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Miniature sensor nodes are ideal for monitoring environmental conditions in
emerging applications such as oil exploration. One key requirement for sensor
nodes is embedded non-volatile memory for compact and retentive data storage
in the event that the sensor power source is exhausted. Non-volatile memory also
allows for near-zero standby power modes, which are particularly challenging to
achieve at high temperatures when using SRAM in standby due to the exponential
rise in leakage with temperature, which rapidly degrades battery life (Fig. 11.2.1).
However, traditional NOR flash requires mW-level program and erase power,
which cannot be sustained by mm-scale batteries with internal resistances >10kQ
To address this issue, we propose an ultra-low power NOR flash design and
demonstrate its integration into a complete sensor system that is specifically
designed for environmental monitoring under high temperature conditions: such
as when injected into geothermal or oil wells.

The proposed flash design reduces power consumption by using a combined
Dickson and ladder pump topology and low-parasitic MIM capacitors to generate
13V with 73% power efficiency, and a cross-sampling current sense amplifier
(SA) that doubles the sensing margin. Measured program and erase energy is
49pJd/b and 9.4pJ/b, resulting in a 30x and 22x reduction compared to a standard
flash macro. Program power is 39uW and 82uW at 25°C and 125°C, enabling a
miniature sensor node system to be powered by only two 8pAh batteries. The
complete measured system is 3.88x1.70x1.85mm? and consumes only 190nW
of power at 125°C in the flash-enabled deep sleep mode, resulting in a 63x power
reduction compared to a conventional sensor design.

Embedded split-gate NOR flash requires >10V for hot-carrier-injection-based
program and tunneling-based erase. Circuits to generate these high voltages
dominate the write power [1,2]. A cross-coupled Dickson charge pump offers the
best power efficiency, but the voltage across the flying capacitor increases linearly
in each stage, making it necessary to use high-voltage MOS capacitors. However,
these HV MOS capacitors have a parasitic/useful capacitance ratio of 46% (NMOS)
and 18% (PMOS), lowering pump efficiency [3]. MIM capacitors offer a very low
(1%) parasitic loss, but are limited to <3.6V operation. Using a combined Dickson
and Cockcroft-Walton ladder pump [3] (Fig. 11.2.2) allows MIM capacitors to be
used while maintaining high power efficiency. A single-stage Dickson pump and
a four-stage ladder structure generate an output voltage of 13V. A PMOS body
switch is used to avoid diode leakage through the N-well, and a regulation loop is
used to stabilize the output voltage. The regulation circuit uses a dual-Vp,
approach (1.2V and 2.5V) to reduce power by 30%. A Vi-based voltage reference
generation circuit [4] provides V,; with sub-nW power consumption. Start-up,
erase and program operations need a high VCO frequency (>15MHz) to stabilize
V,.» and hence a high-BW amplifier is required. However, read and standby modes
do not require a high-BW amplifier, and therefore amplifier tail current can be
lowered in these modes, reducing the total standby power by ~2x. A high-
resistance diode-chain divider requires low power, but has a long stabilization
time. To address this issue, capacitors are placed in parallel with the diode chain
to stabilize the loop within 1ps. Figure 11.2.2 shows the 73% peak-power
efficiency of the pump loop. The pump itself reduces power by ~4x compared
with the baseline design; the whole loop achieves ~7x power reduction using all
of the low-power methods mentioned above.

Figure 11.2.3 shows the block diagram of the 1Mb flash macro, which is separated
into two banks, each with its own power gating control. When one bank is active,
all of the peripherals in the other banks are power gated. Each bank has two arrays
with 256x1024 cells. Current SAs, reference current generation, and high-voltage
switches are shared by the two arrays. Page-wise erase mode operates on 8kb,
whereas only 8b are programmed or read at a time to lower the instantaneous
power; this is consistent with common data resolution in sensor systems (e.g.,
8b temperature readings). The program power is reduced by ~5x, by using power-
gating and a short word length, compared with the baseline design.

At high temperatures, the read current of an erased cell degrades with reduced
mobility, whereas that of a programmed cell increases due to its lowered V. The
read current ratio between the two states thus reduces from 8x to 5x as the
temperature increases from 25°C to 125°C, complicating SA design at high
temperatures. Figure 11.2.3 shows circuit and timing diagrams of a proposed
current SA with cross-sampling that doubles the sensing margin. After precharge,
(1) Sy turns on, integrating /., on G, (No) and /, 0n Cg (N4). (2) S, turns on, and
S; turns off to maintain the gate voltages stored on C, and Cg, and /,;and /.
When SAEN goes high, /..l flows out from Ny, while /.~ flows into Ng. The
current difference (/,-/,) is therefore doubled when the latch-based SA is
activated, and mismatch between M, and M is cancelled with current sampling
instead of voltage sampling [5]. The proposed method halves the current offset
compared to a conventional method with same transistor sizing (Fig. 11.2.4 top
left). The cross-sampling gate capacitors occupy 16% area of the sense amplifier,
which is <0.1% of the whole macro.

The flash macro is fabricated in 90nm embedded ESF3 NOR flash technology. A
conventional compiled flash using the same bitcell is also fabricated for baseline
comparison. Figure 11.2.4 (top right) shows the measured Shmoo plot of the
proposed flash macro achieving 11ns access time at 1.2V and 0.75V read Vjpyin-
Measured average read Vi, among 10 dies are 0.739V (Fig. 11.2.4 bottom left).
Vpomin @cross -25°C to 125°C is shown in Fig. 11.2.4 (bottom right). Measured
erase and program power at 25°C is 15pW and 39uW, which represent a 242x
and 87x reduction compared to the baseline design. The erase and program
energy is 9.4pJ/b and 49pJ/b, which are 30x and 22x lower than the baseline
design. At 125°C, the program and erase power is 82uW and 31pW, enabling
reliable function of the battery-powered sensor system. At 11ns cycle time, read
energy (power) is 2.2pJ/b (1.618mW). Using a read-cycle time suitable for sensor
nodes (1us), the design consumes 25uW and shows better power/frequency
scaling than the baseline design due to its lower leakage floor. Standby power is
5.4uW even with active charge pump regulation loops; a 4.5x reduction over the
baseline design. Figure 11.2.5 compares the measurement results with the
baseline design and other work.

The flash macro is incorporated into a high temperature mm-scale sensor system
that consists of multiple chip layers: two batteries, flash, PMU, processor,
decoupling capacitors, radio, temperature sensor, energy harvester, and a solar
cell layer (photo in Fig. 11.2.6). The FSM in the PMU layer turns on the battery
switch (SWn=0) once the wake-up timer reaches N_CYCLE specified in the
register file (Fig. 11.2.6, top right). Once the battery switch is on, the PMU boots
and provides output voltages to the system using switch-capacitor DC-DC
converters. The flash layer then automatically programs the processor layer, and
the processor executes the sensor program and stores recorded data in flash. It
then writes a 'deep sleep' command to register file (SLP_BIT), triggering the FSM
to turn off the battery switch (SWn=1) and power gate all of the blocks except for
wake-up timer, FSM, and register file. Figure 11.2.6 (top left) shows the simulated
power breakdown in deep sleep mode. Measured active system power drawn from
the battery is 25pW and 430pW at 25°C and 125°C. Sleep power is 12nW and
190nW at 25°C and 125°C, representing a 3.3x and 63x reduction compared to
a conventional system and greatly extending battery lifetime. The stacked system
is fully functional at 125°C in stand-alone operation. Figure 11.2.7 shows die and
system photos.
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Figure 11.2.1: An SRAM-based sensor system drains a mm-scale battery in
minutes at 125°C. A flash-based sensor system can enter deep sleep, reducing = Figure 11.2.2: Combined Dickson and ladder pump topology, and self-adjusted
power consumption and extending battery life. regulation loop, which achieves a 73% peak efficiency.
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Figure 11.2.3: 1Mb Flash macro organization. Cross-sampling is used to double = at 1.2V. Average read Vjp,;, among 10 dies is 0.739V. Read V., and write

the sense margin of the current sense amplifier. power across temperature shown at bottom right.
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Figure 11.2.6: Diagram of PMU layer with wake-up timer and measured stacked
Figure 11.2.5: Measurement results comparison with baseline design and other =~ system power. Deep sleep power at 25°C and 125°C are 12nW and 190nW,
work. representing a 3.3x and 63x power reduction.
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Figure 11.2.7: Photos of flash chips (90nm eFlash technology), PMU w/ timer
(180nm technology) and the whole stacked sensor system.
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