively independent of the channel length of
device. Because the higher vertical electric field across the gate oxide results in the NBTI
effect of the pMOSFET, one can select a lower tail transistor gate bias voltage to reduce
the degradation in threshold voltage shift. By decreasing the gate bias voltage and
increasing the tail transistor’s device width, the RF performance remains the same as the

original circuit. The source-drain voltage and transconductance of the pMOS tail
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transistor are chosen to have similar values to the original circuit so that the phase noise
and output amplitude of the redesigned circuit are comparable with the original circuit.
The performance degradation and lifetime limitation of RF circuits due to EM are
mainly due to current stress. To increase the lifetime of degraded circuits, the current
density through the critical component should be decreased. Decreasing actual current
would affect other circuit performance parameters. Therefore, a layout improvement
technique that increases the metal line width(s) to decrease current density is proposed
for mitigation of the EM effect. As presented in previous section, the critical EM
components in the cascode LNA are the drain inductors La. For inductors, increasing the
line width has two effects. First, it decreases the initial baseline resistance, making the
initial point lower. Second, it decreases the rate of the resistance degradation. By
increasing the width of Ly, lifetime can be increased. The total resistance Ry at the drain
side with a wider width of L, will have less series resistance compared with the original
design at a certain stress time. Although a decrease in resistance is achieved by the
increase in total area, a decreased resistance of the inductor can improve RF performance
and extend the LNA lifetime. An area penalty exists, but this technique is better than
blindly resizing all components. From Fig. 2.9 (b), modifying the critical device within
layout increases the circuit lifetime by 100%, from 30x10° to 60x10° s. Table 2.1 shows
circuit specifications such as power, area, and lifetime when redesign technique is used.
Compared with the results of redesign layout technique without hotspot identification,
which means all circuit components are resized blindly, it should be noted that focusing
the layout technique on the critical device identified through hotspot analysis enhances

lifetime without a large area penalty.
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Aging effects HCI in n-type OSC NBTI in p-type OSC

Redesign Initial w/ w/0 Initial w/ w/0
technique Design  hotspot hotspot design  hotspot hotspot
Power (mW) 4.89 5.08 5.13 5.07 5.23 5.3
Area (Xpmz) 112500 113600 114000 111500 113300 113800
Lifetime (><106s) 50 >100 >100 70 >100 >100
Aging effects HCI in LNA EM in LNA

Redesign Initial w/ w/0 Initial w/ w/0
technique design  hotspot hotspot design  hotspot hotspot
Power (mW) 8.50 8.81 8.9 8.48 8.51 8.53
Area (X umz) 216400 218100 218800 216500 233000 242000
Lifetime (x10°s) 15 35 35 30 60 60

Table 2.1. Comparison of Circuit Specifications for Aging Effects.

2.6. Conclusion

In this chapter, a methodology to analyze the performance of RF circuits degraded
by aging mechanisms, such as HCI, NBTI and EM is presented. The proposed method is
focused on finding the device that is most critical for circuit performance degradation.
Once the critical device of RF circuits is determined, remedial action can be taken to
mitigate the circuit performance degradations. It shows the demonstration of the proposed
technique on an LNA and two LC oscillators as case studies. Experimental results show
that the degradation performance and the lifetime were enhanced by increasing the
critical transistor size or widening the inductor line. The methodology should be applied

to the particular design at hand to fully gauge the impact of aging effects.
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CHAPTER 3
MONITOR-BASE IN-FIELD WEAROUT MITIGATION FOR CMOS LC

OSCILLATOR

In this chapter, a comprehensive systemic methodology for co-designing CMOS
LC oscillators together with monitoring and reconfiguration mechanisms is proposed to
enable aging mitigation with minimal performance and area overheads. Specifically, the
contributions in this work are as follows:

(1) Analysis of hotspot identification in CMOS LC oscillator

(2) Analysis of a method for determining low impact reconfiguration mechanism

(3) An algorithm for determining recovery trigger conditions in the field

(4) Low cost on-chip measurement of monitoring voltage

(5) Detailed analysis of area overhead of the entire monitoring / recovery circuits

(6) Manufactured CMOS LC oscillator in 180nm IBM process with monitoring

mechanism, accelerated aging experiments, and results on aging and recovery.

3.1. In-field Detection and Recovery Scheme

Fig. 3.1 shows the overview of the proposed methodology. At design time, given
the DUT (Design under Test) architecture and initial design point, reliability simulations
are conducted to obtain circuit performance profiles over time by aging one device at a
time. While the predicted lifetime will not be accurate, this analysis will help to identify

reliability hotspots to effectively monitor device performance. Appropriate monitor
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location as well as the reconfiguration mechanisms are included in the design and the
DUT is co-optimized with these monitoring and recalibration hooks.

Fabricated devices will be characterized during production test along with the
monitor output. Specification margin of each manufactured circuit will be different due to
process variations. This margin is used to determine the allowable degradation and thus
the threshold to initiate reconfiguration.

Once the device is deployed in the field, the monitor response will be periodically

evaluated and circuit will be reconfigured if necessary.

Reliability simulation
for single component

v

1. Design Circuit performances Reliability
over time b model
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periodic results |

3. In-field

Reconfigure
circuit

Figure 3.1. Flow Diagram for the Proposed Methodology.
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3.1.1. Hotspot Identification

The first step is to analyze the reliability of the circuit and determine the hotspots,
such as the transistors or components that are predicted to cause parametric failures.

The analytical degradation model of each MOSFET is used to extrapolate the
degradation of its parameters (e.g. threshold voltage) during operation time (e.g. years)
based on nominal stress conditions that is obtained from the circuit simulator. Circuit
performance is re-evaluated at each time point. The extrapolated device parameters are
used to modify the parameters in the degradation model and the circuit is re-simulated to
obtain the updated stress conditions. Hence, the performance of the circuit gradually
shifts in time. This information combined with the circuit specifications yields a certain
time point at which the specification will fail. This time point is chosen as the failure time
of the circuit. Due to different sizes and operating points, the degradation patterns will be
different for each circuit component. Thus, each circuit component will cause a distinct
failure time for each circuit performance over stress time. The process iteratively go
through each circuit component and track the degradation profile of the each circuit
parameter. Once all the degradation patterns are analyzed, it is possible to determine the
most vulnerable component to aging effects. This process called hotspot identification,
concentrates on each circuit component and identifies the circuit component that causes a
specification failure at the earliest time [45]. Note that this is not necessarily the lifetime
of the circuit. The actual failure time (lifetime) of the circuit will differ from the failure
time determined by hotspot identification since all circuit components age at the same

time, albeit at a differing rate.
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3.1.2. Monitoring Scheme

A second step in the proposed method is to add a simple monitoring circuit to
detect performance degradation. In order to enable the proposed recovery, a monitoring
mechanism is required to detect performance degradation. For LC oscillators, phase noise
is the most stringent performance parameter and it is the one that fails first under stress
[14]. However, direct on-chip measurement of phase noise is not feasible. Hence, it is
necessary to identify a circuit parameter, preferably in the low frequency domain, that is
most correlated to phase noise. In the next section, the proposed methodology is applied
to two designed LC oscillators and determine how this monitoring can be enabled with

low impact and high accuracy.

3.1.3. Reconfiguration Scheme

A third step is to improve the predicted circuit lifetime (for most devices) by re-
designing the circuit. In other words, if the projected lifetime is not satisfactory, the
lifetime-limiting component is adjusted by changing the transistor sizes and re-designing
the entire circuit around the new sizes. It should be noted that this enhancement strategy
is not always feasible, especially when frequency domain operation is taken into account.
This design-time reliability enhancement strategy is common to most procedures in the
literature [26], [34]. It is observed that even when design-time enhancements are
employed, degradation is unavoidable and cannot be easily predicted at production time.
In order to mitigate the effects of aging, additional circuit components are included.
Finally, a recovery strategy that includes spare transistors is employed to replace the

transistor that is identified as the hotspot.
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3.2. Case Study of PMOS and NMOS Oscillator

CMOS LC oscillators are widely used in high performance PLLs and frequency
synthesizers due to their relatively good phase noise and ease of design. As shown in Fig.
3.2, there are two kinds of oscillators (N-type and P-type) for case studies. The
fundamental of tail current due to filtering in LC tank creates differential output voltage

of across the tank as in Eqn. (3.1) [46].

4
V =—I _R (3.1)

out tail” “eq

where R., 1s the equivalent resistance of the tank. The phase noise of an LC oscillator at
an offset frequency w., from the frequency of oscillation wy normalized with respect to

the carrier is given by Eqn. (3.2) and (3.3) [46], [47].

4kTFR 2
L(a)m)zlolog[ — eq[zg’ow ” (3.2)
SYR I
F=2 +%+§ygmmﬂReq (3.3)

out

where F denotes the noise factor, y is the noise factor of a single transistor. The value of y
is 2/3 for long-channel transistors and may rise to between 2 and 3 in short-channel
devices. Vou 1s the output amplitude of the differential oscillator output, and gn wi is the
transconductance of the tail transistor, and Q is the quality factor of the tank inductor and

capacitors.
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Figure 3.2. N-type and P-type LC oscillator.

3.2.1. Reliability Analysis and Hotspot Identification of LC Oscillator

Fig. 3.3 shows the proposed method for reliability analysis of the LC oscillator.
The most common reliability issues of HCI and NBTI are analyzed for the effects on
CMOS LC oscillators.
HCI and NBTI cause degradation in the threshold voltage for N- and P-type devices,
respectively. Considering these effects, threshold voltage shifts are modeled according to
[10]. Since these shifts are dependent on operating conditions, they are changed at each
time step for the simulation. As shown in Eqn. (3.3), there are three terms in the noise
factor F. The first term which ends up being a constant, shows the noise generated in the
resonator, which has insignificant impact on the reliability analysis since it is composed
of passive devices. The second and third terms are from the noise generated by the cross-

coupled transistors and the noise generated by the tail transistors, respectively. Therefore,
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in order to perform the reliability analysis with respect to the phase noise of LC

oscillator, it is imperative to focus on those transistors, which may degrade due to aging.

Bias circuits with
. process variation * Reliabilit
transistor /mismatch Rt Phase noise,

Analysis tout
(AVin, Algs oupu

amplitude
Cross-coupleth  [Process variation| | ~F hai) | 7]
transistors Imismatch

Figure 3.3. Reliability Analysis of LC Oscillator.

3.2.1.1. Reliability Analysis of Cross-coupled Transistors of LC Oscillator
Fig. 3.4 shows reliability simulation results in terms of phase noise and output
amplitude of one random N-type and P-type LC oscillator instance from Monte Carlo
simulations. Statistical simulations within 10% variation from nominal values are used to
explore not only the effects of process variation and mismatch, but the aging parameters

between cross-coupled transistors.
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Figure 3.4. Simulation of Phase Noise Degradation Due to Cross-coupled Transistors of
(a) N-type and (b) P-type Oscillator under Nominal Stress Conditions.

In both LC oscillator circuits, cross-coupled transistors experience AC stress
while the tail transistor is under DC stress. Because of the large voltage swing up to 2Vuq
across the cross-coupled transistors, the total stress on these transistors will be higher
than the tail transistor and they will experience faster degradation compared to the tail
transistor. While the cross-coupled transistors undergo high stress conditions, it is
observed that the degradation in cross-coupled transistors with the mismatch effects does
not cause a significant degradation in the overall phase noise performance. This result
may be at first counter-intuitive. However, it can be explained with the phase noise model

by substituting Eqn. (3.1) in Eqn. (3.2) and (3.3).

L(w,)=10log

4KTR 242y + S yD, TR .
9 ( b j (3.4)

(i IlailReq )2 2me
T

F:2+2y+gyDn ItailReq (35)
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where D, 1s;'m From Eqn. (3.4), L(wm) can be written to display
dependence on /i and R.q, which are separately affected by the tail transistor, and by the
cross-coupled transistors. It is shown that the phase noise is primary determined by the
tail current /ui. The gm of the cross-coupled transistors plays a role in determining the
equivalent resistance, hence only the oscillation condition (Reg > 1/gm cross). Therefore, a
change in the threshold voltage of cross-coupled transistors does not cause significant
degradation in the phase noise of the oscillator, unless it alters the bias conditions so
significantly that the circuit diverts from the desired oscillation condition. It is shown
later with simulation results that phase noise is insensitive even to large degradations of
cross-coupled transistors. Moreover, thanks to the recovery phase of the NBTI which is a
unique feature for PMOS aging effect, the degradations on cross-coupled transistors in

the P-type oscillator are less compared to those in the N-type oscillator.

3.2.1.2. Reliability Analysis of Tail Transistor of LC Oscillator

Degradation of the tail transistor due to the increase in threshold voltage causes a
decrease in both the tail current and the transconductance, which are dominant
parameters in the phase noise model. Moreover, Eqn. (3.1) indicates that the output
amplitude of the differential oscillator is directly proportional to the tail current. Hence,
the performance of the tail transistor significantly affects the overall performance. This
analysis assumes that the tail current is voltage biased such that a shift in the transistor
threshold voltage results in a shift in the tail current. However, most design techniques
use a separate bias block and mirror the current to various locations in the circuit. Hence,

it is required to take this current mirror into account. If the bias circuit transistors and the
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tail transistor undergo identical stress conditions, and possess identical process and
degradation parameters, the tail current will not be changed, hence there will be no
degradation. However, this is typically not the case, since the bias block is designed with
many circuit blocks in mind and generally uses larger transistors. Large transistors are not
preferable for oscillators since they degrade circuit performance and cause increased
thermal noise. Moreover, mismatch between the bias circuit transistors and the tail
transistor will still cause significant change in the threshold voltage. This intuitive

analysis is confirmed with reliability simulations under various biasing design conditions.

eps'!Y| lGps’! rGps'!
I AR 1T
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Bias — Tail Bias Z Tail
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(a) Tail only (b) Mirror without mismatch (¢) Mirror with mismatch

Figure 3.5. Reliability Analysis of a Tail Transistor with Different Bias Designs.

The different biasing designs are shown given in Fig. 3.5, where a) tail only refers to
voltage biasing technique, b) mirror without mismatch refers to current mirror biasing
where bias transistors and the tail transistor are assumed identical in every respect (which
is not realistic but is included as a point of comparison), and ¢) mirror with mismatch
refers to current mirror biasing where transistors have mismatch effects in terms of their
design, process, and degradation parameters. In general, because these transistors
undergo similar stress patterns in DC domain, and due to the layout proximity, it is hard

to expect big variations in circuit performances. However, there is still some mismatch in
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aging parameters. In Fig. 3.6, one N- and P- type LC oscillator instance with different
biasing designs is selected from Monte Carlo samples and simulated for phase noise
performance. Especially, in the design c¢), 10% variation from nominal values are used for
process variation and mismatch effects in Monte Carlo simulation. Fig. 3.6 shows the
simulation results for the worst case of corner when matched transistors are at opposing
mismatch corners. The simulation results show that unless a precise matching in the bias
conditions is assured, degradation in the tail transistor will cause a significant degradation
in the overall performance within the first few years of the operation under nominal stress
conditions. Fig. 3.6 also shows that N-type and P-type oscillators have a similar
degradation pattern even if the aging mechanisms and degradation profiles are different.
Therefore, it is certain that phase noise degradation is primarily due to the aging of the

tail transistor for both N-type and P-type oscillators.
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Figure 3.6. Phase Noise Degradation Due to Tail Transistors with Different Biasing
Techniques in (a) N-type and (b) P-type Oscillator.
3.2.1.3. Hotspot Identification of LC Oscillator
For hotspot identification, each transistor is aged separately, and monitor the
circuit response, both in terms of performance and in terms of additional parameters that
can be monitored. First, the threshold voltage shift model of the tail transistor is adopted
to analyze the performance with gradually increased stress time. Since tail transistor and
cross-coupled transistors are biased with different DC bias conditions, they experience

different amounts of degradation in threshold voltage, which are identified and applied to

44



the circuit. The overdrive voltage at the tail transistor is usually kept low to allow a
higher output swing. Thus, the transistors at the cross-coupled pair experience a DC bias
voltage of Vis = Vgs = Vaa.

The results of this analysis for the N-type oscillator are given in Fig. 3.7 (a).
Although the degradation in cross-coupled transistors is higher than the degradation in
the tail transistor, the degradation of the overall performance in terms of phase noise is
significantly higher for the tail transistor, Ny. Hotspot identification process shows similar
results from reliability analysis mentioned in previous section. In other words, it is clearly
noted that the aging of cross-coupled pair has no visible effect on the phase noise of
oscillator even if there are process variation or mismatch effects in these transistors.
Contrary to cross-coupled transistors, aging of tail transistor causes an increase in phase
noise and decrease in oscillation amplitude.

The same simulation process is examined for a P-type LC oscillator. The
degradation model of NBTI effect is used to demonstrate the threshold voltage shift
under the nominal stress conditions (10 years stress time). The results are similar to the
N-type LC oscillator. Fig. 3.7 (b) represents the hotspot identification results for a P-type
oscillator. As mentioned earlier, the cross-coupled transistors will introduce less
degradation effects on the performance than the tail transistor because of the recovery
phase in the cross-coupled transistors. Therefore, it is clear that the tail transistor of the P-
type LC oscillator is determined as a critical device which causes significant degradation

due to NBTL
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Figure 3.7. Hotspot Identification for (a) N-type and (b) P-type Oscillators.

3.2.2. Performance Monitoring

Since it is impossible to directly measure a phase noise on-chip with reasonable
overhead, an alternative parameter that is easy to measure needs to be determined.
Reliability analysis of LC oscillator has identified that the reduction in oscillation
amplitude is primarily due to aging and is strongly correlated to aging based degradation.
For the monitoring purpose, a peak detector circuit can be employed to measure the
output amplitude for this purpose. Another alternative is to attempt to measure the tail
current directly. A mirror-based approach cannot be used since the mismatch in the
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mirror will eventually lead to inaccurate results. However, a sense resistor can be inserted
into the current path for the monitoring purpose. Both options are implemented and
shows that using the sense resistor leads to more reliable results and low impact in terms
of performance. Since the tail current has a strong correlation with output amplitude and
phase noise of the oscillators shown in Eqn. (3.1) and (3.2), it can be used as a low
frequency alternative to monitor the degradation.

There are two possible locations for inserting the resistor, at the tail transistor side
and at the LC tank side. For the N-type LC oscillator, inserting the sense resistor at the
tail end will increase the source voltage of the tail transistor, causing a small difference
between the source and the body voltage. Thus, this will cause inaccuracy in the
measurement of the tail current. The second location of inserting the resistor is between
the LC tank and the supply voltage/gnd. This location has a very small effect on the
performance of the oscillator. The presence of the resistor connected with LC tank can
cause a shift in the oscillation frequency. Moreover, adding sense resistor in series with
the spiral inductor L can increase inductor loss. However, it is possible to reduce or
completely eliminate these effects by taking this resistor into account at design time and
co-designing the primary circuit with the monitoring circuit. If the value of the resistor is
kept much smaller than the inverse of the transconductance, the noise from the sense
resistor is negligible compared to the noise generated by the transistor. Therefore, it
shows that the sense resistor has negligible effect on the overall performance at design
time. The phase noise simulation in the presence and absence of the resistor is presented

in Fig. 3.8.
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Figure 3.8. Phase Noise Degradation of (a) N-type and (b) P-type Oscillator with and
without the Sensing Resistor.

On-chip sense resistor must be kept small to avoid significant voltage drop.
Measuring a small deviation around a large DC value using traditional ADC architecture
is challenging. However, a VCO-based ADC is suitable for the monitoring the small
voltage from the sense resistor since it provides adequate resolution around a fixed point
at very compact area [48]. A VCO-based ADC with 7 inverter stages is used for the
measurement of the voltage across the sense resistor. This ADC has been shown to

provide 50uV resolution for a 200 mV range [48].

3.2.3. Reconfiguration Hardware
In order to recover the degraded performance of aged oscillator, mitigation circuit
consists of fresh transistors and digitally controlled MOS switches which can replace the
aged transistor. Since the tail transistor is identified as the reliability hotspot, this aged

tail device will be substituted with the fresh devices when the voltage across the sense
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resistor degrades by a pre-determined fraction. Fresh transistors with same dimension to
the tail transistor are connected in parallel to the tail transistor. There is another possible
solution by adding extra small devices in parallel to the aged tail device to compensate
the tail current of aged oscillator. However, this enhancement technique results in higher
noise. Fig. 3.9 shows the three options for inserting MOS switches with tail (7)) and fresh

(Ty) transistors of N-type oscillator.

(Vpias : from current mirror)

YA SW,
(a) (b) (c)

Figure 3.9. Possible Insertion Points for Digitally Controlled MOS Switches.

In the option shown in Fig. 3.9 (a), the MOS switches are in series with the
transistor. There will be a slight increase in the source voltage of the tail transistor. Fig.
3.9 (b) shows an option where the unused transistor’s gate is left floating and in Fig. 3.9
(c), the unused transistor is turned off by shorting gate and ground. For the architecture in
Fig. 3.9 (a), the noise generated by the switch is not amplified by the tail transistor.
However, for the architectures in Fig. 3.9 (b) and (c), the noise generated by the switch is
indeed amplified by the tail transistor. Consequently, the architecture in Fig. 3.9 (a) has
better noise performance than the other two options (Fig. 3.9 (b) and Fig. 3.9 (¢)). Fig.
3.10 shows that having the reconfiguration switches at the source of the tail transistor,

there is no noticeable degradation in the phase noise or output amplitude compared with
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the baseline design. With co-design of reconfiguration switches and primary circuit, it is

possible to avoid any performance degradation.
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Figure 3.10. Performance Comparison with Different Locations of MOS Switches in N-

type Oscillator.

3.2.4. Lifetime Enhancement

Fig. 3.11 shows the schematic and mechanism of the proposed monitoring and

recovery circuits for N-type oscillator. The tail current of this N-type oscillator is

monitored using the sense resistor (4 Q) as discussed in the earlier section.
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Figure 3.11. (a) N-type Oscillator with Proposed Monitoring and Mitigating Circuits and
(b) the Overall Flow Chart of the Proposed Mechanism.

At production time, the oscillator is characterized in terms of phase noise and
output power along with the monitor voltage. In order to verify the correlation between
the monitor voltage and circuit performances of LC oscillator, Monte Carlo simulations
are conducted with 100 circuit instances including process variations. Fig. 3.12 shows the
correlation between the simulated performances for the tail current, the sense voltage, and
phase noise of the proposed LC oscillator circuit under nominal conditions for 10 years
operation time. It is observed that the sense voltage (=Vad—liiXRsense) 1S proportional to
the tail current. Furthermore, it is confirmed that the degradation in the phase noise is
correlated with the deviation in the sense resistor voltage. For small changes, the
correlation can be modeled as a linear relation even though the overall relation is non-
linear. Since the monitor voltage (tail current) and phase noise are correlated, the same

percentage degradation of the monitor voltage is used as a trigger mechanism for
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reconfiguration. This comparative trigger mechanism eliminates reliance on the absolute
value of the sense resistor as well as the performance of the ADC. Hence the
reconfiguration mechanism is tailored with respect to characteristics of each

manufactured device while being robust to the process variations.

A Phase noise (%)

Figure 3.12. Correlation Between Circuit Performances from Monte Carlo Simulation of
100 LC Oscillators after 10 Years under Nominal Stress Conditions.

In the field, the monitor voltage is measured periodically (in a matter of weeks or
months). This voltage is compared with the threshold determined during production test
so that a replacement transistor can be used. Once the voltage on the sense resistor drops
by a certain percentage (e.g. 20%), the existing tail transistor is swapped with a fresh one
using the switch network. It should be noted that since each MOS switch changes a
position only once (ON < OFF), the impact of the switches on the RF performance is

negligible.
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Fig. 3.13 confirms that there is only 0.1 ~ 0.2dB difference in phase noise performance
between initial design (no sense resistor and no switches) and the design including

proposed sensing and mitigation circuits.
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Figure 3.13. Simulation Results of Enhanced Lifetime Using the Proposed Method.

For the circuit in the example given in Fig. 3.13, the phase noise limit is
—113dBc/Hz and the corresponding limit for the sense resistor voltage is chosen as 10

mV, which represents a 20% reduction in the tail current. Lifetime of the oscillator circuit
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can be estimated as the time point where at least one parameter fails its specification.
Therefore, the lifetime of this oscillator can be estimated as 2 years. The output amplitude
and tail current can be recovered by substituting the aged tail transistor with a fresh one.
With respect to this analysis, the lifetime of the device can be enhanced from 2 years to 5
years if there is only one spare tail transistor. If additional lifetime is desired, higher
redundancy can be used. Fig. 3.13 shows that the degradation can be periodically
recovered by using additional transistors.

It should be noted that since the enhancement circuit is designed in conjunction
with the oscillator, the potentially diverse effects on performance can be eliminated by
design time optimization. Fig. 3.13 also shows that for this particular circuit instance,
there is virtually no performance difference between the baseline design and the reliable

design.

3.2.5. Area Impact

The proposed technique requires additional circuit components in terms of a sense
resistor, spare tail transistors and an ADC. Tail transistors are generally smaller compared
to the LC tank and the sense resistor is quite small. Control is achieved digitally via
MOSFET switches, which are very small transistors. The major component that is
required is the ADC to convert the sense voltage into digital form. Due to the
comparative measurements, a very small VCO-based ADC can be used to conduct the
measurements. The resolution of the ADC needs to be 0.5 mV~1 mV with a 200 mV

range to cover process variations as well as degradation. This ADC has been previously
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designed and shown with hardware measurements to provide 0.05 mV resolution for the

200 mV range with less than 0.03 mm? area using 0.5um technology [48].

3.3. Experimental Results of Class-C Oscillator

The efficacy of the proposed method is evaluated using 5 Ghz CMOS class-C LC
oscillator shown in Fig. 3.14 (a), designed using IBM 180nm process technology. Fig.
3.14 (b) shows a photograph of the proposed class-C oscillator with chip area of 450 um
x 250 um. Class-C configuration is the one biased so that the output current is zero for
more than half of the input cycle, thereby yielding high efficiency at around 80% [49].
Class-C configuration is commonly used in high frequency sine wave oscillators. Class-C
LC oscillator has been recently reported in literature [50-53]. The main advantage of this
configuration is that class-C mode can achieve the phase noise improvement compared to
the standard differential-pair LC oscillator for the same current consumption. The key
features in the design are: 1) a large tail capacitance at the common source node of the
differential pair filtering the high frequency noise from the tail current; 2) cross-coupled
transistors working in a class-C configuration, enhancing efficiency; and 3) a minimum

generation of noise for the cross-coupled pair [50].
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Figure 3.14. (a) Schematic of the Proposed Class-C Oscillator and (b) Die Photograph of
the Proposed Design.

The specifications of interest are phase noise, output amplitude and DC voltage
from the sense resistor. In the initial measurement shown in Fig. 3.15, the oscillator is
operating with 1.35 mA tail current from a 1.8 V power supply. The oscillation frequency
and the output power of class-C oscillator are measured using an Agilent N9020A
spectrum analyzer. The phase noise measurement is conducted using an Agilent ES052A
signal source analyzer. For reliability studies, accelerated aging approach have used
under high temperature and voltage overstress [54], [55]. By using Arrhenius model, the
test results generated at these stressed conditions are then extrapolated to nominal
operation conditions. The fabricated chips are placed in stressed conditions with a

temperature of 120°C and 20% of supply voltage overstress for total 300 hours, which
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corresponds to approximately 3 years in normal operation conditions. The measurement

results for the fabricated chip are summarized in Table 3.1.

"N -7

Figure 3.15. Initial Measurement Set-up.

Technology IBM 7RF 180nm CMOS

Power Supply (nominal / stressed) 1.8V/22V

Temperature (nominal / stressed) 55°C/120°C

On-chip Rgense/ power

9Q/225uW
Oscillation frequency 5.054 GHz
Phase noise @ 1Mhz —119.5 dBc/hz
Power consumption 2.7 mW
Chip area 0.11 mm?

Table 3.1. Summary of Chip Measurements.
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Initial performance measurements of the device consistently show —119.5 dBc/hz
phase noise at 1 Mhz offset and about -13 dBm of output power. After 240 hours of stress
which corresponds to about 2.5 years in nominal operation conditions, phase noise
degrades by 1.5 dB and the output power degrades by 1.2 dB as shown in Fig 3.16. One
of the manufactured boards is periodically monitored with a target of sustaining phase
noise below —118 dBc/hz at 1 Mhz offset. It is determined that the monitor voltage needs
to remain over 12.5 mV to sustain this phase noise performance. At 240 hours of stress,
reconfiguration mechanism is activated when the monitor voltage falls below this point.
It is observed that the oscillator performance is fully recovered after reconfiguration and
follows the same degradation pattern up to 300 hours. Therefore, the lifetime of this
device is enhanced from 240 hours to about 480 hours with extrapolation.

These measurement results are in full agreement with the simulations in terms of
initial performance, degradation patterns, monitor voltage correlation to phase noise and
output power, and the effectiveness of the recovery mechanism. In terms of area impact
of the fabricated chip, the class-C oscillator occupies 0.11 mm? area and two switches, a
sense resistor, and a spare transistor occupy 0.003 mm? area. Although an on-chip ADC
is not implemented, it is necessary that the DC voltage from the sense resistor has to be
measured by the ADC. The VCO-based ADC is fabricated separately and performances
of this ADC are presented in [48]. For the area overhead analysis, the 180nm
implementation of the ADC occupies 0.011 mm? area. Therefore, the overall area impact
of the full monitoring and reconfiguration scheme is therefore estimated as 11% for this

design.
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Figure 3.16. Measurement Results of Enhanced Lifetime Using the Proposed Method.

3.4. Conclusion

In this chapter, a method to enhance the lifetime of RF LC oscillators using in-
field sensing and mitigation circuits is presented. This method includes hotspot
identification to determine the weakest component, monitor/reconfiguration network
design, and an algorithm to automatically swap the aged transistor with a new one. In the
case study, the weakest component is identified as the tail transistor and this conclusion is
explained through extensive analysis. A simple current-based monitor circuit is used to
monitor performance degradation and activate the recovery process. The proposed

technique is demonstrated on both N-type and P-type LC oscillators based on simulation.
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Experimental results on a fabricated class-C oscillator show that if the circuits are
designed with reliability as a part of the specification, lifetime can be enhanced with less

than 11% area overhead.
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CHAPTER 4
IN-FIELD RECOVERY OF RF CIRCUITS FROM WEAROUT BASED

PERFORMANCE DEGRADATION

In this chapter, a methodology for enhancing the lifetime of RF circuits in the
field using low-impact circuit level monitor and recovery techniques. The particular
aging mechanism focusing on is hot-carrier injection (HCI) although the proposed
method would work with any aging mechanism that can be modeled to enable
simulations. Since the monitoring circuit is also prone to process variations, the
monitoring mechanism is designed as a relative measurement, based on the amount of
change in the monitor circuit output, rather than the absolute value. In order to
demonstrate the concepts of reliability analysis and monitor and recovery circuit design, a

generic LNA architecture is used as a case study.

4.1. Reliability Analysis and Hotspot Identification of Low Noise Amplifier

In order to demonstrate the in-field monitoring and recovery method, the low-
noise amplifier (LNA) is chosen as a case study for RF circuits. LNAs are designed to
provide sufficient amplification in the band of interest while maintaining a low noise
figure. Aging will result in degradation of LNA performance in all aspects of its
operation, ranging from DC bias to its noise figure. The goal is to monitor this
degradation through simple means and take remedial action to recover the lost

performance at a low hardware and almost no performance overhead.
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4.1.1. Reliability Analysis of Low Noise Amplifier
In this section, the effect of aging is evaluated on critical LNA performance
parameters including noise figure (NF), S-parameters (S11, S12, S21 and S22). The
parameters S11, S22 are input and output reflection coefficients, and S21, S12, are
forward and backward transmission coefficients. The common approach for designing a
narrowband LNA is to use a common source topology with a cascode transistor, as
shown in Fig. 4.1. For this LNA, the input impedance is approximately calculated by

Eqn. (4.1) [56].

1 g
Zin :jaXLG +LS)+ . + = LS (41)
JWCss  Cgs

where o is the frequency of operation, g, is the transconductance of the input transistor
M, and Cgs is the gate-source capacitance of the input transistor M;. The real part of the
LNA input impedance Z;, is adjusted using g, and the source inductor Ls, while the
imaginary part is removed at the resonant frequency using the gate inductor Lg.

The noise figure and the gain at the resonance frequency w, are obtained by Eqn.

(4.2) and Eqn. (4.3) [56].

2
w g
NF =1+yg R ( J = Em 4.2)
@ Cos
Gain(s21) = Lo = _Rp 43)
2, Ry 2L,

where vy is the noise coefficient, Rs is the source resistance, and Rp is the load resistance.
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Figure 4.1. Schematic of Low Noise Amplifier with HCI Aging Models.

The performance of the LNA depends heavily on the transconductance of the
input transistor M;, which is determined by its threshold voltage and mobility, two
parameters that degrade with HCI.

Threshold voltage shift is the main result of HCI effect. According to gn =
2p(Vgs-V), the increase in threshold voltage due to HCI aging causes a decrease in g5, of
the input transistor, which in turn also affects the real part of the LNA input impedance,
Zin. Therefore, the input matching (S11) varies after aging, which will change the gain
and noise figure further. Fig. 4.2 shows the simulation results of a 2.4 GHz LNA for each
specification before and after stress of 1 and 3 years. It is observed that a decrease in the
gain (S21), an increase in the noise figure (NF), the input reflection coefficient (S11) and

the output reflection coefficient (S22) between from 2.3 to 2.5 GHz frequency range.
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Overall, the most significant degradation was observed in S11 and S21 at a single

frequency 2.4 GHz used for Wi-Fi or Bluetooth applications.
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Figure 4.2. Performance Degradation Due to HCI Effect in Cascode LNA after 1 and 3
Years of Operation at the Room Temperature.
4.1.2. Hotspot Identification of Low Noise Amplifier
Reliability hotspot identification is performed to analyze the reliability impact of
aging mechanisms on each individual component of the LNA. During reliability hotspot
identification, one component is set to age over time, while others are kept at their initial
state and performance degradation profiles are obtained. Comparing these degradation

profiles, the circuit component that would result in the earliest failure time is identified as
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the reliability hotspot. Note that the estimated lifetime in this step is not meaningful since
in reality all devices age at the same time. However, reliability hotspot identification
helps comparatively to analyze aging profiles to determine the lifetime limiting
component [45]. Fig. 4.3 shows an overview of the hotspot identification method. The
first step in the process is to conduct the reliability simulation on transistor-level circuit
performances using the analytical aging model. The analytical aging model of each
component is used to extrapolate the degradation of its parameters (e.g. threshold
voltage) during operation time (e.g. years) based on nominal stress conditions. The
extrapolated device parameters are used in the aging model in order to re-simulate the
circuit and obtain the updated stress conditions. Hence, the performance of the circuit
gradually shifts in time. Due to different sizes and operating points, the degradation
patterns will be different for each circuit component. Thus, each circuit component will
cause a distinct degradation profile for each circuit performance. This process iteratively
goes through each circuit component and track the degradation profiles. Once all the
degradation patterns are analyzed, it is possible to determine the most vulnerable
component to aging effects.

For the hotspot identification of LNA shown in Fig. 4.1, there are three voltage
sources 4V7wo,1,2 at the gate of each n-type transistor to be considered as HCI effect. The
results of degradation in threshold voltage and LNA performances during three years of
stress time are shown in Fig. 4.4. This analysis indicates that the S11 will fail earliest due
to the degradation in the input transistor M; based on the design specifications. This
figure also shows that the other specifications (S21 and NF) are degraded much faster for
the case of M; only. Hence, the input transistor M; is determined as the reliability hotspot.
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Figure 4.4. Hotspot Identification Results of LNA Due to HCI Effects.
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4.2. In-field Lifetime Enhancement Method

In this section, the in-field lifetime recovery mechanism is presented to mitigate
the degradation in circuit performance. Hotspot identification provides a way to
determine critical components that need to be monitored for reliability. Noting that aging
results in degradation of both mobility and threshold voltage, the most common symptom
of aging is a reduced current (for voltage biased transistors) or an increased gate voltage
(for current biased transistors). For DC monitoring, these two circuit variables can be
used. In the LNA circuit, transistor M; is voltage biased; hence aging will result in
degradation of the bias current.

On-chip monitors are subject to the same process variations as the primary circuit.
Hence, the monitoring mechanism needs to be made relative with respect to a reference
point. This can be achieved by measuring the monitor output once during production test
and utilizing this value as a point of comparison for in-field measurements. Thus, instead
of monitoring the absolute DC variables, the changes in these variables are monitored and
those values are used to trigger recovery once significant change in the monitor variable
is observed.

The recovery mechanism needs to restore the critical parameter that affects the
performance of the device. This can be done in several ways: (a) swapping the degraded
transistor with a fresh alternative, (b) enhancing the degraded transistor with smaller
parallel transistors to recover drive capability, and (c) changing bias to recover the drive
capability. Each solution presents with performance impact and the solution with the
smallest performance impact should be selected. This can be achieved by using circuit
simulation. As an example, for the LNA, option (a) significantly degrades noise figure
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due to switches in the critical path, and option (b) shifts noise matching, again degrading
noise figure. Option (c) can be enabled by changing bias voltage and does not have a
significant impact on the LNA performance.

The proposed in-field reliability enhancement technique is shown in Fig. 4.5. The
self-recovery procedure works as follows:

1) At design time, an in-field monitoring circuit is designed to generate a DC
voltage correlated to the degradation in the performance of the device. A low
speed analog-to-digital converter (ADC) converts this DC voltage to a digital
code.

2) At production time, the monitor output as well as performance parameters are
measured. The slack in the performance parameters are determined. A threshold

for the monitor voltage is determined based on this slack.

3) In the field, the monitor circuit output is periodically measured (in a matter of
weeks or months) and compared with the threshold to trigger the recovery

mechanism.
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Figure 4.5. Proposed In-field Monitoring and Recovery Mechanism.

4.2.1. DC Monitor for In-field Monitoring

There are four important requirements for in-field monitoring circuitry. First, the
monitor circuit should be non-invasive. Second, it should present with a small form
factor. Third, the monitoring circuit should produce DC or low frequency response to
enable low-cost measurements. Finally, the monitoring circuit should not significantly
degrade due to aging itself.

At first sight, this problem resembles the built-in-self test (BIST) problem that has
attracted a lot of attention recently. For instance, in [57][58], DC monitoring of the
primary output is suggested to calculate specification parameters based on monitor
response. However, there is an important distinction for the proposed method. In BIST,
the goal is to replace production test with BIST measurements. This requires a

monitoring circuit that has a response which is highly correlated to all the measurements.
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Moreover, it requires an additional input source as a test stimulus to monitor the response
for BIST measurements. The proposed method is different than BIST since it can make
the monitoring mechanism relative to an initial point and does not require an input
stimulus.

In order to satisfy the above-mentioned criteria, the proposed method provides a
design of a simple voltage monitor that will provide an output that is correlated to the
bias current/voltage of the most stressed transistor. This proposed in-field monitoring
circuit is shown in Fig. 4.6 (a). This DC-based voltage sensor is composed of a source
follower which can be operated as a voltage shifter with n-type MOSFET. The n-type
MOSFETs are designed at a much lower width to limit the current that flow through it.
The length of the monitor device is also much greater than minimum length as it is not
concerned with high frequency operation. Hence, the monitor device experiences much
slower aging compared to the hotspot transistor [10]. Fig. 4.6 (b) shows degradation in
the monitor output voltage, Voupur, due to HCI at several different lengths for the monitor
devices. It is observed that at minimum length, the device experiences significant
degradation. However, at L=325nm, the change in the monitor voltage due to the aging of
the monitor device is negligible. Thus, the length of monitor devices are choose to
L=325nm as a stable operation for the monitoring circuit. Note that there is no option to
arbitrarily increase the length of the hotspot transistor, M, since it needs to be optimized

for RF operation.
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4.2.2. Low-cost ADC and Bias Tuning Architecture for In-field Recovery

Another required component for in-field monitoring and recovery is the ADC to
convert the output voltage of monitoring circuit into digital form. For this purpose, an
open-loop Voltage Controlled Oscillator (VCO) architecture can be used [59]. The VCO
is designed by adopting N-stage current starved inverters shown in Fig. 4.7 (a). The top
and bottom transistors in each inverter stage make a current bottleneck during the
transition. By controlling the bias voltage Vyco, it is possible to adjust the current through
each inverter stage, hence change the frequency. The equation used for determining the
oscillation frequency is

I
—P (4.4)
NIC ¥

tot DD

fVCO =
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where fyco is the VCO frequency at a given drain current Ip, N is the number of inverter
stages and Cj is the input and output capacitances of the inverter. In other words, the low
cost VCO will convert an analog voltage signal to frequency domain by producing a
continuous output signal whose frequency is proportional to the input voltage. Fig. 4.7 (b)
shows the edge detector circuit for frequency to digital conversion (FDC). This operation
can also be enabled by counting the VCO transitions within a given time window. The
number of ones during a given measurement window in Fig. 4.7 (b) is proportional to the

Vyco voltage [60].
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Figure 4.7. (a) Baseline VCO Architecture and (b) Block Diagram of Frequency-to-
digital Converter (FDC) for 1-bit Quantization.
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While the DC bias voltage is correlated to the performance of the LNA, the
relation is non-linear. However, for small changes in the LNA performance, the change in
the DC output is can be linearly correlated to changes in the LNA performance. Hence,
the monitor output can be measured at production time and set a limit on it based on how
much slack there is in the performance parameters of the LNA.

In order to set the threshold for triggering recovery, the VCO frequency as well as
the slack in performance parameters are recorded at production time. Based on the
allowable degradation in the bias current, the minimum VCO frequency and the
corresponding counter value are determined. In the field, the counter result is directly
compared with this threshold to trigger the recovery circuit. Since the input transistor is
identified as the aging hotspot, the circuit parameters of this input transistor will be
enhanced by the DC bias current. Fig. 4.8 shows the schematic of a tunable recovery
circuit with an N-bit digital input signal. Resistors Rp; through Rp3; are set to provide
incrementally higher bias current. For each bias current level that is desired, the bias
voltage is changed using the switch network. With digitally controlled signals, total bias

current can also be determined by the binary weighted current source.
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Figure 4.8. Proposed Tunable Recovery Circuit

4.3. LNA Case Study

S3

The specifications for the LNA including gain, impedance matching, and noise

figure, are shown in Table 4.1.

Specifications S11 S21 S22 NF
Targets <-10dB >15dB <-10dB <2dB
Results @ -13.7 dB 18.2 dB -14 dB 1.6 dB

2.4GHz

Table 4.1. Specifications of Low Noise Amplifier.

4.3.1. In-field Monitoring

Using the hotspot identification method, it is determined that the highest

performance degradation is due to transistor M;. Also, it is identified that the degradation

in LNA performances is primarily correlated to the bias condition of the input transistor
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M. A sense resistor (Rsense) can be inserted into the current path of the input transistor M;
for the monitoring purpose. It shows that the voltage across the sense resistor Vz is
proportional to the drain current of the input transistor M.

The sense resistor need to be small enough to limit the performance impact and
large enough to provide a measurable voltage. Since the degradation in performance can
be alleviated to a large degree by co-design, the sense resistor value is set based on the
resolution of the ADC. The compact VCO-based ADC provides 1mV of resolution. If a
minimum of 0.3dB slack in the specification (e.g. the lowest acceptable initial gain is
15.3dB, while the absolute specification limit is 15dB) is allowed, the change in the
voltage on the sense resistor due to 0.3dB degradation needs to be above the resolution of
the ADC. Using this approach, it is determined that a sense resistor value of 13Q is
necessary for a drain current of SmA.

Since the voltage on Ryense 1s small compared to Vpp, it is beneficial to shift this
voltage down for measurement purposes. Fig. 4.9 also shows the monitoring circuit.
Transistor My is in common-drain configuration that essentially works as a level shifter to
bring the baseline DC bias of the monitor voltage to a range that can be easily converted
to the digital domain by a simple ADC. Fig. 4.10 shows the corresponding change in both
sense voltage Viense (=Vpp—Ips*Rsense) and the Voupur voltage of the monitoring circuit

through the same stress period.
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Fig. 4.11 shows the degradation in S-parameters (S11, S21 and NF) at 2.4 GHz
and the bias current of LNA through approximately 3 years of stress time. It can be
observed that there is a strong correlation between the degradation profiles of
specifications (S-parameters and current/voltage) and DC voltage from the sensor. Fig.
4.12 shows Monte Carlo simulation results for the degradation in critical performance
parameters and the monitor voltage. N, represents the number of ones from the FDC.
Although there are slight deviations, the monitor voltage tracks performance parameters
closely. Once the initial values of the monitor voltage and performance parameters are
determined, the relative slack in circuit performances can be reflected on the monitor
voltage to determine the threshold for triggering the recovery circuit. For instance, if the
gain specification has 15% slack (i.e. the measured gain is 15% above the specification
limit), a 15% slack on the monitor voltage can be imposed as well. By using the
measured specifications as reference, the recovery mechanism is tailored with respect to
the characteristics of each manufactured device. Hence, this simple monitoring circuit

can be used for detecting degradation in a process-robust manner.
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It is also necessary to confirm that the monitoring circuit does not cause
significant performance degradation. In the Fig. 4.9, the sense resistor is in series with the
LC tank, degrading its Q. Therefore, the gain of the LNA (S21) will be degraded. The
noise figure is also degraded slightly due to the presence of the resistor. However, there is
no significant change in S11 as expected from Eqn. (4.1). Therefore, in this
configuration, it is possible to co-design the LNA with the resistor using the Eqn. (4.3)
for gain (S21). When the LNA is redesigned, by adjusting the values of drain inductor
and capacitor by less than 15%, it is possible to achieve gain almost identical to the one
in the absence of the resistor. Fig. 4.11 also shows circuit performance parameters with
and without the sense resistance. The sense resistor can be determined by the value of
few tens of ohm to reduce the impact on noise figure. It can be observed that the
degradation due to the sense resistor is negligible and well within process variations.

To convert the sense voltage to the digital domain, a simple VCO-based FDC is
used with a dynamic range that covers the monitored output voltage range, including
process variations and expected degradation amount. The measured tuning characteristics
of the VCO are shown in Fig. 4.13. In order to use the linear range of the tuning curve,
the full-scale analog input voltage from monitoring circuit is set to 0.5~0.8V, which is
corresponds to 5~35 MHz of output frequency. Fig. 4.13 also shows the number of digital
bits from the counter. The counted values provide the mapping information between the

Viense voltage of LNA and output frequency of the VCO.
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4.3.2. In-field Recovery

Once the LNA is characterized in terms of S11, S21, and NF, and the monitor
voltage, during the production time, the proposed recovery circuit can prolong the
lifetime of LNA. The threshold for triggering the recovery mechanism is determined at
production time based on the available slack. In the field, the proposed monitor circuit is
activated periodically (via Vyias7) and the VCO frequency is measured by the counter. If
the counter falls below the determined threshold, the bias current is enhanced by
activating switches (S; or S2). The entire monitoring and recovery mechanism is
simulated for in-field wearout. The results of these simulations are shown in Fig. 4.14.
For the initial circuit, it is determined that minimum slack is in S21, corresponding to
15% slack in the monitor voltage and set this counter value to 144. It can be observed that
at about 20x10° seconds, the recovery circuit is triggered. At that point, both S21 and S11
parameters are slightly below their specified values (less than 0.1dB below). With the

activation of the recovery circuit, all parameters recover to their initial states. At 82x10°
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seconds, the recovery mechanism is activated again, where S21 and S11 are right at
specified limits and they recover again to the initial states. Hence, the lifetime of the
LNA is enhanced from 20x10° seconds to at least 82x10° seconds using two switches in
the recovery circuit.

Because of the increase in Vaisso voltage applied at gate of aged input transistor
after the failure, the degraded parameters can be compensated and will mitigate the
performance degradation. In other words, increase of the bias current of stressed
transistor will recover the degraded performances, such as gain and input matching

because transconductance can be compensated to the initial value.
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Figure 4.14. Simulation Results of Enhanced Lifetime Using the Proposed Recovery

Technique.
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Area overhead is usually a concern in in-field recovery mechanisms. In the
proposed technique, the monitor transistors are very small compared to the LNA. The
VCO-based FDC is composed of 7 inverter stages and digital blocks, and a small bias
stage and digital control is achieved by CMOS switches and a small comparator circuitry.
The area overhead is estimated including all of the necessary components to be below

15% of the area of the LNA.

4.4. Experiment Results

The efficacy of the proposed lifetime enhancement method is evaluated using 2.4
GHz CMOS cascode LNA. This LNA is manufactured using IBM 180nm process
technology. Fig. 4.15 shows a photograph of the LNA and in-field monitoring/recovery
circuits with a chip area of Imm X Imm. A VCO-based FDC with 7 inverter stages is
also implemented for the measurement of the voltage from the monitoring circuit. The
oscillation frequency can be measured with the range of 10 ~ 40 MHz. The measured
transfer characteristics of the FDC are shown in Fig. 4.16. The average number of ones
(None) is compared to the target value (S21 specification) predetermined through
simulation data. Therefore, by adjusting the digital control bits in the tunable bias circuit
connected to the LNA, the bias voltage of input transistor of LNA is increased to the

optimized value satisfying S21 specification.
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Figure 4.15. Die Photograph of the Proposed Design.
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Figure 4.16. Measured Characteristics of a VCO
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For reliability studies, accelerated aging approach under high temperature and
voltage overstress is conducted [54], [55]. By using Arrhenius model, the test results
measured at these stressed conditions are then extrapolated to nominal operation
conditions. The fabricated chips are placed in stressed conditions with a temperature of
120°C and 20% of supply voltage overstress for a total of 400 hours, which corresponds
to approximately 4 years in normal operation conditions. The measurement results for the

fabricated chip are summarized in Table 4.2.

Technology IBM 7RF 180nm CMOS
Power Supply (nominal / stressed) 1.8V/22V
Temperature (nominal / stressed) 55°C/120°C
On-chip Rense 13 Q
Power consumption 14.7 mW
Chip area Imm X Imm

Table 4.2. Summary of Chip Measurements.

Initially, the gain of the LNA is measured as 16.5dB at 2.4 GHz. After 200 hours
of stress, which corresponds to about 2 years in nominal operation conditions, gain
degrades by 1.5dB as shown in Fig 4.17. One of the manufactured boards is periodically
monitored with a target of sustaining gain above 15 dB. From the measurement, it is
chosen that the voltage Vr needs to remain over 60 mV which corresponds to 15%

reduction from the initial value. At 220 hours of stress, the recovery mechanism is
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activated. At this point, it is also observed that the gain of the LNA has fallen to 14.8dB
(0.2dB below spec). Once the recovery mechanism is activated, the gain of the LNA is
restored back to 16.3dB. Same pattern repeats with another recovery trigger at 400 hours.
Again, the gain is recovered to near its initial value. While the experiment is stopped at
this point, it shows a similar degradation pattern and estimates that the final failure will
occur at 600 hours. This corresponds to a 3-fold increase in the lifetime of the LNA by

using two supplemental bias transistors.
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Figure 4.17. Measured Results of Enhanced Lifetime Using the Proposed Recovery
Technique.
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4.5. Conclusion

In this chapter, a method to enhance the lifetime of RF circuits in the field using
simple on-chip monitor and recovery circuits is presented. While the HCI effect is
focused on aging analysis, the proposed method is generally applicable to other
degradation mechanisms. During the method, a simple monitor circuit is designed based
on the principles of observing the important bias conditions so that similar degradation
effects can be observed while keeping the current consumption as small as possible. The
monitor circuit generates a DC output voltage, the degradation in which has a very strong
correlation to the degradation of performance specifications. Finally, the technique is
demonstrated on an LNA as a case study. Experimental results on a fabricated CMOS
cascode LNA show that the proposed method can enhance the lifetime of the LNA 3-fold

with less than 15% area overhead.
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CHAPTER 5

SUMMARY AND CONCLUSION

In this dissertation, in-field monitoring and recovery technique for enhancing the
lifetime of RF circuits which performances are degraded due to aging effects.

Firstly, a methodology to analyze the performance of RF circuits degraded by
aging mechanisms, such as HCI, NBTI and EM is proposed to identify the device that is
most critical for circuit performance degradation. Once the critical device of RF circuits
is determined from hotspot identification, design-time optimization method can be taken
to mitigate the circuit performance degradations. Hence, component-centric lifetime
enhancement can be done using established techniques by adjusting the component
design parameters. It shows the demonstration of the proposed technique on an LNA and
two LC oscillators as case studies. Experimental results show that the degradation
performance and the lifetime were enhanced by increasing the critical transistor size or
widening the inductor line. The methodology should be applied to the particular design at
hand to fully gauge the impact of aging effects.

After the hotspot identification is conducted in aged RF circuits, a method to
enhance the lifetime of RF LC oscillators using in-field sensing and mitigation circuits is
presented. This method includes hotspot identification to determine the weakest
component, monitor/reconfiguration network design, and an algorithm to automatically
swap the aged transistor with a new one. In the case study of LC oscillator, the weakest
component is identified as the tail transistor and this result is explained through extensive

analysis. A simple current-based monitor circuit is used to monitor performance
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degradation and activate the recovery process. The proposed technique is demonstrated
on both N-type and P-type LC oscillators based on simulation. Experimental results on a
fabricated class-C oscillator using IBM 7RF 180nm technology show that if the circuits
are designed with reliability as a part of the specification, lifetime can be enhanced with
less than 11% area overhead.

Finally, another method to enhance the lifetime of RF circuits in the field using
simple on-chip monitor and recovery circuits is presented. While the HCI effect is
focused on aging analysis of MOSFET, the proposed method is generally applicable to
other degradation mechanisms. During the method, a simple monitor circuit is designed
based on observing the bias conditions of hotspot device so that similar degradation
effects can be observed from the monitored output parameters while keeping the current
consumption as small as possible. The monitor circuit generates a DC output voltage, the
degradation in which has a very strong correlation to the degradation of performance
specifications. The recovery circuit adjusts the bias current of the hotspot device in RF
circuits in order to mitigate the performance degradation. The proposed technique is
demonstrated on an LNA using IBM 7RF 180nm technology as a case study.
Experimental results on a fabricated CMOS cascode LNA show that the proposed method

can enhance the lifetime of the LNA 3-fold with less than 15% area overhead.

89



[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES

E. Maricau and G. Gielen, “Stochastic Circuit Reliability Analysis,” in Proc. IEEE
DATE, Mar. 2011, pp.1-6.

Sutaria, K.B.; Mohanty, A.; Runsheng Wang; Ru Huang; Yu Cao, "Accelerated
Aging in Analog and Digital Circuits With Feedback," IEEE Trans. Device Mater.
Rel., vol.15, no.3, pp.384-393, Sept. 2015.

G. Gielen et al., “Emerging Yield and Reliability Challenges in Nanometer CMOS
Technologies,” in Proc. IEEE DATE, Mar. 2008, pp.1322—-1327.

E. Xiao, J. Yuan, and H. Yang, “CMOS RF and DC reliability subject to hot carrier
stress and oxide soft breakdown,” IEEE Trans. Device Mater. Rel., vol. 4, no. 1, pp.
92-98, Mar. 2004.

A. Sadat, Y. Liu, C. Yu, J. S. Yuan, “Analysis and Modeling of LC Oscillator
Reliability,” IEEE Trans. Device Mater. Rel., vol. 5, no. 1, pp. 119-126, Mar.
2005.

L. Larcher, D. Sanzogi, R. Brama, A. Mazzanti, and F. Svelto, “Oxide Breakdown
after RF Stress: Experimental Analysis and Effects On Power Amplifier Operation,”
in Proc. Int. Reliabil. Phys. Symp., Mar. 2006, pp. 283-288.

Y. Hong, J. S. Yuan, L. Yi, and X. Enjun, “Effect of gate-oxide breakdown on RF
performance,” IEEE Trans. Device Mater. Rel., vol. 3, no. 3, pp. 93-97, Sep. 2003.

P. M. Ferreira, H. Petit, and J.-F Naviner, “CMOS 65 nm wideband LNA reliability
estimation,” in Proc. IEEE NEWCAS-TAISA, Jun. 2009, pp.1-4.

T.-H. Kim, R. Persaud, and C. H. Kim, “Silicon odometer: An on-chip reliability
monitor for measuring frequency degradation of digital circuits,” IEEE J. Solid-
State Circuits, vol. 43, no. 4, pp. 874-880, Apr. 2008.

W. Wang, V. Reddy, A. T. Krishnan, R. Vattikonda, S. Krishnan, and Y. Cao,
“Compact modeling and simulation of circuit reliability for 65 nm CMOS
technology,” IEEE Trans. Device Mater. Rel., vol. 7, no. 4, pp. 509-517, Dec. 2007.

N. Jha, P. Reddy, D. Sharma, and R. Rao, “NBTI degradation and its impact for
analog circuit reliability,” IEEE Trans. Electron Devices, vol. 52, no. 12, pp. 2609—
2615, Dec. 2005.

Y.-L, R. Lu, Y.-H. Lee, W.J. Mcmahon, and T.-C. Fung, “Robust Inductor Design
for RF Circuits,” in Proc. IEEE CICC, Sept. 2006, pp. 571-574.

90



[13] J. B. Bernstein, M. Gurfinkel, X. Li, J. Walters, Y. Shapira, and M. Talmor,
“Electronic circuit reliability modeling,” Microelectron. Rel., vol. 46, pp. 1957—
1979, 2006.

[14] S. Naseh, M. J. Deen, and O. Marinov, “Effects of hot-carrier stress on the
performance of the LC-tank CMOS oscillators,” IEEE Trans. Electron Devices, vol.
50, no. 5, pp. 1334-1339, May 2003.

[15] H. Habal and H. Graeb, “Evaluating analog circuit performance in light of
MOSFET aging at different time scales,” in Proc. ICICDT, May 2013, pp. 41-44.

[16] V. Reddy et al., “Impact of transistor reliability on RF oscillator phase noise
degradation,” in Proc. IEDM, Dec. 2009, pp. 1-4.

[17] E. Maricau, D. De Jonghe, and G. Gielen, “Hierarchical analog circuit reliability
analysis using multivariate nonlinear regression and active learning sample
selection,” in Proc. IEEE DATE, Mar, 2012, pp. 745-750.

[18] G. Gielen and E. Maricau, “Stochastic degradation modeling and simulation for
analog integrated circuits in nanometer CMOS,” in Proc. IEEE DATE, Mar, 2013,
pp. 326-331.

[19] Oates, A.S., “Reliability challenges for the continued scaling of IC technologies,” in
Proc. IEEE CICC, Sept. 2012, pp.1-4.

[20] Sangwoo Pae; Maiz, J.; Prasad, C.; Woolery, B., “Effect of BTI Degradation on
Transistor Variability in Advanced Semiconductor Technologies,” IEEE Trans.
Device Mater. Rel., vol.8, no.3, pp.519-525, Sept. 2008.

[21] G. Gielen, E. Maricau, and P. De Wit, “Designing reliable analog circuits in an
unreliable world,” in Proc. IEEE CICC, Sept. 2012, pp. 1-4.

[22] Donghoon Han; Akbay, S.S.; Bhattacharya, S.; Chatterjee, A.; Eisenstadt, W.R.,
“On-chip self-calibration of RF circuits using specification-driven built-in self test
(S-BIST),” in Proc. IEEE IOLTS, July 2005, pp.106-111.

[23] Mukadam, M.Y.; Filho, O.G.; Xuan Zhang; Apsel, A.B., “Process variation
compensation of a 4.6 GHz LNA in 65nm CMOS,” in Proc. IEEE ISCAS, May
2010, pp. 2490-2493.

[24] Jayaraman, K.; Khan, Q.A.; Chiang, P.; Baoyong Chi, “Design and analysis of 1-

60GHz, RF CMOS peak detectors for LNA calibration,” in Proc. Int. Symp. VLSI-
DAT, Apr. 2009, pp.311-314.

91



[25] Y. Cao et al., “Cross-layer modeling and simulation of circuit reliability,” /IEEE
Trans. Comput.-Aided Design Integr. Circuits Syst., vol. 33, no. 1, pp. 823, Jan.
2014.

[26] K. K. Kim, W. Wang, and K. Choi, “On-chip aging sensor circuits for reliable
nanometer mosfet digital circuits,” IEEE Trans. Circuits Syst. II, Expr. Briefs, vol.
57, no. 10, pp. 798-802, Oct. 2010.

[27] E. Maricau; P.D. Wit; G.G.E. Gielen;, “An analytical model for hot carrier
degradation in nanoscale CMOS suitable for the simulation of degradation in analog
IC applications,” Microelectron. Rel., pp.1576-1580, 2008.

[28] J. B. Velamala et al, “Compact modeling of statistical BTI under
trapping/detrapping,” IEEE Trans. Electron Devices, vol. 60, no. 11, pp. 3645—
3654, Nov. 2013.

[29] J.R. Black, “Electromigration—A brief survey and some recent results,” IEEE
Trans. Electron Devices, vol. 16, no. 4, pp. 338-347, Apr. 1969.

[30] R. de Orio, H. Ceric, and S. Selberherr, “Physically based models of
electromigration: From Black's equation to modern TCAD models,” Microelectron.
Rel., vol. 50, pp. 775-789, 2010.

[31] D.G. Pierce, and P.G. Brusius, “Electromigration: A review,” Microelectron. Rel.,
vol. 37, pp. 1053-1072, 1997.

[32] J.R. Lloyd, R.H. Koch, “Study of Electromigration-Induced Resistance and
Resistance Decay in A1 Thin Film Conductors,” in Proc. 25th Annual Reliability
Physics Symposium, Apr. 1987, pp.161-168.

[33] B. Jones, Y. Xu, T. Denton, and P. Zobbi, “Electrical measurements as early
indicators of electromigration failure,” Microelectron. Rel., vol. 35, pp. 13-25, 1995.

[34] H. Mostafa, M. Anis, and M. Elmasry, “NBTI and process variations compensation
circuits using adaptive body bias,” IEEE Trans. Semicond. Manuf., vol. 25, no. 3,
pp. 460—467, Aug. 2012.

[35] S. Borkar, T. Karnik, S. Narendra, J. Tschanz, A. Keshavarzi, and V. De,
“Parameter variations and impact on circuits and microarchitecture,” in Proc. ACM
DAC, Jun. 2003, pp. 338-342.

[36] Bowman, K.A.; Duvall, S.G.; Meindl, J.D., “Impact of die-to-die and within-die

parameter fluctuations on the maximum clock frequency distribution for gigascale
integration,” IEEE J. Solid-State Circuits, vol.37, no.2, pp.183-190, Feb 2002.

92



[37] Yelten, M.B.; Franzon, P.D.; Steer, M.B., “Surrogate-Model-Based Analysis of
Analog Circuits—Part II: Reliability Analysis,” IEEE Trans. Device Mater. Rel.,
vol.11, no.3, pp.466-473, Sept. 2011.

[38] X. Li, J. Qin, and J. B. Bernstein, “Compact modeling of MOSFET wearout
mechanisms for circuit-reliability simulation,” /IEEE Trans. Device Mater. Rel., vol.
8, no. 1, pp. 98—121, Mar. 2008.

[39] E. Maricau and G. Gielen, “Computer-aided analog circuit design for reliability in
nanometer CMOS,” IEEE Trans. Emerging Sel. Topics Circuits Syst., vol. 1, no. 1,
pp. 50-58, Mar. 2011.

[40] G. T. Sasse, M. Acar, F. G. Kuper, and J. Schmitz, “RF CMOS reliability
simulations,” Microelectron. Rel., vol. 48, no. 8-9, pp. 1581-1585, Aug. 2008.

[41] Yilmaz, C.; Heiss, L.; Werner, C.; Schmitt-Landsiedel, D., “Modeling of NBTI-
recovery effects in analog CMOS circuits,” in Proc. IEEE IRPS, Apr. 2013, pp. 1-4.

[42] Reliability PTM Model Website. [Online]. Available: http://ptm.asu.edu

[43] D.K. Shaeffer and T.H. Lee, “A 1.5-V, 1.5-GHz CMOS low noise amplifier,” IEEE
J. Solid-State Circuits, vol. 32, no. 5, pp. 745-759, May 1997.

[44] T.H. Lee and A. Hajimiri, “Oscillator phase noise: a tutorial,” IEEE J. Solid-State
Circuits, vol. 35, no. 3, pp. 326-336, Mar. 2000.

[45] D. Chang, J. N. Kitchen, B. Bakkaloglu, S. Kiaei, S. Ozev, “Design-Time
Reliability Enhancement Using Hotspot Identification for RF Circuits,” IEEE Trans.
Very Large Scale Integr. (VLSI) Syst., vol. 24, no. 3, pp. 1179-1183, Mar. 2016.

[46] A. Hajimiri and T. H. Lee, “Phase noise in CMOS differential LC oscillators,” in
Proc. Symp. VLSI Circuits, Jun. 1998, pp. 48-51.

[47] J. J. Rael and A. A. Abidi, “Physical processes of phase noise in differential LC
oscillators,” in Proc. IEEE CICC, May 2000, pp. 569-572.

[48] Erol, O.E.; Ozev, S.; Suresh, C.; Parekhji, R.; Balasubramanian, L., “On-chip
measurement of bandgap reference voltage using a small form factor VCO based

zoom-in ADC,” in Proc. IEEE DATE, Mar. 2015, pp.1559-1562.

[49] Samal, L.; Mahapatra, K.K.; Raghuramaiah, K., “Class-C power amplifier design for
GSM application,” in Proc. ICCCA, Feb. 2012, pp.1-5.

93



[50] A. Mazzanti and P. Andreani, “Class-C harmonic CMOS VCOs, with a general
result on phase noise,” IEEE J. Solid-State Circuits, vol. 43, no. 12, pp. 27162729,
Dec. 2008.

[51] A. Mazzanti and P. Andreani, “A 1.4 mW 4.90-t0-5.65 GHz class-C CMOS VCO
with an average FoM of 194.5 dBc/Hz,” in IEEE Int. Solid-State Circuits Conf.
(ISSCC) Dig. Tech. Papers, Feb. 2008, pp. 474-475.

[52] J. Chen, F. Jonsson, M. Carlsson, C. Hedenas, and L. R. Zheng, “A low power,
start-up ensured and constand amplitude class-C VCO in 0.18 m CMOS,” IEEE
Microw. Wireless Compon. Lett., vol. 21, no. 8, pp. 427-429, Aug. 2011.

[53] W. Deng, K. Okada, and A. Matsuzawa, “Class-C VCO with amplitude feedback
loop for robust start-Up and enhanced oscillation swing,” IEEE J. Solid-State
Circuits, vol. 48, no. 2, pp. 429-440, Feb. 2013.

[54] B. Li, A. Boyer, S. Bendhia, and C. Lemoine, “Ageing effect on electromagnetic
susceptibility of a phase locked loop,” Microelectron. Rel., vol. 50, pp. 1304—1308,
2010.

[55] M. S. Cooper, “Investigation of Arrhenius acceleration factor for integrated circuit
early life failure region with several failure mechanisms,” IEEE Trans. Compon.
Packag. Technol., vol. 28, no. 3, pp. 561-563, Sep. 2005.

[56] B. Razavi, Behzad Razavi, RF Microelectronics, Pearson, 2012.

[57] Bhattacharya, S.; Chatterjee, A., “A DFT Approach for Testing Embedded Systems
Using DC Sensors,” IEEE Design Test Comput., vol. 23, no.6, pp. 464-475, June
2006.

[58] Dooghoon Han; Chatterjee, A., “Robust Built-In Test of RF ICs Using Envelope
Detectors,” in Proc. IEEE ATS, Dec. 2005, pp.2-7.

[59] J. Kim, T. K. Jang, Y. G. Yoon, and S. H. Cho, “Analysis and design of voltage-
controlled oscillator based analog-to-digital converter,” IEEE Trans. Circuits Syst. 1,
Reg. Papers, vol. 57, no. 1, pp. 18-30, Jan. 2010.

[60] M. Z. Straayer and M. H. Perrott, “A 12-bit, 10-MHz bandwidth, continuous-time
YA ADC with a 5-bit, 950-MS/s VCO-based quantizer,” IEEE J. Solid-State
Circuits, vol. 43, no. 4, pp. 805-814, April. 2008.

94

94



