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 Abstract— Ultra-low power digital processors are needed in 

power-constrained computing devices for IoT, intelligent sensing 

and wearable computing applications. While near-threshold 

design is promising to achieve ultra-low power consumption, 

there are several challenges for this technology to be applied to the 

design of digital processors, including the functionality issue, 

performance degradation and variability issue. This paper 

reviews the existing near-threshold processor design techniques 

including circuit and architecture level solutions and discuss how 

the aforementioned issues can be addressed. 

 
Index Terms—ultra-low power, near-threshold processor, 

functionality issue, performance degradation, variability.  

I. INTRODUCTION 

 Power constrained computing devices (e.g. intelligent 

sensing, wearable computing and IoT devices) require 

ultra-low power digital processors. Firstly, these devices are 

powered by battery or energy harvester. Ultra-low power 

consumption allows for long battery life or perpetual operation 

via energy harvester. Secondly, these devices require small 

device size. As battery and energy harvester usually dominates 

the device size, ultra-low power consumption allows for small 

battery or energy harvester, and therefore facilitates 

miniaturization of the device. Sub/near-threshold design 

techniques have been shown to be promising in achieving 

ultra-low power consumption which is not possible by 

conventional low power digital design techniques such as clock 

gating and power gating. Compared to other design-specific 

low power techniques, they are more general and applicable to 

different designs. The major benefit of sub/near-threshold 

design is shown in Fig. 1. When the supply voltage is scaled 

down, the dynamic energy consumption per operation of digital 

circuits decreases quadratically and the leakage energy 

decreases moderately, which makes the total energy per 

operation decreases dramatically with voltage. As the supply 

voltage  approaches the transistor threshold voltage, the leakage 

energy per operation starts increasing due to largely increasing 

delay. Below the threshold voltage, the delay increases 

exponentially with the supply voltage, making the leakage 

energy increase dramatically and finally balance the decreasing 

dynamic energy. This forms a minimum energy point in the 

sub-threshold region. Although the sub-threshold operation is 

able to achieve the minimum operating energy, it causes 

significant performance degradation and variation. Therefore 

near-threshold operation which achieves similar energy saving 

but with much less performance degradation and variation is 

more attractive to designers.  

 

Fig. 1 Sub/Near-threshold operation 

 

 However, it is challenging to enable near-threshold operation. 

When the supply voltage is scaled to the near-threshold region, 

various issues will arise including functionality, performance 

and variability issues. To design near-threshold processors, 

solutions across circuit and architecture levels need to be 

explored.  This paper reviews the existing near-threshold 

processor design techniques for power-constrained computing 

devices by addressing the above mentioned issues.   

II. DESIGN TECHNIQUES FOR ADDRESSING FUNCTIONALITY 

ISSUE 

 In the past, many work have shown that most of building 

cells/blocks (e.g. logic gates, ALU blocks) for digital circuits 

are able to function in the near-threshold region except level 

shifters and SRAMs. To ensure functionality for near-threshold 

designs, these cells/blocks need to be re-designed.  

A.  Level Shifter Design 

 Level shifters are required to bridge the power domains with 

different supply voltages (e.g. core to core, core to I/O) in 

processors. A multi-core processor may contain hundreds to 

thousands of level shifters as the number of core and data width 

increases. The conventional level shifters are not able to 

convert near-threshold voltages directly to super-threshold 

voltages as the voltage gap is too large. The pull-down 

transistors controlled by near-threshold voltage cannot 

overcome the strength of the pull-up transistors controlled by 

super-threshold voltage, so the output fails to flip when input 

changes. To address this issue, several techniques have been 

proposed. In [1][2][3], the pull-up transistors are weakened by 

using reduced swing inverter or diode to ease the wide-range 

voltage conversion. While the functionality is restored, the 

performance is not scalable with supply voltage as the 

weakening is constant. For [3], the multi-stage design causes 
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larger delay than single-stage design. In [4][5][6], current 

mirror is employed to reduce the contention between pull-up 

and pull-down network, and output feedback is used to 

adaptively control the static current of current mirror, which 

gives small delay and high energy efficiency with voltage 

scalability. 

B.  SRAM Design 

 Another building block with functionality issue in the 

near-threshold region is SRAM. It is a crucial component for 

processor design. While SRAM has similar cell structure as a 

flip-flop, it is more challenging to ensure SRAM's functionality 

than flip-flop's in the near-threshold region due to two reasons. 

One is that in SRAM many cells share the same read/write 

interface. Also, SRAM pursues high density so small 

transistors are preferred in SRAM cell. These requirements 

make it difficult for conventional SRAMs to function in the 

near-threshold region. For example, small transistors in SRAM 

cell lead to small strength and large variation at low voltages, 

which may cause writability or read disturbance issue. The 

sharing of read/write interface among many cells may cause 

low Ion/Ioff and thus sensibility issue at low voltages. In 

[7][8][9], 8T/10T SRAM with decoupled write and read 

interface is proposed to address the read disturbance and 

writability issue, and multi-Vt transistors are used to improve 

the energy efficiency. In [10][11], 9T SRAM and static bitline 

are proposed to address the Ion/Ioff issue and improve the sense 

margin. In [7], circuit techniques such as boosted wordline and 

floating supply are used to improve writability. 

III. DESIGN TECHNIQUES FOR ADDRESSING PERFORMANCE 

ISSUE 

 In addition to functionality issue, another issue of 

near-threshold design is the performance degradation at 

ultra-low voltage. This poses a challenge to near-threshold 

design and limit its applications. To address this issue, 

co-optimization on both circuit and architecture level is needed.  

A. Near-threshold Device Sizing 

 On the circuit level, it has been found that in the 

sub/near-threshold region several parasitic effects affect 

transistor performance more than in the super-threshold region. 

For example, reverse short channel effect (RSCE) becomes 

relatively strong in the near-threshold region as the short 

channel effects such as DIBL decreases with voltage 

decreasing. RSCE causes the transistor threshold voltage to 

decrease as transistor length increases. This effect has more 

impact on transistor performance in sub/near-threshold region 

than in super-threshold region, as the current is exponentially 

dependent on voltage in the sub/near-threshold region. It has 

been utilized to explore optimal transistor length  to achieve 

minimal delay [12]. Another effect is inverse narrow width 

effect (INWE) which causes the threshold voltage to decrease 

as the transistor width decreases. This has been utilized in 

transistor width sizing by adopting minimum finger to reduce 

the delay and improve energy efficiency [13]. This device 

sizing method has also been combined with minimum-sizing 

method and used selectively on critical and non-critical path to 

further improve the energy-efficiency while meeting the 

performance requirement [13].  

B. Parallel Processing 

 On architecture level, parallel processing has been adopted to 

address performance degradation of near-threshold design. 

This includes homogeneous parallelization and heterogeneous 

parallelization. In Error! Reference source not found., 4 

homogeneous parallel processing engines have been designed 

to accelerate near-threshold JPEG encoding, achieving 40MB/s 

(or VGA, 30 fps) and 1.33pJ/cycle at 0.6V in a 65nm process. 

In [15], a near-threshold Centip3De processor with 64 ARM 

Cotex-M3 cores and 3D stacking (as shown in Fig. 2) has been 

proposed, achieving 800 DMIPS and 3930 DMIPS/Watt at 

0.65V in a130nm process. In [16], a 16x16 mesh NoC with 256 

voltage/clock domains is designed. Each of the domains is able 

to operate from 340mV to 0.9V. At 430mV (near-threshold), 

the NoC achieves 3.4Tb/s throughput with a peak energy 

efficiency of 18.3Tb/s/W.  

 

Fig. 2 Centip3De near-threshold processor [15] 

 
Fig. 3 Near-threshold sensor node processor [18] 

 

 In addition to homogeneous parallel processing, 

heterogeneous parallel processing has also been explored for 

real-time applications with diverse processing tasks.  In [17], 

multiple heterogeneous processing cores such as CORDIC, 

FFT are designed to accelerate the processing tasks for a 

near-threshold biomedical processor, which improves the 

energy efficiency by more than 10× compared to single 

programmable processing core.  In [18], dual-bus architecture 

with diverse hardware accelerators such as DWPT and FIR are 

developed to accelerate the processing tasks for a 

near-threshold smart sensor node processor (as shown in Fig. 3), 

achieving 29 pJ/cycle for a vehicle speed estimation 

application. 

C. Ultra-Wide Range DVS 

 In addition to device sizing and parallel processing, another 

way to address performance loss at ultra-low voltage is 
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ultra-wide range DVS. For most applications mentioned 

previously (e.g. IoT, wearable computing), the required 

performance varies significantly over time. The design should 

be able to achieve high performance when needed, and save 

energy when the workload is low. Therefore, ultra-wide range 

DVS from near/sub-threshold to nominal voltage is needed.  In 

[19], an energy-efficient SIMD vector permutation engine is 

proposed. This design is able to operate from 280mV to 1.1V 

and achieve dynamic performance from 16.8MHz to 2.5GHz. 

To enable fast voltage switching across a ultra-wide voltage 

range and separate voltage tuning for individual blocks,  special 

consideration is needed for the on-chip voltage generation. 

Conventional voltage generation schemes using DC-DC 

converter has limited switching speed (tens to hundreds of µs). 

Although some latest designs is able to achieve tens of ns, the 

increased complexity/area make it impractical to dedicate a 

DC-DC converter for each individual block. In [20], a 

processor with panoptic (i.e. full range) DVS from 

sub-threshold to high performance is proposed (Fig. 4). This 

design uses multiple PMOS header switches at the component 

level to provide a local supply voltage from a discrete set of 

global supply voltages. This allow component-level voltage 

tuning and fast voltage switching.  

 

 
Fig. 4 Panoptic DVS [20] 

 

IV. DESIGN TECHNIQUES FOR ADDRESSING VARIABILITY ISSUE 

 Another challenge of near-threshold processor design is the 

large performance variation at ultra-low voltage. In the 

near-threshold region, the current is exponentially dependent 

on the voltage, therefore small PVT variation will result in 

significant variation in delay or performance. Unlike the 

variation in the super-threshold region, the variation in 

near-threshold region can reach up to 10×. This leads to 

extremely large design margin in order to ensure the design 

works in the worst case or even within 3σ.  Circuit and 

architecture level solutions are needed to address this issue. 

A. Library pruning  

 Many designers perform library pruning to existing standard 

cell libraries to reduce the performance variation for 

near-threshold design. The library cells are characterized at 

ultra-low voltage and the ones with large variation and poor 

performance are taken out. Usually the logic gates with more 

than four-stacked transistors are removed due to their large 

variation at ultra-low voltage  [18][21]. For other cells, the 

designer can directly use them or modify for better performance. 

For example, previously mentioned device sizing methods can 

be used to reduce the delay and improve energy efficiency. 

B. Setup/Hold Timing Fixing 

 Digital processors have to meet setup and hold timing in 

order to function correctly. For near-threshold processors, 

however, in order to guarantee the timing, significant design 

margin is needed as mentioned previously. To address this 

issue, timing monitoring has been used to capture the variation 

on individual chip and adaptive voltage/clock tuning is used to 

fix the timing. This reduces the design margin while 

guaranteeing the timing. For example, Razor uses a shadow 

latch to capture the late arrival events in the critical paths and 

correct the errors via processor architectural reply or pipeline 

stalling. Canary flip-flop uses artificially delayed data path to 

predict potential setup timing error with voltage scaling. The 

drawback of Razor is the large overhead while the issue of 

canary flip-flop is that it cannot detect sudden errors. HEPP 

technique combines the detection and prediction technique to 

address the issue.  

 In addition to setup timing, hold timing fixing for 

near-threshold processor has also been investigated. Unlike 

setup timing error which can be detected using clock edge, it is 

difficult to find timing reference to detect hold timing error. 

Instead of detecting hold timing error, in [22], the hold timing is 

fixed by raising the voltage of clock tree in a near-threshold 

processor. As shown in Fig. 5, the number of hold buffer stages 

required decreases by 5× when the clock tree voltages is 

increased by 0.1V at 0.5V.  

 

 
Fig. 5 Required number of hold buffer stages at different clock 

tree voltage [22] 

C. Processor Pipeline Optimization 

 For near-threshold processor, another technique to reduce 

processor variation is to optimize the processor pipeline. It is 

found that large logic depth is able to reduce the random 

process variations through averaging effect [23], therefore  

shallow pipeline with large logic depth is adopted. As shown in 

Fig. 6, a two-stage pipeline with 75 logic gates per pipeline 

stage reduces the standard deviation by 19%, compared with a 

design with 10 logic gates per pipeline stage. In [24], decoupled 

SIMD parallel pipelines are used to allow timing error detection 

and correction for each pipeline independently, so that all the 

parallel pipelines do not have to stall or flush together. This 

help improve the average throughput. Also, pipeline weaving 

technique is used to mitigate the impact of static variation on 

the yield and performance of SIMD processor by duplicating 
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the share components between parallel pipelines and 

connecting them with subsequent stages in a 'weave' fashion. 

Components that failed testing can be disabled and 

reconfigured during configuration time.  

 

 
Fig. 6 Random variation vs number of pipeline stages [24] 

 

V. CONCLUSIONS 

 This paper reviews the existing near-threshold processor 

design techniques for power-constrained computing devices, 

targeting at IoT, intelligent sensing and wearable computing 

applications. Both circuit and architecture level design 

techniques for addressing the major challenges of 

near-threshold processor design (i.e. functionality issue, 

performance degradation and variability issue) have been 

discussed in the paper.     
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