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General Introduction 

Mobile telecommunications have steadily evolved with the launch of a new generation each 

decade. It started from the first generation (1G) mobile communication, developed in the 

1980s, which offered basic voice calls. Since then, significant technological advancements 

have been made in terms of data rates, network capacity and latency, as well as security 

protocols. Currently, we are entering the fifth generation (5G) era which features enhanced 

user data-rates (20Gb/s), ultra reliable and low latency (50ms) and increased connectivity of 

Internet-of-Things (IoT) [1]. In order to achieve these goals, the 5G network operates in two 

carrier frequency ranges of the radiofrequency (RF) spectrum: sub-6GHz frequency bands and 

millimeter-wave frequency bands ranging from 24 – 40 GHz.  

 

Figure 0-1 : 5G wireless communication is supported by mid (<6GHz) and high (>24GHz) frequency bands.  

Mid-range frequency bands offer a balance between performance and network coverage working in conjunction 

with 4G networks whereas high-range frequency bands target optimal performance at short distances enabled by 

small base station (small cells) for seamless connection. [2] 

The usage of these frequency bands depends on the wireless communication range and 

data rates, as illustrated in Figure 0-1. For lower frequency bands, the RF signals can travel 

longer distances with lower data rates (low capacity) while high data rates (high capacity) are 

available at shorter distances due to lower bandwidth saturation at millimeter-wave 

frequencies. The communication range is determined by the performance specification of the 

transmitter and receptor in the RF/mmW front end transceiver. On the transmitter end, the 

transmission link is strongly driven by the amount output power that can be delivered from 

the power amplifier to the antenna. High output power ensures the strength of the signal 

transmission, which is attenuated proportionally to the square of the distance between two 

antennas.  
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Following the adoption of 5G, it is expected that the surge in global demand for low-

cost and high-integration-level RF front-end modules (FEM) in user-end equipment will shift 

the current landscape of RF mobile devices towards CMOS-based technology. This trend has 

been encouraged by the downscaling of the dimensions in CMOS transistors which 

significantly improved the RF figure-of-merits, i.e., gain, linearity, and cut-off-frequency 

FT/FMAX, especially for silicon-on-insulators (SOI) CMOS technology. One of the main 

challenges to overcome in RF CMOS FEM implementation is the integration of RF PAs. 

Aside from high linearity and efficiency requirements related to channel bandwidth 

constraints, PA designers need to tackle reliability challenges brought on by large output 

voltage swings. In CMOS devices, RF PA operating conditions induce aging mechanisms 

such as hot-carrier injection (HCI) and time-dependent dielectric breakdown (TDDB) which 

lead to RF performance degradation and ultimately device failure. To ensure reliable 

operation of RF PAs, design margins are generally based on DC worst-case conditions, thus 

the optimal design point is sacrificed. Although CMOS downscaling worsens the HCI and 

TDDB phenomenon in deep submicron nodes, earlier research on RF PA reliability 

characterization has demonstrated that the impact of RF stress on degradation or failure is 

comparatively lower than DC stress. Over-design can be avoided by relying on accurate 

reliability simulation models in the design flow to estimate the performance-reliability trade-

offs for a given operating point.  

The motivation of this research is to investigate CMOS PA aging mechanisms for RF/mmW 

reliability prediction at device level which can be divided into three main parts. The first part 

concerns accurate modeling of RF HCI degradation behavior in reliability simulations by 

implementing RF stress characterization using specific test structures and measurement setup. 

In the second part, we attempt to examine off-state (non-conducting) RF reliability modeling 

which has not been extensively explored due to the lack of understanding on the frequency-

dependent behavior of off-state hot carrier and TDDB mechanisms. The third part is focused 

on the design of an aging compensation strategy for worst-case RF HCI stress to explore 

opportunities in extending RF PA lifetime and reduce the trade-off between performance and 

reliability.
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1. RF power amplifiers for wireless 

communication at mmW frequency 

The first part of this chapter presents the fundamental concepts to understand the performance 

characteristics of RF power amplifiers (PA). In the context of the millimeter-wave (mmW) 

PA specifications for the fifth generation (5G) applications, the design strategies related to the 

challenges faced by PA designers to achieve high performance (linearity and efficiency) 

within the reliability limits of the device are discussed. The technology benchmark of silicon 

and III-V devices reveals that CMOS devices are capable of meeting the FT/Fmax 

requirements and present advantages in terms of cost and integration over the III-V devices. 

In the second part, the reliability mechanisms which are responsible for CMOS PA device 

aging are introduced briefly, with particular attention on the recent progress in reliability 

modeling. The limitations of current degradation modeling in aging simulation flow of 

RF/mmW PAs are then discussed. Finally, the outline of this thesis is given to set the scope of 

this work. 

1.1 Fundamentals of RF/mmW power amplifiers  

1.1.1 RF PA characteristics 

Power amplifiers (PA) are transconductance devices that drive an output current proportional 

to its input voltage. In RF transceivers, RF PAs are designed to amplify the power of the 

transmitted signal to an antenna. The main characteristics, as shown in Figure 1-1, that 

determine the performance of RF PAs are described in the following: 

 

Figure 1-1 : General representation of an RF power amplifier 

 Gain: The transducer gain (GT) is represented by the ratio between the power delivered to 

the output load impedance (ZL) and the available power delivered by the source generator. 

This is the “useful” gain since the power mismatch between the source generator and PA 

input is considered. Throughout this thesis, GT is referred to as gain, linear gain or small-

signal gain. 

𝐺𝑇[𝑑𝐵] =  10. log  (
 𝑃𝑂𝑈𝑇 [𝑊]

 𝑃𝐼𝑁_𝐺𝐸𝑁 [𝑊]
 ) =   𝑃𝑂𝑈𝑇  [𝑑𝐵𝑚] −  𝑃𝐼𝑁_𝐺𝐸𝑁 [𝑑𝐵𝑚]  (Eq.1-1) 
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 Power 1dB output compression point (P1dB): As the PA input power is increased, the 

output power increases linearly up to a point where it starts to saturate. The P1dB, as 

shown in Figure 1-2, corresponds to the output power level where the gain is reduced by 

1dB. Beyond this point, the PA operates non-linearly and this region is referred to as gain 

compression.  
 

 

Figure 1-2 : (left) P1dB is defined at the output power POUT where the gain drops by 1dB. (right) The linear and 

saturation (gain compression) amplification regions are separated by P1dB 

 Power Added Efficiency (PAE): The PAE is related to the power consumption (PDC) of 

the PA device which draws its current from a DC supply voltage to provide gain 

amplification. This parameter is closely related to the different PA operating classes and 

the efficiency of the output matching network.  

𝑃𝐴𝐸[%] =  100% .  
 (𝑃𝑂𝑈𝑇 −  𝑃𝐼𝑁)  [𝑊]

 𝑃𝐷𝐶[𝑊]
  (Eq.1-2) 

 Saturated output power (PSAT): This is the maximum output power achievable by the PA 

due to gain compression, and it is used as a design parameter to determine the bias 

operating point of the PA. For sinusoidal waveform, PSAT is defined as the maximum 

power delivered to the load impedance (ZL) at the fundamental frequency, where VDD is 

the supply voltage while VDSAT is equivalent to the overdrive voltage.  

𝑃𝑆𝐴𝑇[𝑊] =  
 (𝑉𝐷𝐷 −  𝑉𝐷𝑆𝐴𝑇)2

2 ∙ 𝑍𝐿
 (Eq.1-3) 

1.1.2 Review of PA classes 

PAs are classified into linear (class A, B, AB, C) and non-linear (class D, E, F) PAs as 

distinguished by their conduction properties presented in the following:  

 Linear PAs operate as current sources, where the conduction angle (θC) of the drain 

current waveform is dependent on the DC bias voltage level of the gate terminal as shown 

in Figure 1-3. Class A PAs are biased at VG≈VDD/2 such that the drain current waveform 

remains a pure sinusoidal for the entire period of the input RF voltage swing. Class B PAs 

are biased at the threshold voltage, where the PA is switched off during half the period. 

For class C, the PA is switched off for more than half the period since the gate voltage 

bias is lower than the threshold voltage. Table 1-1 summarizes the θC for the different 
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linear PAs. It can be observed that the drain efficiency, which represents the ratio of the 

RF power at fundamental frequency to the DC power, decreases as θC increases. This is 

due to the higher power dissipation in the PA as a consequence of the increase in drain 

voltage and current waveforms overlap time. The linearity of the PA is proportional to the 

conduction cycle, thus achieving linearity and efficiency simultaneously is a challenge for 

the same RF output drive level. In general, RF CMOS PAs are designed in class AB as 

they offer a good compromise between linearity and efficiency by providing better 

linearity than class B and higher efficiency than class A. It should be noted that the 

efficiency values are theoretical, actual values are much reduced because of non-idealities 

and losses in the active (device) and passive components (matching networks) [1].  

 

 

Figure 1-3: (left) The gate bias voltages determine the operation class of PAs. (right) The conduction 

angles of current waveform corresponding to each linear PA class [2] 

Table 1-1 : Performance of linear PAs of class A, AB, B and C relative to their conduction angles.  

Class A AB B C 

Conduction 

angle 
2π π-2π π <π 

Max drain 

efficiency 
50% 50%-78.5% 78.5% 78.5-100% 

Linearity High Medium Low Very Low 

 Non-linear PAs are designed with the objective of enhancing efficiency. To reduce power 

dissipation, two conditions must be fulfilled: switching mode operation and minimal 

overlap between large drain voltage and current waveforms. As a consequence, the PA 

device no longer functions as a current source, but rather as a switching amplifier. Careful 

design of the output matching network is necessary to ensure that the voltage and current 

waveforms are out of phase. The drain voltage and current waveforms of class E and F 

PAs are illustrated in Figure 1-4. Theoretically, the 100% of maximum drain efficiency is 

achievable for both class E and F PAs since the output matching network can be tuned in 

the time-domain and frequency-domain respectively to obtain zero overlap between drain 

voltage and current. 

Hot carrier stress is a reliability concern in linear RF power amplifiers as conduction 

current is present during high gate-to-drain voltage. This leads to time-dependent device 
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parametric degradation of the device, which is associated to RF performance degradation. 

Most PAs are designed using NMOS transistors to take advantage of their higher mobility 

properties, while hot carrier degradation is more severe in NMOS compared to PMOS. 

Switched mode PAs suffer from minimal hot-carrier stress due to the limited drain current 

flowing during its conduction period. Oxide breakdown is a problem for high efficiency PAs 

as the peak amplitude of the drain voltage can range between 2 (class AB) to (class E) 3.5 

times of the supply voltage during non-conducting mode, resulting in a configuration of gate 

voltage near threshold voltage when the drain voltage is high. Further details on PA reliability 

issues are provided in Section 1.3.1.1. 

 
Figure 1-4 : Non-overlapping drain and current waveforms of non-linear PAs (Class E and class F) 

enable maximum efficiency. [2] 

1.1.3 Design challenges of RF PA for mmW applications 

Power amplifier design faces trade-off between efficiency and linearity due to the high data 

rate requirements for modern wireless communication standards. To increase the data rate 

transmission, higher order modulation such as quadrature amplitude modulation (QAM) is 

combined with multiple carrier transmission scheme, i.e. orthogonal frequency division 

multiplexing (OFDM), which results in high peak-to-average power ratio (PAPR) signals 

where the peak power is 10 – 12 dB greater than the average power [3]. This demands the PA 

to operate in the non-linear region (beyond P1dB) thus causing distortion to the transmitted 

RF signal and interference in the adjacent channels. The common approach to satisfy linearity 

requirements for high PAPR signal transmission is to operate at power back-off as illustrated 

in .  

 
Figure 1-5 : (left) OFDM signals with high PAPR ≈8.5dB transmitted by an RF PA [2], (right) Power back-off 

scheme considering linearity-efficiency trade-off to limit high PAPR signal distortion.  

However, this comes at the cost of reduction in efficiency, as the PAE in this operating region 

is typically much lower than the maximum PAE. At present, Doherty PA architectures offer 

efficiency enhancement in back-off power range and remains an active area of research to 

improve both efficiency and linearity metrics of PAs.   
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Besides high linearity and high efficiency, high output power is desired in mmW PAs. 

As an example, the estimated power requirement for 5G at 28GHz or 39GHz (taken from [4]) 

is shown in Table 1-2 to illustrate the power budget of mmW PAs in user-end handset 

equipment and base station. The Effective Isotropic Radiated Power (EIRP), which represents 

the strength of the transmitted signal in the direction of maximum antenna gain, is an 

important parameter to ensure the quality of service of wireless communication link. It is 

defined by the power transmitted by the PA (PT), antenna gain (GANT) and the transmission 

loss between the transmitter and antenna (LC), i.e., signal attenuation through RF switch, 

interconnects, and packaging. The beamforming antenna arrays (𝑁𝐴𝑁𝑇)  provide a higher 

directivity using multiple PAs thus boosting the effective radiated power of each array by N². 

The usage of a high number of antennas in base station enables large EIRP to provide wider 

coverage and more reliable link to a large number of users compared to handset devices. The 

power per PA (𝑃𝑇0), expressed in eq.1-5, is expected to supply maximum 𝑃𝑇0 between 20 

dBm to 24dBm in the case of handset equipment as a consequence of implementing high 

PAPR modulations. This implies that each PA needs to handle approximately hundreds of 

milliwatts at maximum power which translates to VDD of more than 3V (for ZL=50Ω) to 

produce high output voltage swings.   

 

𝐸𝐼𝑅𝑃[𝑑𝐵𝑚] =  𝑃𝑇[𝑑𝐵𝑚] + 𝐺𝐴𝑁𝑇[𝑑𝐵] − 𝐿𝐶[𝑑𝐵] 
 

(Eq.1-4) 

 

𝑃𝑇0[𝑑𝐵𝑚] =  𝐸𝐼𝑅𝑃[𝑑𝐵𝑚] −  20. log10(𝑁𝐴𝑁𝑇) − 𝐺𝐴𝑁𝑇[𝑑𝐵] +  𝐿𝐶[𝑑𝐵] 
 

(Eq.1-5) 

 
Table 1-2 : 5G communication EIRP requirements for handset and base station at 28GHz/39GHz which 

determines the output power that each PA needs to supply to antenna arrays. Base stations are required to operate 

at higher EIRP to provide wider coverage, higher capacity, and improved connectivity.  

 
Handset Base station 

EIRP  30 dBm 55 dBm 

𝑁𝐴𝑁𝑇 4-6 (estimate) 64 

Average 𝑃𝑇0 11-15 dBm 16 dBm 

Maximum 𝑃𝑇0 20-25 dBm 25 dBm 

 

As VDD is strongly limited by the device technology breakdown voltage constraints, PA 

designers look to architectural solutions to reduce the high voltage swings that a single device 

needs to sustain and at the same time achieve high output power. One strategy is to use 

stacked or cascode PA structures compared to standalone common-source structures [5]. The 

cascode PA consists of stacking one common-source transistor on top of a common-gate 

transistor such that the maximum output voltage swing of each individual transistor (VMAX) is 

proportional to nominal VDD to enhance the overall output voltage by 2*VMAX. In stacked 

PAs, the overall output voltage swing of a stack of N devices is ideally increased by N*VMAX 

thus increasing output power by (N*VMAX)2. In practice, the stack should not consist of more 

than 4 devices to avoid stability issues and also amplitude and phase imbalance between the 

transistors (due to intrinsic and extrinsic parasitic components) which lowers the efficiency 

comparable to that of a standalone PA [6].  
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Another design strategy to maximize output power delivered by PAs is to optimize output 

load impedance. Power matching, which is not necessarily conjugate matching, consists of 

presenting an optimal load impedance ZLopt = Ropt + jXopt with a lower resistive part (Ropt) to 

maximize the current flowing across the load and a reactance part (Xopt) that increases either 

the voltage or current swings [7]. Determining ZLopt by handbook calculations is not simple 

as it seems, since it is necessary to consider device non-idealities, layout and/or packaging 

effects which can rapidly complicate these calculations. In order to identify the optimal 

operating point (max gain/max PAE), load pull measurement systems provide a practical 

solution for large-signal characterization of active devices by synthetizing Ropt and Xopt for a 

fixed frequency. Large-signal PA characterization on a load pull setup will be introduced later 

on in Chapter 2. 

1.2  Semiconductor technologies for RF/mmW PAs 

1.2.1 FT/FMAX comparison in different technologies 

The RF gain performance of a PA is strongly dependent on the transistor’s figure of merits, 

i.e., transition frequency (FT) and maximum oscillation frequency (FMAX). FT and FMAX refer 

to the frequency at which the current gain and unilateral power gain reaches unity (gain=0) 

respectively. To achieve sufficient power gain and efficiency, FT/FMAX values should be 

greater than 3 to 5 times the operating frequency [3], implying that transistors targeting mmW 

applications need FT and FMAX greater than 150GHz. The comparison of FT and FMAX across 

different silicon (CMOS bulk and SOI, SiGe HBT) and III-V (GaAs, GaN, InP) technologies 

is shown in Figure 1-6 [8].  

 
Figure 1-6 : RF performance benchmark of FT  and FMAX for state-of-the-art silicon and III-V transistors  [8] 

In CMOS-based technologies (bulk and SOI), channel length downscaling has greatly 

improved FT/FMAX to the range of 200 – 450GHz for sub 100nm nodes. The limiting factor in 

enhancing the FT/FMAX beyond 400GHz is due to the impact of higher gate resistance and 

increased device parasitic capacitances which degrades the carrier mobility. The side effect of 

channel length scaling in CMOS devices is the power density limitation, arising from low 

breakdown voltages. FT/FMAX of SiGe heterojunction bipolar transistor (HBT) is reported to 

achieve 500GHz/700GHz (without CMOS integration), thus making it a viable choice for 

sub-THz applications. 
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For III-V technologies, FT/FMAX of GaN-based devices is at the same range of scaled 

CMOS devices but lower compared to InP HBTs. However, GaN devices are capable of 

handling higher power density since they have higher breakdown voltages (larger bandgap) 

than CMOS-based devices. Despite the promise that III-V technology holds, CMOS devices 

remain the popular candidate for most of the mmW applications, attributed to advantages such 

as integration of analog and digital circuits in front-end modules and cost-efficient 

manufacturing.  

1.2.2 Power requirements for wireless communication standards 

 
Figure 1-7 : Peak power specifications for 4G and 5G communication standards [4] 

Another important criterion in technology choice for mmW PAs is the peak power 

requirement levels which have seen progressive reduction from 4G to 5G communication 

standards, as illustrated in Figure 1-7 [4]. This is the result of EIRP improvements brought on 

by beamforming antenna arrays. Historically, GaAs pHEMT served as the main technology 

for base station PAs before the emergence of GaN amplifiers. Both of these devices support 

higher power density to provide higher EIRP than that of handset units. Interestingly, CMOS 

becomes an attractive technology for mmW PAs in 5G handset and small cell usage, as the 

required peak power per power amplifier is scaled down to below 1W.  

1.2.3 SOI CMOS devices for RF/mmW applications 

Silicon-on-Insulator (SOI) based CMOS devices are fabricated on a buried oxide layer 

has many advantages as it reduces parasitic capacitances, substrate noise, leakage current, as 

well as providing natural latch-up immunity [9, 10]. As illustrated in Figure 1-8, there are two 

types of SOI CMOS transistors, which are known as Partially-Depleted SOI (PDSOI) and 

Fully-Depleted SOI (FDSOI) transistors. The major differences between the two SOI CMOS 

devices are based on the thickness of the active silicon (body) layer (tSi) and the thickness of 

BOX layer (tBOX). In PDSOI devices, the depletion region does not completely extend over 

the entire body region. When the body of a PDSOI device is tied to the source or the ground, 

it is known as a body-contacted device and has similar characteristics as a bulk CMOS device. 

This suppresses occurrence of floating body effects, which arise from the accumulation of 

minority carriers in the undepleted body region, since they are evacuated via the body contact 

[11]. Due to thinner body layer in FDSOI devices (tSi ≤50nm), the active region is fully 

depleted. Combining this with thin BOX layer leads to full electrostatic control of the channel 
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and thus significantly reducing short-channel effects, which is one of the limiting factors in 

CMOS device scaling. PDSOI has found success in the RF front-end module market as it is 

compatible with high resistivity substrate which provides improved RF passive component 

performances and limits substrate coupling [12]. FDSOI technology mainly targets high-

speed digital and ultra-low power applications by leveraging its body-bias tuning feature via a 

back-gate terminal [9].  

 

Figure 1-8 : Representation of an NMOS transistor in PDSOI (left) and FDSOI (right) technology.  

1.3 Reliability challenges of RF/mmW PA applications  

1.3.1 Introduction to CMOS reliability  

Reliability of a semiconductor device refers to its ability to perform its intended function over 

an expected time duration in a specified use case such as voltage, temperature, duty cycle, and 

environmental factors, which is defined by the mission profile for a targeted application. Over 

the last few decades, the critical dimensions of the CMOS transistor have been continuously 

shrinking with the goal of gaining high performance and low power devices mainly 

implemented in VLSI technology. It was discovered that device scaling yields lower 

reliability margins thus significant research efforts were employed to understand and model 

the reliability physics in transistor aging [13]. This section presents the main reliability 

concepts of degradation and failure mechanisms concerning RF/mmW PAs, respectively 

associated to hot carrier injection (HCI) and time-dependent dielectric breakdown (TDDB). 

1.3.1.1 CMOS reliability mechanisms concerning RF/mmW PAs 

A. Hot carrier injection (HCI) 

Hot carriers appear in the MOSFET channel when a high electric field is applied on the drain 

terminal which causes the carriers (holes or electrons) to acquire large kinetic energy across in 

the pinch-off region. For bias conditions in saturation mode with high VGD 

(VT<VGS<<VDSAT), the hot carriers can trigger the impact ionization (II) process located at the 

drain region by generating electron-hole pairs. The injection mechanism depends on the 

vertical electric field, determined by the gate bias voltage which modulates the energy barrier 

of Si/SiO2 interface. Subsequently, the “lucky” carrier, corresponding to the II-generated 

carriers that are able to surmount the Si/SiO2 energy barrier (~3.1eV for electrons and 4.7eV 

for holes), are injected into gate oxide which create defects in the oxide or at the Si/SiO2 
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interface along the channel. The formation of defects then leads to device parametric 

degradation and may contribute to device failure.     

Figure 1-9 : (a) Impact ionization (II) process in an NMOS device localized at the drain region [14]. 

(b) The energy band diagram showing the amount of energy required for electron or hole injection at 

the Si/SiO2 interface [14] 

Early HCI studies [15], [16], [17] on long channel devices (L>180nm) have reported that the 

carrier heating phenomenon is primarily driven by the high lateral electric field between the 

drain and channel pinch-off point (VDS-VDSAT). However, the downscaling of channel length 

and oxide thickness combined with the non-proportionate voltage scaling in advanced CMOS 

nodes introduced novel mechanisms of channel hot carrier transport in short-channel 

MOSFETs. The authors in [18] found that the energy exchange between carriers, known as 

carrier scattering, is responsible for the generation of hot carriers in ultra-scaled devices (gate 

length L<100nm). This is due to the quasi-ballistic transport of carriers in the case where the 

channel length is comparable or smaller than the mean free path of carriers, implying the 

lower probability of scattering events during carrier acceleration [19]. Among the different 

scattering mechanisms, it has been demonstrated in [20] using carrier energy distribution that 

electron-electron scattering (EES) leads to the enhancement of hot-carrier degradation in 

short-channel NMOS under high VG stress conditions. The higher carrier density driven by 

VG increases the probability of collision between the carriers under EES, resulting in the 

population of higher energy fractions beyond the lateral applied drain bias ~qVd, producing a 

high energy tail in the carrier distribution as shown Figure 1-10. Hence, the hot-carrier 

degradation models focusing on the energy-driven characteristics of hot carrier transport and 

defect generation have been adopted, which will be discussed later in this section.  

 
Figure 1-10: Under quasi-ballistic transport conditions, the EES mechanism may occur where an electron gains 

almost twice the kinetic energy (~2qVd) after collision. [21] 
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As mentioned previously, the injection of hot carriers, aided by the vertical field, contributes 

to the generation of defects at the Si/SiO2 interface (known as interface states) and in the gate 

oxide layer (known as oxide traps). Interface states are formed through a two-step process 

where the first step involves the Si3≡Si-H bond dissociation induced by hot carriers, followed 

by the release of the hydrogen species H* which produces a de-passivated Si3≡Si* dangling 

bond (commonly known as Pb centers). Thus, interface states act as trapping centers to 

capture electrons or holes to become positively or negatively charged which degrade the 

MOSFET electrical parameters. The creation of oxide defects, i.e., bulk and border traps have 

less influence on the HCI-induced electrical parameter drift in thin gate-oxide of scaled 

devices [22]. The Si-H bond dissociation concept has been reported by the Hess group as the 

competition between defect creation by single particle (SP) and multiple particle (MP) 

carriers [23]. Similar to the lucky electron concept, the SP process (also known as single 

vibrational excitation (SVE)) can be explained by the energy transfer of a single high-energy 

carrier to break the bond. The MP process consists of the multi-vibrational excitation (MVE) 

of the Si-H bond where the bond excitation occurs due to bombardment of several cold 

carriers with low energy.  

 
 

Figure 1-11 :SP and MP bond dissociation process [24] 

As illustrated in  

Figure 1-11, the bond excitation energy rate (Pu) rises as a result of the energy deposited by 

the increasing interaction between multiple cold carriers which weakens the bond. When the 

last bonded state is achieved, bond dissociation is eventually triggered (hydrogen release). In 

principle, it is assumed that the carrier flux instead of carrier energy is enough to create 

interface defects through the MVE bond dissociation mechanism. 

From the current state-of-the-art, it is evident that the role of carrier transport contributing to 

interface state generation is fundamental in the HCI modeling approach. In the following, we 

will describe the HCI modeling evolution from field-driven to energy-driven approach.  

 Field-driven model:  

The lucky electron model (LEM) was proposed by the authors in [16] to relate the interface 

state generation threshold energy Φ𝐼𝑇 with the II process threshold energy Φ𝐼𝐼. The ratio of 

the substrate current to the drain current, used as a monitoring parameter of the impact-
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ionization rate, is dependent on the energy gained by the hot carriers accelerated by peak 

lateral field 𝐸𝑚𝑎𝑥 along the mean free path 𝜆 without collisions: 

𝐼𝑆𝑈𝐵

𝐼𝐷
∝  𝑒𝑥𝑝 (−

Φ𝐼𝐼

𝑞𝜆𝐸𝑚𝑎𝑥
)   (Eq.1-6) 

The interface state generation rate can then be described as a time-dependent function of the 

lucky hot carriers having surmounted the Si/SiO2 barrier with an energy threshold of Φ𝐼𝑇: 

Δ𝑁𝐼𝑇 ∝ [𝑡.
𝐼𝐷

𝑊
. 𝑒𝑥𝑝 (−

Φ𝐼𝑇

𝑞𝜆𝐸𝑚𝑎𝑥
)]

𝑛

∝  [𝑡.
𝐼𝐷

𝑊
. (

𝐼𝑆𝑈𝐵

𝐼𝐷
)

Φ𝐼𝑇
Φ𝐼𝐼

]

𝑛

    (Eq.1-7) 

 

The device lifetime 𝜏 to achieve a given value of Δ𝑁𝐼𝑇 is define with a constant m= Φ𝐼𝑇/Φ𝐼𝐼. 

𝜏 ∝  (
𝐼𝐷

𝑊
)

−1

(
𝐼𝑆𝑈𝐵

𝐼𝐷
)

−𝑚

    (Eq.1-8) 

From eq.1-7, it is clear that the worst-case condition for HCI corresponds to the maximum 

substrate current (at VG ∼ VD/2). However, for ultra-scaled devices, the interface state 

generation rate is no longer limited to only field-accelerated single-carrier mechanism, i.e., 

lucky hot carriers. As a result, the worst-case HCI condition shifts from VG∼VD/2 (long 

channel NFET device) to VG∼VD (short channel device NFET and PFET) as observed from 

experimental data in [14]. 

 

 Energy-driven model:  

The energy-driven approach introduced by [20] considers the contribution of EES in the II 

rate (rII) dependence as shown in eq.1-9: 

𝜏 ∝ 𝑓(𝐼𝐷) (
𝐼𝑆𝑈𝐵

𝐼𝐷
)

−𝑚

∝ 𝑓(𝐼𝐷) 𝑟𝐼𝐼
−𝑚    (Eq.1-9) 

where 𝑓(𝐼𝐷)  is a bias-dependent function that is determined by two different transport 

regimes. Considering that 𝐼𝐷 increases with 𝑉𝐺 for a given 𝑉𝐷, the first regime concerns the 

SVE degradation mode (similar to LEM) represented by low 𝐼𝐷 and low 𝑉𝐺 conditions, as a 

result of direct heating due to the strong lateral field. In this high-energy regime, 𝑓(𝐼𝐷) is a 

linear function of 𝐼𝐷 such that 𝑓(𝐼𝐷) = (𝐼𝐷/𝑊)−1. The second medium energy regime covers 

the mid-𝑉𝐺  range in which  𝑓(𝐼𝐷) = (𝐼𝐷/𝑊)−2 exhibits a quadratic behavior owing to the 

moderate energetic carriers accelerated through the EES process to access energy levels 

required for bond dissociation. The authors in [25] extended the energy-driven approach to 

account for the low energy regime when entering the high 𝑉𝐺 range where carrier transport is 

concentrated at the interfacial inversion layer. The HCI degradation in this regime is governed 

by the MVE process caused by the increased cold-carrier flux and is described as 𝑓(𝐼𝐷) =

(𝐼𝐷/𝑊)−𝐸𝐵/ℏ𝜔. Finally, a complete device lifetime model is established as the contribution of 

three HCI modes competing in parallel:  
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1

𝜏
=

𝐾𝑆𝑉𝐸

𝜏𝑆𝑉𝐸
+

𝐾𝐸𝐸𝑆

𝜏𝐸𝐸𝑆
+

𝐾𝑀𝑉𝐸

𝜏𝑀𝑉𝐸
   (Eq.1-10) 

 The significant feature of HCI degradation is the strong damage localization at the 

drain region resulting in the time-dependent variation of MOSFET electrical characteristics. It 

has been widely documented that the hot carrier-induced defects cause threshold voltage (VT) 

drift, transconductance (gm) and linear (IDlin) and saturation (IDsat) drain current reduction as 

presented in Figure 1-12.  

 

 
Figure 1-12 : Impact of hot carrier degradation on MOSFET IDVG characteristics [26] 

Since these electrical parameters are representative of the HCI damage, the correlation 

between the parametric degradation and the bias dependence of the device can be made to 

empirically model HCI degradation. The authors in [15] presented a simple HCI model where 

the drift of a given parameter ∆𝐷  is fitted using a power law time dependence and a 

coefficient A which describes the 𝑉𝐷 dependence of the impact ionization rate: 

∆𝐷 =  𝐴. 𝑡𝑛 ∝  𝑒𝑥𝑝(−𝛼/𝑉𝐷). 𝑡𝑛 (Eq.1-11) 

The advantage of this modeling approach is that the device lifetime from the accelerated DC 

HCI stress conditions to real device operation voltages can be easily extrapolated. Another 

empirical model derived from the energy-driven paradigm was proposed by [27]. Similar to 

the model in Eq.1-12, a time power law is used to model the device parameter drift. 

Additional terms were incorporated to model the carrier energy proportional to (𝑉𝐷  − 𝑉𝐷𝑆𝐴𝑇) 

while the injected carrier density is modulated by the term (𝑉𝐺  − 𝑉𝑇)𝑝 .  

∆𝐷 =  𝐴. 𝑡𝑛. 𝑒𝑥𝑝[𝐵. (𝑉𝐷  − 𝑉𝐷𝑆𝐴𝑇)]. (𝑉𝐺  − 𝑉𝑇)𝑝 (Eq.1-12) 

In comparison to the model of Eq.1-9 which is a function of 𝐼𝐵/𝐼𝐷, this model is suitable for 

bulk and especially FDSOI devices which body is isolated from the substrate. As illustrated in 

Figure 1-13, the model is able to capture the device scaling properties as well as bias 

dependence from low to high 𝑉𝐺.  

 

IDlin/IDsat drift 
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Figure 1-13:IDlin degradation computed by HCI model of Eq 1-12 shows good agreement with experimental data 

for different device channel length and gate stress bias [27] 

Research in AC effects on HCI degradation started to gain interest as the reliability 

criterion imposed by DC stress on logic circuits became more restrictive with technology 

scaling. The pioneering work on AC lifetime modeling was done by [28] on the basis that it is 

computed by integrating the degradation over a sequence of short DC stresses. This quasi-

static (QS) interpretation has evolved into the AGE function which is implemented in 

reliability simulators to predict AC and/or RF degradation for time-varying stresses under 

different bias conditions. The authors in [29] demonstrated the AGE function using the QS 

approximation for a time power-law type DC degradation ∆𝑃 that is given by:  

∆𝑃(𝑡)  =  𝐶. [𝑓(𝑉𝑖). 𝑡]𝑛 (Eq.1-13) 

 

where C is a constant, n is the power-law time exponent with values between 0 and 1, and 

𝑓(𝑉𝑖) is a function of the MOSFET terminal voltages. The constant-bias degradation rate can 

be obtained as: 

𝑑∆𝑃(𝑡)

𝑑𝑡
 = 𝑛. 𝑓(𝑉𝑖). 𝐶1/𝑛. [∆𝑃(𝑡)]1−1/𝑛 (Eq.1-14) 

 

such that the time dependence of 𝑑∆𝑃(𝑡)/𝑑𝑡  can be removed to provide a practical 

implementation of the QS approximation. In the case that the bias voltage varies slowly in a 

way that the degradation rate is assumed to remain constant over a given stress duration, the 

QS approach assumes that:  

𝑑∆𝑃(𝑡)

𝑑𝑡
 = 𝑛. 𝑓(𝑉𝑖(𝑡)). 𝐶1/𝑛. [∆𝑃(𝑡)]1−1/𝑛 (Eq.1-15) 

 

By separation of variables, eq.1-15 can be expressed as:  

𝑑∆𝑃(𝑡)

𝑛. [∆𝑃(𝑡)]1−1/𝑛
 =  𝑓(𝑉𝑖(𝑡)). 𝐶1/𝑛. 𝑑𝑡 (Eq.1-16) 
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After integrating both sides of eq.1-16, the AGE function is defined as: 

∆𝑃(𝑡) =  𝐶. [∫ 𝑓(𝑉𝑖(𝑡′)). 𝑑𝑡′

𝑡

0

]

𝑛

 (Eq.1-17) 

𝐴𝐺𝐸(𝑡) =  ∫ 𝑓(𝑉𝑖(𝑡′)). 𝑑𝑡′

𝑡

0

 (Eq.1-18) 

During circuit aging simulations, the age rate, which correspond to 𝑓(𝑉𝑖(𝑡′)) , is 

calculated for each device in the circuit at each time step. Then, ∆𝑃 over one period of AC 

signal (∆𝑃(𝑇𝑝𝑒𝑟𝑖𝑜𝑑))  is computed by the AGE function. To achieve device or circuit lifetime 

prediction for a longer simulation time frame, e.g., 𝑇𝑆𝐼𝑀=10 years, the total degradation of 

∆𝑃(𝑇𝑆𝐼𝑀)  is generally extrapolated as shown in eq.1-19. 

∆𝑃(𝑇𝑆𝐼𝑀)  = ∆𝑃(𝑇𝑝𝑒𝑟𝑖𝑜𝑑) . (
𝑇𝑆𝐼𝑀

𝑇𝑝𝑒𝑟𝑖𝑜𝑑
)

𝑛

 (Eq.1-19) 

The QS approach for HCI degradation modeling has been confronted to experimental data for 

RF stress at the drain terminal with an amplitude of VDMAX (gate terminal kept constant DC 

bias VG=VDMAX for on-state condition) of an NMOS device [30]. No frequency dependence 

was reported for ∆VTLIN and ∆IDSAT between 10MHz and 3.2GHz. By applying RF stress on 

both gate and drain terminals, the authors in [31] reported that the QS modeling approach is in 

good agreement with experimental data at 6GHz and 10GHz corresponding to class A PA 

operating conditions without any significant frequency dependence on ∆IDLIN. In [32], the QS 

approach applied to the energy-driven HCI model (similar to eq.1-10) is able to reproduce 

∆IDSAT after RF HCI stress measurements at 60GHz of a class A PA. Based on these results, it 

is clear that HCI degradation modeling using the QS approach is applicable for NMOS PA 

devices subjected to on-state RF stress up to 60 GHz. 

B. Time-dependent dielectric breakdown (TDDB) 

Dielectric breakdown refers to the loss of the dielectric layer’s insulating properties. TDDB is 

caused by the random defect creation when an electrical and/or thermal stress is applied, 

which results in the formation of a percolation path within the dielectric layer over time. For 

CMOS technology, the gate dielectric layer contains silicon-dioxide (SiO2) based materials, 

thus the term oxide breakdown is commonly found. Figure 1-14 illustrates the gate (IG) and 

substrate (IB) current of a CMOS transistor, monitored under constant gate voltage stress. It 

can be observed from IG that the several breakdown events occur during stress, where the 

initial breakdown is known as soft breakdown (SBD), incurs an increase in noise level until 

the abrupt jump of several orders in magnitude of both IG and IB marks the hard breakdown 

(HBD). The transistor remains operational after SBD whereas the HBD is a catastrophic 

failure which renders the transistor non-operational. The time-to-breakdown (𝑇𝐵𝐷) in TDDB 

studies is usually defined by HBD.  
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Figure 1-14 : During constant voltage stress, HBD can be detected by IG monitoring while both HBD and SBD 

can be detected by IB monitoring [33] 

The stochastic nature of the TDDB is characterized by probability distribution 

functions which enable the representation of a large number of tested samples by a few 

parameters in order to perform statistical analysis of experimental data. The Weibull 

distribution has been widely applied in TDDB experimental data analysis due to its 

compatibility with the weakest link properties of hard breakdown. The cumulative distribution 

function F describes the failure rate of a population of tested devices given by eq.1-20. In 

order to obtain a linear relation between time (t) and F(t), eq.1-20 is transformed into eq.1-21, 

which is also known as the Weibull function (W). 𝑇63 denotes the characteristic time at which 

63% of tested samples achieve hard breakdown. 𝛽  represents the slope parameter of the 

Weibull distribution which can be easily extracted from the linear plot of eq.1-21.  Higher 𝛽 

translates to a smaller TBD dispersion of the samples, while smaller 𝛽 means that the TBD 

dispersion is large, with 𝛽 ≤ 1  indicating early device failure due to extrinsic defects 

(process-induced instead of intrinsic defects (stress-induced).  

𝐹(𝑡) = 1 − 𝑒
(−

𝑡
𝑇63

)
𝛽

 

 

(Eq.1-20) 

 

𝑊(𝐹) = ln(− ln(1 − 𝐹(𝑡)) =  𝛽. ln(𝑡) −   𝛽. ln(𝑇63)  
 

(Eq.1-21) 

The concept of critical defect density has been instrumental in explaining the breakdown 

statistics based on defect generation in the dielectric layer. The percolation model developed 

by [34] revealed that the oxide thickness 𝑇𝑂𝑋  and the lattice constant of 𝑎0  (equivalent to 

defect diameter) is correlated to 𝛽 according to eq.1-22, in agreement with experimental data. 

This points out that oxide thickness scaling results in a lower 𝛽  value, which is the 

consequence of the decrease in critical defect density in thinner oxides. It should be noted that 

𝛽 is independent of stress voltage.  

𝛽 = 𝛼
𝑇𝑂𝑋

𝑎0
 

 

(Eq.1-22) 
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Figure 1-15 : Time-to-failure projections of different TDDB models [35] 

Empirical TDDB models describe the oxide defect generation behavior to predict  𝑇𝐵𝐷 by 

using voltage or electric field (E-field) dependent acceleration factor, extracted from wafer 

level oxide breakdown tests under TDDB accelerated stress conditions, i.e., high stress 

voltages/temperatures. TDDB models provide oxide lifetime projections at lower voltages 

where prolonged stress durations (in the order of months/years) are required to achieve device 

breakdown. As shown in Figure 1-15, the extrapolation of time-to-failure at low E-

fields/voltages can vary by several orders of magnitude depending on the choice of the TDDB 

model with the E-model being the most conservative model. Each model is based on different 

physical explanation of defect generation which is discussed in the following [35], [36], [37]:  

 E-model (thermochemical model): 

𝑇𝐵𝐷~ exp(−𝛾𝑉𝑉) ~ exp(−𝛾𝐸𝐸) (Eq.1-23) 

This is a field-driven model where the formation of defects in the oxide results from Si-O 

bonds broken by thermal activation which is strongly dependent on the electric field. Oxide 

breakdown is triggered when the critical number of broken bonds is locally achieved. 

However, this model assumes that neither carrier injection nor conduction current participates 

in the breakdown process, thus raising questions about its ability in providing realistic TBD 

projections.  

 

 1/E model (anode hole injection model):  

𝑇𝐵𝐷~ exp(𝐺𝑉𝑉) ~ exp(−𝐺𝐸/𝐸) (Eq.1-24) 

In this model, the oxide degradation process is associated with hole generation at the anode 

and injected back through the oxide (gate) due to Fowler-Nordheim tunneling. This current 

conduction mode dominates at large oxide fields (> 5MV/cm), which could not explain the 

hole generation rate and efficiency at low field/voltages [38].    

 

 Power law model (anode hydrogen release model):  
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𝑇𝐵𝐷~𝑉−𝑛~ 𝐸−𝑛 (Eq.1-25) 

The power law model is widely accepted in TDDB lifetime projections for ultra-thin 

dielectrics (TOX<4nm) where the ballistic carrier transport dominates. The mobile hydrogen 

species released during the interface state creation diffuse towards the gate oxide under the 

applied field is believed to create traps within the oxide bulk [39].  

 

 Square-root of E model:  

 

𝑇𝐵𝐷~ exp(−𝑚𝑉 √𝑉
2

) ~ exp(−𝑚𝐸 √𝐸
2

) (Eq.1-26) 

 

The model originates from the current-induced oxide degradation based on Poole-Frenkel 

conduction mechanism. This model has been adopted for TDDB modeling of low-k 

dielectrics, where the presence of shallow oxide traps, favoring the Poole-Frenkel effect, is 

due to the impurities found in low dielectric constant (low-k) dielectrics used for middle-end 

or back-end of line [40].  

 

Supported by numerous experimental results reported in the literature, the voltage 

power law TDDB model provides realistic 𝑇𝐵𝐷 projections for thin-oxide devices at voltage 

below 3V. The complete 𝑇𝐵𝐷  model is given in Eq.27 which describe the dependence of 

NMOS dielectric properties (𝛽), area (W, L) and temperature acceleration factor (T). The 

power law dependence of the stress voltage has strong implications on the predicted outcome 

of 𝑇𝐵𝐷 since the voltage acceleration factor (𝑛) has a range between 30 and 44 (depending on 

stress conditions). As a consequence, it is necessary to ensure stress voltage integrity during 

TDDB stress measurements. 

𝑇𝐵𝐷 = 𝐴.
1

𝑊𝐿

1/𝛽

𝑒
𝐸𝑎
𝑘𝑇 . 𝑒

ln (− ln(1−𝐹))
𝛽 . 𝑉𝑠𝑡𝑟𝑒𝑠𝑠

−𝑛  
(Eq.1-27) 

 

 

 
 

 

Figure 1-16 : (left) Experimental data from on-state AC TDDB shows an increase in 𝑇𝐵𝐷  compared to DC TDDB 

[41]. (right) For a targeted device lifetime of 10 years, the DC TDDB model shows a more conservative lifetime 

prediction compared to the AC TDDB model [42] 

Considerable efforts have been dedicated into AC TDDB research in the last decade to assess 

the device lifetime enhancement at higher frequencies (Figure 1-16), which could potentially 
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benefit logic and RF circuits. AC TDDB characterization reported in the literature mostly 

involve high-k metal-gate (HKMG) transistors stressed at high gate voltage at a few Hz to 

1MHz using standard test setup [43], [44], [45], [46]. Specific test setup and structures to 

guarantee AC TDDB stress signal integrity (voltage overshoots, transition time and duty 

cycle) at frequencies MHz to GHz range have been recently reported in [41], [42]. At present, 

the physical origin that causes 𝑇𝐵𝐷 improvement under AC TDDB is still under debate. The 

authors in [43] demonstrated through fast BTI measurements, where the stress interruption for 

IV characterization is performed within very short duration (1.5µs) to suppress charge de-

trapping, that VT drift doesn’t show any frequency dependence with unipolar AC gate stress. 

This implies that the charge de-trapping mechanism during the relaxation part of the AC 

stress signal cannot explain the gain of AC/DC 𝑇𝐵𝐷. Another physical theory reported by [47] 

states that the reduction of local electric field due to the lack of full dielectric polarization 

response (dielectric relaxation) is responsible for the AC TDDB enhancement. According to 

the results in [46], [48] different defect (interface state) generation rates have been reported 

for DC and AC stress cases following the different time exponent of stress-induced leakage 

current (SILC) measurements. Based on this hypothesis, the authors in [49] presented a 

frequency power law model with the following assumptions:  

 𝑇𝐵𝐷 increases uniquely as a function of the pulse duration of the stress part (independently 

of relaxation part) due to the non-constant defect generation rate. 

 The number of defects cumulated at each stress pulse does not depend on the previous 

sequences, i.e., historical/recovery effects.  

 

The 𝑇𝐵𝐷 model for AC stress waveform can then be described as the number of pulses N, each 

of a stress duration τ, to achieve the critical number of defects 𝑁𝐵𝐷 in the event of breakdown: 

𝑇𝐵𝐷 = 𝑁. τ (Eq.1-28) 

  

where 𝑁𝐵𝐷 is related to N and the number of defects generated in a period 𝑁𝐷𝐸𝐹 described by:  

𝑁𝐵𝐷 = 𝑁. 𝑁𝐷𝐸𝐹 (Eq.1-29) 

  

and 𝑁𝐷𝐸𝐹 is represented by a time power law dependence with the exponent 𝑛 :  

𝑁𝐷𝐸𝐹 = 𝐴. τ𝑛  (Eq.1-30) 

  

By inserting Eq.1-29 and Eq.1-30 into Eq.1-28, the expression of AC 𝑇𝐵𝐷 is given by: 

𝑇𝐵𝐷 =
𝑁𝐵𝐷

𝑁𝐷𝐸𝐹
. τ =

𝑁𝐵𝐷

𝐴. τ𝑛
. τ =

𝑁𝐵𝐷

𝐴
. τ1−𝑛 

(Eq.1-31) 

  

which can be expressed as a function of the stress frequency F = 1/τ.  

𝑇𝐵𝐷 =
𝑁𝐵𝐷

𝐴
. F𝑛−1 

(Eq.1-32) 
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The  𝑇𝐵𝐷 prediction of the proposed model (eq.1-32) is consistent with the on-state TDDB 

experimental results from 1 MHz to 1GHz stress frequencies for an NMOS device [41], by 

exhibiting a frequency exponent n - 1=0.3 (refer to inset graph of Figure 1-16(b)). Despite the 

model’s limitations in justifying the physical origins of AC TDDB, it is capable of effectively 

modeling the AC dependence of crucial TDDB parameters such as frequency and temperature 

dependence as well as voltage acceleration factor [50]. 

1.3.2 Trade-off between performance and reliability for CMOS RF/mmW 

PAs 

The aggressive scaling of channel length and oxide thickness, new device architecture and 

gate dielectric materials has drastically improved the DC and RF performance of CMOS 

transistors. The reliability challenges arising from these process engineering improvements 

demand the understanding of reliability physics of different failure modes. The traditional 

approach for reliability assessment is based on DC reliability models built from accelerated 

DC stress characterization data at wafer-level device testing for worst case conditions, which 

involve high voltage, current or temperature stress. The extrapolation of device or circuit 

lifetime by the acceleration models to real operation voltage or temperature is then evaluated 

against the failure criteria. For wear-out mechanisms such as HCI, it is generally defined by a 

targeted percentage of device parameter degradation for a fixed duration, e.g., ∆𝐼𝐷𝑆𝐴𝑇 = 10% 

for 10 years. For oxide TDDB failure, the criterion is determined by the failure rate for a 

given oxide area and duration, e.g., 100 ppm failure rate for 10 years at 0.1cm² of gate oxide 

area.  

From the perspective of RF applications, the failure criteria based on DC reliability 

assessment are not representative of the device’s mission profile where the lack of 

consideration in the time-dependency of the degradation or failure mechanisms lead to 

conservative design rules. Particularly in the case of RF PAs, increasing VDD remains one of 

the key strategies to meet high power requirements. As the PA breakdown is dominated by 

off-state TDDB at high drain voltage swing during off-mode, the trade-off evaluation between 

VDD and off-state TDDB requires in-depth characterization of the frequency dependence for 

off-state TDDB to establish frequency acceleration factor in TDDB models, similar to the on-

state RF TDDB model discussed previously. During off-mode stress in short-channel devices, 

hot-carriers generated under strong gate-induced drain current (GIDL) and impact ionization 

conditions can be injected into the gate-oxide near the drain edge which result in oxide 

breakdown [51], [52], [53]. TBD is generally lower for off-state compared to on-state TDDB 

due to the non-uniform E-field applied on the dielectric layer, while a higher 𝛽 suggests a 

longer percolation path correlated to smaller defect size [54]. Otherwise, a relatively higher 

drain stress bias is required to trigger breakdown in off-mode for NMOS devices. For mmW 

PAs, it is expected that off-state TDDB would not be a limiting failure mode as PAs only 

operate at PSAT for 0.01% of the time period, illustrated in Figure 1-17, in complex modulation 

schemes with high PAPR are applied [55].  



RF power amplifiers for wireless communication at mmW frequency 

34/112 

 
Figure 1-17 : CCDF (probability) represents the time 

spent at a specified power level PAPR. The PA 

operates at maximum power for 0.01% of the total 

time.  [55] 

 
Figure 1-18 :Impact of RF HCI stress on the 

degradation of DC parameters. Worst-case 

degradation occurs for low VG and high VD [56].  

However, in pushing the VDD limits to improve the power performance in CMOS PA, 

HCI degradation is aggravated especially with ultra-scaled devices. Recently RF PA 

reliability studies mainly focus on HCI characterization using state-of-the-art load pull 

method to achieve large output voltage swings to obtain worst-case RF HCI stress on PA cell 

at various RF and mmW frequencies [55], [56], [57], [58], [59], [60], [61]. The worst case 

HCI degradation occurs at RF voltage swings with high VDS and low VGS (~VT), usually at 

PSAT or maximum PAE. In class A PAs, only on-state HCI degradation is present while in 

class AB and B PAs both on-state and off-state HCI degradation modes are present. In these 

studies, it has been revealed that RF HCI stress not only has a strong impact on the 

degradation of PA bias operating point, but also that RF performance drift is correlated with 

DC parametric degradation as presented in Figure 1-18. Hot-carrier DC stress investigations 

have demonstrated that on-state (VGS>VT) HCI degradation is more severe than off-state 

(VGS≤VT) HCI degradation [62]. However, it has been reported in [31] that the total hot 

carrier degradation is underestimated when the PA device is subjected to RF stress with on-

state and off-state HCI degradation modes as shown in Figure 1-19. Thus hot carrier 

degradation under RF stress profile consisting on and off-state interaction merits further 

investigation.  

 
 

 
 Figure 1-19 : (left) On-state and off-state HCI degradation modes in class AB PA voltage stress 

waveforms [31]. (right) In comparison with measurement data, HCI aging model, which only 

considers on-state degradation, underestimates the total degradation of the device [31]. 
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1.3.3 PA Device lifetime modeling to circuit aging simulations 

As discussed throughout this chapter, RF PA lifetime is governed primarily by on and off-

state HCI degradation, as well as off-state TDDB failure mode. To accurately model RF PA 

degradation, it is essential that degradation models consider the different physical origins of 

each degradation or failure mechanism, as well as the interaction between different 

degradation modes, i.e., competing, or non-competing defect generation mechanisms, which 

could potentially introduce recovery behavior during aging. Aside from these DC degradation 

modeling challenges, RF modeling for mmW application is further complicated by the 

validity of the QS approximation that has laid the foundation of the AGE formalism in terms 

of frequency limitation. Currently, the QS approximation remains valid for RF and mmW 

frequencies until 60GHz for on-state RF degradation (as discussed in Section 1.3.1.1), 

whereas its validity for off-state RF degradation remains unclear.  

Circuit aging simulations provide long-term reliability estimations for realistic circuit 

operating conditions. As reliability testing for product qualification under normal operating 

conditions consume a lot of time and resources, the evaluation of circuit or device aging using 

reliability simulators to optimize the performance and reliability trade-off can be done even at 

early design phases [63], [64]. Thus, the accuracy of aging models and their integration in 

reliability simulation flow play a pivotal role in delivering accurate lifetime predictions 

relevant to the product’s mission profile description. The accuracy of aging models depends 

on their ability to capture stress dependent parameters of the device model related to the 

circuit FOM. In the context of PA degradation modeling, this involves mapping the adequate 

DC model parameters, i.e., VT, mobility, DIBL, drain resistance, and subthreshold swing, 

which are correlated to the RF gain drift. Furthermore, the amount of degradation of each 

parameter is relative to the accuracy of the fresh device model, thus the model-to-hardware 

correlation should cover the VDS/VGS operating range of the mission profile. To summarize, 

degradation modeling approach for RF/mmW PAs still require further research in perspective 

of simulation model sensitivity.  

1.4 Thesis organization 

This work aims to address the reliability issues related to RF PAs in CMOS technology. In 

Chapter 2, the reliability modeling for RF HCI degradation is analyzed by means of a mission 

profile-based methodology. This methodology aims to investigate the impact of DC 

degradation models on the accuracy of RF performance drift modeling in an aging simulation 

flow. The frequency-dependence in off-state TDDB and hot-carrier degradation is 

characterized in Chapter 3 using an integrated test structure which generates on-chip dynamic 

stress stimuli at the drain terminal of an NMOS device at RF frequencies. Experimental 

results are presented to provide new modeling insights concerning the off-state behavior up to 

1GHz, as well as interaction with on-state degradation, which contribute to the development 

of simulation modeling strategies encompassing the interplay between multiple degradation 

modes. Then, in Chapter 4, an aging compensation PA circuit design in FDSOI technology is 

proposed. The RF gain drift is mitigated by compensating the threshold voltage drift using an 

on-chip feedback system during aging measurements.  
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2. RF HCI reliability modeling methodology 

for RF/mmW PA at 28GHz 

Power amplifiers are highly vulnerable to hot-carrier stress, as they are subjected to large 

drain voltage swings to achieve high gain and power added efficiency (PAE), which affects 

the device’s RF performance after long-term stress. To meet PA reliability requirements, RF 

designers rely on aging models provided by the foundry’s process design kit (PDK) to 

evaluate performance to reliability trade-off in CAD simulations. Most of the published 

research works concerning RF HCI reliability for PA applications are focused on RF load pull 

stress measurement methodology [1], [2], [3], [4], [5] to show correlation between RF and DC 

figure-of-merit (FOM) degradation.  Meanwhile, the importance of aging models in PA 

device lifetime predictions using SPICE simulations have been demonstrated in [6], [7], [8].  

In this chapter, the RF PA reliability evaluation methodology is demonstrated from DC 

to RF large-signal accelerated hot carrier stress in different PA architectures.  The interest of 

this methodology is to establish a relationship between time-zero (T0) mission profiles and RF 

hot-carrier injection (HCI) degradation rate. As this approach depends on the accuracy of PA 

device T0 mission profile and aging models, it is imperative that to ensure model-to-hardware 

correlation (MHC) of the T0 and aging models. An in-depth analysis of RF HCI sensitivity 

via CAD simulations can then be investigated through various modeling factors which impact 

the accuracy of RF degradation lifetime estimation.  

2.1 Time-zero (T0) characterization of RF PA 
performance at 28GHz   

Fresh device characterization is the first step to define the RF PA performance. This step is 

also known as T0 characterization in the reliability field. In this section, the different PA 

structures are characterized at a given DC operating point and targeted output power using a 

load pull measurement setup. Then, the PA device model is optimized to validate MHC to 

extract accurate time-domain waveforms from RF simulations as T0 mission profiles.  

2.1.1 Description of RF PA test structures 

Three different PA cells known as standalone, stacked and interstacked PA, used to 

investigate the RF HCI degradation at 28GHz are illustrated in Figure 2-1 :(a) Standalone, (b) 

Stacked and (c) Interstacked PA for HCI RF reliability studies at 28 GHz. These PA devices 

are designed with NMOS GO1 body-contacted transistors from STMicroelectronics 65nm 

partially-depleted SOI (PDSOI) process. The transistor width is W=400µm and gate length is 

L =65nm. The standalone PA consists of a common-source topology, usually implemented as 

a driver stage in multistage PA due to high linearity requrements. The stacked and 

interstacked PA consisting of acascode structure CS-CG, which presents a higher output 

power handling by sharing the output voltage swing between the top and bottom transistors 
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[9]. To equalize VDS voltage excursions across each transistor, an integrated inductance-

capacitance (LC) circuit is inserted between the top and bottom transistors. These devices are 

connected by back-end routing to GSGSG test pads for on-wafer RF characterization and 

stress measurements, providing direct access to DUT terminals important for reliability study. 

The sense terminal is added to compensate the voltage drop between the probe contact and 

routing to the drain terminal when the load current is high. In order to obtain accurate device 

degradation, it is also used to monitor the probe contact resistance during the stress 

measurements. 

 

Figure 2-1 :(a) Standalone, (b) Stacked and (c) Interstacked PA for HCI RF reliability studies at 28 GHz. 

2.1.2 Load pull measurement setup 

On-wafer measurements are crucial for the development of RF devices. Indeed, the access to 

actual device performance is essential to achieve accurate modeling. The RF power 

performance of a PA at a given frequency is determined by the load impedance presented at 

the PA output (link to chapter 1 PA basics). In a load pull measurement setup, the variation of 

the load impedance tuner to determine the optimal performance (efficiency/linearity) can be 

controlled and measured precisely using a power sensor at the PA output. q shows the scalar 

load pull setup used in this work, calibrated for measurement frequencies ranging from 

10GHz to 40GHz. The functionalities of the different apparatus of the setup are described in 

the following: 

 RF generator provides input RF power at fundamental frequency 28GHz in 

continuous wave (CW) mode, amplified by a driver amplifier. 

 Directional coupler used as a sampler for the injected input power. 

 Isolator prevents power reflection towards RF generator in case of large impedance 

mismatch or high input reflection (Γ).  

 DC voltage supply and current sensing by semiconductor device analyzer (Keysight 

B1500), also used for DC characterization. 

 Bias Tee used to combine the DC bias and the RF signal.  

 Power sensors are used to read RF input and output power measurements. 

 External impedance tuners (fundamental DELTA tuners from Focus Microwaves) 

with direct connection to the probes, ensuring low insertion losses i.e. reflection 
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coefficient Γmax=0.8 at 28GHz. This enables an optimal tuning range of both source 

and load impedances for each PA.  

 RF infinity probes to minimize insertion loss between test pads and tuners during 

device measurements. 

 Vector Network Analyzer (VNA) for tuners calibration and S-parameter 

measurements (not shown in Figure 2-2). 

 
Figure 2-2 ; Load pull measurement setup used for RF characterization and aging measurements in this work. Source [2] 

For this study, characterization & aging measurements for both DC and 28GHz have been 

performed on this load pull setup to optimize T0 and aging MHC that will be discussed in the 

following sections 2.1.4 and 2.2.1 respectively. 

2.1.3 DC and large-signal RF on-wafer characterization of different PA 

structures 

First, DC characterization is performed on the standalone PA to determine the bias conditions 

in class AB operation. Figure 2-3 shows the Id-Vg and Id-Vd measurements for different Vds 

and Vgs bias voltages respectively. The drain current for class AB operation is Id=10mA, for 

a gate voltage bias Vgs = 0.43V and drain voltage Vds = 1.3V. To achieve the desired 

saturated output power Psat=P1dB around 15dBm and 16dBm for this DC bias point, the 

optimized source and load impedances ZSopt and ZLopt at 28GHz, are determined using the 

load pull technique [2]. The measured RF performance at 28GHz is presented in Figure 2-4. 

The linear gain of the standalone PA is 6.5dB and a maximum PAE of 41.32%, while the Psat 

is measured at 15.7dBm. Stacked and interstacked PA structures exhibit higher linear gain of 

7.8dB and 8.4dB respectively thanks to the reduced parasitic capacitance Cgd resulting in a 

better gm [9]. The maximum PAE of both cascode PAs are 5%-10% lower than that of the 

standalone PA which can be explained by the output voltage swing misalignment due to the 

presence of device parasitics of the transistors in the stack [10]. From a RF FOM perspective, 

we can summarize that for a constant Psat, the standalone PA offers the maximum PAE while 

the interstacked PA offers the highest gain. However, reliability requirements for the targeted 

PA operation lifetime needs to be considered as the HCI degradation is strongly accelerated 
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by Vds and Vgs. The RF FOM degradation of the different PA structures under RF HCI stress 

will be discussed in section 2.2.2. 

  
Figure 2-3: Id-Vg (left) and Id-Vd (right) characteristics of standalone PA (body-contacted NMOS GO1 

W=400µm L=65nm). DC bias point for Class AB operation (ID=10mA and VD=1.3V) is shown by the red 

marker.  

  
Figure 2-4 : RF Gain (left) and Power Added Efficiency (right) as a function of Pout extracted from large-signal 

RF measurements of standalone, stacked and interstacked PA. 

2.1.4 Device Model-to-Hardware Correlation (MHC) 

The development of MOSFET models is essential to enable automation of SPICE simulations 

from device to circuit and system level. The model must be able to accurately capture the core 

MOSFET operation physics as well as device-related behavior (i.e., short channel effects, 

current saturation effects, quantum-mechanical effects, etc.) [11]. Among the different types 

of compact models, the Berkeley short IGFET model (BSIM), which is a threshold voltage-

based model, was implemented in the SPICE simulations of this section. This model was 

extended from the original BSIM model to incorporate PD and FD SOI device behavior [12].  

2.1.4.1 DC and AC MHC Optimization 

DC behavior of the BSIM SOI model was optimized based on standalone PA T0 

measurements presented in the previous section 2.1.3. The selected DC model parameters 

(refer to Appendix A) were tuned to fit the device model to the IdVg and IdVd measurement 

data in the different MOSFET operation modes, from subthreshold to saturation regime. 
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Figure 2-5 shows the IV curves of the optimized DC model compared to the measurement 

data. It is clearly observed that the DC MHC is accurate for the subthreshold and linear 

regimes, however model accuracy at the saturation regime (Vgs=Vds >1V) is limited since 

additional Ib-Vg measurements are required to fully optimize the model’s impact ionization 

parameters.  The dynamic PA loadline is shown in Figure 2-5 to outline the time-domain 

voltages and currents at Pout=P1dB. As these points are within the accurate range of the MHC 

optimization, the DC optimized model is sufficiently accurate for our reliability evaluation.  

 
 

Figure 2-5 : Id-Vg (left) and Id-Vd (right) curves of optimized model compared with measurement data. PA 

loadline at Pout=P1dB is within the accurate range of optimized model 

In terms of small-signal (AC) behavior, on-wafer S-Parameter measurements of the 

PA device up to 40GHz at different Vd and Vg bias conditions to verify AC MHC of the 

optimized model. From these measurements, the GSGSG pad de-embedding procedure is 

applied to remove pad parasitic effects from PA device measurements. This enables the 

extraction of the device’s parasitic capacitances at a given DC bias point using the MOSFET 

small-signal equivalent circuit (SSEC).  A detailed explanation of the capacitance extraction 

scheme is described can be found in [16]. The parasitic capacitances, i.e. gate-to-drain (Cgd) 

and gate-to-source (Cgs) capacitances, are composed of overlap capacitances (between gate 

oxide and the drain and source extensions) and fringing field capacitances, whereas the 

parasitic drain-to-source capacitance (Cds) represents the coupling between the source and 

drain terminals through the buried oxide and substrate [13]. The total capacitance seen by the 

gate (Cgg) is the sum of Cgs and Cgd.  

Figure 2-6 compares the parasitic capacitance of the measured and optimized model as 

a function of frequency. We observe that the discrepancy between simulation and 

measurement data at 28GHz is less than 50fF which is within acceptable range.   
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Figure 2-6 : Parasitic capacitances Cgd, Cgs, Cgg, Cds extracted from de-embedded S-Parameter measurements 

at DC bias operating point are compared to optimized device model data. 

2.1.4.2 28GHz Large-signal MHC validation  

The SPICE simulation testbench implemented in Cadence SpectreRF simulator for the 

different PA structures is shown in the schematic of Figure 2-7. To reflect RF measurement 

environment, different parasitic elements on the RF path need to be considered in the 

simulation. The post-layout extraction of the PA is added on top of the intrinsic optimized 

BSIM core model to include the layout parasitic effects and connections to back-end of line 

(BEOL) metallization. GSGSG pad and access lines are modeled with S-parameter data 

obtained via electromagnetic simulations using Momentum Virtuoso. At the RF input and 

 
Figure 2-7 : 28GHz RF PA simulation test bench   
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output ports, the LC network is used to model bias tee function. The optimal impedances 

ZSopt and ZLopt are defined in the input and output port setup.  

Then, the RF simulation results of the different PA structures are compared with 

measurement data to validate the large-signal MHC at 28GHz. In Figure 2-8, The gain of the 

standalone PA with optimized model in the linear operation shows excellent correlation to the 

measured gain. When the gain approaches the PA compression, near P1dB, the optimized 

model data deviates from measurement data. At this compression region, the drain current is 

no longer a linear function of the transconductance gm and Vgs, but rather a non-linear gm 

function consisting of non-linearity coefficients of the higher-order gm derivatives [14], [15]. 

This requires the fitting of the small-signal model parameters in the range of gate and drain 

voltages covering different RF operating regions of the PA, which is defined by the mission 

profile.  The mission profile of the standalone PA is plotted in Figure 2-8 by extracting the 

instantaneous voltages Vds(t) and Vgs(t) at Pout=P1dB from transient simulations using the 

same testbench. The maximum Vds of the original PDK model is higher than the optimized 

model at Vgs ≥ VT. As observed in Figure 2-9, the optimized model simulated in the stacked 

and interstacked PA configuration is accurate in both linear and non-linear PA operation 

compared to the measurement data. Likewise, their mission profiles are extracted as shown in 

Figure 2-9 with bottom (N1) and top (N2) transistors respectively. It is noted that the top 

transistor of both cascode PAs is subjected to higher VDS excursions compared to the bottom 

transistor, which may cause them to be more vulnerable to HCI degradation. 

Figure 2-8 : (left) 28GHz Standalone PA T0 RF gain MHC before and after device model optimization.  (right) 

Time-domain waveforms Vds(t) and Vgs(t) are extracted from 28GHz transient simulations at Pout=P1dB.  

The DC and AC MHC optimization efforts have improved RF large-signal MHC to extract 

accurate time-domain waveforms or mission profiles in SPICE simulations. As HCI 

degradation has strong dependence on Vg and Vd, inaccurate T0 mission profile would result 

in under- or over-estimation of device lifetime extrapolation. In the subsequent section, the 

optimized T0 model for PA device is implemented in RF aging simulation flow to address RF 

PA HCI reliability at 28GHz.  
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Figure 2-9 : (left) 28GHz Stacked and interstacked PA T0 RF gain MHC. (right) Time-domain waveforms of 

bottom (N1) and top (N2) transistor of cascode configuration extracted from 28GHz transient simulations at 

Pout=P1dB. 

2.2 RF PA HCI reliability at 28GHz 

As mentioned previously in 1.3.1.1A, quasi-static approximations are typically applied for 

DC to RF degradation modeling in MOSFETs via the AGE function [16]. Therefore, two pre-

requisites are necessary to perform this study: Firstly, an accurate DC HCI age model is 

calibrated based on DC stress measurements, and secondly, the validity of quasi-static 

approximations at the studied frequency of 28GHz. The latter is assumed to be valid based on 

the work of [8], reporting quasi-static validity up to 60GHz. We use RF PA stress 

measurements to confirm our RF degradation modeling approach via aging simulations. We 

also propose an RF HCI reliability evaluation method based on the different PA mission 

profiles discussed in section 2.1.4.2.  

2.2.1 DC HCI age model calibration 

DC stress measurements were conducted on the standalone PA device under HCI stress 

conditions with consideration to the standalone PA mission profile. DC stresses were 

interrupted periodically to perform IV measurements to monitor parametric degradation, i.e, 

∆VTlin, ∆VTsat, ∆Idlin, ∆Idsat, against stress time as presented in Figure 2-10. Here, we are 

focused on-state hot-carrier stress data due to its higher sensitivity to parametric degradation, 

as opposed to off-state hot-carrier stress [17], [18]. Measured parametric degradation ∆VT and 

∆Id follows a time power law dependence (Eq.2-1), with time exponent n=0.53, which is in 

the range of values typically found in the case of hot-carrier damage induced by creation of 

interface states (n=0.5-0.6) [19]. 
 

∆𝐷 = 𝛼 ∗ 𝑡𝑛 (Eq.2-1) 
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Figure 2-10 : Comparison of calibrated model and experimental DC parameter drift for DC hot-carrier stress at 

VD=[2.1V;2.3V] and VG=0.3V 

Our age model is based on the energy-driven HCI model proposed by [20], taking into 

account the contribution from different carrier energy modes to accurately capture HCI 

degradation across various VG/VD biasing regimes. The parametric degradation ∆𝐷  is 

modeled by carrier energy and carrier density components, (𝑉𝐷 − 𝑉𝐷𝑠𝑎𝑡)  and (𝑉𝐺 − 𝑉𝑇)𝑝 

respectively as described in Eq.2-2. A is a technology-dependent parameter.  

 

∆𝐷 = 𝐴 ∗ 𝑡𝑛 ∗ 𝑒𝐵(𝑉𝐷−𝑉𝐷𝑠𝑎𝑡) ∗ (𝑉𝐺 − 𝑉𝑇)𝑝 (Eq.2-2) 

 

After calibration, this DC age model shows good correlation with the measured DC parameter 

drift (refer to Figure 2-10), specifically at elevated VD=[2.1V;2.3V] and VG=0.3V, 

corresponding to peak VDS swings of standalone PA. We note that ∆Idlin and ∆Idsat are more 

than 10% for VD=2.3V after 10000s of stress time. ∆Idlin and ∆VTlin are also observed to be 

higher than ∆VTsat and ∆Idsat, considering that ∆Idlin and ∆VTlin are more affected by the 

localization of defects due to HCI in the gate-oxide [21]. 

2.2.1.1 Mission-profile based HCI reliability evaluation of different PA architectures. 

The AGE function (eq.2-3), introduced previously in Chapter 1, computes the total parametric 

degradation as the sum of the instantaneous age rate for a given stress duration and time-

varying bias voltages or current of the RF waveform. The age rate can thus be solved by 

constant-bias conditions without time dependence [22]. In our reliability evaluation, eq.2-2 is 

implemented into eq.2-4 to obtain HCI age rate generated from our DC age model.    

 𝐴𝐺𝐸 = ∫ 𝐴1/𝑛(𝑡)𝑑𝑡
𝑇𝑎𝑔𝑒

𝑡
 (Eq.2-3) 

 𝐴𝐺𝐸 𝑟𝑎𝑡𝑒 = 𝐴1/𝑛(𝑡)  ∝  [𝑒𝐵(𝑉𝐷(𝑡)−𝑉𝐷𝑠𝑎𝑡) ∗ (𝑉𝐺(𝑡) − 𝑉𝑇)𝑝]
1/𝑛

 (Eq.2 -4) 

The 2D surface plot of HCI age rate estimated using the calibrated DC age model is shown in 

Figure 2-11. This plot shows the influence of VG and VD on the HCI degradation, where the 

age rate is maximum for VGS ≥ VT and VDS ≥ 1.6V. The distance between two contours (on 

the color scale), indicates the magnitude of the slope.  The smaller the distance, the steeper the 

slope, the higher the HCI age rate. On the VDS axis, the distance between two contours is 
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smaller by several orders of magnitude than that observed on the VGS axis. This means that 

the age rate is strongly dependent on VG than VD. The profile mission of each PA are 

combined with the surface plot in Figure 2-11 using the VG and VD pairs of values within a 

period of VGS(t) and VDS(t) extracted waveforms from the transient simulations in section 

2.1.4.2. Compared to the other PA structures, the standalone PA has the highest VDS peak. By 

referring to the probability distribution of VDS(t) in one wave period of each PA structure in 

Figure 2-12, the highest occurrence of maximum VDS is observed at VDS ≈2.4V for the 

standalone PA, VDS ≈2.3V for the stacked PA and VDS ≈2V for the interstacked PA.  In Figure 

2-11, these occurrences are located at minimum VGS and VDS on the PA mission profiles. 

Although these pairs of VGS and VDS values do not fall in the range of the maximum age rate 

as illustrated in Figure 2-11, the total HCI degradation is still significant when integrated over 

total stress time due to their higher density occurrence within one wave period. Compared to 

the other PA structures, the interstacked PA has the smallest VDS peak. Thus we can deduce 

that the interstacked PA suffers from the least HCI degradation compared to standalone and 

stacked PA due to its lower VDS acceleration. 

 

 
Figure 2-11 : Mission profiles of PAs with reference to HCI age rate which is strongly dependent on VDS than 

VGS . Critical aging rate occurs at VGS>VT and maximal VDS on the 2D surface plot. 

 
Figure 2-12 : Histogram showing probability distribution of VDS(t) in one period T=1/F. Highest occurrence of 

maximum VDS ≈2.4V for standalone PA which corresponds to minimal VGS and maximal VDS on the mission 

profile in Figure 2-11. 
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2.2.2 Large-signal RF HCI stress 

2.2.2.1 RF stress measurements 

The large-signal RF stress conditions for each PA are presented in Table 2-1. The stress 

power level is fixed at Pout=P1dB as a compromise between high stress power level and gain 

compression. Due to the non-linear behavior in gain compression, signal distortion appears in 

time-domain voltage waveform which makes the waveform extraction challenging [23]. RF 

stress measurements were conducted in continuous wave (CW) mode at 28GHz for 9 hours 

(=32400s) to maintain probe contact stability within a reasonable stress duration at room 

temperature. The stress methodology based on quasi-static approximations is illustrated in 

Figure 2-13. Prior to the stress sequence at T0, the fresh PA DC and large-signal RF 

characterization is recorded. Then, the stress sequence is launched with the corresponding DC 

bias and RF stress conditions. The stress sequence is interrupted periodically for ID-VG 

measurement (linear and saturation curves) and RF power measurements at P1dB to monitor 

DC and RF degradation. At the end of the stress duration, another DC and RF characterization 

is done after new probe contact for contact resistance drift verification purposes. The results 

of the stress measurements will be discussed in section 2.2.2.2 with comparison to RF aging 

simulation results. 

Table 2-1 :  HCI stress conditions for large-signal RF stress measurements at 28GHz 

PA Vdd 

(V) 

Id 

(mA) 

Pin 

(dBm) 

@P1dB 

Pout  

(dBm) 

@P1dB 

ZSopt ZLopt Duration 

(s) 

Temp 

(°C) 

Standalone  1.3 10 9.3 15.7  5.72-

j4.73 

11.01+j7.52 32400 25 

Stack 2 10 8.5 15.5 5.72-

j4.73 

18+j20.67 32400 25 

Interstack 2 10 8.5 15.5 5.75-

j2.93 

18+j16.65 32400 25 

 

 
Figure 2-13 : RF stress methodology based on quasi-static approximations. 
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2.2.2.2 RF aging simulations 

Aging models in SPICE reliability simulations can be implemented with two different 

approaches, either using physical approach where the aging model modifies the intrinsic 

transistor model, i.e. BSIM model, parameters based on physical effects or the empirical 

approach where the aging model is built using current or voltage-controlled sources without 

modifying the intrinsic transistor model parameters [24].  

In this study, the calibrated DC age model takes the physical approach and is encoded in 

form of an aging model card. This aging model card is embedded into the Virtuoso Unified 

Reliability Interface (URI) that implements the aging-law equations and updates BSIM fresh 

model parameters following degradation under the applied stress conditions. The RF aging 

simulation flow performed using Cadence SPECTRE is presented in Figure 2-14. The flow 

consists of 3 simulation stages that are explained as follows:   

 Fresh simulation: DC and RF simulations to determine T0 device performance such as 

Id-Vg (linear and saturation) and Gain-Pout curves. 

 Stress simulation: This simulation is performed in transient simulation mode at the 

corresponding stress condition, i.e. P1dB. The URI computes the age rate based on the 

stress voltages or current for each simulation time-step, tstep << T=1/F. The total 

degradation at the end of transient simulation is computed based on the quasi-static 

approximation of the AGE function. BSIM model parameters are updated to register 

device degradation.  

 Aged simulation: The lifetime extrapolation of the aged device is computed using the 

updated BSIM model parameters. DC and RF post-aging simulation are performed to 

extract degraded FOM such as ∆VT, ∆ID, ∆POUT, ∆Gain.  

 
Figure 2-14 : SPECTRE Reliability simulation flow chart [25] 

To predict the degraded device RF large-signal performance at 28GHz, stress and aging 

simulations are executed using the same stress conditions defined in Table 2.1. The aging 

simulation results for the standalone, stacked and interstacked PA are compared with the 
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stress measurements, shown in Figure 2-15. The standalone PA shows higher degradation in 

linear gain (8.4%) as opposed to gain compression P1dB (6%). This difference in degradation 

behavior is attributed to the dynamic current drive level for different Pout. At lower Pout (linear 

gain), the current drive level is low and thus degradation is sensitive to the increase of ∆VT. 

At higher Pout (compression), the current drive level is higher and is impacted by ∆Ron which 

decreases output voltage swing. This modifies the bias operating point which could lead to the 

change of PA class from class AB to B [26].  

In comparison to the stacked and interstacked PA, it is revealed that the RF gain 

degradation is the highest in the standalone PA (0.47dB) while almost none is observed in the 

interstacked PA (0.01dB). This observation is in good agreement with our proposed mission 

profile-based reliability evaluation (refer to section 2.2.1.1).  From a RF reliability modeling 

perspective, our DC to RF modeling approach can reproduce the RF degradations at 28GHz 

of stress measurements after 9 hours. The RF aging simulation results confirm that both 

accurate DC aging models and T0 mission profiles are fundamental to achieve accurate RF 

performance degradation modeling in PAs. Further investigation on this subject is presented 

in the RF HCI sensitivity analysis in the next section. 

(a) (b) 

 

(c) 

Figure 2-15 : (a) Standalone, (b) Stacked and (c) Interstacked PA fresh and post RF stress performance. 
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Figure 2-16 : Pareto chart illustrating contribution of different device parameters drift (%) on RF gain 

degradation (∆dB).  

2.3  RF Hot carrier reliability sensitivity analysis 

We have demonstrated that our HCI age model and reliability simulation approach provides 

accurate RF degradation predictions for PA applications. Next, we apply the same 

methodology to conduct an RF HCI sensitivity analysis using an empirical approach by 

identifying the different T0 and age model parameters that affect the accuracy of RF HCI 

reliability predictions. In the following, the standalone PA fresh and aging simulation results 

represent the reference model as they demonstrate good alignment with experimental data.  

2.3.1 Impact of SPICE model parameter degradation on RF PA degradation  

A Pareto analysis is generally used to assess and identify the relation between outputs and 

inputs within a complex problem consisting of various parameters. We have applied the 

Pareto analysis to evaluate the contribution of input DC and AC SPICE model parameter drift 

on the output RF gain degradation modeling. These model parameters are chosen based on the 

drift of MOSFET device electrical parameters observed during RF HCI stress measurements 

which have been reported in the literature [1], [3], [27]. As discussed in section 1.3.1.1, the 

following DC SPICE model parameters are chosen:  threshold voltage in linear regime (VTlin), 

carrier mobility (µ0), drain resistance (Rd). For AC SPICE model parameter, the gate-to-drain 

capacitance (Cgd) representing the extrinsic (fringing and overlap) parasitic capacitance of the 

MOSFET is chosen due to its impact on small-signal behavior in RF devices. In addition, 

previous investigation concerning the impact of hot-carrier induced interface-states in [27] has 

pointed out that this extrinsic Cgd degradation can be correlated with the variation of local 

flat-band voltage at the poly/LDD overlap region and the increase of Rd. 

In our analysis, the degradation level of these model parameters was varied linearly 

and independently of each other, i.e. variation between 3% to 10% for each input parameter to 

obtain acceptable RF gain degradation range (0.5dB to 1dB) in the context of linear PA class 

operation. The RF gain drift (∆dB), obtained using RF aging simulation flow in 1.2.2.2, is 

then normalized to the degradation level of each model parameter, given by ∆dB/%. In Figure 

2-16, the Pareto chart indicates that the largest contribution of RF gain degradation comes 

from VTlin drift, representing almost 50% of total gain degradation. This implies that VTlin drift 

modeling is the most important parameter for RF HCI degradation modeling. 
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2.3.2 Impact of T0 model precision on RF PA degradation.  

Previously in section 2.1.4, the importance of T0 model optimization to obtain an accurate T0 

PA device model was presented. Here, we quantify the impact of T0 MHC precision on the 

RF gain degradation sensitivity. Two different T0 PA models are studied: Model A and Model 

B which represent higher and lower gain respectively at T0 compared to the reference model. 

For each model, the RF gain error at T0 represented by ∆Gain[T0] and the RF gain error at 

Tstress represented by ∆Gain[Tstress] are expressed as :  

∆Gain[T0] = GainModel A/B[T0]- GainModel Ref[T0] (Eq 2-5) 

∆Gain[Tstress] = GainModel A/B[Tstress]- GainModel Ref[Tstress] (Eq 2-6) 

where GainModel A/B[T0] and GainModel Ref[T0] are RF gain of model A (or B) and reference 

model respectively at T0, while GainModel A/B[Tstress] and GainModel Ref[Tstress] are RF gain of 

model A (or B) and reference model respectively at different stress time (Tstress). The RF gain 

drift at different Tstress is shown to be dependent on T0 MHC precision, as observed in Figure 

2-17. ∆Gain[Tstress] increases as Tstress increases for a higher T0 gain (Model A) but decreases 

for a lower T0 gain  (Model B). In that case, a positive ∆Gain[T0] results in a positive error 

accumulation over stress time and gives a more pessimistic RF gain degradation estimation. 

Instead, for a negative ∆Gain[T0] a negative error accumulation over time is obtained, 

providing a more optimistic estimation of RF gain degradation.  

 
Figure 2-17 : RF gain degradation sensitivity dependence on precision of T0 MHC at different Tstress. 

Model A/B represents higher/lower gain at T0 compared to the reference model (Model 

Ref≈Measurement).  
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Through this sensitivity analysis, we have demonstrated the importance of accurate device 

modeling to obtain precise T0 PA mission profiles. While it is particularly important for PA 

applications where gain performance is the essential figure-of-merit at a particular operating 

bias point, gain degradation mismatch does not have the same repercussions on logic circuits 

where it has less impact on circuit performance. 

2.3.3 Impact of different physical effects on RF gain degradation 

Another HCI sensitivity analysis to investigate the dependence of MOSFET physical effects 

i.e., drain-induced barrier lowering (DIBL), carrier mobility (µ) and velocity saturation (νsat), 

on RF gain degradation has been performed. In scaled MOSFET dimensions, these physical 

effects are known to have a significant impact on the device’s I-V characteristics. Therefore, 

the quantification of DC parametric degradations, delta VTlin, delta VTsat, delta Idlin, delta Idsat, 

are dependent on mapping the degradation of the physical effect parameters in our age model. 

Table 2-2 : Different DC Aging Model Cards describing MOSFET physical effects used for RF HCI sensitivity 

analysis 

 
Figure 2-18 : Id-Vg (linear & saturation) extraction fresh and post-aging simulation showing the impact of 

different DC aging models associated to physical effects degradation modeling. DC measurements after 

standalone PA RF stress (from section 2.2.2.1) are used to fit the complete aging model REF. 

The different aging model cards in Table 2-2 describe the degradation modeling of the 

physical effects. The degraded IV curves from aging simulations of each aging model card are 

Aging Model Card Aging Model Description 

A1 Without DIBL, mobility and velocity saturation effects 

A2 Without mobility and velocity saturation effects 

REF Complete aging model 
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illustrated in Figure 2-18, with Model REF being the complete aging model card 

(corresponding to DC measurements after standalone PA RF stress of 9 hours) used as the 

reference aging model. The absence of DIBL degradation modeling for A1 is observed in the 

log-scale plot of Id-Vg in saturation regime (see Figure 2-18(d)). Absence of µ0 and νsat 

degradation modeling for A1 and A2 are observed in linear scale plot of Id-Vg at linear 

regime (see Figure 2-18(a)). 

To analyze the impact of each aging model cards on RF performance degradation, the 

post-aging simulation results (9 hours of RF stress under same conditions for standalone PA 

in section 2.2.2) are presented in Figure 2-19. For the aging model card A1, we observe a 

mismatch of small-signal gain degradation due to the absence of DIBL degradation modeling, 

which is correctly modeled in aging model card A2. In both aging model cards A1 and A2 the 

mismatch in gain compression degradation is not correctly modeled due to partial modeling of 

mobility and velocity saturation degradation by RON, with comparison to the complete aging 

model REF. These results indicate that RF performance degradation is sensitive towards 

degradation modeling of physical effects in HCI aging models. 

 
Figure 2-19 : RF gain from post-aging simulation of different aging models cards as described in Figure 2-18. 

Good fitting of degraded linear & saturation IdVg curves using DC aging model with physical effect modeling is 

required to accurately model RF HCI degradation. 

2.4  Conclusion 

In this chapter, we have demonstrated that HCI reliability analysis relies on accurate DC T0 

and aging parameter drift modeling established from PA device T0 and stress measurements. 

The implementation of a mission profile-based reliability evaluation serves as a useful 

guideline for RF designers to achieve high efficiency and reliable PA design.  This evaluation 

method allows RF PA designers to better estimate HCI reliability failures by avoiding critical 

aging zones. From a design perspective, the cascode PAs, subjected to lower RF HCI stress 

for the same stress duration, are more robust against HCI degradation. Unlike standard analog 

or mixed-mode circuits, in which worst-case HCI degradation usually occurs at VG ~ VD/2 for 

long channel devices or VG=VD for short channel devices, it is now obvious that HCI 

degradation in PAs needs to be addressed according to their respective RF mission profiles. 

Therefore, it is also necessary to calibrate DC aging models especially Vd dependence for 

HCI stress to cater for PA-like RF stress conditions. 
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Performance-reliability trade-offs of RF PAs have been explored, indicating that 

cascode PA structures have an advantage over the standalone PA in terms of circuit 

performance and HCI reliability. In particular, the interstacked PA offers high RF 

performance (PSAT, gain, linearity) and shows excellent reliability against accelerated RF HCI 

stress. Nevertheless, the standalone PA remains useful for T0 and aging MHC validation.  

By performing a simulation-based sensitivity analysis on the standalone PA, we have 

identified VTlin as the device parameter that is the most impacted by RF HCI degradation. As 

VT reduction leads to transconductance gm reduction for a given bias point, which is an 

important design parameter directly linked to the PA RF performance, circuit design 

techniques to monitor and mitigate VT shift is a viable solution to increase circuit reliability. 

PA RF degradation modeling accuracy also depends on T0 MHC precision, as shown in this 

work, that it is possible to overestimate or underestimate RF stress degradation. Finally, we 

also covered the importance of building the aging model based on physical effects and how 

RF performance degradation is affected by different aging model parameters. 
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3. Evaluation of frequency-dependent effects 

under RF off-state stress  

Off-state leakage current (Ioff) is becoming a critical reliability concern for both analog and 

digital circuits in deep sub-micron CMOS technologies. The downscaling of transistor 

dimensions has been necessary to accommodate the increasing chip density while enhancing 

the device’s performance, precisely the on-current density Ion/W. The supply voltage Vdd and 

oxide thickness tox needs to be scaled accordingly to channel length and this incurs an increase 

in Ioff. The Ioff is composed of different contributions illustrated in Figure 3-1. As reported in 

[1], [2] the off-state drain current is dominated by IGIDL arising from band-to-band-tunneling 

electrons and holes generated through impact ionization when VG<0 under high drain electric 

field acceleration. During large VGD stress in off-state configuration, the subsequently 

generated hot holes are injected into gate oxide creating interface states and/or bulk oxide 

defects resulting in device parametric degradations and oxide wear-out leading to breakdown 

at the drain-edge increasing with large VGD stress [3], [4]. 

 
 

Figure 3-1 : Different contribution in off-state current in NMOS, IG=gate leakage current due to direct 

tunneling, ISUB=subthreshold current, IJ=junction leakage current, IGIDL=gate induced leakage current. 

 

The focus of this chapter is to investigate dynamic off-state reliability at GHz 

frequency. To evaluate the impact of the dynamic off-state stress, a dedicated test structure is 

designed in order to maintain the device under dynamic stress of 1GHz over a long time. This 

dedicated test structure generates pulsed waveform thanks to an integrated ring oscillator. The 

test structure design specifications are explained throughout the design process of the 

different building blocks. The integrity of the generated stress waveform is then demonstrated 

by means of experimental and simulation data. The purpose of this test structure design is to 

assess dynamic off-state reliability in relation to frequency dependence of TDDB, device 

parametric degradation and interaction with on-state hot carrier degradation. In the following, 

the design targets high temperature stress at 125˚C to accelerate off-state reliability 

mechanisms, especially TDDB, which is strongly activated by temperature.  
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3.1 Design of integrated test circuit for dynamic off-
state stress evaluation 

3.1.1 Challenges of dynamic off-state stress characterization 

Extensive research has been conducted to investigate static (DC) off-state reliability in 

MOSFETs [1], [4], [5], [6], [7] and drain-extended MOS (DeMOS) [2], [8] devices, as well as 

their implications in digital circuit applications [9], [10], [11]. However, there is 

comparatively less research on RF off-state reliability. An explanation for this issue is that RF 

signal transmission constraints, such as propagation loss and insertion loss, arise beyond 

1MHz due to the characteristics of coaxial cables, interconnects, and probes, as well as load 

impedance mismatch at these frequencies. RF signal generation is another challenge to 

address in order to fulfill high voltage amplitude and fast pulse transitions requirements 

during switching to create RF off-state stress conditions.  

To overcome these limitations at higher RF frequencies, on-chip frequency generation 

using ring-oscillator-based test structures is one of the preferred approaches to directly apply 

RF test signal at the DUT input terminal. These test structures have been designed to provide 

dynamic stress stimuli (pulsed waveform) for on-state HCI, BTI [12] and on-state TDDB [13] 

analysis. In this section, the test structure design which targets off-state stress specifications at 

GHz level is described.  

3.1.2 On-chip pulsed waveform generation based on ring oscillators 

Ring oscillators (RO) are widely used as a simple and cost-effective solution to provide 

frequency synthesis in digital circuits up to several GHz. A simple RO topology which 

consists of N stages of CMOS inverters connected in a feedback loop is designed for our test 

structure. The frequency generated by the RO (Fosc) is determined by the propagation delay of 

each stage (𝜏𝑖𝑛𝑣) and the number of stages (N) described in eq.2-1: 

 

𝐹𝑜𝑠𝑐 =  
1

2𝑁𝜏𝑖𝑛𝑣
 (Eq.3-1) 

 

An odd number of stages is required to produce oscillations with respect to the Barkausen 

condition. 𝜏𝑖𝑛𝑣  depends on the load capacitance at each inverter output node which is 

attributed to the gate and parasitic depletion capacitances of the next inverter cell (related to 

the sizing of transistors in inverter cell) in addition to routing parasitic capacitance. To enable 

and disable oscillation, a NAND gate is added to apply RING_EN to toggle oscillating and 

open modes. A buffer stage is inserted between the RO output and the input of the next stage. 

This avoids the load capacitance imbalance between these two stages and ensures that the 

delay through each path is the same. Figure 3-2 shows the schematic of the RO design with 

N=43, NAND gate and buffer stage using standard cells consisting of thin-oxide transistors 

(GO1) with supply voltage Vdd=1V. The RO is designed to generate a pulsed waveform 

oscillating at a frequency of 1GHz with a 50% duty cycle, while rise and fall times are 
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compliant with 10% of the waveform period, i.e. 100ps. Another ring oscillator with 

oscillation frequency 500MHz was designed in the same manner to perform our studies at 

both 500MHz and 1GHz. 

 

 
Figure 3-2 : Schematic of RO and buffer design to produce oscillations at Fosc=1GHz 

The interface between the RO output and the drain terminal of the DUT is provided by a 

level shifter circuit and a set of transmission gates to alleviate design and reliability 

challenges of high frequency and large pulse amplitude of the oscillator. The specifications of 

this interface should fulfill the specifications for our off-state stress conditions which 

involves:   

 

 High voltage level switching of at least twice of the nominal VDD 

 Rise and fall transition times within 10% of waveform period. 

 50% duty cycle  

 

The level shifter was designed using the topology proposed in [14] suitable for low 

propagation delay and high speed switching applications. The output signal from the RO is 

upconverted from 1V to 2.5V via the level shifter circuit. The sizing of different GO1 and 

thick-oxide transistors (GO2) have been adapted to the performance of the transistors for 

voltage conversion with respect to foundry reliability margins. To enable multiple drain 

voltage stress levels, two transmission gates are implemented. The transmission gates act as a 

bi-directional switch between external DC voltage supply VHL and VLL without impacting 

level shifter speed performance. Each of them consists of a pair of NMOS and PMOS 

transistors connected in parallel (shown later in Figure 3-5(b)) using GO2 transistors with 

nominal VDD of 2.5V. The full circuit operation is detailed in the next part.   

 

Lastly, the DUT is designed using a body-contacted GO1 NMOS with gate width and 

length of W=100µm and L=60nm respectively. The large DUT width is consistent with 

analog/RF applications and to achieve device breakdown in a reasonable time frame for 

TDDB stress. However, the transition time depends on DUT width which is proportional to 

the equivalent intrinsic capacitance of the DUT.  Figure 3-3 shows the transition times (rise 

and fall times) extracted from SPICE simulation results for W values ranging from 100µm to 

400µm at fixed L=60nm and T=25°C at different VHL. Both rise and fall times increase 

monotonically with W for minimum and maximum VHL showing that larger W induces longer 

transitions. For values of W > 200µm, transition times for maximum VHL = 2.5V exceed 

specification for 1GHz stress waveform conditions (>100ps), which justifies our choice of 

DUT W=100µm to ensure signal integrity. The layout implementation of the 1GHz test 

structure designed using STMicroelectronics 65nm partially depleted SOI (PDSOI) 

technology is shown in Figure 3-4, where the test structure is routed to DC probe pads for 
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wafer-level stress measurements. Comparison of post-layout simulations against SPICE 

simulations at T=125°C are presented in Table 3-1. These results show that the design 

specifications for off-stress state have been fulfilled. DUT and both 500MHz and 1GHz test 

structures characterization are described in the following section.  

 

 
Figure 3-3 : Transition times (rise and fall times) increase monotonically as a function of DUT width.  

 
Figure 3-4 : Layout view of 1GHz test structure (connection to DC probe pads not shown here) implemented in 

STMicroelectronics 65nm PDSOI technology. 

 

Table 3-1 : Performance of test structure from SPICE versus PLS simulations for DUT (NMOS GO1 L=65nm 

and W=100µm) at voltage and temperature conditions Vdd=1V; VHL=2.5V; T=125°C 

Test Structure 
1GHz 500MHz 

Specification SPICE PLS Specification SPICE PLS 

Frequency (GHz) 1 0.966 0.903 0.5 0.442 0.412 

Trise (ps) <100 75.04 84.3 <100 75.07 88.03 

Tfall (ps) <100 73.49 84.38 <100 73.68 87.73 

Duty Cycle (%) 50 48.67 48.27 50 49.38 49.32 

3.1.3 DUT description and operation modes 

The different test structures are shown in Figure 3-5. DUTstandalone in Figure 3-5(a) is used for 

DC and AC pulsed off-state stress with maximum frequency of 100kHz where the stress 

stimuli is applied directly to VDrain via an external pulsed generator unit. In Figure 3-5(b), 
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DUTTest structure is used for AC pulsed waveform off-state stress generated by on-chip ROs with 

oscillation frequency of 500MHz or 1GHz. The same test structure using 500MHz RO was 

duplicated with direct drain access, shown as DUTTest Structure Drain in Figure 3-5(c).  It is used to 

compare DUT standalone with and without direct drain access during DC characterization 

(discussed in Section 3.2.1) and to monitor transmission gate degradation during DC or AC 

stress (discussed in Section 3.4.2). 

Off-state stress DC or AC pulsed waveform with maximum frequency of 100kHz can be 

applied directly to VDrain of DUTstandalone via an external pulsed unit generator. DC or AC off-

state stress modes of DUTTest structure and DUTTest structure drain are controlled by the RO enable 

signal (Ring_EN) which is illustrated in Table 3-2. When Ring_EN =’0’, DC mode is 

activated, so that the DC bias VHL is applied at the drain node. AC mode is activated when 

Ring_EN=’1’, so that an AC pulsed signal oscillating between VHL and VLL at 500MHz or 

1GHz with 50% duty cycle is applied at the drain node.  

 

 

 

 
Figure 3-5 : (a) Standalone DUT consisting of a body-contacted GO1 NMOS in 65nm PDSOI technology, RO 

test structures (b) without direct drain access (c) with direct drain access. DC and AC stress modes are applied to 

DUT drain terminal via transmission gates controlled by RO oscillation mode (Ring_EN). 

Table 3-2 : DC and AC operating modes of DUTTest structure and DUTTest Structure Drain 

Mode Ring_EN 𝑉𝐶𝑇𝑅𝐿 𝑉𝐶𝑇𝑅𝐿 𝑉𝐷𝑟𝑎𝑖𝑛 

DC ‘0’ ‘1’ ‘0’ 𝑉𝐻𝐿 

AC ‘1’ 
‘1’ ‘0’ 𝑉𝐻𝐿 

‘0’ ‘1’ 𝑉𝐿𝐿 
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3.2 Test structure characterization in DC and AC mode   

3.2.1 IDVG characterization  

Prior to off-state drain stress measurements, DC characterization was conducted on each test 

structure to ensure the signal integrity of the pulsed waveform at VDrain. Firstly, linear IDVG 

DUT characterization in DC mode is performed for the three structures at VDrain = VHL= 

50mV, which is illustrated in Figure 3-6 with good correlation to simulation data. The linear 

current IVHL of DUTTest structure saturates from VGate=0.3V onwards due to the significant on-

state resistance of transmission gates (RonSwitch) in series with the DUT, observed for both 

measurement and simulation data. To explain this result, the equivalent schematic of test 

structures with and without direct drain access for linear IDVG characterization is illustrated in 

Figure 3-7.  For VGate > VT, the DUT on-state resistance (RonDUT) varies according to its ratio 

against RonSwitch. When RonDUT is smaller or equal compared to RonSwitch, VDrain is drastically 

reduced due to voltage dividing effect. On the other hand, for VGate < VT (subthreshold and 

 

Figure 3-6 : log (IDrain)VG DC characterization at VDrain=VHL=50mV. From VGate=0.3V onwards, saturation of 

linear IVHL (red) is due to large RonSwitch in series with DUT (refer to Figure 3-7). 

 

Figure 3-7 : Equivalent schematic of DUT test structures with (bottom) and without (top) drain access for linear 

IDVG characterization (VHL=50mV). VDrain of DUT test structure without drain access is reduced when RonDUT 

is smaller or equal to RonSwitch which occurs for VGate > VT DUT. 
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off-state regime) IVHL is aligned with IDrain of DUT Standalone due to large off-state resistance of 

the DUT, i.e., 9kΩ at VGate = 0.1V, compared to RonSwitch =410Ω. In other words, it is not 

relevant to compare IDlin at VGate = 1V and VDrain = 50mV across different structures, as per 

convention. In the following section 3.4, IVHL of DUT Test Structure is extracted at VGate= 0.3V for 

equivalent IDlin degradation (∆IDlin) comparison with IDlin of DUT Standalone. 

 

3.2.2 IDVD characterization 

When these peak currents are neglected, the ratio of measured IVHL(DC)/IVHL(AC)=2.15 for 

VHL= 2.3V, translating to a duty cycle of 46.5%. In the case of DUTTest Structure Drain, VDrain(t) 

AC 500MHz waveform shown in Figure 3-9 is altered due to capacitive loading of probes at 

drain access terminal, resulting in a larger IVHL(AC) than that of AC 500MHz without drain 

access, which is supported by experimental results in Figure 3-8. 

 
Figure 3-8 : IDVD characterization at VGate= -1V, corresponding to off-state stress conditions. A higher average 

IVHL during AC mode is attributed to large current peaks during transmission gate switching (refer to Fig. 6). The 

measurement results show good correlation to simulation. 

 
 

Figure 3-9 : Simulation results of DUT drain voltage (top) and current (bottom) waveforms during AC mode 

(VGate=-1V, VDrain=VHL=2.3V) of test structure with and without direct drain access.  
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3.2.3 DC and AC off-state breakdown characterization 

Figure 3-10 shows the breakdown voltages (BV) of different test structures which are 

determined by conducting fresh (T0) IGVD and IDVD characterization for off-state VGate = -1V 

while VDrain is swept until device breakdown at temperature T=125°C. The BV of DUTstandalone 

is at VDrain =2.7V while in the case of DUTTest Structure under DC mode the BV is at VHL=3.2V 

due to voltage drop across RonSwitch as IVHL increases with VHL. In AC mode 500MHz and 

1GHz, the BV of DUT Test Structure is higher at VHL=3.75V due to the combined effects of 

RonSwitch voltage drop and duty cycle factor.  

 

Figure 3-10 : Fresh device/test structure characterization of breakdown voltage (BV) for VGate= -1V at T=125°C. 

The BV for DUTstandalone is 2.7V. For test structures in AC mode, BV is almost twice of the BV in DC mode. 

Through the characterization of different test structures, we have concluded that the 

impact of RonSwitch on VDrain signal integrity is negligible during off-state DC and AC modes 

due to the small leakage current flowing through RonSwitch, making it suitable for off-state 

stress evaluation. The duty cycle factor (DF) determined from average current ratio 

IVHL(DC)/IVHL(AC) is an important tool for AC stress time scaling to obtain equivalent time 

stress to compare against the DC stress case. However, during linear IDlin characterization at 

VHL =50mV and VGate>VT in DC mode, it is necessary to consider IR drop caused by on-state 

current flowing through RonSwitch. For this reason, IDlin is extracted at VGate =0.3V instead of 

conventional VGate =1V definition for DUTTest Structure. DC and AC breakdown characterization 

of the test structures indicate that the drain stress voltage should be lower than VDrain = VHL = 

2.5V to avoid avalanche breakdown. 

3.3 Off-state RF TDDB 

3.3.1 Current studies in off-state DC and RF TDDB  

Significant progress has been made in off-state DC reliability research to explain the physical 

origins and nature of damage of off-state DC TDDB. An experimental and modeling study by 
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[2] has demonstrated that the off-state damage by hot hole injection originates from broken 

Si-O bonds, also known as interface and oxide (bulk) defects, which are not recoverable upon 

the removal of the off-state stress. These defects, which have a peak concentration at the gate-

drain overlap region, have been correlated to the formation of an asymmetric percolation path 

resulting in dielectric breakdown at the spacer region (outside the gate-oxide) for drain-

extended NMOS transistors [15]. However, [7] reported that the breakdown spot is more 

likely to occur in the gate-oxide at drain edge for FDSOI 28nm NMOS transistor due to the 

non-power law dependence of spacer breakdown.  

 

The frequency dependence of off-state TDDB has become an increasing topic of 

interest in the reliability of RF devices [16] and in particular power amplifiers [17], [18], [19] 

where the device is subjected to high drain voltage swings while operating in off-state. For 

example, class-E PA functioning as a switch in [20] has reported breakdown after 1ks at 

1.8GHz under maximum RF stress VDG = x2VDDNOM using thick oxide device. On the other 

hand, RF TDDB experiments at 14GHz has been reported in [18], where no hard breakdown 

was evidenced after 50ks under maximum RF stress VDG = x2VDDNOM for CMOS SOI class-

AB. These previous works involve sinusoidal stress waveform at both gate and drain 

terminals, where the interaction between different degradation modes is present and competes 

with off-state damage (this will be discussed in section 3.5). To isolate off-state RF TDDB 

from other potential degradation or recovery mechanisms, our test structure and stress 

methodology focuses on drain stress only DC/AC stimuli in off-mode which will be described 

in the following sections.    

3.3.2 Stress methodology & experimental setup 

DC and AC TDDB off-state stress measurements were conducted at 125°C on DUTStandalone 

and DUTTest Structure by applying stress voltages VDrain = VHL = 2.3V and VGate = -1V to achieve 

reasonable time-to-breakdown (TBD) while the body terminal is tied to the source terminal 

which is kept grounded. The constant voltage stress method combined with on-the-fly 

monitoring of gate, drain and source currents during the stress without interruption. 15 

samples were stressed for each condition until detection of hard breakdown by an abrupt 

increase in gate or drain current (simultaneously) of several orders of magnitude. 

3.3.3 Results and discussion 

The Weibull distribution in Figure 3-11 is plotted to illustrate the time-to-failure distribution 

of the stressed devices. The TBD of equivalent time stress for AC stress conditions are scaled 

by applying the duty cycle factor, DF=2.15, using the relation TBDeq = TBDAC/DF.  The two 

representative indicators of the Weibull distribution (W), β which is the slope parameter and 

T63 which signifies TBD at 63% corresponding to W=0 in the Weibull plot, are determined 

from eq.3-2 for each DC and different AC stress frequencies.  

𝑊 ≡ 𝑙𝑛(−𝑙𝑛(1 − 𝐹(𝑡)) =  𝛽. 𝑙𝑛(𝑡)  −  𝑙𝑛(𝑇63) (Eq.3-2) 

It is observed that T63 DC and AC 100kHz are similar while T63 increases with increasing 

stress frequency up to 1GHz. We found that the gain factor between T63 AC 1GHz and T63 
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DC is 2.15 which points out that AC TDDB indeed exhibits longer lifetime than DC TDDB. 

In contrast, β =1.27 remains constant at different stress frequencies up to 1GHz. The 

similarity between our findings and those reported in [13], [21] regarding on-state RF TDDB 

at 1GHz frequency suggests that the power law model proposed by  [22] can be applied to off-

state RF TDDB. As explained in Chapter 1, This model describes the frequency acceleration 

factor as a function of power-law with exponent n-1 illustrated in eq.3-3, where NBD 

represents the number of pulses to reach breakdown and A is a constant. This analytical 

model describes the T63 AC gain by the difference in DC and AC defect generation rate over 

time.  

 

𝑇63 𝐴𝐶 =  𝐹𝑛−1
𝑁𝐵𝐷

𝐴
 (Eq.3-3) 

 
Figure 3-11 : Weibull distribution of DUT standalone and DUT test structures at VHL=VDrain=2.3V for DC, 

100kHz, 500MHz and 1GHz stress at T=125°C. The Weibull slope β=1.27 remains constant for both DC and 

AC stress frequencies. A gain factor of 2.15 in time-to-breakdown (TBD) is observed at 1GHz stress compared 

to DC stress. 

By applying the analytical model in eq.3-3, the experimental data from T63 AC 

500MHz and 1GHz are used to fit the parameters of our off-state TDDB model in Eq.3 with 

an exponent n=1.76, shown in the plot of Figure 3-12(a). Interestingly, for the on-state RF 

TDDB model in [22] an exponent n=1.3 was reported, indicating that device lifetime gain is 

higher in off-state than on-state RF TDDB stress for identical A and NBD. A “plateau” for 

frequencies lower than 100kHz is observed, which is not covered by the proposed model in 

[22]. Additional data is required to confirm T63 AC data trend for frequencies between 

100kHz and 500MHz. Using this frequency model, it is possible to extrapolate T63 until 

28GHz corresponding to the operating frequency for mmW applications to compare T63 gain 

factor. The T63 ratio between AC and DC is x25 larger at 28GHz, as shown in Figure 3-12(b). 

However, it is unclear whether the T63 improvement will reach a threshold frequency, as 

suggested by [23]. Without a doubt, experimental results are essential to prove model validity 

of T63 gain at frequencies beyond 1GHz in future works.  

As VDmax margins for RF PA design are usually fixed by TBD DC yielding 

conservative estimations of device time-to-failure, TBD AC projections might be beneficial for 

RF PA design optimization by reducing VDmax overhead at higher frequencies. Still, the 
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impact of multiple failure modes including electromigration, on-state and off-state hot-carrier 

degradation combined with oxide wear out need to be analyzed to improve model accuracy of 

lifetime prediction for RF circuits.  

  
Figure 3-12 : (a) TBD AC experimental data fitted to frequency power law model with an exponent of n=0.76. (b) 

TBD AC Model extrapolation at 28GHz (mmW PA operating frequency) shows x25 estimated gain factor 

compared to TBD DC. 

3.4 Off-state degradation from DC to 1GHz stress 

 

Figure 3-13 : Mission profile of RF linear power amplifier (left) with off-state region at VG<=0 highlighted. The 

probability density function of this region (right) represents 40% of the total time in RF cycle. 

Previously in chapter 2, we have identified that the class AB PA device is subjected to 

alternatively on-state and off-state stress when driven near to saturation output power at 

28GHz, as shown in the PA mission profile in Figure 3-13. In the case of on-state HCI, DC to 

RF degradations have been established via quasi-static approximations, enabling accurate 

estimations via RF reliability modeling approach. On the other hand, accurate estimations of 

RF off-state degradations are more difficult to reproduce, given the lack of understanding on 

the frequency-dependent behavior at GHz level. Our proposed study is focused on 

investigating parametric degradation such as linear threshold voltage VTlin and drain current 

IDlin at MHz and GHz frequency compared to the DC case.  
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3.4.1 Stress methodology and procedure 

To study the impact of dynamic-off-state stress on IDlin degradation, a Stress-Measurement-

Stress methodology is used. During stress phase, stress bias conditions VGate=-1V and VDrain= 

VHL=Vstress=2.2V are applied on DUT at DC or AC stress frequency 100kHz, 500MHz or 

1GHz while during measurement phase DC mode is activated to record linear IDVG 

measurements to enable extraction of ∆IDlin at VGate =0.1V, 0.3V,0.6V when using the 

DUTstandalone or ∆IVHLlin at VGate=0.3V when using the DUTTest Structure. The total stress time is 

fixed depending on Vstress to avoid device breakdown during the experiment. The equivalent 

stress time for AC stress is scaled by the DF factor to compare AC against DC degradation 

results. 

3.4.2 Results and discussion 

The DUTstandalone and DUTTest Structure were stressed at T=125°C under DC and AC off-state 

conditions via the stress-measurement-stress methodology for stress voltage 

Vstress=VDrain=2.2V. In Figure 3-14, we show the evidence of off-state stress DC, AC 500MHz 

and 1GHz degradation of DUTTest Structure on linear IDVG characteristics compared to that of the 

fresh device T0. An increase in the threshold voltage VT for SiO2/SiON gate stack (due to 

charging of interface traps by hot holes), decrease in transconductance Gm (due to the increase 

in drain resistance caused by hot hole damage localized at gate-drain overlap region/LDD) 

and an increase of subthreshold slope (due to increase of interface traps). 

 

Figure 3-14 : Off-state degradation on linear IDVG characteristics of DUTTest Structure for DC and AC stress at 

VHL=2.2V. AC stress pivot point (similar for both 500MHz and 1GHz) is at higher VGate compared to DC stress 

pivot. 

For both DC and AC stress, a pivot effect between VGate = 0.1V and 0.3V is observed 

as IDlin is increased for VGate=0.1V (subthreshold current) while IDlin is decreased for VGate = 

0.3V and 0.6V (weak inversion current). It has been reported in [1], [24] that the pivot effect 

resulting from off-state stress is due to the discharge of interface traps depending on VGate bias 

measurement conditions of device, from depletion to weak inversion. These traps are of 
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amphoteric nature in which the different charge states (donor or acceptor) are determined by 

the Fermi potential controlled by VGate bias during characterization. 

To confirm that ∆IVHLlin is not influenced by degradation of transmission gate device, 

we monitor RonSwitch during the stress and measurement phase using DUTTest Structure Drain. The 

RonSwitch characterization during stress and measurement phase is detailed in the configuration 

presented in Table 3-3. The high impedance (High Z) is defined to measure VDrain (stress 

phase) and avoid current leakage via gate and source of DUT (measurement phase).  Then, the 

Ron drift can be extracted by measuring the drain current IVHL across voltage drop VHL - 

VDrain. The comparison of RonSwitch degradation for DC and AC 500MHz at Vstress=2.2V 

condition is shown in Figure 3-15. No significant RonSwitch degradation is observed during 

stress and measurement phase, which validates the test structure application for off-state stress 

experiments.  

Table 3-3 : Configuration of different terminals for RonSwitch characterization for stress and measurement phase 

 Stress 

phase 

Measurement 

phase VHL (V) 2.2 0.05 

VDrain (V) High Z GND 

VGate (V) -1 High Z 

VSource 

(V) 

GND High Z 

 

Figure 3-15 : Comparison of RonSwitch degradation under DC and AC 500MHz stress extracted during (a) 

measurement phase (VHL=50mV) and (b) stress phase (VHL=2.2V) by using DUTTest Structure Drain. No significant 

degradation is observed on all the 3 samples tested for each condition. 

 

Up to this point, we have verified the off-state degradation characteristics under DC 

and AC stress. Our experimental data has demonstrated that AC off-state degradation exhibits 

the pivot effect as also observed in DC degradation (VGate=0.2V), where in the pivot point is 

located at higher VGate =0.23V for AC stress conditions. To continue investigations on 

dynamic off-state degradation behavior, MOSFET degradation parameter ∆IDlin (DUTStandalone) 

and ∆IVHL (DUTTest Structure), which are relevant monitoring parameters due to their higher 

probing sensitivity towards interface traps, are extracted from the linear IDVG curves of Figure 
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3-14. The cumulative degradations of IDlin and IVHL normalized to T0 and plotted against the 

equivalent time stress. 

  

  
Figure 3-16:  IDlin degradation (∆IDlin) of DUT standalone extracted at different (a)VGate=0.1V, (b) VGate= 0.3V 

and (c) VGate=0.6V during measurement phase for Vstress=VDrain=2.2V DC and 100kHz stress conditions. The 

pivot effect is located between measurement bias of VGate= 0.1V and 0.3V. (d) No significant difference is 

observed in VTlin degradation (∆VTlin) of DUT standalone at DC and 100kHz stress. 

In Figure 3-16(a), (b) & (c), we have plotted the cumulative ∆IDlin of DUTStandalone at 

various VGate characterization at VDrain=50mV, for Vstress=VDrain=2.2V, where it is observed ID 

degrades for VGate =0.3V and VGate =0.6V  but improves for VGate =0.1V due to the pivot 

effect. ∆IDlin is slightly higher for DC stress compared to AC 100kHz stress condition for 

VGate =0.3V but the difference becomes smaller as VGate moves further away from the pivot 

point. However, ∆VTlin in Figure 3-16(d) shows that there is no difference in AC stress 

compared to DC stress. We are presuming from the plot of ∆VTlin in Figure 3-16(d) that the 

interface trap generation rate ∆NIT is unaffected by the drain relaxation sequence (VGate =-1V 

and VDrain=0V during half of the stress period) for AC stress, which has also been reported in 

[24].  Likewise, to observe the ∆IVHL at DC, 500MHz and 1GHz, ∆IVHL of DUTTest Structure is 

extracted at VGate =0.3V, as shown in Figure 3-17(a). ∆ IVHL is frequency independent at both 

500MHz and 1GHz, suggesting a quasi-static degradation behavior and consistent with the 

results observed for AC stress 100kHz. In Figure 3-17(b), the log-log plot of ∆IDlin and ∆IVHL 

shows time-power law dependence with exponent n=0.56 and n=0.5 respectively, in 

agreement with DC off-state analysis for NMOS L=40nm GO1 device in [1].  
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Figure 3-17(a): IVHLlin degradation of DUTTest Structure (∆IVHLlin) extracted at VGate=0.3V during measurement 

phase for Vstress=VDrain=2.2V at DC, 500MHz & 1GHz stress frequencies. (b) ∆IVHLlin of AC stress follows 

∆IVHLlin trend of DC stress (n=0.5~0.56). ∆IVHLlin is lower than ∆IDlin due to RonSwitch during measurement 

phase  

 

The VD dependence of ∆IVHLlin is then discussed based on the experimental results in 

Figure 3-18. The IVHLlin degradation rate for Vstress=2.5V is slightly higher than Vstress=2.2V 

and 2V. This reflects the higher ∆NIT governed by a higher hot hole injection efficiency when 

the stress bias VGD is increased. A saturation behavior for 500MHz and 1GHz AC stress at 

higher Vstress is also observed but is not present in DC stress. A possible explanation for this 

behavior is the different defect generation time dynamics between DC and AC stress, as 

proposed in [22]. If this assumption holds true, it means that RF off-state degradation and 

TDDB are correlated and explain the increase of time-to-breakdown at 500MHz and 1GHz in 

Section 3.3.3. Another possible explanation would be the difference in spatial distribution of 

the interface defects due to the localized E-field at the gate edge overlapping with drain 

spreading into LDD, causing a variation in stress electric field which then reduces the defect 

generation rate [2]. Different defect probing methods such as stress induced leakage current 

 
Figure 3-18 : Comparison of abs(∆IVHLlin) during measurement phase for different Vstress=VDrain=2V, 2.2V & 

2.5V at DC and AC stress frequencies 
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(SILC) or charge-pumping (CP) measurements could be performed in future work to confirm 

these assumptions. 

To summarize, by studying the parametric degradation linear drain current of dynamic 

off-state stress results at 500MHz and 1GHz proportionally to ∆NIT, we have demonstrated 

that no frequency dependence is observed compared to the DC stress. This allows us to model 

off-state degradation at RF frequencies using the quasi-static approach. To complete these off-

state degradation investigations, the interaction between on-state and off-state degradation 

mechanisms at RF frequencies need to be determined to provide accurate RF PA reliability 

modeling.  

3.5 Interaction between on-state and off-state 

degradation  

3.5.1 Interaction modeling strategy 

Modeling the interaction between different degradation mechanisms is pivotal for digital and 

RF devices that operate under mission profiles involving complex AC waveforms as the 

interaction between different degradations mechanisms can impact defect generation rate or 

carrier trapping/de-trapping dynamics. The experimental results in [3] using HKMG NMOS 

GO1 transistors reveals that the off-state degradation level depends on the pre-stress on-state 

hot carrier degradation mode (M1/M3), while no dependence of pre-stress off-state on on-

state hot carrier degradation was observed. Furthermore, stress sequences comprising of on-

state and off-state pulse trains at low frequency 1kHz and 1MHz were analyzed, which will be 

compared to our analysis for 500MHz stress sequences later in Section 3.5.3. The recovery 

behavior during off-state stress after on-state pre-stress has been attributed to the 

neutralization of traps with a strong VG dependence of on-state hot carrier pre-stress. This 

behavior was shown to decrease when the applied off-state pulse duration decreases, thus it is 

assumed that hole trapping becomes less effective at RF frequencies if stress duration is 

smaller than time constant of the trap. Recovery trend analysis was then extended to 8MHz in 

[25] using similar on and off-state stress patterns and confirmed the results observed at 1MHz 

in [3]. Following these observations, we present an interaction model analysis for on-state hot 

carrier and off-state stress sequences based on two different interaction modeling strategies 

demonstrated by [26], [27]. The models, derived from the parametric degradation ∆ which 

obeys a time power law in eq.3-4, are described in equations 3-5 to 3-7 using two arbitrary 

stress sequences with stress durations t1 and t2 as illustrated in Figure 3-19 : 

 

 Sum of age: The interaction between different stress modes is taken into consideration in a 

sequential order (history effect). The total defects generated at the end of the second stress 

sequence ∆2 depend on the defects generated after the first sequence ∆1, as shown in eq.3-

5. This dependence is considered by the equivalent pre-stress time 𝑡𝑒𝑞  defined in eq.3-6. 

In the generalized case of n=n1=n2, eq.3-5 is equivalent to the AGE function.  
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 Sum of degradation: The different stress modes do not interact with each other. The 

defects generated by different stress modes are modeled independently (no matter the 

sequential order) as shown in eq.3-7.  

 

 
Figure 3-19 : Illustration of two arbitrary stress sequences 1 and 2 with their respective stress durations t1 and t2.  

∆ =  𝐴 𝑡𝑛 
(Eq.3-4) 

∆𝑡𝑜𝑡𝑎𝑙_𝑎𝑔𝑒= 𝐴2(𝑡𝑒𝑞  +  𝑡2)
𝑛2

 = (𝐴1
1/𝑛2𝑡1

𝑛1/𝑛2
 +  𝐴2

1/𝑛2
𝑡2)

𝑛2
 (Eq.3-5) 

𝑡𝑒𝑞 =  (
∆1

𝐴2
)

1/𝑛2

 (Eq.3-6) 

∆𝑡𝑜𝑡𝑎𝑙_𝑑𝑒𝑔=  ∆1 +  ∆2=  𝐴1𝑡1
𝑛1 +  𝐴2𝑡2

𝑛2 
(Eq.3-7) 

Among the two interaction models, the sum of age model (eq.3-5) provides a lower 

cumulative degradation than the sum of degradation model (eq.3-7), due to the n1/n2 

exponent.  Hence the interaction modeling strategy has a significant impact on the device 

lifetime estimations, especially in RF applications.   

3.5.2 Stress conditions and methodology 

 We propose to study the on-state and off-state interactions through a combination of stress 

sequences comprising DC HCI on-state and DC/AC off-state stress applied on DUTTest Structure 

Drain. Firstly, the stress conditions at T=125°C, shown in Table 3-4, for each on-state and off-

state stress are determined to achieve ∆IDlin within 5% range. For the DC HCI on-state stress, 

DC stress voltage of 1.8V is applied using direct access to drain terminal VDrain to bypass 

RONSwitch of transmission gates while DC and AC off-state stress are applied via transmission 

gates at VHL =2.2V. For each degradation mode, ∆IDlin was extracted without RONSwitch and 

fitted to a time power law dependence model (eq.3-8) with a saturation component ∆max using 

the fitting parameter values in Table 3-5. 

𝛥 =
1

1
𝛥𝑚𝑎𝑥  +  

1
𝐴 ∙ 𝑡𝑛

 (Eq. 3-8) 
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Table 3-4 : Stress conditions at T=125°C for on-state and off-state degradation 

 modes applied on DUTTest Structure Drain 

 

Degradation mode 

Stress conditions DC HCI ON DC OFF 
AC OFF 

(F=500MHz) 

VGate(V) 1.8 -1 -1 

VDrain (V); VHL (V) 1.8 (VDrain) 2.2 (VHL) 2.2 (VHL) 

Stress duration (s) 300 3000 6000 

 
Table 3-5 : Time-power law model fit parameters for on-state and off-state degradation conditions corresponding 

to Table 3-4.  

Degradation mode 

Parameter DC HCI ON DC OFF AC OFF 

A 15.2E-4 4.2E-3 5.9E-3 

n 0.71 0.31 0.55 

∆max 0.16 1 0.015 

 

The model fit shows that off-state degradation has a smaller degradation rate in 

contrast to on-state degradation, given by the smaller exponent n. It is important to remind 

here that the exponent n of AC off-state degradation is different than that of DC off-state 

degradation due to the stress waveform distortion that has been discussed previously in 

Section 3.2.2. The pre-stress and stress sequences in Table 3-6 are then applied at T=125°C, 

for which each stress sequence follows the stress-measurement-stress methodology. By using 

a total equivalent stress duration of 3.3ks, the final ∆IDlin is within acceptable range (<10%) 

without triggering device breakdown.  

 
Table 3-6 : On-state and off-state modes combination for interaction model study 

Stress sequence 
Interaction 

mode 1 

Interaction 

mode 2 

Interaction 

mode 3 

Interaction 

mode 4 

Pre-stress DC HCI ON DC HCI ON DC OFF AC OFF 

Stress DC OFF AC OFF DC HCI ON DC HCI ON 

Pre-stress duration (s) 300 300 3000 6000 

Stress duration (s) 3000 6000 300 300 

3.5.3 Comparison of different interaction models against experimental 

results 

Figure 3-20 shows ∆IDlin for the pre-stress DC HCI on-state and followed by DC/AC off-state 

stress (interaction modes 1 and 2). Experimental data is found to be well modeled by the sum 

of degradation of each mode, as opposed to the sum of age interaction model, indicating the 

absence of interaction between these two mechanisms. For comparison, ∆IDlin of the inverse 

stress sequences (interaction modes 3 and 4) are presented in Figure 3-21, with DC/AC off-

state pre-stress which is then followed by DC HCI on-state stress. It is observed that both sum 

of degradation and sum of age models can fit final ∆IDlin of interaction modes 3 and 4. This is 

possibly due to the dominance of the DC HCI-on-state degradation compared to the pre-stress 
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degradation. ∆IDlin shows a slight recovery at the beginning of on-state stress for off-state HCI 

pre-stress. This could imply that the hot-hole induced defects originate from broken Si-H 

broken bonds as reported in Bravaix’s work [1] instead of Si-O broken bonds which cause 

irreversible damage that was stated in Varghese’s work [2]. We assume that this indicates the 

potential interaction between the two degradation modes in this specific order, also expected 

by the sum of age model data. The experimental results in Figure 3-20 showing zero recovery 

with on-state HCI pre-stress is different from the observations in [3] described earlier. 

Contrastingly, on-state HCI degradation with off-state pre-stress experimental data suggests 

the presence of recovery, which is not expected as reported by [3].  

 
Figure 3-20 : ∆IDlin of interaction modes 1 (blue) and 2 

(orange). Total ∆IDlin matches the sum of degradation 

model compared to sum of age. 

 

 
Figure 3-21 : ∆IDlin of interaction modes 3 (blue) and 

4 (orange). Both models sum of degradation and 

sum of age are in good agreement with experimental 

data. 

The interaction between degradation modes are linked to competition between 

occupation of defect creation sites [28], [29]. As the occupation of these sites depend on their 

species, localization, and density as well as carrier energy, it is difficult to obtain these defect 

characteristics solely through current-voltage (IV) measurements. To further understand the 

subject of interaction modes, the charge pumping technique [30], [31], [32] could be used in 

monitoring spatial and distribution of defect density.   

In addition, a series of alternating DC HCI on-state and DC/AC off-state stress sequences, 

each with equivalent stress duration of 10s and 100s respectively for 30 cycles, are conducted 

to compare with the previous ∆IDlin results obtained in Figure 3-20 and Figure 3-21. As shown 

in Figure 3-22, the sum of degradation model is in good agreement with the experimental 

data. Interestingly, the final ∆IDlin of alternating DC HCI on-state to DC and AC off-state 

stress is the same as the final ∆IDlin of interaction modes 1 and 2 respectively (refer to Figure 

3-20)  given the same total stress duration. This result suggests that time kinetics of defect 

recovery depends on the off-state stress duration, which is consistent with the results reported 

in [25]. Thus interaction modeling of parametric degradation combining on-state HCI to off-

state degradation is non-quasi static at high RF frequencies.  
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Figure 3-22 : ∆IDlin of alternating DC on-state HCI and DC/AC off-state stress sequences with total stress 

duration of 3.3ks. The sum of degradation model shows good agreement with measurement data. 

Based on the comparison of the different interaction models, on-state to off-state 

interactions can be modeled by the sum of degradation model with good accuracy to 

experimental results. This modeling approach has low computational complexity and is also 

compatible with SPICE reliability simulation without large underestimation of device 

lifetime.  

3.6  Conclusion 

The test structure designed specifically for off-state reliability studies has been a key 

instrument to develop the understanding of frequency dependence at GHz level without 

compromising the integrity of the pulsed stress waveforms.  

In terms of off-state RF TDDB, we have observed increasing TBD at higher stress 

frequencies, particularly a gain factor of 2 at 1GHz stress compared to the DC stress, whereas 

β remains independent of stress frequency. The frequency power law TDDB model from on-

state RF TDDB investigations in other works have been applied to the off-state case to 

extrapolate TBD to mmW PA frequencies. This extrapolation offers significant advantage in 

design considerations for performance to reliability trade-offs. However, this model shows 

discrepancies at the lower frequency range 100kHz to 500MHz and additional experimental 

data is required to explain the observations. For future developments of off-state RF TDDB 

model, duty cycle and voltage acceleration dependencies should be explored to provide a 

complete model for RF/mmW reliability simulations. 

Through the off-state stress measurements, degradation at 500MHz and 1GHz follows 

DC power law degradation curves, meaning that quasi-static modeling of parametric 

degradation is verified up to 1GHz. This important finding justifies the age modeling 

compatibility with current on-state modeling approach based on the age function in RF aging 

reliability simulations. We have proposed a few theories on the saturation behavior observed 

in RF off-state stress with increasing VGD that should be confirmed by alternative defect 

characterization methods.    
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Based on our experimental observations obtained from RF off-state degradation, an 

interaction modeling study using the sum of age and sum of degradation models was 

compared against experimental data of on-state and off-state interaction sequences. The stress 

order analysis between the two degradation modes has led us to discover an asymmetric 

recovery in degradation, specifically in the case where on-state hot carrier degradation is 

preceded by off-state pre-stress. While the physical origins of this recovery are unclear and 

requires further investigations, it has been observed negligible at shorter pulse durations. The 

most important result from this study is that the experimental data using shorter off-state pulse 

duration (500MHz) converges towards sum of degradation model. 

Following this modeling strategy and the quasi-static off-state degradation behavior, 

reliability models targeting RF applications should consider calibrating on-state and off-state 

aging models individually then consequently apply the sum of degradation model to estimate 

the total device degradation.  
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4. RF PA HCI Aging compensation strategy in 

28nm UTBB FDSOI technology 

Presently, our aging studies on RF PA emphasize the modeling of RF degradation to obtain 

accurate device lifetime estimation. The RF aging modeling approach is critical in the early 

design cycle to deliver a risk assessment of the device’s mission profile with regards to the 

reliability target.  Another concept that can bridge the gap between the performance and 

reliability trade-off is the compensation of the device or circuit aging. In this chapter, the 

proof of concept of an automatic gain compensation technique to control aging effect on RF 

PA performance variation is demonstrated. It has been demonstrated in chapter 2 that VT 

degradation is one of the parameters that significantly contributes to the gain degradation of a 

class AB PA during RF HCI stress. As a consequence, the proposed compensation scheme 

aims to compensate VT degradation induced by RF HCI aging via the adjustment of the body 

bias voltage, a technique that is widely known as adaptive body biasing. In the following 

sections we will give a brief review of the known aging compensation techniques in RF PA 

applications. After analyzing the advantages and drawbacks of these previous works, a system 

level description of the continuous gain compensation flow is given based on the RF HCI 

aging behavior of the PA device. The design of the building blocks is then presented 

following the requirements of the compensation strategy. Finally, the simulation results of the 

different RF HCI degradation scenarios are illustrated and discussed. 

4.1 RF Aging compensation strategy using adaptive 
bias technique 

4.1.1 Adaptive bias compensation: techniques, performance gain and 

reliability considerations 

4.1.1.1 Overview of adaptive bias techniques for RF PA reliability 

Adaptive bias is one of the strategies implemented in reliability-aware design to compensate 

the degradation effects on circuit performance. The main feature of this technique is to 

dynamically adjust the bias voltage of the device/circuit based on the degradation level to 

recover its operating point. Several techniques focusing on the design of adaptive bias to 

address DC parametric degradation in PA RF HCI aging have been proposed in the literature, 

such as adaptive gate bias [1]–[3] and adaptive body bias [4]. Adaptive body bias schemes 

have the advantage of providing finer control on the VT compensation. However, in terms of 

physical layout, adaptive gate bias schemes are easier to implement as they do not require the 

extra area overhead in well isolation structures, which are needed for body-bias applications.  

In general, an adaptive bias circuit for aging compensation requires two functions, the 

detection of the related device aging parameter (voltage, current or power) followed by the 
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compensation of the bias voltage via gate or body terminal. The solutions proposed by [1], 

[2], [3] use DC voltage or DC current detectors to sense the drift in bias operating point. The 

design in [4] uses an RF power detector to sense the PA output power drift, which makes this 

a viable solution since the bias compensation is correlated to the RF degradation. Most 

importantly, the RF signal path must not be compromised by the loading of the detection 

circuit.  

4.1.1.2 Performance and reliability of body-bias effect in UTBB 28nm FDSOI devices  

The body-biasing technique is widely employed in analog and digital applications to boost 

performance, optimize power management and compensate PVT variations. The VT 

modulation is controlled by applying a forward body-bias (FBB) and reverse body-bias 

(RBB) voltage to lower and increase the effective VT respectively. FDSOI devices with ultra-

thin body and buried-oxide (UTBB) offer a higher body biasing efficiency through its back-

gate terminal, i.e., 85mV/V in contrast to substrate body biasing 25mV/V in bulk-Si devices, 

resulting in a larger VT modulation to increase ION/IOFF ratio in FBB mode thus reducing 

power consumption (higher ION for the same VDD) [5], [6], [7].  

From an NMOS reliability perspective, hot-carrier degradation of FDSOI devices 

share similarities in degradation dynamics as bulk-Si devices, i.e. time-power law with 

exponent of 0.3 for IDSAT drift under worst case HCI stress VG=VD [8]. Previous work in [9], 

[10] have reported higher IDSAT drift in VG=VD stress coupled with FBB stress while no 

significant influence on damage localization. Considering that the higher IDSAT drift can be 

explained by a higher carrier density and lower pinch-off voltage in presence of FBB, the 

authors in [11], [12] demonstrated as shown in Figure 4-1 , that the degradation is less 

significant with FBB than without FBB for the same carrier density. In other words, it can be 

expected that adaptive body-bias via FBB improves device HCI reliability while providing the 

performance benefits that the FDSOI technology has to offer. 

 

 
Figure 4-1: IDsat drift is plotted against the respective carrier density of different  

FBB/RBB stress in 28FDSOI NMOS LVT devices [11]. 
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4.2 Proposed test structure design methodology in 

UTBB 28FDSOI technology platform 

4.2.1 System level description 

4.2.1.1 Conceptualization: Adaptive body biasing for PA gain compensation  

Firstly, the concept of adaptive body bias via FBB on the designed NMOS LVT PA cell is 

analyzed. In the case of an NMOS transistor in inversion mode, when VFBB is increased, VT 

decreases and thus increasing the drain current as the overdrive voltage is increased. The VT 

modulation effect, which is inversely proportional to VBB (Figure 4-2), is illustrated in Figure 

4-3 where the drain current is plotted as a function of gate voltage for a range of body bias 

VBB values. In 28FDSOI process, the LVT devices are implemented in flipped-well 

configuration in favor of FBB which emphasizes VT reduction.  Consequently, RBB (VBB<0) is 

limited at -300mV for the NMOS transistor to prevent the n-well/p-well junction forward 

biasing [5], [6].  

 
Figure 4-2: VT modulation range from -250mV to 

30mV. The maximum value is limited by VBB=-

300mV to avoid leakage through forward biasing of 

p-n junction 

 
Figure 4-3: Linear IDVG curves of LVT NMOS PA 

cell showing lower VT and higher drive current by 

increasing VFBB (VBB>0) 

 

As the drain current and the overdrive voltage are directly related to the 

transconductance (gm) which determines the small-signal gain, the impact of VT modulation 

on RF PA figure of merits is analyzed in Figure 4-4(a), (b) and (c). The increase of VFBB 

shifts the PA gain towards higher values, as the bias operating point move towards large PA 

conduction angles (class A), that can be observed by the increase in DC bias current. Since 

VDD bias remains constant, the PAE is penalized when approaching higher output power with 

increasing VFBB higher power consumption when the conduction angle is increased. 

From the HCI sensitivity analysis presented in section 2.3, we have observed that RF 

gain degradation induced by RF aging is mainly contributed by the DC drift of several device 

parameter such as VT, mobility and RD. Therefore, in this work, we propose to study the effect 

of VT compensation on RF PA aging by implementing a feedback control loop to adjust FBB.  
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Figure 4-4: Effect of VFBB increase on the following RF PA figure of merits (a) Gain vs Pout, (b) PAE vs 

Pout, (c) DC bias current vs Pout 

 

 
Figure 4-5 : Block diagram of PA compensation feedback system consisting of attenuator (ATT), power 

detectors (PD1/PD2), and a feedback control circuit. Back-gate terminal of the PA cell receives the voltage 

difference between PD1 and PD2 during closed-loop while it is connected to 0V (GND) in open-loop. 

Figure 4-5 illustrates the block diagram of the system composed of an RF PA cell and 

a negative feedback loop integrating the following three main blocks: an attenuator (ATT), 

power detectors (PD1 and PD2), and a feedback control circuit. At fresh condition, VDIFF =0 

due to the fact that gain compensation is not needed. To obtain this condition, the attenuator 

ATT is designed to cancel the gain of the PA at a fixed RF output power, i.e., P1dB, so that both 

inputs of the feedback circuit V1 and V2 are equal. After RF stress, with PA gain degradation 

and the fixed attenuation of ATT, V2 decreases. This results in V1-V2>0 and thus VDIFF>0 is 

required to compensate for VT degradation. Here, the power detectors PD1 and PD2 are used 
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to detect the PA input power and the attenuated output power and convert them into DC 

output level. It is important to ensure that the RF signal path from the PA input to output is 

isolated from the loading effect of the attenuator and power detectors so that the PA gain is 

unaffected. The integrated feedback control circuit not only calculates the difference between 

the reference DC level (V1) and the regulated DC level (V2) but also provides the appropriate 

VFBB. A switch is used to break or close the feedback loop, by applying GND or VDIFF 

respectively to VFBB. This feature adds a degree of freedom to apply compensation in 

continuous or discrete mode. The design of the different building blocks will be discussed 

later in section 4.2.2.  

In comparison to [4], our proposed method has higher efficiency in applying the 

feedback control for gain compensation. It should be noted that this compensation technique 

addresses the recovery of the output amplitude but not the phase recovery, with the latter 

related to the input capacitance degradation of the device [13].  Since the output of the 

feedback loop only controls VFBB to compensate VT drift, it is expected that the PA gain is 

not able to be fully compensated during RF HCI aging due to the presence of other DC 

degradation parameter, in particular the RDSAT drift contribution. This solution can be coupled 

with a supply voltage regulator to regulate the voltage drop induced by RDSAT drift. 

4.2.2 Block level design 

4.2.2.1 28GHz RF Power amplifier 

To demonstrate our proposed solution, a PA is designed to operate at 28GHw with 

approximatively 10dB RF gain and PSAT of 12.5dBm. The design is implemented in 

STMicroelectronics 28nm FDSOI process design kit (that is different from the previous 

28GHz PA studied in chapter 2 due to the tapeout constraints). The PA cell is composed of a 

LVT NMOS transistor in common source configuration with channel width W=400µm and 

length L=30nm. A multi-finger geometry layout is chosen using gate finger width WF=2.5µm 

for a total of 160 fingers to reduce the physical layout of the PA cell and optimize the gate 

resistance and capacitance parasitic. The first step in the design process consists in selecting 

the required output load impedance RL to deliver an output saturation power 

PSAT=12.5dBm=17.7mW, that can be approximated using eq.4-1 for VDD=1.1V.  

𝑅𝐿 =  
(𝑉𝐷𝐷 −  𝑉𝐷𝑆𝐴𝑇)2

2 ∙ 𝑃𝑆𝐴𝑇
 (Eq.4-1) 

The DC load line theory is then applied to determine the DC bias operating point of the PA 

with RL=15Ω and VDD=1.1V from the IDVD curves as shown in Figure 4-6. The DC load line 

is described by the relationship between VDS and ID where the slope of the load line is 

proportional to -1/RL and α represents the coefficient of different PA classes. The intercept 

point at VDS=0 represents the maximum drain current IDMAX that can be driven by the PA. On 

the other hand, the intercept point at ID=0 represents the maximum drain voltage swing VDS(t) 

which is dependent on input gate voltage swing VGS(t). As we have chosen class AB 

operation in previous RF HCI aging studies, the same operation class will be implemented 
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here thus the drain bias current ID0 is fixed at 34mA at VGBIAS=0.4V between the ID0 values of 

class A and class B.  

Large-signal performance is analyzed by conducting load and source pull SPICE 

simulations in search of optimal ZS and ZL values to obtain maximum power gain at 

fundamental frequency. This is initially performed for ideal PA model and then adjusted to 

recover insertion loss introduced by post-layout, back-end routing, and RF pad parasitic 

extractions. The large-signal SPICE simulations at 28GHz were implemented by Cadence 

SpectreRF simulator using an RF testbench which is similar to that already presented in 

Chapter 2. As observed in the simulation results of Figure 4-7, a significant reduction of RF 

gain is observed for the PA core model combined with post-layout and pad parasitic effects  

 

Figure 4-7: RF PA gain at different extraction levels. The PA core model gain is reduced by post-layout and RF 

pad parasitics. ZS and ZL are then optimized to readjust the gain level in consideration of load pull setup 

capability. 

compared to the PA core model only. To reach the gain range specification for the feedback 

circuit, the RF gain is then increased to 10.5dB by optimizing ZS=10+j2.85 and 

ZL=10.7+j4.176. The RF gain level is important for the attenuator in the feedback path to 

effectively cancel the gain=9.5dB at POUT=P1dB. Another important point which needs to be 

Figure 4-6: DC load line analysis of PA cell. Class AB operating point is fixed at ID0=34mA for VDD=1.1V. 
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considered when optimizing ZS and ZL is the impedance tuning range on load pull setup that 

in particular limits the value of the real part of ZS and ZL. The optimized ZS and ZL values is 

implemented in the simulation of the PA aging compensation system in section 4.3.  

4.2.2.2 Attenuator 

The role of the attenuator ATT at the PA output is to provide a voltage attenuation (equivalent 

to the P1dB gain) with minimal disruption on the RF signal path to the output load. A simple 

attenuator can be designed by using passive elements, either resistive or capacitive. Here, we 

choose to use a large resistive attenuator (>>50 Ω) instead of a capacitive attenuator so that 

the output impedance of the PA remains unchanged.  Figure 4-8 shows an attenuator 

consisting of a single resistor with a large resistance value RATT=3.3kΩ. The input terminal is 

connected to the PA output (drain) while the output terminal is connected to the DC blocking 

capacitor of the power detector input. The attenuation level is given by the ratio between the 

output and input voltage of the attenuator. For our study, the attenuation is fixed at 9.5dB (PA 

gain at P1dB) by RATT.  

 
 

Figure 4-8 : Resistive attenuator to provide PA gain cancellation at P1dB. A small capacitor placed at the power 

detector input is used to block the DC bias of the RF output signal.  

4.2.2.3 Power detector  

RF power detection is one of the key functions in the gain compensation system as they are 

required both at the input and output of the PA cell to provide RF power level measurements. 

For RF or microwave power measurements, there are two categories of power detectors in 

terms of the type of measured power: peak detectors [14], [15] and root-mean square (RMS) 

detectors [16], [17]. An important question before embarking on power detector design is to 

find out whether peak or RMS power is representative of PA degradation. A qualitative 

analysis is conducted to assess the correlation between VT degradation against RMS and peak 

output power during PA stress, as illustrated in Figure 4-9. The RMS output power shows a 

smaller slope for the same VT degradation, which means a smaller input dynamic range for 

RMS power detection compared to peak power detection. This provides an advantage to relax 

the dynamic range constraints when designing the power detector.  Besides its viability for 

this study, the fact that RMS power detectors measure the average power makes them less 

susceptible to any fluctuations to the detected signal compared to peak detectors, thus 

producing a more robust measurement result. 
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Figure 4-9: Qualitative analysis to study the relation between peak/RMS output 

 power and VT degradation due to RF HCI aging 

   

An RMS detector performs two distinct functions to obtain the RMS value of an AC 

signal (VRMS), squaring and averaging [18], as described by eq.4-2 where VAC(t) is the 

instantaneous voltage of an AC signal of periodicity T. It should be noted that VRMS is a DC 

signal.  

 

𝑉𝑅𝑀𝑆 =  √
1

𝑇
∫ 𝑉𝐴𝐶(𝑡)

𝑇

0
= √𝑎𝑣𝑔(𝑉𝐴𝐶

2 ) (Eq.4-2) 

 

The square-law characteristics of a MOS transistor in strong inversion region is a well-known 

RMS detection method, where the drain current of the MOS is proportional to the square of 

the gate voltage that is represented by the amplitude of VAC(t). The output is then low pass 

filtered to obtain the RMS value of VAC. The main benefits of this method are its high 

dynamic range, low complexity and on-chip integration in standard CMOS technology 

compared to diode or bipolar transistor detectors.  

 

 
Figure 4-10 : Schematic design of RF power detection unit which consists of a RMS detector and a buffer [17] 

 

  

We have implemented the design of a 28GHz RF power detection unit consisting of RMS 

detector and a buffer in 28FDSOI technology based on the design of a 60GHz power detector 

in [17]. As presented in Figure 4-10, the detection cell uses a differential input instead of a 

single-ended input to provide a higher immunity against offset errors due to process, voltage, 

and temperature (PVT) variations. Both N1 and N2 transistors are designed with minimum 
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width to obtain large input impedances, thus minimizing the signal leakage on the RF PA 

signal path. The biasing circuit (N0, N3, P1, P2, P3) is built using current mirrors to provide 

the required bias current for the detection cell. For more details on the sizing of transistors in 

the biasing circuit, readers can refer to [17].  

Considering that the instantaneous RF signal VAC(t), of a frequency 𝐹0 =
𝜔0

2𝜋
 , injected at the 

gate terminal of N1 (given by eq.4-3) while the gate terminal of N2 is kept constant. The DC 

bias points of N1 and N2 are fixed such that the transistors operate in saturation mode to 

perform instantaneous to RMS voltage conversion, thus the drain currents of N1 and N2, IDS1 

and IDS2, are given by eq.4-4 and eq.4-5:   

 

𝑉𝐴𝐶 (𝑡) =  𝑉𝐺𝑆_𝑏𝑖𝑎𝑠 +  𝑉𝐴𝐶 cos(𝜔0𝑡) 

 

(Eq.4-3)  

𝐼𝐷𝑆1(𝑡) ∝  
𝐾 ∙ 𝑊

2 ∙ 𝐿
(𝑉𝐴𝐶(𝑡) −  𝑉𝑇)2 

 
(Eq.4-4) 

𝐼𝐷𝑆2 ∝  
𝐾 ∙ 𝑊

2 ∙ 𝐿
(𝑉𝐺𝑆_𝑏𝑖𝑎𝑠 −  𝑉𝑇)2 

 
(Eq.4-5) 

The total drain current IDS which is the sum of IDS1 and IDS2, contains the amplitude of 𝑉𝐴𝐶(𝑡) 

and components of the first and 2nd order harmonics, 𝐹0 and 2𝐹0 (refer to eq.4-6). By using 

the RC low-pass filter with a cut-off frequency 𝐹𝐶 ≪ 𝐹0 to remove the harmonic components, 

a DC current output IDET linearly proportional to the square of the amplitude of 𝑉𝐴𝐶(𝑡) is 

acquired, as illustrated by the simulation results at 28GHz in Figure 4-11. The transfer 

function characteristic is linear for an equivalent input power of -25dBm to -5dBm.  

 

𝐼𝐷𝑆(𝑡) ∝  𝑉𝐴𝐶
2 +   𝑉𝐴𝐶 cos( 𝜔0𝑡) +  (𝑉𝐴𝐶 cos( 2𝜔0𝑡))2 

 

(Eq.4-6) 

 
Figure 4-11: Transfer function of RMS detector. A linear detection range is defined for an  

equivalent input power Pin=-25dBm to -5dBm 

 

A buffer stage, which is connected to the detector output, is essential for several reasons. 

Firstly, since the useful signal of the detector output IDET is too weak to drive a load to be able 

to provide a large enough sense voltage for the subsequent stage, thus a buffer can act as a 

current to voltage converter. Secondly, a low impedance input of the subsequent stage is 
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necessary to conserve the signal integrity of IDET. These issues can be solved by the 

implementation of a transimpedance amplifier (TIA) consisting of two cascaded resistive-

feedback inverters as presented in Figure 4-10. The TIA gain is given by the feedback resistor 

so that the TIA output voltage is proportional to the amplified input current [19]. The transfer 

function of power detection unit at 28GHz is shown in Figure 4-12 using semi-log plot of the 

detected output RF voltage VOUT against the input power Pin. A dynamic range of 20dB is 

obtained. Minimum dynamic range is limited by noise level of the input differential stage, 

whereas the maximum dynamic range is limited by the overdrive voltage (VG-VT) of the N1 

and N2 transistors to keep them in saturation mode. 

 
Figure 4-12 : Semi-log plot of the normalized detector output voltage against the injected input power. A linear dynamic 

range of 20dB is obtained. The minimum level is limited by the noise level of the detector input whereas the maximum level 

is defined by the maximum drain voltage swing of the input stage. 

The functionality of the power detection unit in the feedback system is evaluated together 

with the PA cell and attenuator. By recalling the feedback system characteristics, the input 

and attenuated output power of the PA should be equal so that the voltage difference between 

the output of the two power detectors, VOUT_PD1-VOUT_PD2, is zero.  The transfer characteristics 

obtained from post-layout simulation of the power detectors at the input of the PA (PD1) and 

the attenuated output of the PA (PD2) is presented in Figure 4-13(a) and (b). At low PA input 

power (PinPA), the voltage output of both PD1 and PD2 are identical due to the gain 

attenuation provided by RATT. As PinPA increases, the difference VOUT_PD1-VOUT_PD2 increases, 

implying that VFBB>0V. However, we expected that VFBB remains at 0V up to P1dB (PinPA= 

5dBm) in fresh PA condition. To ensure this configuration, it is possible to correct this error 

during the calibration phase (refer to section 4.3.1). In the case of RF HCI degradation for PA 

aging, the VOUT_PD1-VOUT_PD2 characteristics will be shifted vertically. 
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Figure 4-13 : left (a) Linear plot of the transfer function of power detectors PD1 and PD2. Right (b) The 

VOUT_PD1-VOUT_PD2 characteristics which is proportional to the VFBB feedback control. 

4.2.2.4 Feedback control circuit  

The core of the feedback control circuit is made up of a differential amplifier shown in Figure 

4-14, with VPLUS and VMINUS representing VOUT_PD1 and VOUT_PD2 respectively. The 

differential amplifier is designed using two differential input operational amplifiers 

(consisting of thick oxide transistors) that are connected to dual supply voltage +VDD2=2.5V 

and -VDD2=-2.5V. This cascaded configuration provides a high input impedance that is 

suitable for unbalanced voltage inputs. The output voltage of the differential amplifier 

(VOUT_DIFF) is given by the voltage difference between VPLUS and VMINUS, amplified by a 

voltage gain GV as described in eq.4-7 and eq.4-8. 

𝐺𝑉 = 1 +
𝑅2

𝑅1
 (Eq.4-7) 

𝑉𝑉𝑂𝑈𝑇_𝐷𝐼𝐹𝐹 = (𝑉𝑃𝐿𝑈𝑆 −  𝑉𝑀𝐼𝑁𝑈𝑆) ∙ (1 +
𝑅2

𝑅1
 ) + 𝑉𝐶𝐴𝐿 (Eq.4-8) 

 

 

 
Figure 4-14 : Schematic design of the differential amplifier using differential  

input single-ended output operational amplifiers in cascaded configuration 

 

By applying VCAL which is generated from an external voltage supply, an offset 

voltage (positive or negative value) is applied to VOUT_DIFF thus serving as a tuning knob to 
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calibrate the mismatch collectively produced by different components in the feedback chain 

as well as the differential amplifier itself. The transfer function of VOUT_DIFF remains linear 

within the range of -2.3V to 2.2V for the differential input amplitude VPLUS - VMINUS of 

450mV as illustrated in Figure 4-15, which is compatible with the output range of VOUT_PD1-

VOUT_PD2 (refer to Figure 4-13(b)) and also fits in the gain compensation range using VFBB 

(refer to section 4.3). 

 

 
Figure 4-15: Transfer function of the differential amplifier in differential mode. The output range remains linear 

within the voltage range of VFBB for gain compensation. The corresponding input range is compatible with the 

previous stage output range.   

 

Since there is no feedback path within the differential amplifier itself, the stability 

analysis can be performed individually on each operational amplifier by simulating its gain 

and phase margin. The operational amplifier is stable with a phase margin of 70 degrees, 

which is higher than the recommended stability margins to avoid amplifier output oscillations.  

 

The feedback path connecting the differential amplifier output and the back-gate 

terminal of the PA cell can be open or closed using a pass gate (PG1) as a switch. The loop is 

controlled by the enable signal VFBB_EN, such that the output of PG1 (VOUT_PG1) applies 0V 

(GND) during open loop and VOUT_DIFF during close-loop respectively to the PA back-gate 

terminal. To observe VOUT_DIFF in either loop state (open or closed) and due to the limited 

number of DC probe pads, another pass gate (PG2) is implemented. PG2 provides the read-

out of different signals on the same DC probe pad. The output of PG2 (VOUT_PG2) corresponds 

to VOUT_DIFF during open-loop (essentially for calibration step) while during close-loop 

VOUT_PG2 corresponds to the intrinsic voltage of the PA drain terminal (VD_SENSE). The role of 

the different pass gates PG1 and PG2 is illustrated in Figure 4-16. The different outputs 

during open and close loop are presented in Table 4-1. 
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Figure 4-16: (left) PG1 controls the opening (VOUT_PG1 out_PG1=GND) and closing (VOUT_PG1 = VOUT_DIFF) of 

the feedback loop. (right) PG2 provides the readout of probed DC signals VOUT_DIFF and VD_SENSE 

 

Table 4-1 : Logic table for VFBB_EN signal which controls the feedback loop and the read-out of different 

outputs. 

VFBB_EN Vout_PG1 Vout_PG2 

‘1’ VOUT_DIFF VD_SENSE 

‘0’ GND VOUT_DIFF 

4.2.3 Test Structure Physical Implementation 

The physical implementation of the test structure is essential to ensure compatibility of the 

test structure with the RF load pull measurement setup. One of the most critical steps in the 

design flow is floor-planning. It must be done before the place and route stage so that the 

routing between the different building blocks can be optimized and ensure their connections 

to the probe pads that allow probing of measured signals as well as voltage supply (bias) 

application. The floor-planning process involves arranging the different building blocks and 

probe pads within the test structure as described in the following:   

 The two types of probe pads, DC and RF, determine the surface area of the test 

structure due to the distance constraints between DC and RF probe dimensions of the 

measurement setup. The DC probe pad provides interface between voltage supply of 

the analog blocks, PA cell bias and also measurements of VOUT_PG1 and VOUT_PG2 

signals. The RF pad, designed with Ground-Signal-Ground (GSG) structure is used to 

provide on-wafer measurements of the PA cell. 

 The input and output of the RF PA is connected to the GSG probe pad such that the 

routing from the drain terminal to the signal pad is minimized to reduce signal loss. 

The gate and drain terminals are routed to the DC pads for DC bias supply. 

 The power detection unit and attenuator are placed in proximity to the input and 

output of the RF PA to minimize RF signal loss to the input of the power detectors, 

without inducing parasitic coupling with the RF PA.  

 The feedback control circuit is isolated far away from the RF blocks to avoid signal 

coupling of the capacitors and at the same time close the distance to DC probe pads.   
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The layout of the complete test structure, illustrated in Figure 4-17, was implemented in 28nm 

FD-SOI CMOS technology with a 9-metal layer back-end of line (BEOL) process by 

STMicroelectronics. The effective surface area of the building blocks occupies 30% of the 

total silicon area, which could not be fully utilized due to the minimum distance limit between 

DC and RF probe pads. Aside from this main test structure, two other test structures 

containing parts of the circuit, i.e., the standalone RF PA with GSG pad and the power 

detection circuit without feedback control are included for characterization purposes.  

 

 
Figure 4-17 : Layout view of the complete test structure for PA aging compensation system designed in 28nm 

FDSOI CMOS technology with 9-metal layer BEOL process by STMicroelectronics.   

4.3 Simulation results and discussion 

In this section, the SPICE simulation results of the gain compensation based on adaptive body 

bias technique are presented at system level to demonstrate the proof of concept. First, the 

open loop simulations are verified under fresh PA device conditions to perform system 

calibration at the targeted stress power level. This is then followed by closed loop simulations 

to analyze the gain compensated according to the level of VT degradation induced. The post-

layout simulations are run in Cadence Spectre using RF testbench integrating EM modeling of 

RF pad parasitics (refer to section 2.1.4.2).   

4.3.1 System calibration in open loop configuration    

The calibration of the feedback system is conducted in open loop configuration (VFBB_EN=’0’) 

as explained earlier in section 4.2.2.4. The goal of the calibration is to ensure that the 

feedback control signal is calibrated to a fixed reference value, which is essential to reduce 

the system error due to PVT variations and performance/design mismatch. In this case, the 

feedback adaptive bias, represented by VOUT_PG2 =VOUT_DIFF, should be equal to 0V at the 
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targeted power level for RF HCI stress. The calibration tuning knob is given by VCAL which is 

increased or decreased until VOUT_DIFF=0 according to the initial VOUT_DIFF reading before 

calibration. The calibration procedure concerning the RF HCI stress at P1dB condition is 

shown in Figure 4-18. Before calibration (VCAL=0), the initial VOUT_DIFF =+0.8V is obtained, 

implying a VFBB=0.8V at T0 when the loop is closed. VCAL =-0.8V is applied to reach the 

calibration target of VOUT_DIFF = 0V which results in VFBB=0V at T0 when the loop is closed. 

Thus, since the PA is stressed at P1dB, the negative values of VOUT_DIFF for POUT < P1dB that 

lower the gain will not be an issue.  

 

 
Figure 4-18 : Calibration of the feedback control signal VOUT_DIFF by tuning VCAL. At stress condition 

Pout=P1dB, the system is calibrated when VOUT_DIFF=0V for VCAL =-0.8V 

4.3.2 Closed loop configuration for RF aging compensation 

Considering the calibration state at Pout=P1dB, the feedback loop is closed at T0 (without 

aging). The transient simulation results demonstrating the system behavior from open to 

closed loop (T0 =300 ns) is presented in Figure 4-19. VOUT_PG1 and VOUT_PG2 reach equilibrium 

after 33.5ns following the activation of VFBB_EN signal. VOUT_PG1, which is connected to VFBB 

of the PA cell, shows oscillations at 28GHz as it follows the PA operating frequency. At this 

stage, no compensation of the PA gain is generated since that VFBB=0V.      

 
Figure 4-19 : Closed loop response analysis of system output signals VOUT_PG1 and VOUT_PG2 at T0 before aging 

conditions are applied. Thanks to the system calibration, the PA gain at Pout=P1dB remains uncompensated as 

VFBB=0V. 
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Subsequently, a transient analysis of the PA aging compensation scenario is provided using 

the same calibrated system at Pout=P1dB. A typical VT degradation is emulated by decreasing 

the VG DC bias of the PA (VG_biasPA) of a step function with an amplitude of δVG=-50mV. The 

loop response of the feedback before and after VT compensation is demonstrated in Figure 

4-20. It is observed that the feedback loop delay is given by the time required for VOUT_PG1 

stabilization, which is achieved after Ts=300ns. In fact, the stability of the feedback loop is 

essential as unwanted oscillations (known as ringing) could cause additional stress to the 

device. To visualize the gain compensation effect, large-signal RF performance is simulated 

for fresh, aged, and aging compensated PA test case. The results of gain, PAE and IDC 

presented in Figure 4-21 imply that the PA performance degradation is partially compensated 

through the feedback loop.  

 

 
Figure 4-20 : Transient response of closed loop compensation of aged PA emulated by δVG =50mV step function 

at PA input bias. Loop stability is achieved after 300ns of delay across capacitive elements in the feedback chain 

(power detector RC filter and op amp stabilization capacitance). 

 
Figure 4-21 : Large-signal RF performance of fresh, aged (δVG=-50mV) and aging compensated PA. (a) RF gain 

(b) IDSAT=IDC is partially compensated.   

The feedback loop stability is examined by applying a step function with δVG =-300mV. The 

amplitude of 300mV was chosen to reflect the VT degradation of maximum VFBB value that 

can be applied to increase ∆Gain as observed from Figure 4-22. From the simulation results in 

Figure 4-23, it is observed that the feedback loop delay Ts=350ns, only slightly longer than 

the previous test case. Based on this observation, we can deduce that the amplitude of VT 

degradation does not have a significant impact on Ts and the stability of the feedback loop.  
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Figure 4-22 : RF gain increase by VFBB where the ∆Gain saturates beyond VFBB=3V limit,  

corresponding to a ∆VTLIN decrease of 250mV.  

 
Figure 4-23 : Feedback loop stability analysis at maximum degradation condition δVG =-300mV. The stability of 

the loop is ensured, no significant feedback loop delay is observed as compared to Figure 4-20. 

4.3.3 Impact of RF HCI degradation on the feedback control loop response 

Previous simulations of the closed loop feedback have shown that the magnitude of VT 

degradation plays an important role in defining the amplitude of VFBB for gain compensation, 

although no significant impact on the loop delay is noticed.  Another important point to 

consider is that the VT degradation rate, corresponding to the slope of δVG(t), might be 

impacted by the compensation rate due to its impact on the feedback path delay. This has been 

reported in [20] for 28FDSOI I/O devices where the lower VFBB compensation rate results in 

a stronger reduction of hot-carrier damage. Until this point, this proof of concept has been 

verified through simulations for discrete aging compensation. For continuous aging 

compensation, demonstration has to be done by aging measurements on load pull setup to 

observe the impact of compensation rate on real time VT degradation kinetics.  
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4.4 Conclusions  

It is of interest to study the prospects of aging compensation in RF PAs to evaluate the 

lifetime gain estimation. Design, analysis, and simulation results of an automatic gain 

compensation system capable of counteracting RF HCI aging induced VT degradation has 

been presented in this chapter. The compensation system leverages the FBB in FDSOI 

technology to perform VT modulation against VT degradation during device aging, with a 

higher efficiency compared to bulk-Si technology. The RF PA degradation is monitored by 

means of RMS power to compute the required body-bias voltage for VT compensation in the 

feedback control loop. The main feature of the feedback loop is the gain cancellation function, 

realized by a fixed resistive attenuator, in order to track the RF gain degradation. On-chip 

integration of the feedback circuit is designed entirely using analog circuits and can be 

operated in continuous or discrete mode, thus making this solution highly attractive compared 

to other approaches involving off-chip controllers or specific self-healing algorithms. The 

simulation results have validated the proof of concept in different device degradation test 

cases. In the test case emulating RF HCI degradation at P1dB stress condition, the gain 

degradation is partially compensated as the system is designed for compensation of the VT 

drift component only. Some design improvements to increase the voltage gain of the 

differential amplifier in the feedback control circuit could be implemented, which can provide 

a higher VFBB to compensate the large gain degradation. The parametric degradation of other 

components, i.e., mobility, ID and RD, should be compensated with other methods. RF HCI 

aging measurements on the fabricated prototype are planned for future work to obtain 

experimental data on the reliability of the VT compensated PA. Based on the previous reports 

on DC HCI experimental data with the application of FBB during stress, it is expected that the 

device is subjected to reliability improvements which will pave the way for future reliable PA 

designs.  
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Conclusions and recommendations for 
future work 

Conclusions 

The comprehension of aging mechanisms in RF PA extending to RF reliability modeling 

improvements have been made possible in this work through extensive collaboration between 

test structure design, stress characterization and aging simulation approach.  

In chapter 2, we have studied the RF HCI degradation modeling approach to address circuit-

level reliability simulation using worst-case HCI PA mission profile. The fresh and aged 

models were calibrated against RF HCI stress measurements in order to propose a reliability 

evaluation methodology based on the HCI degradation rate established in the VG/VD space of 

the RF mission profile. The two important factors affecting the accuracy of RF PA aging 

simulations were identified by performing an RF degradation sensitivity analysis on device 

modeling parameters (fresh and aged). The first factor involves the accuracy of large-signal 

MHC of the fresh PA, which relies on the device model optimization of DC and small-signal 

parameters. The second factor concerns the application of the degraded physical effects in DC 

aging models and the translation of RF degradation to the correct device model parameters.  

In chapter 3, the characterization of frequency dependent effects due to off-state RF 

degradation and TDDB was conducted on an integrated test structure. On-chip off-state stress 

waveform was generated at 500MHz and 1GHz with detailed characterization protocol to 

ensure signal integrity during stress measurements and DC-IV characterization. The off-state 

TDDB stress measurements exhibited frequency dependence in TBD, with a TBD AC/DC 

ratio of 2 at 1GHz, while no frequency dependence was observed for β. Off-state degradation 

shows power law degradation behavior with no frequency dependence, thus indicating that 

quasi-static approximation is valid until 1 GHz. Although, the saturation of linear current 

degradation was observed, it only appears after stress time longer than stress waveform period 

(1ns). Alternating on-state and off-state stress modes provide evidence of strong interaction at 

low frequency (long stress pulse duration) and negligeable interactions at higher frequency 

(shorter stress pulse duration). To improve degradation modeling accuracy at low frequency, 

one should consider these two degradation modes as competing mechanisms in the quasi-

static modeling approach.  

Performance-reliability trade-off has been examined from a design perspective in chapter 4. 

An aging compensation proof of concept has been proposed to compensate RF PA 

performance drift using an adaptive body biasing control loop designed on-chip. The concept 

consists of compensating the threshold voltage drift contribution in RF degradation via the 

forward-bias tuning knob offered by the FDSOI technology. This study is to be completed 

with experimental data to evaluate PA lifetime gain opportunities. 
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To summarize, this thesis has contributed to improving RF PA reliability predictions that 

enable accurate device lifetime modeling subjected to RF mission profiles for design 

optimization considerations. Lifetime gain assessment of aging compensated analog/RF 

circuits may draw interest in exploring aging-resilient design strategies to combat increasing 

HCI degradation in short-channel CMOS devices where design optimization is marginal. 

Recommendations for future work:  

Following the contributions of this thesis, there are still some questions that remain 

unanswered:  

 In this work, it has been observed that DC and RF off-state degradation behavior, 

caused by the build-up of Si/SiO2 interface defects, diverge for longer stress periods. 

To provide a quantitative explanation to this difference, interface defect 

characterization techniques such as SILC and charge-pumping measurements should 

be applied. SILC measurements are used to measure defect (trap) density via gate 

current leakage monitoring, while charge-pumping measurements can provide 

information on the spatial position of the defects in the lateral and vertical direction of 

the channel.  

 The lifetime enhancement of off-state RF TDDB at 1 GHz has been confirmed 

compared to the DC case. In the interest of reducing the design margins related to 

trade-off between high output voltage swings and oxide breakdown, new RF TDDB 

characterization methods beyond 1GHz should be developed to enable RF TDDB 

modeling at RF/mmW frequencies. Our characterization framework of RF off-state 

TDDB relies on square-wave stress pulse waveform to enable time-scaling on well-

understood DC TDDB power law model. If non-square-wave stress waveform is used, 

the time-scaling law is no longer applicable, thus this would require the possibility of 

exploring another RF TDDB modeling approach.   

 RF reliability characterization demonstrated in this work and the literature concern PA 

RF stress under continuous-wave operation, which is essential to establish the relation 

between measured RF degradation and DC aging model. The next step to approach 

actual RF PA use case is to conduct PA reliability evaluation under different wireless 

modulation schemes, in particular high PAPR modulation, to correlate with CW 

degradation. However, due to the PA operation at high PAPR for short duration, a 

longer stress duration is expected to achieve the same amount of degradation 

compared to CW stress. Therefore, a packaged PA module is required for long-term 

stress evaluation.  

We also propose the following suggestions to extend the research area of RF PA device-level 

reliability towards system-level reliability in terms of aging-aware methodologies: 
 

 In the design process, it is necessary to address aging effects at the start of the 

design flow.  This is implemented through aging-aware design methods to provide 
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designers with design tuning knobs to determine the optimal operating point for a 

targeted reliability criterion. It can be established in the form of aging sensitivity 

maps of RF FOM (gain, PAE, P1dB) against design parameters (POUT, ID, VDD, RL) 

which are linked to the VG/VD mission profile. This would imply that the aging 

model card must accurately predict device degradation in reliability simulations. 

 Efficiency and linearity enhanced RF PA architectures such as envelope tracking 

(ET) and digital pre-distortion (DPD) that make use of an auxiliary component in 

the system to dynamically adjust the PA operation can benefit from aging-aware 

compensation methods. The aging effect of the PA on the system performance can 

be controlled if the correlation between the monitored PA device degradation and 

the characteristic of the auxiliary component can be determined. 
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Appendix A: PA Device DC Model 

Optimization  

To enable accurate large-signal PA simulations in Chapter 2, the BSIM DC model is 

optimized to fit the DC and small-signal measurement data of the PA device (NMOS LVT 

W=400µm L=60nm). The model optimization is performed to ensure the model accuracy in 

the different MOSFET DC operating regimes, from subthreshold to saturation regime. The 

IDVG curves of the NMOS PA device model before and after optimization with comparison 

to measurements is presented in Figure A-0-1. In the subthreshold regime (VG≤VT), the model 

parameters, NFACTOR (subthreshold swing coefficient) and ETA0 (drain-induced barrier 

lowering coefficient), related to this regime were identified and optimized to fit the 

measurement data. The linear regime (VT<VG<VDSAT) is optimized at different VD using the 

extrinsic drain (RDext) and source parameters (RDext) to consider voltage drop due to probe 

contact resistance during DC measurements. The saturation regime (VG-VT ≤VDSAT) current is 

mainly optimized using the velocity saturation parameter VSAT.  

 
Figure A-0-1 : DC model optimization in the subthreshold (sub VT), linear (lin) and saturation (sat) regimes. 

To deal with the impact ionization (ii) current in the deep saturation regime 

(VD>1.2V), the ii parameters ALPHA0, BETA0, BETA1 and BETA2 in the BSIM model 

were adjusted based on the IdVd measurement data as shown in  Figure A-0-2. Self-heating 

effect, which enhances the ii phenomenon, is accounted via thermal resistance parameter 

(RTH).  

 
Figure A-0-2 : DC model optimization of impact ionization and self-heating effects  
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While the model fit shows good agreement to experimental measurements in subthreshold and 

linear regime, the deep saturation regime involving ii current modeling does not accurately fit 

the measurement data. To improve the DC model is this region, additional measurements of 

the body current (Ib) as a function of VG for various VD is required as the body current 

collects the carrier (holes) generated by ii. Thus, Ib has an exponential dependence on VG 

while the ii efficiency is driven by VD. Nevertheless, the DC model accuracy is guaranteed in 

the VG/VD operation space specified by the PA mission profile in Chapter 2.  
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Abstract 

The development of SOI CMOS technology has greatly contributed to the rapid evolution of 

RF/mmW communication systems which play a critical role in the deployment of 5G 

networks. To meet the performance targets of 5G specifications, complex modulation 

schemes use high peak-to-average-power (PAPR) levels that are generated by the power 

amplifier (PA). The high-power levels, in turn, impact the device reliability due to the voltage 

handling limits of modern CMOS technology. At early design stages, accurate aging models 

can be leveraged to assess the trade-off between performance and reliability in consideration 

of the targeted RF mission profile. The two dominant CMOS reliability mechanisms found in 

RF PA mission profiles are hot-carrier injection (HCI) and off-state time-dependent dielectric 

breakdown (off-TDDB). The first part of this thesis aims to consolidate the HCI aging model 

using well-established RF/mmW aging methodology by performing model-to-hardware 

correlation (MHC) at accelerated DC and 28GHz RF stress conditions for different PA cell 

topologies. The MHC, validated for fresh and degraded PA device, is then used to perform a 

simulation-based sensitivity analysis to evaluate the impact of different model card 

parameters on the accuracy of RF HCI modeling. The results showed that both fresh and 

degradation model precision affects the RF degradation estimation, which highlights the 

significance of a degradation model described by physical effects of the device.  The second 

part of this thesis focuses on the validity of RF modeling approach for off-state reliability 

(HCI degradation and TDDB). An integrated test structure generating off-state RF stress 

waveforms at DC, 500MHz and 1GHz to evaluate the frequency dependence in off-state 

reliability modeling has been designed. Time-power law parametric degradation has been 

observed in DC and RF (500MHz and 1GHz) off-state HCI stress measurements, suggesting 

the validity of quasi-static modeling approach for off-state HCI degradation. On the other 

hand, off-state RF TDDB characterization demonstrates increasing time-to-breakdown with 

increasing frequency, in particularly a gain factor of x2 at 1GHz compared to DC TDDB. This 

study was then extended to on and off-state RF HCI stress sequences revealing negligible 

interaction between the two degradation mechanisms, resulting in an additive degradation 

modeling approach. The last part of this thesis provides proof of concept to demonstrate aging 

compensation of a 28GHz RF PA. This is done by implementing the design of a negative 

feedback loop for on-chip adaptive body bias control in FDSOI technology which partially 

compensates the threshold voltage drift induced by RF HCI stress.  
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Résumé de la thèse 

Le développement de la technologie SOI CMOS a contribué à l'évolution rapide des systèmes 

de communication RF/mmW qui jouent un rôle critique dans le déploiement des réseaux 5G. 

Pour répondre aux objectifs de performance des spécifications 5G, des schémas de 

modulation complexes utilisent des niveaux de puissances crête sur puissances moyennes 

(PAPR) élevés qui sont générés par l'amplificateur de puissance (PA). Ces niveaux de 

puissance élevés ont un impact important sur la fiabilité du dispositif en raison des limites en 

tension de la technologie CMOS moderne. Dans les premières étapes de la conception, des 

modèles de vieillissement précis peuvent être utilisés pour évaluer le compromis entre les 

performances et la fiabilité en considérant le profil de mission RF spécifique. Les deux 

mécanismes de fiabilité CMOS principaux trouvés dans les profils de mission RF PA sont 

l'injection de porteurs chauds (HCI) et le claquage d’oxyde de grille en état « off » (off-

TDDB). La première partie de cette thèse vise à consolider le modèle de vieillissement HCI 

en utilisant une méthodologie de vieillissement RF/mmW bien établie en effectuant une 

corrélation modèle-hardware (MHC) dans des conditions de stress DC accélérées et RF 

28GHz pour différentes topologies de cellules PA. La MHC, validée pour le transistor PA 

avant (appelé « fresh ») et après la dégradation, est ensuite utilisée pour effectuer une analyse 

de sensibilité basée sur la simulation afin d'évaluer l'impact des différents paramètres de carte 

de modèle sur la précision de la modélisation RF HCI. Les résultats ont montré que la 

précision du modèle « fresh »et dégradé peut influencer l'estimation de la dégradation RF, ce 

qui souligne l'importance d'un modèle de dégradation décrit par les effets physiques du 

transistor. La deuxième partie de cette thèse se concentre sur la validité de l'approche de 

modélisation RF pour la fiabilité « off-state » (dégradation HCI et TDDB). Une structure de 

test intégrée générant des formes d'ondes de stress RF off-state à DC, 500 MHz et 1 GHz pour 

évaluer la dépendance en fréquence dans la modélisation de la fiabilité RF off-state. Une 

dégradation paramétrique suivant une loi en puissance a été observée suite aux mesures de 

stress HCI « off-state » en DC et RF (500 MHz et 1 GHz), suggérant la validité de l'approche 

de modélisation quasi-statique pour la dégradation HCI. D'autre part, la caractérisation off-

TDDB RF montrent une augmentation du temps de claquage avec l'augmentation de la 

fréquence, en particulier un facteur de gain de x2 à 1 GHz par rapport à TDDB DC. Cette 

étude a ensuite été étendue aux séquences de stress HCI RF « on-state » et « off-state », 

révélant une interaction négligeable entre les deux mécanismes de dégradation, ce qui donne 

lieu à une approche de modélisation de dégradation additive. La dernière partie de cette thèse 

fournit une preuve de concept pour démontrer la compensation du vieillissement d'un PA RF 

de 28 GHz. Cela s’appuie sur la conception d'une boucle de rétroaction négative pour le 

contrôle de polarisation adaptatif « body-bias » sur puce en technologie FDSOI qui compense 

partiellement la dérive de tension de seuil induite par le stress HCI RF.
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