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Abstract

We propose a robust single-stage static level converter called LC? that
uses a pulsed control strategy to avoid contention. It reliably converts
from 0.3V to 2.5V across wide PVT ranges. Fabricated in 130nm CMOS,
80 measured converters have an average delay of 2.38FO4 and 2291]
switching energy, marking 3.0x and 7.4x improvements over the best
prior work. It consumes 475pW static power.

Introduction

Low-voltage circuit design has been widely investigated for ultra-low
power applications, reaching as low as 230mV in a recent multi-pipelined
processor [1], and requiring wide-range level conversion (LC) for
communication with IO pads and high-voltage circuit blocks. In addition,
cores on a chip multiprocessor are increasingly voltage scaled
independently [2], necessitating LC between core voltage domains in high
performance applications. However, level conversion is challenging at
reduced voltages since conventional approaches suffer from severe
contention between weak pull-down devices and strong pull-up devices,
making them vulnerable to PVT variations.

Fig. 1 shows the operation of a conventional DCVS approach. A
Zero-Vr device prevents oxide breakdown in the thin oxide devices,
making it possible to use a fast SVT pull-down device [3]. The DCVS LC
suffers from a two-sided constraint on the PMOS device: if the PMOS is
too weak, the pull-up transition becomes slow and the node may not be
kept high, giving rise to performance/robustness issues; if the PMOS is
too strong, the NMOS cannot overcome it and the circuit fails. The current
margin plots in Fig. 1 show that severe variations at the low voltages
exacerbate this two-sided constraint. Although the circuit is designed such
that Inmos >>Ipmos to discharge node n/ or n2, as little as 26 Vy variation
causes failure due to Inmos < Ipmos. Increasing NMOS size by 3.5x
guarantees 30 robustness, but results in very large devices (Wnmos =
105um) with undesirable leakage (9nA). In addition, the increased
diffusion capacitance slows the pull-up transition. This two-sided
constraint severely limits DCVS LC robustness under PVT variation.
Multiple LC stages can improve robustness but introduce overhead due to
intermediate supplies and increased latency. Other static LCs [4][5] have
similar two-sided constraints and require precise transistor sizing, and
have lacked silicon measurements. A recently proposed dynamic LC [6]
uses a high-voltage clock, which improves robustness but increases layout
size and power consumption. Furthermore, none of the previous LCs has
demonstrated robustness through comprehensive silicon measurements.

Proposed Solution

We propose a new approach called Limited Contention Level
Converter (LCLC or LC?) that eliminates the two-sided constraint without
the use of high-voltage clocks. Fig. 2 shows the conceptual operation of
LC?. Before the rising transition, node 7/ is held high by the weak keeper,
which is subthreshold-biased, while all other switches are off; hence
Vui=Vppu and Vp=0. Once Viy rises to Vppr, the pull-down driver starts
to discharge n/ and easily overcomes the weak keeper. This transition on
nl causes “Pull-Up Control” to activate both the weak keeper and the
strong switch on the other side, which quickly charges up n2. “Pull-Down
Control” is then triggered to directly connect n/ to ground, rapidly
discharging it and completing the transition. Finally, a delay element turns
off all switches (except the appropriate keeper) after all transitions are
finalized. The next transition can then proceed such that the only
contention is with the weak keeper. The use of separate and different
strength pull-up devices for holding state and charging/discharging »/ and
n2 substantially improves design robustness and performance.

Fig. 3 shows the schematic of LC? with detailed timing waveforms. At
the beginning of a rising transition, Vni=Vw3=Vppu and Vio=Vs=0, hence
M6 and M11 are off and M1 contends only with the weak keeper Mx.
Once M1 and M3 start to discharge n/, positive feedback from M10 and
M7 boosts transition speed by pulling the gate of M7 to Vppp. Thus, M10
can be sized for fast rising transitions on n2 (using a min length device). In
contrast, this transistor must remain weak in the conventional approach to

minimize the contention, making it slower and less robust. Once the
transition completes, M5 and M12 are turned off after an inverter chain
delay to prepare for the next transition. Devices M5-M12 use minimum
width, and the inverter chains simply require sufficient delay to fully
charge nl or n2, simplifying device sizing. Although the pull-down
drivers (M1 and M2) and keepers should be carefully sized, keeper size
can be easily determined using known techniques [7], after determining
M1 and M2 sizes based on the desired speed-power trade-off. A simple
diode chain is used to generate the keeper voltage (Vkeeper), setting the
current supplied by the keeper. The current margin plot in Fig. 4 shows
that this design is robust to >3¢ variation in simulation. Simulation results
in Fig. 5 indicate that DCVS is highly vulnerable to Vy shifts, while LC?
functions correctly within the entire process corner without significant
delay change.
Measurements

We measured 40 dies in 130nm CMOS; each die has two LC%s and two
DCVS LCs designed for 0.3V to 2.5V conversions (Vpp=0.3V,
Vopou=2.5V) with a minimum-sized inverter as an output load. Fig. 6
shows measured delay across temperature. LC is 3.2 faster than DCVS
with 2.38FO4 delay at 25°C (FO4 measured at Vppr supply and
corresponding temperature). In addition, DCVS shows a 10.4x delay
change across 10~100°C, while LC? changes by only 4.3x. Normalizing
to FO4 delays, LC? delay increases 18% from 10 to 100°C while DCVS
worsens by 104%. This is due to the much reduced contention in LC.

Fig. 7 shows measured power consumption across temperature. While
DCVS consumes 7.15nW static power, LC? consumes 15x less (475pW)
at 25°C, mainly due to the smaller pull-down device (1.5pm). It consumes
2.29nW active power at 25°C which is 4.9x less than DCVS (11.21nW),
as well as nearly constant active power over a wide temperature range.
Due to the lack of contention, its active energy is dominated by charging
of capacitances rather than short-circuit current as in DCVS, making it
temperature insensitive. Active power changes only 2% (from 2.27nW to
2.32nW) in the 10~100°C range while DCVS shows a 7.7x change (from
4.15nW to 31.88nW) and high power consumption at low temperature.
Unlike LC?, not all 80 DCVS LCs function below 10°C since the low
temperature increases Vry, weakening the NMOS exponentially and the
PMOS linearly, exacerbating contention.

To show the impact of process variations, Fig. 8 displays measured
delay distributions for the LCs at 25°C. LC? shows 6x smaller standard
deviation than DCVS. For voltage variations, Fig. 9 shows performance
degradations across voltage drop. While DCVS delay increases by 7.7x
with 10% Vppy. drop, LC? slows by only 6% (normalized to FO4 delays at
the corresponding voltages), indicating that the keeper sizing strategy is
sufficiently robust to handle expected voltage variations. Fig. 10 shows
the number of operating LCs at IMHz across temperature. DCVS was
designed to operate as fast as 20MHz at 25°C, and the 1MHz clock allows
20x delay degradation. While all LC?s operate reliably in the -20~100°C
range, the first DCVS fails at 20°C, and only 5 of 80 work at -20°C,
showing the robustness of LC? to PVT variations.

Fig. 11 shows the die photo and comparisons to recent work. Despite
having more transistors than DCVS, LC? is smaller than DCVS in layout
even including the extra diode chain, which can be shared among multiple
LC%. The static nature of LC? does not require clocks or complex
synchronizing schemes, enabling 1093x smaller area and 7.4x lower
energy per transition compared to recent work in 130nm [6], as well as 3%
faster speed.
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Figure 2. LC? eliminates the strong contention by contending only with the weak keeper at the start of the
transition. Once the pull-down device overcomes the weak keeper, “Pull-Up/Pull-Down Ctrl” boosts the
transition speed, and “Delay” turns off all the main switches after the transition is finalized.
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