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A sub-100nW Power Supply Unit Embedding Untrimmed Timing and Voltage References for Duty-Cycled µW-Range Load in FDSOI 28nm

INTRODUCTION

To allow a few years' operation using a button battery, the average total power consumption of sensor node must be in the µW range. Duty-cycled operation is also essential for extending system lifetime: during short periods of activity, the system performs sensing, processing and communication before going back to deep sleep-mode. This duty-cycled operation requires a power supply unit (PSU) to provide clean power rails during the short sensor activity time. Therefore this paper proposes a PSU to efficiently supply always-on or dutycycled IoT loads which consume in µW-range. Even if nW range oscillators (OSC) [START_REF] Ruffieux | Siliconresonator-based, 3µA real-time clock with +/-5ppm frequency accuracy[END_REF], duty-cycled voltage references (VREF) [START_REF] Chen | A 2.98nW bandgap voltage reference using a self-tuning low leakage sample and hold[END_REF][START_REF] Osaki | 1.2-V Supply[END_REF] and various always-on mW range low drop-out (LDO) regulators [START_REF] Lam | A 0.9V 0.35µm Adaptively Biased CMOS LDO Regulator with Fast Transient Response[END_REF][START_REF] Chen | 0.65Vinput-voltage 0.6V-output-voltage 30ppm/°C low-dropout regulator with embedded voltage reference for low-power biomedical systems[END_REF][START_REF] Nasir | A 0.13µm fully digital low-dropout regulator with adaptive control and reduced dynamic stability for ultra-wide dynamic range[END_REF][START_REF] Kim | Fully integrated low-drop-out regulator based on event-driven PI control[END_REF] have been reported, a complete PSU allowing low duty-cycled mode (DCM), few µs awake time, µA quiescent current, mV voltage drop during line and load transients, and a few % voltage accuracy against battery voltage and PVT variations has not yet been covered in the literature. This paper is composed into five parts which describe the PSU at system-level, give some design details and silicon characterization of the three main PSU integrated functions i.e. oscillator, voltage reference and voltage regulator, and the measured PSU performance against various load and duty-cycle operation.

II. PROPOSED POWER SUPPLY UNIT

As depicted in Fig. 1, a 0.036mm 2 PSU is proposed which embeds a silicon-based oscillator, VREF and LDO regulators fully-integrated in 28nm FDSOI technology featuring sub-100nW quiescent current in DCM. This ad hoc power management unit is dedicated to µW DCM loads such as wakeup radio, volatile memory and microcontroller. The always-on 50nW OSC provides the time references to periodically refresh the voltage reference e.g. typically at 5% rate and to independently wake-up the LDO when the load is in active mode. Typically each 40ms, the VREF is turned-on, sampled and held to maintain the LDO reference voltage. The LDO is started-up in 1µs and can deliver up to 100µA output current under 0.92V with ±5% voltage accuracy from unregulated 1.2-1.8V input voltage during an on-period as short as 30µs. depicts the always-on oscillator which is based on the architecture which has been first disclosed in [START_REF] Kim | Fully integrated low-drop-out regulator based on event-driven PI control[END_REF]. This architecture presents two main advantages towards the implementation of ultra-low-power (ULP) stable silicon-based oscillator. First, this architecture is comparator-free and thus, will not suffer from its poor offset and delay stabilities. Second, this architecture is self-biased prone. As there is no need of voltage or current reference, this architecture is well suited towards ULP implementations. Moreover, it reduces the number of sources of temperature instability.

Basically, the oscillator consists in an active current mirror that biases a resistor R in a first branch and a ring oscillator (RO) in a second branch. The amplifier ensures that the RO DC resistance will track the resistance of R. It could be easily demonstrated that the RO DC resistance RRO is equal to:

C f R RO RO 1 = ( 1 
)
where C is the total capacitance load of the RO, and fRO its oscillation frequency.

Therefore, as the RO DC resistance tracks R, the frequency of the oscillator depicted in Fig. 2 is given by:

RC f RO 1 = (2) 
It is apparent from (2) that the frequency stability mainly relies on the temperature stability of the 180ppm/°C temperature coefficient resistor R.

Moreover, the amplifier ensures equal voltages across the resistor and ring oscillator DC bias, and also ensures good voltage supply immunity as explained in [START_REF] Ruffieux | Siliconresonator-based, 3µA real-time clock with +/-5ppm frequency accuracy[END_REF].

As shown in Fig. 2, the OSC frequency is set to 35kHz allowing as low as a 30µs on-period for LDO. Temperature and power supply stabilities of ±1.5% have also been achieved from 40°C to 80°C and 1.2 to 1.8V, respectively. The oscillator power consumption has been measured at 48nW under a 1.2V power supply. The current consumption of a resistor branch, RO, and amplifier are 20, 20 and 10nA, respectively. A 1.5nA level shifter drives the event-controller composed of a few flipflop gates which wake up the VREF and LDO blocks periodically at a programmable rate. 

IV. UNTRIMMED AND DUTY-CYCLED VOLTAGE REFERENCE

The untrimmed duty-cycled VREF is shown in Fig. 3 including a sample and hold for DCM. VREF is resistor-less BJT-less topology to save silicon area. It is composed of a current generator which biases two stacked PTAT's and diodeconnected transistors to generate 0.92V.

The combination of PTAT and CTAT using different device flavors i.e. thin/thick oxides and low/regular threshold voltages cancels the PVT dependence. VREF sensitivity is equal to σ=0.55%@25°C across 10 dies without trimming across 1.2-1.8V input voltage. Moreover, the polarization scheme keeps a constant current consumption vs. temperature achieving less than 100nA at 80°C in always-on mode. As the average power of a VREF greatly depends on achievable DCM, the reference voltage VREF_SH is maintained in the sample and hold capacitor CSH when the VREF is disabled. The sleep-mode duration is limited to 40ms to maintain 7% voltage accuracy on VREF_SH. Using a 2ms on-period i.e. 5% duty-cycled, the average current consumption is 5nW@1.2V. Compared [START_REF] Chen | A 2.98nW bandgap voltage reference using a self-tuning low leakage sample and hold[END_REF], the always-on power consumption of VREF is reduced by two decades and the die occupies 10x less area. V. DUTY-CYCLED VOLTAGE REGULATOR While the on-chip integrated capacitor is only 25pF, the proposed duty-cycled LDO (Fig. 4) is able to deliver up to 100µA with an input voltage between 1.2V and 1.8V in the 0 to 800pF range. The quiescent current (no load) is 450nA in always-on operation excluding the current bias generator (200nA).

To extend its capability in order to be stable under large capacitive load range and zero to full load current, the regulator has two feedback loops to modulate both gate and back bias voltages simultaneously which is a potential and interesting feature brought by the FDSOI technology compared to a bulk technology. Firstly, the FDSOI back-biasing allows higher dynamic voltage range (-/+2V) than in bulk technology (<VTH), secondly the back-biasing threshold voltage gain (80mV/V) is three times higher than the bulk counterpart (25mV/V). Compared to [START_REF] Keikhosravy | A 0.13-µm CMOS Low-Power Capacitor-Less LDO Regulator Using Bulk-Modulation Technique[END_REF], we are no limited by reverse inherent bulk body diode and we introduce a variable current bias controlled by the delivered LDO current. At low load current, the back-biasing feedback offer a faster but lower DC gain than the gate loop, therefore, a zero is introduced at the frequency where the gain of the two loops are equal. This allows to compensate the low output pole in frequency due to the load capacitor, and by this way, to increase the maximum output capacitor range where the LDO is stable.

Moreover, the proposed additional back biasing loop improves to the transient response from no/low load current to high load current. At high load current, the variable current biasing of the gate's feedback amplifier increases the bandwidth according to the output current ILOAD to break the trade-off between transient response and efficiency depending on speed and quiescent current, respectively, without compromising stability. At high current load, the gate feedback loop becomes faster than the back-biasing loop, but as the output pole is also at higher frequency due to the lower power transistor output impedance, then no additional zero is required to stabilize. Fig. 4 shows quiescent current versus load current, demonstrating a working adaptive-biasing scheme. The PSRR is lower than 50dB below 1 kHz frequency. LDO regulates the output voltage against load transient as also shown Fig. 4. The 0.92V power rail experiences less than 5 and 10% undershoot for a half-and full-load transients, respectively. Used with a 100µW wake-up radio load we measure less than 1% undershoot. The LDO has a DCM mode independent of VREF, wakes-up in 1µs as shown in the left graph of Fig. 5. The quiescent current including VREF slightly depends on temperature (Fig. 5) and is lower than 1µA @25°C. where IOUT is the load current, IOSC, IVREF and ILDO are the OSC, VREF and LDO quiescent current respectively, IVREF is the VREF quiescent current reduced by 0.05 factor as the REF is duty-cycled with 5% on-cycle, and DCLDO is the LDO dutycycled ratio.

Current and average power efficiencies (@100µA during 200µs on-period, 1% DCM, Vcc=1.2V) are 99 and 76%, respectively, including OSC, VREF and LDO. Compared to prior works [START_REF] Lam | A 0.9V 0.35µm Adaptively Biased CMOS LDO Regulator with Fast Transient Response[END_REF][START_REF] Chen | 0.65Vinput-voltage 0.6V-output-voltage 30ppm/°C low-dropout regulator with embedded voltage reference for low-power biomedical systems[END_REF][START_REF] Nasir | A 0.13µm fully digital low-dropout regulator with adaptive control and reduced dynamic stability for ultra-wide dynamic range[END_REF][START_REF] Kim | Fully integrated low-drop-out regulator based on event-driven PI control[END_REF] (Table 1), the quiescent current is order of magnitude lower with smallest die occupation, without any external capacitor, a large input voltage range capability, including voltage reference and timer to self-manage duty cycle operation. The current efficiency is extend to 99% meaning x4 power reduction factor compared to the best in class voltage regulator. Compared to fully-integrated power supplies dedicated to high-density digital SoC [START_REF] Pillonnet | Effect of CMOS Technology Scaling on Fully-Integrated Power Supply Efficiency[END_REF], the power density (Watt delivered per Si area) is dramatically lower but the primarily objective is the power efficiency here.

The power consumption distribution is also shown in Figure 6. The PSU set-point voltage is 0.92V and varies by 10% without trimming phase against PVT variations and under the line and load variations. The PSU operating with a supply ranging from 1.2 to 1.8V is compatible with various button batteries or unregulated output of a harvester interface. The proposed PSU exhibits the highest 99% and 93% current efficiencies at 100µ and 1µA load currents compared to prior works. Moreover, the LDO has the ability to be dutycycled for as low as a 30µs on-period exhibiting sub-100nA average quiescent current including the timer and voltage/current references. The die area is 0.005, 0.017, 0.014mm 2 for the OSC, VREF and LDO, respectively, showing a compact and untrimmed solution to supply small die area node in µW-range without any off-chip capacitor.

Fig. 1 .

 1 Fig. 1. Block diagrams of duty-cycled PSU to supply a µW load

Fig. 2 .

 2 Fig. 2. Results of 50nA 35kHz Silicon Oscillator (OSC)

Fig. 3 .

 3 Fig. 3. Results of the duty-cycled voltage reference (VREF)

Fig. 4 .Fig. 5 .
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