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Digital low-dropout voltage regulators (DLDOs) have drawn increasing attention for the easy implementation within nanoscale devices. Despite their various benefits over analog LDOs, disadvantages may arise in the form of bias temperature instability (BTI) induced performance degradation. In this Chapter, conventional DLDO operation and BTI effects are explained. Reliability enhanced DLDO topologies with performance improvement for both steady-state and transient operations are discussed. DLDOs with adaptive gain scaling (AGS) technique, where the number of power transistors that are turned on/off per clock cycle changes dynamically according to load current conditions, have not been explored in view of reliability concerns. As the benefits of AGS technique can be promising regarding DLDO transient performance improvement, a simple and effective reliability aware AGS technique with a steady-state capture feature is proposed in this work. AGS senses the steady-state output of a DLDO and reduces the gain to the minimum value to obtain a stable output voltage. Moreover, a novel unidirectional barrel shifter is proposed to reduce the aging effect of the DLDO. This unidirectional barrel shifter evenly distributes the load among DLDO output stages to obtain a longer lifetime. The benefits of the proposed techniques are explored and highlighted through extensive simulations. The proposed techniques also have negligible power and area overhead. NBTI-aware design with AGS can reduce the transient response time by 59.5% as compared to aging unaware conventional DLDO and mitigate the aging effect by up to 33%.

Introduction

Semiconductor technology that enables rapid advancements in the design and fabrication of nanoscale integrated circuits continuously improves while demanding a higher amount of power per unit area [START_REF] Vaisband | On-Chip Power Delivery and Management[END_REF]. Integrating voltage regulators fully on-chip to provide robust power to the integrated circuits have been a challenging design issue. Several techniques have been proposed in the literature to improve the power conversion efficiency, stability, and reliability of onchip voltage regulators or power delivery networks as a whole [START_REF] Köse | Distributed On-Chip Power Delivery[END_REF][START_REF] Uzun | Converter-Gating: A Power Efficient and Secure On-Chip Power Delivery System[END_REF][START_REF] Köse | An Area Efficient Fully Monolithic Hybrid Voltage Regulator[END_REF][START_REF] Köse | On-Chip Point-of-Load Voltage Regulator for Distributed Power Supplies[END_REF][START_REF] Köse | Distributed Power Network Co-Design with On-Chip Power Supplies and Decoupling Capacitors[END_REF][START_REF] Köse | An Area Efficient On-Chip Hybrid Voltage Regulator[END_REF][START_REF] Wang | Efficiency, Stability, and Reliability Implications of Unbalanced Current Sharing among Distributed On-Chip Voltage Regulators[END_REF][START_REF] Wang | Distributed Digital Low-Dropout Regulators with Phase Interleaving for On-Chip Voltage Noise Mitigation[END_REF][START_REF] Khatamifard | ThermoGater: Thermally-Aware On-Chip Voltage Regulation[END_REF][START_REF] Köse | Thermal Implications of On-Chip Voltage Regulation: Upcoming Challenges and Possible Solutions[END_REF][START_REF] Vaisband | Distributed Power Delivery with 28 nm Ultra-Small LDO Regulator[END_REF][START_REF] Köse | Regulator-Gating: Adaptive Management of On-Chip Voltage Regulators[END_REF][START_REF] Uzun | Regulator-Gating Methodology With Distributed Switched Capacitor Voltage Converters[END_REF]. There is also an emerging trend to leverage voltage regulators to address security concerns [START_REF] Wang | Exploring On-Chip Power Delivery Network Induced Analog Covert Channels[END_REF][START_REF] Khatamifard | A New Class of Covert Channels Exploiting Power Management Vulnerabilities[END_REF][START_REF] Vosoughi | Bus-Invert Coding as a Low-Power Countermeasure against Correlation Power Analysis Attack[END_REF][START_REF] Khatamifard | POW-ERT Channels: A Novel Class of Covert Communication Exploiting Power Management Vulnerabilities[END_REF][START_REF] Wang | When Hardware Security Moves to the Edge and Fog[END_REF][START_REF] Köse | On-Chip Sensor Circle Distribution Technique for Real-Time Hardware Trojan Detection[END_REF][START_REF] Roohi | Secure Intermittent-Robust Computation for Energy Harvesting Device Security and Outage Resilience[END_REF][START_REF] Yu | Security-Adaptive Voltage Conversion as a Lightweight Countermeasure Against LPA Attacks[END_REF][START_REF] Yu | Time-Delayed Converter-Reshuffling: An Efficient and Secure Power Delivery Architecture[END_REF]. In addition to the existing challenges, bias temperature instability (BTI) induced reliability concerns have recently drawn attention especially for digital low-dropout regulators (DLDOs) [START_REF] Wang | Exploiting Algorithmic Noise Tolerance for Scalable On-Chip Voltage Regulation[END_REF][START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF][START_REF] Wang | Startup Aware Reliability Enhancement Controller for On-Chip Digital LDOs[END_REF][START_REF] Wang | Reliable On-Chip Voltage Regulation for Sustainable and Compact IoT and Heterogeneous Computing Systems[END_REF]. Modern computing systems and internet of things (IoT) devices require reliable operation and long lifetime of on-chip voltage regulators [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF][START_REF] Okuma | 0.5-V input digital LDO with 98.7% current efficiency and 2.7-uA quiescent current in 65 nm CMOS[END_REF][START_REF] Yu | Time-Delayed Converter-Reshuffling: An Efficient and Secure Power Delivery Architecture[END_REF]. Generating and delivering a robust output voltage under highly dynamic workload conditions have become even more difficult with the variations in the environmental conditions. These environmental conditions deteriorate the performance and lifetime of the transistors. Voltage regulators suffer from the abrupt variations in the workload and may experience serious aging phenomenon, necessitating reliability aware designs [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF].

Transistor aging mechanisms such as BTI, hot carrier injection, and timedependent dielectric breakdown have become more important with the scaling of transistor size. BTI is the major aging mechanism [START_REF] Mahmoud | Design Framework to Overcome Aging Degradation of the 16 nm VLSI Technology Circuits[END_REF][START_REF] Chan | On the Efficacy of NBTI Mitigation Techniques[END_REF][START_REF] Parihar | A Modeling Framework for NBTI Degradation Under Dynamic Voltage and Frequency Scaling[END_REF][START_REF] Parihar | Resolution of Disputes Concerning the Physical Mechanism and DC/AC stress/recovery Modeling of Negative Bias Temperature Instability (NBTI) in p-MOSFETs[END_REF][START_REF] Parihar | Ultrafast Measurements and Physical Modeling of NBTI Stress and Recovery in RMG FinFETs Under Diverse DC-AC Experimental Conditions[END_REF][START_REF] Parihar | BTI Analysis Tool-Modeling of NBTI DC, AC Stress and Recovery Time Kinetics, Nitrogen Impact, and EOL Estimation[END_REF][START_REF] Parihar | Modeling of NBTI Time Kinetics and T Dependence of VAF in SiGe p-FinFETs[END_REF] where negative BTI (NBTI) induces performance degradation of PMOS transistors. Various studies have been performed to address the reliability issues of semiconductor devices [START_REF] Giering | NBTI Degradation, and Recovery in Analog Circuits: Accurate and Efficient Circuit-Level Modeling[END_REF][START_REF] Wu | BTI-Aware Sleep Transistor Sizing Algorithm for Reliable Power Gating Designs[END_REF][START_REF] Wang | Reliability Enhanced On-Chip Digital LDO with Limit Cycle Oscillation Mitigation[END_REF]. BTI-aware sleep transistor sizing algorithms for reliable power gating design [START_REF] Wu | BTI-Aware Sleep Transistor Sizing Algorithm for Reliable Power Gating Designs[END_REF], integral impact of BTI and PVT variation [START_REF] Agbo | Integral Impact of BTI, PVT Variation, and Workload on SRAM Sense Amplifier[END_REF], and impact of BTI variations [START_REF] Fang | The Impact of BTI Variations on Timing in Digital Logic Circuits[END_REF] have been investigated. A conventional DLDO has a bidirectional controller which activates certain transistors frequently and leaves the others unused. This reliability unaware control scheme makes the performance degradation even worse because the activation pattern of PMOS is concentrated on certain transistors, thus causing heavy electrical stress on these transistors. The over usage of certain transistors degrades the performance significantly. Distributing the electrical stress among all of the transistors can therefore be effective. The primary literature that address the aging effects of on-chip DL-DOs include a reliable digitally synthesizable linear drop-out regulator design, a digitally controlled linear regulator for per-core wide-range DVFS of Atom T M cores, and mitigation of NBTI induced performance degradation in on-chip DL-DOs [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF][START_REF] Patra | A Reliable Digitally Synthesizable Linear Drop-out Regulator Design for 14nm SOC[END_REF][START_REF] Muthukaruppan | A Digitally Controlled Linear Regulator for Per-Core Wide-Range DVFS of AtomTM Cores in 14nm Tri-gate CMOS Featuring Non-linear Control, Adaptive Gain and Code Roaming[END_REF]. To evenly distribute the workload, a decoding algorithm for DLDO is proposed in [START_REF] Patra | A Reliable Digitally Synthesizable Linear Drop-out Regulator Design for 14nm SOC[END_REF]. A code roaming algorithm with per-core dynamic voltage and frequency scaling method is proposed in [START_REF] Muthukaruppan | A Digitally Controlled Linear Regulator for Per-Core Wide-Range DVFS of AtomTM Cores in 14nm Tri-gate CMOS Featuring Non-linear Control, Adaptive Gain and Code Roaming[END_REF]. These techniques need dedicated control algorithms to enhance the reliability of a DLDO. A unidirectional shifter is proposed for conventional DLDOs in [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF] to decrease the electrical stress on transistors. A DLDO without AGS, however, suffers from slow response time when there are large transitions in the load current. The supply voltage should be robust as the operation of all of the on-chip devices are sensitive to the variations at the output of the voltage regulators. Transient performance enhancements and loop stability can be increased by utilizing a barrel shifter as discussed in [START_REF] Nasir | All-Digital Low-Dropout Regulator With Adaptive Control and Reduced Dynamic Stability for Digital Load Circuits[END_REF]. A barrel shifter which can perform the switching of two or three transistors within a single clock cycle improves the transient response time significantly. A barrel shifter based DLDO design with a steady load current estimator and dynamic gain scaling control is discussed in [START_REF] Lin | A digital Low-Dropout-Regulator with Steady-State Load Current (SLC) Estimator and Dynamic Gain Scaling (DGS) Control[END_REF]. Although there are benefits of the aforementioned techniques, a DLDO with AGS still suffers from performance degradation due to NBTI. Additionally, a conven- tional DLDO with AGS also does not consider aging effect. Gain scaling using a bi-directional barrel shifter in [START_REF] Nasir | On limit cycle oscillations in discrete-time digital linear regulators[END_REF][START_REF] Pathak | Smart Grid on Chip: Work Load-Balanced On-Chip Power Delivery[END_REF] may not be directly applicable to add gain scaling capability for a reliability enhanced DLDO. Therefore, further research should be performed on AGS DLDO to mitigate performance degradation due to NBTI. A novel aging aware DLDO with AGS and a steady-state detection circuit to obtain fast transient response under abrupt changes in the load current is proposed in this work.
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The main contributions of this work are threefold. First, an NBTI-aware DLDO with AGS is proposed. Second, a simple and effective steady state, overshoot, and undershoot detection circuit is proposed and verified. Third, extensive simulations verify that the proposed circuit works effectively.

As an extension of [START_REF] Seçkiner | An NBTI-Aware Digital Low-Dropout Regulator with Adaptive Gain Scaling Control[END_REF], the rest of this Chapter is organized as follows. Background information regarding conventional DLDOs, steady state and transient performance of DLDO, and BTI is discussed in Section 2. Existing NBTI-aware DLDO topologies are explained in Section 3. The proposed NBTI-aware DLDO with AGS is discussed in Section 4. Evaluation of the proposed technique and simulation results are discussed in Section 5. Concluding remarks are given in Section 6.

Background

In this section, background information on the design of conventional DLDO, steady state performance and transient performance thereof, and BTI effects are explained.
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Fig. 2. Schematic of bidirectional shift register [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF][START_REF] Okuma | 0.5-V input digital LDO with 98.7% current efficiency and 2.7-uA quiescent current in 65 nm CMOS[END_REF]. 
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Conventional DLDO

The schematic of a conventional DLDO [START_REF] Okuma | 0.5-V input digital LDO with 98.7% current efficiency and 2.7-uA quiescent current in 65 nm CMOS[END_REF] is illustrated in Fig. 1. The V ref and clk are the inputs and V out is the output of the conventional DLDO. The schematic and the operation principle of a bi-directional shift register used in the conventional DLDO are described in Figs. 2 and3, respectively. The bidirectional shift register consists of a multiplexer and a DFF in each stage.

The digital controller modulates the value Q i based on Fig. 3. The DLDO is composed of N parallel PMOS transistors and a feedback control to adjust the output voltage. A bi-directional shift register is implemented in conventional DLDOs. M i is the i th PMOS and Q i is the logic output of the digital controller. i denotes the activation stage of the digital controller. The bi-directional shift register switches the state of one of the power transistors according to V cmp at rising edge of each clock cycle. Q N is the N th output signal of the digital controller, as shown in Fig. 1.

At step k + 1, Q n+1 (Q n ) is turned on (off) when V cmp is high (low)
and the bi-directional shift register shifts right (left), as shown in Fig. 3 where k is the activation step of the digital controller [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF]. Each M n is connected to Q n . Since the activation scheme is bi-directional, this scheme leads to heavy usage of M 1 to M n . DLDO performance degradation can occur due to this power transistor activation and deactivation scheme as discussed in Sections 2.3 and 2.4.

Bias Temperature Instability

BTI includes NBTI for PMOS transistors and positive BTI (PBTI) for NMOS transistors. BTI leads to the increase of transistor threshold voltage |V th |. NBTI increases the |V th | of PMOS transistors utilized in the DLDO power transistor array, leading to slower response time and the decrease of load supply capacity of the DLDO. The increase in |V th | is related to the traps generated in Si/SiO 2 interface at the gate when there is a negative gate voltage [START_REF] Alam | A Comprehensive Model of PMOS NBTI Degradation[END_REF]. ∆V th formula is given in [START_REF] Vaisband | On-Chip Power Delivery and Management[END_REF] where C ox , k, T , α, and t are the oxide capacitance, Boltzmann Constant, temperature, fraction of time when the transistor is under stress, and time, respectively. K lt and E a are the fitting parameters to comply with the experimental data [START_REF] Rossi | Reliable Power Gating with NBTI Aging Benefits[END_REF].

∆V th = K lt C ox (|V gs | -|V th |)e -Ea/kT (αt) 1/6 (1)
Considering the case of DLDOs, most practical applications need less than average power, which leads to heavy utilization of certain transistors within conventional DLDOs. The undamped voltage output of DLDO causes large swings at the voltage waveform which leads to heavy use of certain transistors. The operation of the regulator causes the heavy use of M 1 to M m and less or even no use of M m+1 to M N . Alternatively, certain transistors (i.e., the ones with a lower index number) are almost always active whereas some other transistors (i.e., the ones with a greater index number) are almost never active. This activation scheme therefore induces serious non-symmetric degradation of PMOS due to NBTI. 
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Fig. 6. Operation of the uni-directional shift register [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF].

and

T R = RCln(1 + ∆i load I pM OS f clk RC ) ( 3 
)
where I pM OS , ∆i load , C, and R are, respectively, the current provided by a single active power transistor, load current change, load capacitance, and average DLDO output resistance before and after load current change. Due to the NBTI induced |V th | degradation, it is demonstrated in [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF] that ∆V and T R also degrade. Such DLDO performance degradation needs to be considered when designing voltage regulators with a stringent lifetime requirement [START_REF] Tsou | 20.2 Digital Low-Dropout Regulator with Anti PVT-Variation Technique for Dynamic Voltage Scaling and Adaptive Voltage Scaling Multicore Processor[END_REF][START_REF] Cheah | A 100-mA, 99.11% Current Efficiency, 2-mVpp Ripple Digitally Controlled LDO With Active Ripple Suppression[END_REF][START_REF] Krishna Chekuri | On the Effect of NBTI Induced Aging of Power Stage on the Transient Performance of On-Chip Voltage Regulators[END_REF].

NBTI-Aware Digital Low-Dropout Regulators

Multiple NBTI-aware DLDO topologies have been proposed to mitigate steady state and transient performance degradation [START_REF] Wang | Exploiting Algorithmic Noise Tolerance for Scalable On-Chip Voltage Regulation[END_REF][START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF][START_REF] Wang | Startup Aware Reliability Enhancement Controller for On-Chip Digital LDOs[END_REF][START_REF] Wang | Reliability Enhanced On-Chip Digital LDO with Limit Cycle Oscillation Mitigation[END_REF]. The working principles of these techniques are explained in this section.

NBTI-Aware DLDO with Unidirectional Shift Register

As illustrated in Fig. 3, the operation of a bi-directional shift register leads to the heavy usage of the first few power transistors, which essentially increases activity factor of these transistors and the corresponding |V th | degradation. To mitigate this side effect, NBTI-aware DLDO with a unidirectional shift register control is proposed in [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF][START_REF] Chen | NBTI-Aware Digital LDO Design for Edge Devices in IoT Systems[END_REF]. With minor changes of the control logic in each stage, the power transistor activation and deactivation can be realized in the same direction. In such a way, activity factor of each power transistor can be effectively reduced and the resulting DLDO performance degradation can be mitigated. Furthermore, the power and area overhead of the implementation are negligible. 
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Reduced Clock Pulse Width DLDO

During steady state operation, the LCO can be an issue for DLDO as it affects the amplitude of the output voltage ripple. It is demonstrated in [START_REF] Wang | Exploiting Algorithmic Noise Tolerance for Scalable On-Chip Voltage Regulation[END_REF] that BTI induced threshold voltage degradation can lead to the propagation delay degradation of the clocked comparator and shift register. Such delay degradation has a negative effect on the possible mode of LCO. Reduced clock pulse width DLDO as shown in Fig. 7 is proposed in [START_REF] Wang | Exploiting Algorithmic Noise Tolerance for Scalable On-Chip Voltage Regulation[END_REF] to mitigate the side effects of LCO. Minimum clock pulse width t c considering BTI induced propagation delay degradation is adopted and a uni-directional shift register is utilized to simultaneously improve steady state and transient performance of DLDO. 

Iload

NBTI-Aware DLDO with Limit Cycle Oscillation Mitigation

Due to the side effects of LCO on the DLDO steady state performance, it is desirable to achieve the minimum LCO mode or even remove LCO to reduce the steady state output voltage ripple. It is discovered in [START_REF] Huang | Limit Cycle Oscillation Reduction for Digital Low Dropout Regulators[END_REF] that by adding two additional parallel power transistors as shown in Fig. 8, minimum LCO mode of one can be realized. However, due to NBTI induced |V th | increase, the current provided by a single additional power transistor deviates from that provided by the original power transistor. Such deviation gradually nullifies the effectiveness of the proposed technique. To more evenly distribute the electrical stress among all of the N + 2 power transistors, NBTI-aware DLDO with LCO mitigation is proposed in [START_REF] Wang | Reliability Enhanced On-Chip Digital LDO with Limit Cycle Oscillation Mitigation[END_REF]. A dedicated digital controller is proposed to realize unidirectional control among the N + 2 power transistors. 
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NBTI-Aware DLDO with Improved Startup Performance

NBTI-Aware DLDO with unidirectional shift register is effective to more evenly distribute electrical stress among all of the power transistors as compared to bidirectional shift register control. However, for a special case when DLDO has to be turned off before or shortly after reaching steady state operation, the first few power transistors still undergo too much electrical stress as compared to the rest. When utilized in cyclic power gating [START_REF] Toms | Cyclic Power-Gating as an Alternative to Voltage and Frequency Scaling[END_REF], DLDOs can be periodically turned off when reaching around steady state. In this case, an unidirectional shift register functions similar to a bidirectional shift register. To mitigate this drawback and enhance the reliability of DLDO during cyclic power gating operations, NBTI-Aware DLDO with improved startup performance is proposed in [START_REF] Wang | Startup Aware Reliability Enhancement Controller for On-Chip Digital LDOs[END_REF]. The operation of the startup aware reliability enhancement controller is demonstrated in Fig. 9. When more number of power transistor needs to be turned on during startup, two more power transistors are turned and one is turned off at the same time. In such a way, electrical stress can be more evenly distributed among more number of power transistors.

4 Proposed NBTI-Aware DLDO with AGS

Although there are respective advantages of the aforementioned DLDOs, the techniques proposed in previous works cannot be directly applied to DLDOs with AGS capability [START_REF] Song | Digital LDO with 1-bit Modulation for Low-Voltage Clock Generation Systems[END_REF][START_REF] Yang | A Nanosecond-Transient Fine-Grained Digital LDO With Multi-Step Switching Scheme and Asynchronous Adaptive Pipeline Control[END_REF]. With AGS, DLDOs can adaptively change the number of power transistor (de)activated per clock cycle to speed up the transient process. NBTI-aware DLDO with AGS capability is proposed and investigated in this work. This is the first work which designs a novel uni-directional barrel shifter with AGS control. 
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Barrel shifter

Barrel shifter is the main component of the control loop. A simple schematic for a barrel shifter is shown in Fig. 10. A barrel shifter can activate multiple power transistors at the same clock cycle. For example, it can shift -3, -2, -1, 0, 1, 2, 3 stages at the same clock cycle. The magnitude of the shift in a barrel shifter serves as a gain control knob in the forward activation pattern of a DLDO. The barrel shifter in Fig. 10, is implemented using two levels of signal multiplexing followed by a flip-flop. A is the output of D flip flop and B is the output of the first level of MUX. The first level of MUX gives 0, 2, -2 and second level of MUX gives 0, 1, -1 shifts to obtain -3, -2, -1, 0, 1, 2, 3 shifts at the output A bi-directional barrel shifter is proposed in [START_REF] Nasir | All-Digital Low-Dropout Regulator With Adaptive Control and Reduced Dynamic Stability for Digital Load Circuits[END_REF] where the details can be seen in Fig. 10. This barrel shifter operates by switching a maximum of three transistors at the same clock cycle. 2N number of muxes and N number of D flipflops are housed in the barrel shifter. The operation is maintained by adjusting the gain which can be adapted by selecting the logic inputs of the muxes. The work in [START_REF] Lin | A digital Low-Dropout-Regulator with Steady-State Load Current (SLC) Estimator and Dynamic Gain Scaling (DGS) Control[END_REF] improves the operation of conventional DLDOs by introducing a bidirectional barrel shifter with steady-state load current estimator and a dynamic bi-directional shift register gain scaling control which adjusts the barrel shifter to obtain fast transient time. Steady-state load current estimator senses the load current and adjusts the frequency of the digital controller to get damped behavior of the voltage waveform. Dynamic bi-directional shift register gain scaling control automates the eight different gain according to the predetermined conditions which are studied in [START_REF] Lin | A digital Low-Dropout-Regulator with Steady-State Load Current (SLC) Estimator and Dynamic Gain Scaling (DGS) Control[END_REF].

In this work, a new NBTI-aware DLDO with uni-directional barrel shifter with AGS is implemented. Therefore, the performance mitigation due to NBTI is maintained low and a good improvement in the transient response time has been achieved. cording to V out value. In Fig. 12 (3-a), the gain is one which leads to activation of one transistor at the right boundary of the activation schema. In Fig. 12 (3-b), the activation of PMOS is at the left boundary of activation schema. Similarly, in Fig. 12 (3-c) and (3-d), the gain is two which activates two PMOS transistors at the same clock cycle. In Fig. 12 (3-e) and (3-f), the gain is three and causes the activation of three PMOS at the same clock cycle within the defined boundaries. This activation pattern should be modified to mitigate the NBTI induced performance degradation. Evenly distributing the electrical stress to all of the transistors can decrease the degradation in the current supply capacity of PMOS. Under transient loading, a uni-directional DLDO can activate and deactivate the PMOS due to the increased load current.

DLDO has a slow transient response under large load current changes. A trade-off exists between steady-state stability, transient response, and perfor-

Uni-Directional NBTI-Aware DLDO with Barrel Shifter

The uni-directional barrel shifter is shown in Fig. 13. The schematic and operation of the proposed architecture are shown in Fig. 11 and Fig. 12. The Comparator in adaptive gain scaling control produces the signal of V cmp , mux1, and mux2 which controls the uni-directional barrel shifter as the steady-state, gain 2 and gain 3 regions are operated. The elementary D flip-flop (DFF) and multiplexer within bi-directional shift register are replaced with T flip-flop and simple logic gates within the proposed uni-directional shift register. A multiplexer and simple logic gates are designed for uni-directional barrel shifter. A multiplexer and logic gates are added to get barrel shifter behavior in the unidirectional controller. This controller is designed to toggle a maximum of three gates at a single clock cycle, and it is the first time implementation of the unidirectional barrel shifter controller. The parallel gates remain unchanged, and uni-directional barrel shifter and AGS are added. The idea is to balance the loading of each power transistors under all load current conditions. The Q i and Q i-1 are gated using XOR gate to equate the output signal switched consequently. V cmp is gated with Q i-1 together with other Q i to determine the logic T i . Therefore, when V cmp is high (low), inactive (active) power transistors at the right (left) boundary is turned ON (OFF). A uni-directional barrel shift register is realized through this activation/deactivation scheme, as demonstrated in Fig. 12. T b and T c are added at the logic to prevent the conflicting situations. [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF]. During transient state, three signals V cmp , mux1, and T rans det are generated to adjust the gain of the barrel shifter where mux1 is a steady-state indicator signal that is generated by a novel steady-state detection circuit. After the system enters the steady-state, the system adjusts the gain to one. For barrel shifter, one mux and three additional gates are used in Fig. 14. Area overhead can be determined by counting the additional transistors and compared to the conventional DLDO per control stage. According to the previous definition, there is only a 4.5% area overhead. As the bi-directional shift register consumes a few µW power, the unidirectional shift register power overhear is also negligible [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF], [START_REF] Rossi | Reliable Power Gating with NBTI Aging Benefits[END_REF]. Additional controllers consume low current, thus the power overhead is negligible for the proposed design. 

T b = Q 1 ×Q 2 ×...×Q N ×V cmp and T c = Q 1 + Q 2 + ... + Q N + V cmp

Three Stage AGS with Steady-State Detection Circuit

The schematic of a three-stage AGS with steady-state capture is shown in Fig. 14. There are three voltage comparators, two OR gates, one XOR gate, onetime delay, and one SR latch. There are two inputs and two outputs which are V ref , V out , mux1, and T rans det, respectively, for this circuit. Two comparators provide overshoot and undershoot detection. One comparator senses the changes in the V out . Half cycle time delayed V cmp is XORed with V cmp to determine the steady-state operation. AGS senses the changes in V cmp during steady-state operation. The operation of uni-directional barrel shifter starts to control the oscillation at the output of DLDO due to limit cycle oscillation [START_REF] Liang | A fully integrated digital LDO with voltage peak detecting and push-pull feedback loop control[END_REF]. When V cmp starts to oscillate during the steady-state operation, X a , the output of XOR gate X a is high, leading to the reset of SR latch. The X a signal can be observed in Fig. 15. Thus, the output mux1 is low to enter a steady-state region. The variation at the output of DLDO is minimum when the gain is one because the voltage change of one PMOS activation is lower than two or more PMOS activation. If the number of parallel PMOS increases, according to Kirchhoff's voltage law, the drop-out voltage decreased. When the DLDO enters out of the steady-state region, V cmp and time-delayed V cmp are XORed giving logic low at X a . Following the output of the XOR gate, SR latch's output is high which makes mux1 high and the gain scaling circuit operates out of steady-state mode.

The circuit operates in three different modes in three different regions. The first region is the highest gain area in which the circuit operates to provide high in mux1 and T rans det and the gain is three, which means that barrel shifter switches three consecutive power transistors at the rising edge of a single clock cycle. Within the second region, the gain is two such that two power transistors will be turned on/off at the same time. This region is for fast settling of the output voltage. The third region is the gain one region where the steady state voltage variation is achieved at the output by changing the minimum amount of power transistor. For steady state operation mux1 and T rans det are logic low.

Operation of the Proposed NBTI-Aware DLDO with AGS Capability

The NBTI-aware uni-directional controller with AGS capability is shown in Fig. 12. When V out is lower than V ref , the barrel shifter activates the power transistors at the right boundary. Similarly, when V out is higher than V ref , the barrel shifter deactivates the power transistors at the left boundary of the inactive/active power transistor region. Depending on the value of gain, a maximum of three active (inactive) power transistors switch inactive (active) power transistors at the boundary. The uni-directional barrel shifter always toggles the power transistors at the right of the boundary. The switching of the power transistors is always in one direction (right shift). Therefore, the stress on the power transistors evenly distributed because the operation load of each PMOS is distributed equally among each transistor. Furthermore, as compared to conventional DLDO, the steady-state performance does not change and the transient response time is decreased. During the design of the DLDO, being aware of NBTI induced performance degradation is important. The reliability of DLDO can be enhanced by implementing the method in this article. This work improves the performance of AGS with respect to other works in Table 1 since the AGS has three modes. The first mode is aggressive gain scaling. The second mode is slow settling and the third mode is steady-state mode.

Steady-State Operation

In the steady-state mode, the number of active and passive PMOS is changing dynamically. Limit cycle oscillation leads to output voltage ripple at steady-state. The number of active/inactive transistors are the same for both NBTI-aware DLDO with AGS and conventional DLDO but the gain is different while transient state resulting in faster settling time. In Fig. 12 (3-a) and (3-b), the operation of steady-state operation can be observed. The PMOS at the right boundary changes its activity one transistor at each clock cycle.

Slow Settling Operation In the slow settling mode, the barrel shifter gain is two, meaning that PMOS transistors change their activity two transistors at each clock cycle. The operation is quite different from conventional DLDO since the gain of conventional DLDO is one in every loading case. The advantage of this mode is that it reduces the overshooting and undershooting under transient loading. In Fig. 12 (3-c) and (3-d), the slow settling operation can be observed. The PMOS at the boundary changes its activity two transistors at each clock cycle. Depending on V out , the transistors at the left boundary or at the right boundary change their operation from inactive to active.

Aggressive Gain Scaling In the aggressive gain scaling mode, the barrel shifter gain is three. The advantage of this operation is that it reduces the settling time significantly [START_REF] Lin | A digital Low-Dropout-Regulator with Steady-State Load Current (SLC) Estimator and Dynamic Gain Scaling (DGS) Control[END_REF][START_REF] Li | A Transient-Enhanced Digital Low-Dropout Regulator with Bisection Method Tuning[END_REF]. Under transient loading, the load current changes significantly. In Fig. 12 The results for conventional DLDO with AGS without aging is the same as the results of proposed NBTI-aware DLDO with AGS. There is 46.7% decrease in the settling time of overshoot of the proposed DLDO with AGS as compared to the conventional DLDO. There is also a 59.5% decrease in the settling time of undershooting of the proposed DLDO with AGS as compared to the conventional DLDO. Furthermore, the settling time for the proposed DLDO with AGS after 10-year aging is decreased by 59.5% as compared to the conventional DLDO with AGS after 10-year aging. Previous works are compared with this work in Table 1. The power overhead in [START_REF] Patra | A Reliable Digitally Synthesizable Linear Drop-out Regulator Design for 14nm SOC[END_REF] is negligible since added decoders have little power consumption with respect to power PMOS. Similarly, the power overhead in [START_REF] Muthukaruppan | A Digitally Controlled Linear Regulator for Per-Core Wide-Range DVFS of AtomTM Cores in 14nm Tri-gate CMOS Featuring Non-linear Control, Adaptive Gain and Code Roaming[END_REF] and [START_REF] Wang | Mitigation of NBTI Induced Performance Degradation in On-Chip Digital LDOs[END_REF] is negligible because the modifications add negligible power consumption. The works in [START_REF] Patra | A Reliable Digitally Synthesizable Linear Drop-out Regulator Design for 14nm SOC[END_REF] and [START_REF] Muthukaruppan | A Digitally Controlled Linear Regulator for Per-Core Wide-Range DVFS of AtomTM Cores in 14nm Tri-gate CMOS Featuring Non-linear Control, Adaptive Gain and Code Roaming[END_REF] have AGS capability.

Conclusion

In this work, an NBTI-aware DLDO with the AGS control is proposed to diminish the aging effect and to reduce the settling time. The settling time is reduced by 46.7% and 59.5% for overshoot and undershoot without aging aware design, respectively. The proposed circuit is NBTI-aware, thus, performance degradations due to NBTI are reduced. A novel uni-directional shift register with barrel shifter is proposed to distribute the electrical stress among the power transistors evenly. The proposed NBTI-aware DLDO with AGS control is efficient because the settling time is reduced by 33% after 10-year aging.
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Table 1 .

 1 Comparison with Previous Aging-Aware On-Chip DLDOs year aging has 2.8 µs settling time after an overshoot and 2.1 µs settling time after an undershoot. The conventional DLDO with AGS after a 10-year aging has 3.4 µs settling time after overshoot and 2.8 µs settling time after undershoot.

		[42]	[43]	[25]	This work
	Year	2015	2017	2018	2019
	Broad load range	Yes	Yes	Yes	Yes
	Additional controller Yes	Yes	No	No
	Added overhead	Multiple	Decoder	Modification of	Modification
		decoders		original controller	of conventional
					DLDO
	Topology	Row rotation	Code roaming	Uni-directional	Uni-directional
		scheme	algorithm	shift controller	shift	controller
					with	barrel
					shifter
	Adaptive gain scaling	Yes	Yes	No	Yes
	capability				

mance degradation due to NBTI. A new architecture is designed to reduce the NBTI induced stress and to speed up the transient response.

Rotating the load stress among the power transistors enables the distribution of the loading evenly and reduces the NBTI induced performance degradation [START_REF] Ahn | A Multiphase Buck Converter with a Rotating Phase-Shedding Scheme for Efficient Light-Load Control[END_REF]. Furthermore, due to the steady-state gain control, settling time after the overshoots and undershoots are reduced. The transient loading effects are also minimized. As compared to a conventional DLDO, the transient loading response is improved.

A uni-directional DLDO with a barrel shifter is implemented within the proposed AGS. An enhanced AGS control manages all of the power transistors in a way that shortens settling time under severe transient loading and reduced aging for longer operation times have been achieved as compared to a conventional DLDO. The V cmp , mux1, and mux2 are the control signals generated by the AGS. The details are depicted in Fig. 11.

Uni-directional shift register

The activation pattern of pass transistors in a conventional DLDO is typically designed to serve bidirectional. This deactivation and activation of the PMOS scheme can be observed in Fig. 12. The one-directional activation pattern can be observed in Fig. 12 (3-a) and (3-b). The M i represents the PMOS transistors. In the first stage, all PMOS is deactivated. In the second stage, when the digital controller reaches the k stage, the controller determines the output pattern ac-