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A B S T R A C T

A novel method for the delivery of power to sub-threshold (sub-Vt ) circuits is proposed. The unused leakage
current during the idle-mode operation of super-threshold (super-Vt ) circuits is used to supply current to the
sub-Vt circuits. Super-Vt and sub-Vt circuits are characterized in a 45 nm CMOS technology, where the super-Vt
circuits operate at 1.2 V and generate a sub-Vt voltage of 380 mV. The energy break-even point of the leakage
reuse technique is analyzed both analytically and through simulation. The proposed technique is compared
with two conventional methods, one that implements separate power distribution networks for the super-Vt and
sub-Vt circuits (baseline) and the second that applies voltage stacking. The proposed leakage reuse technique
implemented on the s27 ISCAS89 benchmark circuit reduces the average and peak power consumption to,
respectively, 0.41× and 0.7× that of the baseline technique, while also reducing the peak voltage noise on the
true ground node VSS and the settling time of the true ground voltage VSS to, respectively, 0.68× and 0.44× at
a cost of a 1.24× increase in the FO4 delay. The leakage reuse technique implemented on the s208 ISCAS89
benchmark circuit resulted in a reduction of the peak voltage noise on the virtual ground node VGND and a
reduction in the settling time of the virtual ground voltage VGND to, respectively, 0.28× and 0.23× that of the
voltage stacking technique. In addition, the regulation of the sub-Vt supply voltage is evaluated for a variable
workload executing on a 32-bit RISC-V core operating at 380 mV.

1. Introduction
The contribution of leakage current to the total on-chip power consumption of microprocessors and system on chips (SoCs) continues to
increase due to reductions in the physical dimensions of the transistor,
as well as an increase in the transistor density per unit area [1]. In
addition, the long idle periods of most battery-operated mobile devices
results in leakage current becoming a dominant component of the total
power consumption [2], which is given by (1). The primary components
of the leakage current of CMOS devices include 1) gate leakage, 2) subVt leakage, and 3) junction leakage, as given by (2) [3]. The gate leakage as a percent of the total leakage power has signiﬁcantly increased as
the gate length and oxide thickness are reduced, where a 30× increase
in gate leakage has been reported when advancing each scaled fabrication node [1,4]. In addition, despite the reduced leakage current as
compared to CMOS devices, FinFET devices also consume a signiﬁcant
amount of leakage power as a percentage of the total power [5]. In [5],
the ISCAS85 benchmark circuits are implemented with shorted-gate and
low-power mode FinFET logic cells, and on average, 13% of the total

power consumption is attributed to leakage current. Therefore, as the
transistor is scaled and the number of transistors in a circuit increases,
a greater amount of leakage current is lost to the ground and substrate
nodes of the circuit. The energy loss due to leakage current is more
signiﬁcant in state-of-the-art multi-core systems as cores idle for longer
periods of time [6,7]. A technique to reuse (or recycle) leakage current
of idle core(s) or circuit block(s), consequently, signiﬁcantly reduces
the total energy dissipation of an integrated circuit.
Ptotal = 𝛼 · V 2 · CL · f + V · ILeakage

(1)

ILeakage = Igate + Isub−Vt + Ijunction

(2)

As the performance requirements of executing applications varies,
the use of both low-performance energy-eﬃcient cores and highperformance cores within a multi-core system is needed to improve the
overall energy-eﬃciency of the SoC. Current heterogeneous multi-core
systems integrate high-performance super-Vt cores with energy-eﬃcient
cores operating at near- and sub-Vt voltages [8–12]. In addition, different voltage and frequency scaling techniques are implemented to
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Fig. 1. Comparison of (a) total and leakage power consumption of super-Vt
cores, and (b) total power consumption of sub-Vt cores.

improve the energy eﬃciency of the circuit including adaptive voltage
scaling (AVS) [13,14], dynamic frequency scaling (DFS) [14], dynamic
voltage scaling (DVS) [15,16], dynamic voltage and frequency scaling
(DVFS) [12,15], and dynamic voltage and threshold scaling (DVTS)
[17] to operate circuits from the super-Vt to sub-Vt region based on
the performance requirements of the executing applications. Furthermore, microprocessors and processing elements that include a globally
asynchronous and locally synchronous (GALS) clocking system achieve
greater energy eﬃciency by operating sub-modules in multiple clock
and voltage domains [18,19]. Note that the leakage current of state-ofthe-art microprocessors operating at super-Vt supply voltages provides
no computational and storage beneﬁt. In contrast, the computation and
storage in sub-Vt circuits is performed by consuming only leakage current.
The total and leakage power consumption of cores and SoCs implemented for both super-Vt and sub-Vt operation are shown in Fig. 1(a)
and (b), respectively. The leakage power consumption of a Xeon Tulsa
processor operating at 3.4 GHz and with a power supply voltage of 1.25
V is 44.1 W, which is equivalent to 31% of the total power consumption
of 150 W, as shown in Fig. 1 [20]. Similarly, the leakage power consumption of the UltraSPARC T1 Niagara processor is 16 W, 26% of the
total power of 63 W when operating at 1.2 GHz and with a 1.2 V supply
voltage [21]. Prior work implementing sub-Vt processors indicate ultra
low power operation and very low energy dissipation per instruction. A
sub-Vt processor implemented in a 130 nm technology for sensory network applications operates at 66 KHz and at a 160 mV supply voltage,
resulting in a power consumption of 11 nW [22]. A sub-Vt Phoenix processor implemented in a 180 nm technology for sensing applications
operates at 106 KHz and at a 500 mV supply voltage, resulting in a
power consumption of 35.4 pW and 226 nW in, respectively, idle and
active mode [23]. In addition, a sub-Vt SoC implemented in a 130 nm
technology for wireless electrocardiogram (ECG) monitoring, operating
at 475 KHz and at a 280 mV supply voltage, consumes 2.6 μW of power
[24]. A tiny fraction of the total leakage power dissipation from the
processors operating at a nominal supply voltage is, therefore, suﬃcient to drive an entire sub-Vt processor. Note that the terms nominal
and super-Vt are used interchangeably.
In this paper, the leakage current of the idle cores or circuit blocks
operating at a nominal supply voltage is used to drive the circuits of
a sub-Vt core. A methodology to reuse the leakage current from the
nominal cores is developed [25]. A simple representation of a conventional power delivery network (PDN) with two independent voltage domains [22,26] and the proposed PDN implementing the leakage
reuse technique is shown in Fig. 2, where the current from the super-Vt
core reused by the sub-Vt core is regulated by the Control circuit block.
In addition, the operating ﬂow diagram of the proposed leakage reuse
technique is shown in Fig. 3, where the super-Vt cores are switched to
either normal or leakage reuse mode depending on the workload activity of the super-Vt cores. The developed technique assigns an active
super-Vt core to normal operating mode. An idle super-Vt core is, however, switched to leakage reuse mode to supply current to an energy
eﬃcient sub-Vt core. Given the growing interest in eﬃcient power man-

Fig. 2. Comparison of a) conventional PDNs with two independent voltage
domains, and b) the proposed PDN implementing the leakage reuse technique.

Fig. 3. Operating ﬂow diagram of the proposed leakage reuse technique.

agement techniques for multi-core systems, the proposed leakage reuse
technique provides improved overall energy eﬃciency of multi-voltage
domain SoCs consisting of both super-Vt (high performance) and sub-Vt
(low performance) cores.
The proposed method is applicable to any heterogeneous multi-core
system implementing dynamic voltage scaling as well as for circuits that
integrate disparate technologies with multiple voltage domains including 3-D integrated systems, multi-core systems composed of hybrid
technologies, neuromorphic systems, system-on-chips for deep neural networks, and processing elements implementing multiple clock
and voltage domains through globally asynchronous and locally synchronous technique [18,28]. The primary contributions of this paper
include:
1) A novel leakage reuse method that reduces the total power consumption of a multi-voltage system by utilizing the leakage current of idle
super-Vt cores for computation and storage in sub-Vt cores. Separate
voltage regulators and power delivery networks (PDNs) are, therefore, not required for the sub-Vt circuits, unlike conventional power
delivery to sub-Vt circuits that require an independent and dedicated
PDN and expensive voltage regulators [26,27], and
2) a reduction in the total leakage current of the super-Vt circuits due
to power network stacking during idle mode operation without signiﬁcantly aﬀecting the performance of the super-Vt core(s) operating in active mode.
The rest of the paper is organized as follows. The feasibility of the
leakage reuse technique is described in Section 2 through discussion of
prior research on core idleness and voltage stacking. The system and
circuit level model of the proposed leakage reuse technique is provided
in Section 3. The energy overhead and the energy break-even point of
the leakage reuse technique are discussed in Section 4. Simulation and
2
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analysis of the proposed technique are described in Section 5. Some
concluding remarks are provided in Section 6.
2. Feasibility of leakage reuse technique
Idle core(s) or circuit block(s) are continuously available as varying
workloads executing on a multi-core system do not use all hardware
resources at any given time. A discussion of the availability of idle cores
is provided in Section 2.1. In addition, the proposed technique recycles
the leakage current from idle super-Vt core(s) through voltage stacking,
which is described in Section 2.2.
2.1. Availability of idle Core(s) and circuit Block(s)
Most modern low power circuit and power management techniques
reduce the amount of energy consumed during idle mode operation of
the circuit [7,29]. Circuit blocks within a core or cores within a multicore system are assigned to diﬀerent operating modes (C-states) based
on idle activity patterns to improve the performance per watt [7,30].
Power and clock gating are the most common techniques implemented
to reduce the power consumption during idle mode operation of the
circuit [31–34]. In [30], a machine learning based prediction method
in conjunction with an OS power management policy is implemented in
a state-of-the-art multi-core processor to assign cores to a C-state based
on the idleness of a given core, where the C-4 state places the core in
power gated mode. For the analysis of system idleness, a 3 GHz quadcore processor ran for 10K cycles. Within the 10K cycles, there was not
a single instance when all cores were simultaneously active. In addition,
the SPECWeb benchmark suite was executed on a dual-core processor,
and similarly, there was no instance when both cores were concurrently
active [30].
Per core power gating (PCPG) has been proposed as an eﬀective power management option for multi-core processors along with
dynamic voltage and frequency scaling [31]. In [31], core utilization
traces are simulated to analyze the use of PCPG on a 2.5 GHz AMD
Phenom X4 9850, which includes four cores implemented in a 65 nm
technology. The utilization traces for a commercial application server
(PHARMA04), two web servers (HCOM10, ECOM3), and a desktop computer (DESKTOP) are used to monitor the activity of the four cores,
and again, there is no instance when all four cores are simultaneously
active [31]. In addition, the idleness behavior of state-of-the-art processors is characterized using both consumer and CPU-GPU benchmarks
including DirectX9, KMeans, and Gaussian from the PCMark and Rodinia
suites [7]. The results from the simulation of the benchmark workloads
demonstrate that a minimum of 110 multi-cycle idle events per second
occurred for a broad range of applications executing on a 16 nm FinFET technology [7]. In this paper, to characterize the CPU utilization
of individual cores, simulation of a system running Red Hat Linux and
with 48 Intel Xeon CPU cores each operating at 3 GHz is used to execute
diﬀerent applications. At any given time, at least one core remains idle,
while all 48 cores are idle for more than 90% of the runtime. Therefore, there are enough idle circuit blocks and cores within any system
to allow for the reuse of unused leakage current [7,30,31].

Fig. 4. Delivering current to a sub-threshold circuit block through a) voltage
stacking, where two circuit blocks within a core are vertically stacked regardless
of the circuit activity of the super-Vt (top) circuit block, and b) the proposed
technique of delivering current to sub-Vt (bottom) circuit blocks, where only an
idle super-Vt circuit block is stacked.

Voltage stacking has been recently used for logic and memory circuits in 2-D and 3-D integrated circuits to 1) minimize the total power
consumption and the peak rush current [37–42], which reduces inductive noise (L·di/dt), and 2) limit interconnect wear-out due to electromigration (EM) as the current density is reduced [43]. Prior work
has shown a 60% reduction in transient noise when voltage stacking
is applied to a 3-D IC as compared to a non-stacked 2-D IC [42]. In
addition, the stacking of SRAM banks during idle mode, as proposed
in [39], reduces the leakage power by 93%. However, there are limitations of implementing the voltage stacking technique as circuit blocks
are stacked during both active and idle mode operation. Limitations
include 1) the need for regulation of the mid-node voltage (Vmid in
Fig. 4) due to variations in load current [42], 2) variation in voltage
due to workload and current imbalances [42], 3) the need for a boosted
supply voltage, which increases the power overhead [38,42], and 4)
a reduction in the energy eﬃciency of voltage stacked circuit blocks
as the imbalance in current load between the stacked voltage domains
increases [40].
In this research, however, voltage stacking is applied to only idle
super-Vt cores or circuit blocks. The proposed method increases the
eﬀective resistance of the stacked path only during idle mode operation of the super-Vt core and, therefore, reduces the total leakage current through the stacked path. Due to the stacking of only idle superVt cores, the proposed approach is not adversely eﬀected like conventional voltage stacking techniques, where careful regulation is required
to compensate for variations in the workload and current imbalances
between stacked voltage domains. During the idle mode operation of
the super-Vt circuit, the leakage current from the super-Vt circuit block
is delivered to the sub-Vt circuit block for computation and storage as
shown in Fig. 4 (b). Therefore, the super-Vt circuit block remains unaffected during active mode operation while the leakage current from an
unused super-Vt circuit block is recycled to deliver power to the sub-Vt
circuit block.

2.2. Voltage stacking during idle mode
3. Reusing leakage current of Super-V t Cores to drive Sub-V t
Cores

Voltage stacking is a technique where the power distribution networks of two circuit blocks within a core or two cores within a multicore system are vertically stacked, sharing a common path from the supply (VDD ) to ground (VSS ). The conventional method of voltage stacking
is shown in Fig. 4(a), where the circuit block set to a lower absolute
voltage is vertically stacked with a circuit block set to a higher absolute
voltage regardless of the executing workloads of the higher voltage circuit block. In other words, the two circuit blocks are vertically stacked
for the entire operation of the device [35–38].

There are three primary advantages of the proposed leakage reuse
technique: 1) A reduction in the total leakage current of the superVt cores, 2) a reduction in the total power consumption of the system by leveraging the leakage current of the super-Vt core(s) to supply current to circuits in the sub-Vt core(s), and 3) no separate voltage source is required for the sub-Vt core(s). The system level and circuit level model of the leakage reuse technique is presented in Section
3
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(SCVG ) sinks current from block A (C) to the
in Fig. 6. Transistor SA
VG
sub-Vt power network through a virtual ground (VGND) during idle
mode operation of the blocks, while transistor SA
(SCG ) sinks current
G
from block A (C) to true ground during active mode.
3.3. Control circuit block applying the leakage reuse technique
The control circuit block that implements the proposed leakage
reuse technique behaves similar to sleep transistors used for power gating as the two footer MOS transistors switch the operating mode of a
super-Vt core between normal activity and leakage reuse [1,31,43–45].
Note that during idle mode operation of the circuit, the ground node of
the super-Vt cores becomes a virtual ground.
The circuit implementation of the MOS switches is shown in Fig. 7.
The NMOS transistor connects the virtual ground to the true ground
when either circuit block A or C is in active mode. The PMOS transistor
connects the virtual ground to the power network of the sub-Vt core
and SA
in Fig. 6
when either A or C is idle. The gates of transistors SA
VG
G
C
are connected to the control signal ΦA , while SVG and SCG are connected
to ΦC . ΦA and ΦC are each set to 0 or 1 when the corresponding superVt circuit is operating in either idle mode or active mode, respectively.
and SCVG must be large enough to suﬃciently conduct
The transistors SA
VG
the leakage current through the virtual ground (sub-Vt power network)
within a given clock period and without causing signiﬁcant resistive
and SCG must be
drop, while the threshold voltages of transistors SA
G
large enough to prevent leakage loss during the idle mode operation of
the super-Vt cores.
The proposed leakage reuse technique does not replace power gating. Simultaneous implementation of both power gating and leakage
reuse is, therefore, possible. A multi-core system that implements both
power gating and the leakage reuse technique is more energy eﬃcient
than a system that only applies power gating as current is delivered to
an energy eﬃcient sub-Vt core without requiring a dedicated PDN with
expensive voltage regulators.

Fig. 5. System level model of reusing the leakage current of super-threshold
circuits to drive sub-threshold circuits.

3.1 and 3.2, respectively. In addition, the control circuit of a super-Vt
core consisting of two switches is described in Section 3.3.
3.1. System level model of leakage reuse technique
The proposed system level model that accounts for the reuse of the
leakage current from idle super-Vt cores or circuit blocks to supply current to circuits operating in a sub-Vt voltage domain is shown in Fig. 5.
Due to signiﬁcant idle states in existing state-of-the-art circuits, as discussed in Section 2.1, at any given time, at least one super-Vt core (or
circuit block) is assumed to operate in idle mode.
The system level model is applicable to a) a single core that includes
both a super-Vt and sub-Vt voltage domain such as a system that implements globally asynchronous and locally synchronous clocking and b)
a multi-core system with cores operating at both super-Vt and sub-Vt
voltages. Therefore, the proposed leakage reuse technique is categorized as either 1) inter-core, where two cores that operate at a super-Vt
supply voltage drive a core operating at a sub-Vt supply voltage, or 2)
intra-core, where two circuit blocks within a core operate at a super-Vt
supply voltage and drive a circuit block operating at a sub-Vt voltage.

4. Energy overhead and challenges of implementing leakage
reuse
The PMOS and NMOS transistors shown in Figs. 6 and 7 and the circuitry that provides the control signal Φ consume additional energy. An
analysis of the energy break-even point (BEP) is, therefore, performed,
which is deﬁned as the number of clock cycles at which the total energy
savings obtained from the implementation of the leakage reuse technique equals the total energy consumed by the PMOS/NMOS switches
and the control circuit [46]. The leakage current model changes significantly from one technology to another [47,48]. Instead of performing
a technology dependent analysis, heuristic based analytical expressions
are derived using standard circuit and device parameters, which are
listed in Table 1, that are applicable to any CMOS technology. In order
to reduce the complexity of the analysis, a few assumptions are made:
1) The total energy required to operate a sub-Vt core is supplied by
one super-Vt core and, therefore, analytical expressions are derived for
Core1 and SCore 1 only; a similar analysis can be performed for more
complex systems, and 2) separate ground networks are implemented
for the active super-Vt core and sub-Vt core to prevent noise coupling.
A schematic representation of an implementation of the leakage
reuse technique is shown in Fig. 8, where i number of super-Vt cores
supply unused leakage current to m number of sub-threshold cores. The
two footer transistors SVG (PMOS) and SG (NMOS) are utilized as control
switches for each super-Vt core, where additional switches are added
for a more distributed supply of current to the sub-Vt core. The control
signal Φ is set to logic low when an onset of a long idle period of Core1
is detected, which results in SVG turning on and SG turning oﬀ as shown
in Fig. 9. The control signal Φ applied to the gate of SG transitions to a
logic high when Core1 switches to active mode.

3.2. Circuit model accounting for leakage reuse
Conventionally, the circuits within a core operating in a single voltage domain receive current through a hierarchical power delivery system. In general, a 10% activity factor implies that 10% of all gates
switch at any given time. Therefore, both dynamic and leakage current
is consumed for 10% of the gates of a core, while 90% of the gates
consume only leakage current.
The circuit model used to analyze the leakage reuse technique is
shown in Fig. 6. The super-Vt core consists of four functional blocks
that are supplied by a conventional hierarchical power delivery system.
The ground network is, however, modiﬁed to allow for the reuse of
the leakage current from the super-Vt circuits. The functional blocks
B and D are assumed to be executing a high activity workload and are
highly sensitive to ground bounce and are, therefore, directly connected
to true ground. The functional blocks A and C are, however, assumed
to be performing low activity tasks and are less sensitive to ground
bounce noise. In this case, the leakage current from blocks A and C
is used to supply the sub-Vt core. The cumulative total width of all
transistors within a functional block provides an estimate of the total
leakage current of the circuit during idle mode [3]. A continuous power
supply to the sub-Vt core exists, since at any given time at least one of
the functional blocks (either A or C) is operating in idle mode. Both
super-Vt blocks A and C are connected to ground through either of two
switches, implemented as one PMOS and one NMOS transistor, where
and SA
, and C through SCVG and SCG as shown
A is connected through SA
VG
G
4
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Fig. 6. Circuit model of the proposed leakage reuse technique, where the ground distribution network is modiﬁed to allow for voltage stacking during idle mode
operation of the super-Vt core(s). Blocks A and C supply leakage current to one sub-Vt core.

Table 1
Circuit parameters used in the analysis of the energy break-even point of the leakage reuse technique.
Parameter

Deﬁnition

VDD,super−Vt
VDD,sub−Vt
VGND
SG
SVG

Supply voltage of super-Vt circuit
Supply voltage of sub-Vt circuit
Virtual ground voltage
NMOS transistor connected to real ground
PMOS transistor connected to sub-Vt core
Switching activity of super-Vt core
Switching activity of sub-Vt core
Total switching capacitance of super-Vt core including drain, source, and gate capacitance as well as interconnects
Total source capacitance of all transistors connected to virtual ground
Total switching capacitance of sub-Vt core including drain, source, and gate capacitance of all transistors
Total capacitance of virtual ground due to SG and SVG
Ratio of switch size (sum of SG and SVG ) to the size of super-Vt core

𝛼super−Vt
𝛼sub−Vt

CS,super−Vt
Cint ,super−Vt
CS,sub−Vt
CVGND
Wr

The onset of the switching transitions of SVG and SG occur at times
T0 and T2 as indicated by the transient waveforms shown in Fig. 9,
while T1 and T3 represent the beginning of a period of steady-state
voltage for the sub-Vt core. Assume that the idle activity of Core1 begins
at time t = T0 and Φ, which is shown in Fig. 8, is set to logic 0. As
transistor SG begins to turn oﬀ, Core1 begins to supply unused leakage
current to the sub-Vt core. In addition, at t = T0, CVGND and Cint ,super −Vt
are charged as Core 1 transitions to an idle state. Note that the virtual
ground node includes capacitances CVGND , Cint ,super −Vt , and CS,super −Vt ,
where half of the internal nodes of the super-Vt core contribute to the
capacitance of the virtual ground node as described in [48]. At t = T1,
the capacitance of the virtual ground node CVGND is fully charged to
the target VGND voltage, and the leakage current through SVG saturates.
The voltage drop across the SVG transistor is negligible, and VGND is
approximately equal to the sub-Vt supply voltage VDD,sub−Vt of 380 mV.

As the potential of the VGND node reaches a steady-state of 380 mV,
the overall leakage current of Core1 is signiﬁcantly reduced due to 1)
an increase in the threshold voltage attributed to the reverse body-bias
eﬀect and 2) an increase in the eﬀective resistance when stacked with
the sub-Vt core. However, there is an additional energy loss Eloss1 during
the time interval t = T1 − T0 due to the switching of both the SVG and
SG transistors, where Eloss1 per cycle is given by
(
)
1
1
2
Eloss1 = 𝛼super −Vt VDD
(3)
CG + CVG + Cint ,super −Vt + CS,super −Vt .
2
2
Similarly, the energy overhead per cycle during the time interval
T3 − T2 is given by
(
)
1
1
2
(4)
Eloss2 = 𝛼super −Vt VDD
CG + CVG + Cint ,super −Vt + CS,super −Vt ,
2
2
where at time t = T2, Core1 switches into an active mode and SG and

5
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Fig. 9. Switching transitions of SVG and SG corresponding to the time intervals
when leakage reuse is active (Φ = 0).

Fig. 7. MOS switches to connect the super-Vt core to true ground when active
or to the sub-Vt core when idle.

Eloss,total = Eloss1 + Eloss2
(
)
1
2
= 𝛼super −Vt VDD
CG + CVG + Cint ,super −Vt + CS,super −Vt .
2

(5)

The reduction in the energy consumption due to the utilization of
the leakage reuse technique over N number of cycles is given by (6).
The ELT1 term describes the total energy savings between time interval
cyc
T0 and T1 and Esub−V deﬁnes the total energy dissipation per cycle of
t

the sub-Vt core. In addition, the average leakage energy dissipation per
cyc
cycle when Core1 is in active mode and idle mode is given by EL,active
cyc

and EL,idle , respectively.
total
= ELT1 +
Esaved

N (
)
∑
cyc
cyc
cyc
Esub−V + EL,active − EL,idle
t

i=0

(6)

The total energy dissipation of the sub-Vt core per cycle, as given by
(7), is calculated as the sum of the static and dynamic energy dissipated
per cycle, where ISVG is the current through transistor SVG and T is the
clock period. The energy consumption of the circuit is reduced due to
the implementation of the footer transistors SVG and SG , which behave
similar to a switch in power-gated circuits. The energy savings between
the onset of an idle event (T0) and the time when VGND begins to maintain a steady state (T1) is given by (8) and (9) [46,48,49]. The number
of completed clock cycles during the time interval T0 to T1 is given
as Nx and is empirically formulated as (10), where f is the operating
frequency of the super-Vt core, Wr is the ratio of the size of the switch
to the size of the super-Vt core, and a is the wake up latency, which is
5.27 ns for a 1 GHz clock frequency [50].
cyc

2
Esub−V = 𝛼sub−Vt Csub−Vt VDD
+ ISVG VDD,sub−Vt T
,sub−V
t

t

ELT1 =
Fig. 8. Schematic representation of the proposed technique to reuse the leakage
current from i number of super-Vt cores supplying current to one sub-Vt core.

=

FDIBL
cyc
N TE
nVT x L

(8)

𝛼super −Vt 𝛿 VDD
FDIBL
(
) Nx T
nVT 4 1 + CVGND
2
C ,super −V
S

SVG are turned on and oﬀ, respectively, which results in the discharge
of the VGND node through SG . Between t = T2 and t = T1, the leakage
energy of Core1 is used for computation by the sub-Vt core. At t = T3,
the VGND node of Core1 discharges to true ground as Core1 begins to
operate in active mode. The total energy overhead per cycle between
time interval T0 and T3 due to the implementation of the leakage reuse
technique is given by

Nx =

fa
Wr

(7)

(9)

t

(10)

The average leakage energy for time interval T0 to T1, given by ELT1 ,
is dependent on the drain-induced barrier lowering factor FDIBL (≈ 0.1),
the sub-threshold slope factor n (≈1.3), and the thermal voltage VT
(= kT∕q ≈ 25mV). The leakage factor 𝛿 , described in [48], is given as

6
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the ratio of the average leakage energy dissipation to the switching
cyc
cyc
energy dissipation per cycle (𝛿 = EL ∕ES ).

Advanced power management and task scheduling algorithms are
applied to identify the idle intervals in a multi-core system [6]. The
reuse of the leakage current of the super-Vt core is activated through
the control signal Φ only when the number of idle cycles in the super-Vt
core exceeds Nbreak−even and the voltage on the VGND node meets the
target sub-Vt supply voltage. Therefore, the activation of the control
signal Φ is formulated as

The switching energy dissipation per cycle of the super-Vt core is
given by
cyc

ES =

1
𝛼
C
V2 ,
2 super −Vt S,super −Vt DD

(11)

⎧0 (LR on),
⎪

where CS,super −Vt represents the total switching capacitance of the core
that includes the drain, source, and gate capacitances of the transistors
as well as the capacitance due to the interconnects. The average leakage
energy dissipated per cycle when Core1 is in active mode (not stacked)
is given by

∀i , Φcore,i = ⎨

⎪
⎩1 (LR oﬀ),

cyc

1
𝛼
𝛿C
V2 ,
2 super −Vt S,super −Vt DD

cyc

EL,idle = TISG VGND ,

t

Nmin = max

cyc

(14)

At the energy break-even point, the reduction in the total energy consumption equals the energy loss due to implementing the leakage reuse
technique. Therefore, (5) and (6) are modiﬁed to, respectively,
total
Esaved
= Eloss,total , and

(15)

N (
)
∑
cyc
cyc
cyc
Esub−V + EL,active − EL,idle

=

i=0
N
∑

t

2
𝛼super −Vt VDD

i=0

(
)
1
CG + CVG + Cint ,super −Vt + CS,super −Vt .
2

(16)

The energy consumption per cycle remains relatively constant
except for a few clock cycles after a power down or power up event.
For the provided analysis, a constant energy consumption is assumed
0
1
≈ Esub
≈
for each cycle, where (7) is simpliﬁed by assuming Esub
−V
−V
t

t

2
N
Esub
≈ … ≈ Esub
for N cycles. A similar assumption is made for
−V
−V
cyc

t

cyc

t

cyc

cyc

cyc

EL,active and EL,idle . Substituting for ELT1 , EL,active , EL,idle , and Esub−V in
t
(16) results in
(
) (
cyc
cyc
cyc
ELT1 + NEsub−V + NEL,active − NEL,idle = CG +
t

CVG + Cint ,super −Vt +

1
C
2 S,super −Vt

)

2
,
N 𝛼super −Vt VDD

target

{

t

target
Nbreak−even , NDD,sub−V
t

}
(20)

Simulation is performed to determine the total energy consumption
of a multi-core system where the required energy to operate the sub-Vt
core is supplied by one super-Vt core. The results of the characterization of the number of cycles obtained from simulation are compared
with the number of cycles determined through the analytical expressions. The super-Vt Core1 and the sub-Vt core are each implemented
with a chain of six inverters. To analytically determine the Nbreak−even ,
the technology parameters listed in Table 1 are applied to (18) for both
the super-Vt and the sub-Vt cores, where CVGND ∕CS,super −Vt = 0.1, 𝛿 =
0.1, VGND ≈ VDD,sub−Vt = 0.38 V, T = 1 ns, 𝛼super −Vt = 1, 𝛼sub−Vt = 0.05,
ISG = ISVG = 0.15Itotal , Itotal = 10 μA, Wr = 0.125, and CS,super −Vt = 70
fF. The total area of both the super-Vt and sub-Vt chain of inverters
is listed in Table 2. The analytical and simulated results are plotted in
Fig. 10, where the number of idle clock cycles corresponding to the
break-even point in energy consumption is evaluated for 50 MHz to 1
GHz operating frequencies of the super-Vt core. For example, the number of cycles N when operating the super-Vt core at a frequency of
1 GHz that results in the energy break-even point (Nbreak−even) is 125
and 133 for the analytical and simulated analysis, respectively. The
Nmin that satisﬁes (20) is taken as 133 cycles. Core1 must, therefore,
be stacked for at least 133 ns when operating at 1 GHz for the leakage
reuse technique to provide an improvement in the overall energy eﬃciency of the circuit. The percent diﬀerence between the analytical and
−Simulation|
× 100.
simulated results in Fig. 10 is calculated as |Analytical
Simulation
The maximum and minimum percent error in the calculated number of
idle cycles needed for the energy break-even point using the analytical
expressions is, respectively, 11% (at 50 MHz) and 6% (at 1 GHz) as
compared to simulated results. Note that the percent error decreases as
the operating frequency increases since, for a given diﬀerence in the
number of cycles between the analytical and simulated results, the relative diﬀerence is smaller at higher frequencies due to the larger number
of cycles.
The total energy consumed by the super-Vt and sub-Vt cores per
cycle and the energy consumed by the switches (SVG and SG ) per cycle
are characterized for 1 GHz operation of the super-Vt core starting from

(13)

EL,idle = NTISG VGND .

t

target

of VDD,sub−V is given by NDD,sub−V .

where ISG is the current through SG when operating in the idle mode. If
an average leakage energy dissipation per cycle is assumed, the leakage
energy dissipated over N cycles is given by

ELT1 +

otherwise

minimum number of cycles Nmin that the super-Vt core must be idle is
given by (20), which ensures an overall gain in the energy eﬃciency of
the system and a supply voltage for the sub-threshold core that is within
target
10% of VDD,sub−V . The number of cycles required to settle within 10%

(12)

where IL is the average leakage current through all leakage paths in
Core1 [48]. The leakage current through the PMOS transistor SVG is
negligible since the drain of SVG is connected to VDD,sub−Vt . Therefore,
all of IL is assumed to pass through SG during the active mode operation
of Core1.
The average leakage energy dissipated per cycle when Core1 is in
idle mode (stacked) is given by

i=0

(19)

t

t

= 𝛿 EScyc

N
∑

target

|Vk,i − VDD,sub−Vt | ≤ 0.1VDD,sub−V ,

where i is the super-Vt core identiﬁer for n cores = {1, 2, 3, … n}. The
voltage at the VGND node after k number of cycles is given as Vk,i . The
target
target supply voltage of the sub-Vt core is represented by VDD,sub−V . The

EL,active = TIL VDD

=

whenN > Nbreak−even &

(17)

where
Nbreak−even = |N|
ELT1
)

= ((
CG + CVG + Cint ,super −Vt +
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+ ELcyc
− ELcyc
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sub−V
t
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Table 2
Characterization of active area and peak noise of the chain of inverters (COI), s27, and s208 circuits for the three analyzed topologies.

COI

s27

s208

Baseline
Leakage reuse
Voltage stacking
Baseline
Leakage reuse
Voltage stacking
Baseline
Leakage reuse
Voltage stacking

Area of two super-Vt
circuit blocks (μm2 )

Switch area (μm2 )

Area of sub-Vt
circuit block (μm2 )

Peak noise on VSS as a percent of
rail-to-rail voltage (1.2 V)

2.331
2.331
2.331
6.73
6.73
6.73
21.9
21.9
21.9

N/A
0.35 (15% of Super-Vt COI) SVG ∶ SG of 1.5 μm: 2 μm
N/A
N/A
0.31 (4.6% of Super-Vt s27)SVG ∶ SG of 3 μm: 0.1 μm
N/A
N/A
0.6 (2.7% of Super-Vt s208) SVG ∶ SG of 5 μm: 1 μm
N/A

7.56
7.56
7.56
21
21
21
21
21
21

<5%
<5%
<5%
<5%
<5%
<5%
<5%
<5%
<5%

Fig. 10. Comparison between analytical and simulation results when determining the number of idle clock cycles of the super-Vt core corresponding to the
break-even point in energy consumption for frequencies of 50 MHz to 1 GHz.

Fig. 11. Characterization of the energy per cycle normalized to the baseline
for a range of idle cycles (133–1330) when the super-Vt core is operating at
1 GHz and for 1.33 μs. The left Y-axis represents the energy consumed by both
the super-Vt and sub-Vt core per cycle, while the right Y-axis represents energy
consumed by switches SG and SVG per cycle.

Nmin (133 idle cycles at 1 GHz) to 10×Nmin (1330 idle cycles), with
results shown in Fig. 11. The analysis of the leakage reuse technique
is normalized to the baseline, where independent power delivery networks are implemented for the super-Vt and sub-Vt cores as described
by Topology 1 in Section 5.1. For the leakage reuse technique, the size
of the super-Vt core is increased by 1.2× as compared to the baseline
to account for the overhead due to the supporting circuits required to
generate and propagate the control signal Φ. The overhead in area due
to the supporting circuits as a percentage of the total area is smaller as
the size of the super-Vt core increases since the area of the supporting
circuits remains about constant. Similar switching activity is applied
to both the leakage reuse and the baseline implementations of the circuit. The savings in the energy per cycle due to the use of the leakage
reuse technique increases as the leakage current from the super-Vt core
is supplied for an increasing number of idle cycles. For example, the
total energy per cycle is 0.23× the baseline for 1064 idle cycles, while
consuming 0.89× the baseline when a core is idle for 266 cycles. In
addition, as the number of continuous idle cycles of the super-Vt core
increases, the fewer the number of triggered switching events needed
to switch to an idle super-Vt core, which reduces the energy overhead
due to the switches as a percentage of the total energy consumed. As
an example, the energy per cycle of two switches is 0.12× the total
energy when charge is reused for 133 cycles, while the switches consume 0.027× of the total energy per cycle when charge is recycled for
1064 cycles.

fabrication process includes low-threshold (low-Vt ), nominal threshold
(nominal-Vt ), and high-threshold devices (high-Vt ). Low-Vt transistors
are used for the circuit blocks operating at a super-Vt supply voltage
to improve performance, while nominal-Vt transistors are used for the
circuit blocks operating at a sub-Vt supply voltage to reduce power consumption. In addition, high-Vt NMOS devices are used as sleep transisand SCG to reduce the idle power consumption, while low-Vt
tors SA
G
PMOS transistors are used for the switches connecting to the sub-Vt
core. Note that the threshold voltage of a nominal-Vt , low-Vt , and highVt NMOS transistor in a 45 nm process is, respectively, 410 mV, 322
mV, and 608 mV.

5.1. Model and simulation methodology
The leakage reuse technique is evaluated using a chain of inverters (COI) and two ISCAS89 benchmarks circuit (s27 with 19 gates and
s208 with 112 gates). The ISCAS89 benchmark circuits represent superVt cores, while separate COIs are used to represent both the super-Vt
and sub-Vt cores. The super-Vt chain consists of six equally sized inverters, whereas the sub-Vt chain consists of six tapered inverters that are
optimized for sub-Vt operation. The ground networks of both the COI
and the ISCAS89 benchmark circuits are modiﬁed to enable a connection with either true ground or the sub-Vt power network through the
virtual ground of the super-Vt core.
Three circuit topologies are simulated, which are an implementation
of the system level model shown in Fig. 5 applicable to both inter- and
intra-core current reuse. The circuit topologies include:

5. Characterization and analysis
The proposed leakage reuse technique is evaluated through SPICE
simulation in a 45 nm CMOS process. The super-Vt supply voltage is set
to 1.2 V, while the target sub-Vt supply voltage is 380 mV. The 45 nm
8
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Topology 1 - Baseline: Two isolated super-Vt circuit blocks representing two individual super-Vt cores and one isolated sub-Vt circuit
block (chain of tapered inverters) representing an individual sub-Vt
core. Note that there is no connection between the super-Vt and
sub-Vt circuit blocks as each includes an independent power supply,
which is the conventional practice.
Topology 2 - Proposed leakage reuse (L.R.): Two isolated superVt circuit blocks representing two individual super-Vt cores. The
ground network of both the super-Vt circuit blocks is connected
through the switching circuit shown in Fig. 6 to either true ground or
the power network of a sub-Vt circuit block consisting of a chain of
tapered inverters. The leakage current of the super-Vt circuit blocks
is used as the current source for the sub-Vt circuit block.
Topology 3 - Voltage stacking (V.S.): Two isolated super-Vt circuit
blocks representing two individual super-Vt cores, where the ground
network of both the super-Vt circuit blocks is directly connected
with the power network of a sub-Vt circuit block consisting of a
chain of tapered inverters. In [40], stacked voltage domains within
the same core are implemented for implicit down conversion of the
voltage of the power supply of the near-threshold circuits, which
are placed at the bottom of the stacked topology. In this work, the
technique proposed in [40] is extended to deliver power to subVt circuits as shown in Fig. 4(a), which is then compared with the
proposed leakage reuse technique.
Similar input signals and output capacitive loads are applied to all
three topologies, which ensures that the active and idle mode transitions are equally applied to the three conﬁgurations. The power supply
and ground networks of all three circuit topologies are represented with
equivalent electrical parameters obtained from the Vcc and VSS pins of
a model of the DIP-40 package to analyze the transient noise induced
on the power and ground networks. The resistance R, inductance L, and
capacitance C of the pins are, respectively, 0.217 Ω, 8.18 nH, and 5.32
pF.
The voltage stacking technique is not directly comparable to the
leakage reuse technique as the circuit blocks in a voltage stacked system
are continuously stacked for the entire duration of the operation of the
circuit. In contrast, the leakage reuse technique stacks two circuit blocks
within a core or in two diﬀerent cores within a multi-core system only
during the idle mode operation of the circuits operating at a super-Vt
supply voltage.
The three power delivery topologies are implemented on a COI and
the s27 and s208 benchmark circuits operating at 5 MHz, where the
active area of the super-Vt and sub-Vt circuit blocks is optimized for
each of the three benchmarks circuits to obtain a sub-Vt voltage of 380
mV. The total active area for the super-Vt circuit blocks, sub-Vt circuit
blocks, and switches is listed in Table 2. The same circuit area is occupied by each topology, except for the leakage reuse technique, where
an additional area is required for the switches. Therefore, iso-frequency
and iso-area analysis is performed across the three topologies.
Due to the large reduction in the drive strength of the transistors
when in sub-Vt operation, the transistor widths are increased to provide
suﬃcient drive current to charge and discharge loads, where the sub-Vt
circuit block is 3.24× and 3.12× the total area of the two super-Vt circuit blocks for, respectively, a chain of inverters and the s27 benchmark
circuit. However, the area of the sub-Vt circuit block is 0.96× the size
of the two s208 circuit blocks as the increased area of s208 (21.9 μm2 )
provides suﬃcient current to drive the sub-Vt circuit block (21 μm2 )
without further increasing the size of the transistors.
The voltage on the virtual ground node VGND , which is the supply
voltage of the sub-Vt block generated by the leakage current of the
super-Vt core, is dependent upon several circuit parameters including
1) the ratio of the area of the super-Vt circuit block to the area of the
sub-Vt circuit block, which is directly correlated to the current ratio,
2) the total leakage current of the super-Vt circuit block, 3) the on and
oﬀ current through the switches, which are partly dependent on the

Fig. 12. Characterization of a) average power consumption per cycle, and b)
peak power consumption of the COI, s27, and s208 benchmark circuits at
5 MHz.

threshold voltage, gate voltage, and the dimensions of the transistors,
and 4) the total current required by the sub-Vt circuit block. For a set
size of the super-Vt and sub-Vt cores, the width of the switches acts as
a controlling knob that allows for a trade-oﬀ between the voltage level
at the VGND node and the total area and power consumption of the
circuit. An analysis of the eﬀect of switch size is, therefore, performed
when the super-Vt core is active, as described in Section 5.4.
5.2. Characterization of power consumption
The average power consumption per cycle and peak instantaneous
power consumption of the multi-voltage system, which includes the
super-Vt and sub-Vt circuit blocks, for the three circuit topologies
described in Section 5.1 are shown in, respectively, Fig. 12(a) and (b).
The average (instantaneous peak) power consumption of the baseline
is 25.24 μW (8.69 mW), 15.47 μW (4.154 mW), and 112.4 μW (7.636
mW) for, respectively, the COI, s27, and s208 benchmark circuits.
The average (peak) power consumption of the leakage reuse technique
is 0.63× (0.9×), 0.41× (0.7×), and 0.17× (0.6×) that of the baseline
for, respectively, COI, s27, and s208. The reduced power consumption due to the implementation of the leakage reuse technique is, therefore, greater as the circuit size increases. However, the leakage reuse
technique consumes more power than the voltage stacking technique
as the super-Vt and sub-Vt circuits are stacked for the entire duration
of circuit operation when voltage stacking is implemented. The leakage reuse technique applied to s208 consumes an average and peak
power of, respectively, 2.02× and 2.17× that of the voltage stacking
technique.
The chain of inverters operating at a super-Vt supply voltage of
1.2 V are characterized for both average and peak power consumption
at operating frequencies between 5 MHz and 2 GHz using the baseline,
leakage reuse, and voltage stacking techniques. The results from simulation of the average and peak power consumption at diﬀerent operating
9
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Fig. 14. Characterization of the peak VSS bounce and the settling time (S.T.) of
the peak VSS .

Fig. 13. Characterization of a) average power consumption per cycle and b)
peak power consumption for 5 MHz to 2 GHz operation of the super-Vt circuit
blocks.
Fig. 15. Characterization of the peak VGND bounce and settling time of the
VGND voltage, where switches for LR are sized for 10% noise on the stacked and
non-stacked VGND node.

frequencies is shown in, respectively, Fig. 13(a) and (b). At all frequencies, the average and peak power consumption of the leakage reuse
technique is less than the average and peak power consumption of the
baseline. In addition, the leakage reuse technique provides a greater
reduction in the average and peak power consumption at higher frequencies as compared to the baseline technique. Therefore, a suﬃcient
amount of leakage current is supplied to the sub-Vt core(s) during the
idle mode operation of the nominal cores for a range of operating frequencies. Although voltage stacking consumes less power as compared
to both leakage reuse and the baseline, the voltage stacking technique
is limited to frequencies no greater than 25 MHz as the super-Vt circuit
does not provide correct logical output at higher frequencies due to the
signiﬁcant noise on the VGND node.

Unlike the voltage stacking method, the leakage reuse technique
allows the stacking of only idle super-Vt circuit blocks with the subVt circuit block, while connecting the active super-Vt circuit blocks to
true ground. However, the noise transients propagate between the true
ground of the active circuit blocks and the virtual ground of the idle circuit blocks. For the leakage reuse technique, the super-Vt active and idle
circuit blocks are described as, respectively, non-stacked and stacked.
The voltage bounce on the virtual ground node of the super-Vt core
is analyzed by characterizing the peak voltage noise and settling time
(the time required to settle within ±5% of the steady state VGND ) of the
COI, s27, and s208 circuits each implemented with the leakage reuse
(stacked and non-stacked) and voltage stacking techniques. The results
from characterization of the peak VGND noise and the VGND settling time
are shown in Fig. 15, where the leakage reuse technique is normalized
to the voltage stacking technique. The peak VGND (VGND settling time)
of the voltage stacking technique is 513.3 mV (64 ns), 511 mV (105
ns), and 431.4 mV (34 ns) for, respectively, the COI, s27, and s208
circuits.
The steady-state VGND voltage on the VGND node is the supply voltage of the sub-Vt circuit, which is set to 380 mV. The peak VGND bounce
and VGND settling time of the active circuit blocks when implementing
the leakage reuse technique (non-stacked) are less than both the voltage stacking technique and the idle circuit blocks implemented with
the leakage reuse technique (stacked). In all cases, the voltage bounce
on the VGND node for both the active and idle circuit blocks does not
exceed 10% of the rail-to-rail voltage of 1.2 V for the super-Vt block and
380 mV for the sub-Vt block. The peak voltage noise on VGND (VGND
settling time) for the leakage reuse technique implemented on the s208
circuit is reduced to 0.97× (0.4×) and 0.28× (0.23×) in, respectively,

5.3. Characterization of noise on true and virtual ground
The voltage drop on the super-Vt power network is within ±5% of
the nominal voltage of 1.2 V for the three circuit topologies described in
Section 5.1. However, the voltage noise on the ground network exceeds
±5% of the ideal ground voltage of 0 V. The results from the characterization of the peak ground voltage bounce on the VSS node and the
settling time of VSS (the time required to settle within ±5% of the ideal
ground voltage) are shown in Fig. 14, where the results obtained for
the leakage reuse and voltage stacking techniques are normalized to the
results obtained for the baseline. The leakage reuse technique exhibits
a reduced peak noise on the VSS node and a reduced settling time of
VSS as compared to the baseline for the chain of inverters (COI), s27,
and s208 circuits. The implementation of the leakage reuse technique
on s27 (s208) reduces the peak noise on VSS and the VSS settling time
to, respectively, 0.68× (0.29×) and 0.44× (0.37×) that of the baseline.
The peak voltage noise (settling time of VSS ) on the true ground node
VSS for the baseline is 30.07 mV (56 ns), 17.66 mV (110 ns), and 85.82
mV (56.5 ns) for, respectively, COI, s27, and s208.
10
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Fig. 16. Variation in peak power, average power, and settling time for s27 as a
function of switch size.

the stacked and non-stack mode, as compared and normalized to the
voltage stacking technique.
The peak voltage noise on the virtual ground node VGND, on the
true ground node VSS, and on the VDD,sub−Vt node are characterized in
the tt, ﬀ , and ss process corners for both the leakage reuse and voltage stacking techniques. The worst-case process variation, taken as the
larger of the two values of |tt −tt ﬀ | ×100% and |tt −tt ss| ×100%, is determined
for the s208 benchmark circuit. The leakage reuse technique exhibits
a worst-case variation in the peak VGND voltage noise for the stacked
topology, peak VGND voltage noise for the non-stacked topology, peak
VSS voltage noise, and sub-Vt VDD noise of, respectively, 0.82%, 5.82%,
5.05%, and 1.54%. The voltage stacking technique exhibits a worst-case
variation of 9.6%, 56.33%, and 2.05% in, respectively, the peak VGND
noise, the peak VSS noise, and the peak noise on the sub-Vt VDD node.

Fig. 17. Methodology to characterize workload variation of a sub-threshold
core with SPICE simulation.

pared to switches occupying 4.6% of the total area.
Due to the increased inﬂux current (initial current) through the
switches, the peak bounce on the true ground node VSS and the settling time of the VSS voltage for the switches occupying 10.4% of the
total area increase by, respectively, 1.64× and 1.83× that of switches
occupying 4.6% of the total area. Therefore, there is a trade-oﬀ between
the power consumption and ground bounce when sizing the switches,
where for the non-stacked mode, the peak noise on the VGND node is
reduced to 0.07× at a cost of increasing the total power consumption
and the switch area by, respectively, 1.03× and 2.26× when increasing
the percentage of the total area occupied by the switches from 4.6% to
10.4%.
In addition, the noise on the VGND node (non-stacked), when the
super-Vt circuits are operating in active mode, is characterized for 5%,
10%, and 15% allowed voltage bounce from the nominal value of VSS (0
V). The reduction in the noise on the VGND node (non-stacked) results
in an increase in the area and power consumption due to the required
larger switches, as shown from results listed in Table 3. There is an
average increase in the power consumption of 1.03× when the voltage
noise on the VGND node is constrained to 5% rather than 15% of the
rail-to-rail voltage of VDD (1.2 V for the super-Vt core).

5.4. Characterization of switch size used for implementation of the leakage
reuse technique
A circuit implementing the leakage reuse technique is sensitive to
the dimensions of the transistors SG and SVG used as switches. The size
of the switches impacts both the virtual and true ground nodes and,
therefore, the power consumption and performance as a large instantaneous transient current is induced when the switches are turned on. The
leakage reuse technique implemented on the s27 benchmark circuit is
characterized for three diﬀerent switch sizes, with results as shown in
Fig. 16. The three implemented switches occupy 4.6%, 7.6%, and 10.4%
of the total area of the two s27 circuit blocks operating at a super-Vt
supply voltage. As indicated from the results of the analysis, both the
total and peak power consumption increase with larger switches. The
switch occupying 10.4% of the area consumes an average and peak
power of, respectively, 1.03× and 2.15× that of the switch occupying
4.6% of the total area. However, switches occupying 10.4% of the total
area reduce the peak noise on the virtual ground node VGND to 0.07×
and 0.98× in, respectively, the non-stacked and stacked mode, as com-

5.5. Regulation of sub-threshold power supply voltage considering
workload variation in the sub-threshold core
The super-threshold cores or circuit blocks are idle when applying
the leakage reuse technique. Therefore, there are no executing workloads on the super-threshold cores that directly aﬀect the generated subthreshold voltage. However, the variation in the workload of the subthreshold core does aﬀect the generated sub-threshold power supply

Table 3
Trade-oﬀ between the percentage noise permitted on the VGND node, the total power consumption, and
the area in the non-stacked mode. Power consumption and area are normalized to the baseline topology
(independent power delivery networks for the super and sub-Vt cores) for the COI, s27, s208 circuits.
Permitted noise on VGND [non-stack] as compared to ideal ground
5%
10%
15%
Total power normalized to baseline

Total area normalized to baseline

COI
s27
s208
COI
s27
s208

0.642
0.410
0.174
1.0480
1.0083
1.0096

0.635
0.409
0.168
1.0261
1.0079
1.0081
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0.616
0.408
0.167
1.0182
1.0072
1.0075
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Fig. 18. Circuit model of the oﬀ-chip and on-chip PDN used to evaluate the voltage noise due to variation in the workload of a 32-bit RISC-V core operating at a
sub-threshold voltage of 380 mV.

voltage. Speciﬁcally, the generated voltage at the VGND node increases
when a sub-threshold core transitions from a high activity state to a low
activity state and decreases when transitioning from a low to high activity state. For the transition from a high activity state to a low activity
state and for a given sequence of tasks of an executing application A1,
there is a reduction in the current demand of the sub-threshold core.
Therefore, the recycled leakage current from the idle super-threshold
core is greater than the required current of the sub-threshold core when
executing the application A1. The eﬀects of workload variation of a
sub-threshold core on the generated sub-threshold supply voltage is,
therefore, analyzed. A 32-bit RISC-V core is synthesized in a 45 nm
CMOS technology with an operating voltage and frequency of respectively, 380 mV and 1 MHz. Custom logic cells are designed for a 380
mV supply voltage as standard cells and libraries are not properly optimized for sub-threshold operation in standard process development kits
(PDKs) [51]. The methodology to characterize the workload variation
of a synthesized sub-threshold 32-bit RISC-V core is shown in Fig. 17.
The custom cells are used to estimate the total current of the RISC-V
core, which is obtained for diﬀerent activity factors that emulate variations in the workload of the core. The sensitivity of the sub-Vt supply
voltage to variation in the workloads of the sub-Vt core is described in
Section 5.5.1. In addition, a dynamic workload-aware idle core assignment that provides a stable sub-Vt supply voltage is discussed in Section
5.5.2.

the sub-threshold power and ground grids to emulate the total current
load of the synthesized RISC-V core for diﬀerent activity factors.
To accurately characterize the voltage noise on the sub-threshold
supply voltage with variations in the workload of a RISC-V core operating at 380 mV, the four super-threshold cores are supplied current
through a distributed power delivery network (PDN) modeled with both
oﬀ-chip and on-chip power and ground networks as shown in Fig. 18.
The electrical parameters of the oﬀ-chip and on-chip power and ground
grids are listed in Table 5. A 6×5 on-chip grid is implemented for simulation to accurately model the impedance of the PDN, where the electrical parameters of the on-chip grid (Rgrid and Lgrid ) and the C-4 bumps
(Rbump and Lbump ) are based on the impedance of a PDN of a four core
SoC described in [52]. The electrical impedance of the oﬀ-chip voltage regulator module (VRM), board (PCB), and package are determined
based on the PDN models presented in [53,54]. The output of the VRM
is maintained at 1.2 V, which emulates the closed-loop response of the
VRM.
The PDN is optimized to maintain the voltage ripple to within 10%
of the VDD voltage and VSS voltage. On-chip decoupling capacitors Codc
are placed close to each load to compensate for the voltage ripples on
the PDN, where a total of 4 nF of decoupling capacitance is included
for the four super-threshold cores. In addition, four on-chip decoupling
capacitors, Codc,subvt , each providing a capacitance of 1.5 nF are placed
between the power (VGND,1 , VGND,2 , VGND,3 , and VGND,4 ) and ground
nodes of the sub-threshold core to minimize the voltage ripple on the
power distribution network of the sub-threshold core during the highest
circuit activity.
Each of the four super-threshold cores is composed of a s27 ISCAS89
benchmark circuit and a chain of buﬀers. The chain of buﬀers are added
to accurately model the ratio of the logic area of the super-threshold
core to the sub-threshold core. The circuit model shown in Fig. 18 is
used for SPICE simulation to characterize the current proﬁle of workloads executing on a synthesized 32-bit RISC-V core, where the circuit

5.5.1. Sensitivity of sub-Vt supply to workload variations
The circuit used to evaluate the voltage noise on the VGND node
due to variations in the workload of the RISC-V core is shown in
Fig. 18. Similar to Fig. 6, four super-threshold cores supply current to a
sub-threshold core through the proposed leakage reuse technique. The
super-threshold cores operate at 1.2 V and with a clock frequency of 1
GHz, while a 380 mV supply voltage is generated for the RISC-V core
operating at a frequency of 1 MHz. A current source is placed between
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and 30% activity factors. The execution of the leakage reuse technique
on the four super-threshold cores is managed by four control signals,
SVG,1 , SVG,2 , SVG,3 , and SVG,4 , which are applied to respectively, core
1, core 2, core 3, and core 4 as shown in Fig. 20. The circuit model
shown in Fig. 18 is used to obtain the results shown in Fig. 20 through
SPICE simulation. The current load of the sub-threshold RISC-V core
is changed from 100 μA (20% activity) to 132 μA (30% activity) to
evaluate the voltage noise generated on the VGND node when leakage
reuse is applied. A sub-block of core 4 is added to the existing circuit
conﬁguration through a ﬁfth control signal SVG,5 to provide the additional charge needed to maintain the power supply voltage of the subthreshold core within ±10% of 380 mV. The sub-block is sized such that
the provided leakage current is suﬃcient to meet the additional current
demand of the RISC-V core as the load increases to 132 μA from 100
μA. Therefore, a stable supply voltage of 380 mV is maintained on the
power supply network of the sub-threshold core despite the increase in
the circuit activity of the RISC-V core from 20% to 30%.

Fig. 19. A 380 mV supply voltage is generated for the RISC core through the
leakage reuse technique, where the target activity factor is 20%. The variation
in the supply voltage of the RISC core is characterized for circuit activity factors
of 15% to 25%.

5.6. Trade-oﬀ between voltage stacking and leakage reuse technique
The transient analysis of both the leakage reuse and voltage stacking
techniques is shown in Fig. 21, where the voltage bounce on the VGND
node and the voltage levels of the logical output from the super-Vt and
sub-Vt cores are compared. Similar clock and input switching patterns
are applied to both implementations of the circuit.
The transient simulation is performed using two super-Vt cores each
consisting of an ISCAS s27 benchmark circuit and one sub-Vt core consisting of a chain of six inverters. The clock, SVG , SG , VGND , and output
signals of one core are shown in Fig. 21. In addition, clock-gating is
applied when Core1 is inactive. In the case of voltage stacking, although
Core1 is idle, the switching transients (L · di∕dt) of the super-Vt Core2
directly couple into the virtual ground node, where the charging and
discharging of internal nodes results in signiﬁcant voltage noise due
to a large amount of internal capacitance. The noise induced on the
VGND node directly impacts the logical output of Core 2, where the
voltage on VGND varies from 0.17 V to 0.41 V for a logic 1, which
causes unwanted delay and logical failure for the circuits connected to
the logical outputs of the super-Vt cores. In addition, the noise induced
on the virtual ground node of the voltage stacked super-Vt core directly
couples to the supply node of the sub-Vt circuits as the VGND node and
sub-Vt supply node are shorted when voltage stacking is implemented.
Therefore, additional voltage regulators are required to generate a sta-

Fig. 20. SPICE simulation results indicating a stable sub-threshold supply voltage when the activity of the RISC-V core increases from 20% to 30%.

activity is restricted to between 15% and 25% of all logical gates. The
total logical area of each super-Vt core is 1 mm2 , while the total logical area of the RISC-V core is 10× larger (10 mm2 ) than each superthreshold core. The 1 to 10 ratio of the area of the super-threshold to
sub-threshold cores results in a 380 mV supply voltage for the subthreshold RISC-V core executing workloads that activate 20% of all
devices. In addition, for the given area ratio, the supply voltage is maintained within ±10% of 380 mV when the activity factor of the RISC-V
core varies between 15% and 25% as indicated by results shown in
Fig. 19. Therefore, a stable supply with a bounded variation in voltage
is available to the sub-threshold RISC-V core as long as the executing
workloads are bound to a utilization of 15% to 25% of all transistors at
any given time. However, for the case when the activity of the RISC-V
core exceeds 25% or drops below 15%, a sub-threshold workload-aware
idle core assignment technique is implemented to maintain a stable subthreshold supply voltage.
5.5.2. Dynamic super-threshold idle core assignment based on
sub-threshold workloads
In the case when the circuit activity factor of the RISC-V core
exceeds 25%, a novel sub-threshold workload aware idle core assignment methodology is applied. Depending on the executing workloads
and, therefore, activity factor of the sub-threshold RISC-V core, the
number of super-threshold idle cores or circuit blocks providing current to the RISC-V core is either increased or decreased at run time
to maintain the required supply voltage at the VGND node. Therefore,
close-loop voltage regulation of the power network is not required.
The proposed workload-aware idle core assignment is evaluated
through SPICE simulation with the results shown in Fig. 20, where the
noise on the grid of the sub-threshold power supply is characterized
for a change in the circuit activity of the RISC-V core from 20% to
30% transistor utilization. The total current of the RISC-V core operating at a clock frequency of 1 MHz with a 380 mV supply voltage is
82 μA, 100 μA, 115 μA, and 132 μA for, respectively, 15%, 20%, 25%,

Fig. 21. Transient simulation of the leakage reuse and voltage stacking techniques comparing the noise on the virtual ground node and the voltage of the
output signals of the super-Vt and sub-Vt circuits.
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Table 4
Characterization of power consumption and noise through SPICE simulation of s27 implemented with the baseline, leakage reuse, and voltage stacking
techniques.
Total power Peak power Peak Vdd
(μW)
(mW)
(V)

Peak Vss
(mV)

Peak VGND
[non-stack] (mV)

Peak VGND
[stack] (mV)

Switching
speed

Super-Vt Switch
transistors transistors

Sub-Vt
transistors

Baseline
Leakage reuse

15.47
6.448

4.154
3.822

1.219
1.211

17.66
13.41

N/A
120

N/A
420

4× clock speed
4× clock speed

Low Vt
Low Vt

Nominal Vt
Nominal Vt

Voltage stacking

3.315

1.662

1.206

6.803

N/A

511

4× clock speed

Low Vt

Value (Ω)

Inductance

Value (H)

Capacitance

Value (F)

Rvrm
Rpcb
Rbulk
Rppcb
Rpkg
Rppkg
Rbump
Rgrid

100 u
485 u
4.365 m
10 m
123 u
15.72 m
400 u
50 m

Lvrm
Lbulk
Lpcb
Lpkg
Lppkg
Lbump
Lgrid

5n
510 p
48 p
19 p
104 p
38 p
5.6 f

Cbulk
Cpcb
Cpkg
Codc
Codc,subvt

132 u
10 u
440 n
1n
1.5 n

Nominal Vt

ating frequency of 5 MHz and with a 5 fF capacitive load. The noise
margin low of the CMOS inverter is 483 mV, which is less than the 511
mV voltage on the VGND node when implementing the voltage stacking technique. Therefore, logic low is not discernible with the voltage
stacking technique if an inverter is connected to the output of s27. In
contrast, the leakage reuse technique implemented on s27 provides a
discerning logic low as the voltage on the VGND node is 120 mV, while
also reducing the total and peak power consumption to, respectively,
0.41× and 0.7× that of the baseline. However, the FO4 delay increases
by 1.24× as compared to the baseline. The peak voltage of 420 mV on
the VGND node during the stacking mode of the leakage reuse technique does not eﬀect the circuit delay and noise margin as the stacked
super-Vt circuit blocks are operating in idle mode.

Table 5
Oﬀ-chip and on-chip electrical parameters of the power delivery network
[52–54].
Resistance

N/A
NMOS: 0.9 μm (high
Vt ),
PMOS: 3 μm (low Vt )
N/A

ble supply voltage for the bottom core in the stack when voltage stacking is implemented, which results in a signiﬁcant overhead in energy
consumption [38,40,41].
In contrast, for the leakage reuse technique, the VGND node of Core1
is not aﬀected by the switching of Core2. A stable voltage is, therefore,
present at the VGND node used to supply current to the sub-Vt core. The
logical outputs of Core2 are full-swing voltage signals, even as Core1 is
stacked with the sub-Vt circuits. In addition, as the VGND voltage is
stable, the output signals from the sub-Vt core are also stable, as shown
in Fig. 21.
Simulated results of the power consumption and peak voltage on
the VGND and true ground nodes obtained for the s27 ISCAS benchmark circuit, which represents each super-Vt circuit block, and a chain
of inverters, which represents the sub-Vt circuit block, are listed in
Table 4. The super-Vt and sub-Vt circuit blocks are sized to generate
a sub-Vt supply voltage of 380 mV.
The voltage stacking technique reduces the leakage current for the
entire duration of operation through the stacking eﬀect, which increases
the eﬀective resistance in a given charging or discharging path. Therefore, the total power, peak power, and peak VSS are reduced as compared to the baseline and leakage reuse technique at a cost of increased
voltage bounce on the VGND node, as indicated by results shown in
Figs. 12, 14 and 15. For s27, the resulting peak noise on VGND due to
the implementation of the voltage stacking technique is 2.07× greater
than the leakage reuse (non-stacked) technique, which imposes severe
limitations for circuits operating in super-Vt as the drive strength of
the NMOS transistors is signiﬁcantly reduced. Therefore, the propagation delay of the circuits connected to the output of the super-Vt circuit
block increases. The fanout-of-four (FO4) delay is characterized at 1.2
V in a 45 nm CMOS technology for ideal ground and for voltages of 120
mV, 420 mV, and 511 mV on the VGND node obtained from the results
shown in Fig. 15 for, respectively, the non-stacked LR, the stacked LR,
and the VS technique. The implementation of the voltage stacking and
the leakage reuse techniques result in an increase in the FO4 delay of,
respectively, 4.17× (VGND voltage of 511 mV) and 1.24× (VGND voltage
of 120 mV) as compared to the baseline technique (ideal ground).
In addition, the noise margins of the circuits connected to the output of s27 are signiﬁcantly degraded as the voltage on the VGND node
increases. The noise margins of a CMOS inverter with a PMOS width
of 3.6 μm and NMOS width of 1.2 μm are characterized for an oper-

6. Conclusions
A novel leakage reuse methodology of delivering power to sub-Vt
circuits is proposed, where the unused leakage current from the superVt circuits supply the sub-Vt circuit blocks. An additional voltage source
is, therefore, not required for the sub-Vt circuits, while the leakage
overhead of the super-Vt circuits is also reduced. An analysis of the
energy break-even point is presented, which provides the minimum
idle number of cycles of a super-Vt core required to achieve an overall improvement in the energy-eﬃciency of the multi-core system. The
proposed leakage reuse technique implemented on the s27 ISCAS89
benchmark circuit reduces the average and peak power consumption to,
respectively, 0.41× and 0.7× that of the baseline. In addition, the peak
voltage noise on VSS and the VSS settling time are reduced to, respectively, 0.68× and 0.44× that of the baseline at a cost of a 1.24× increase
in the FO4 delay. The leakage reuse technique implemented on s208
exhibits average (peak) power consumption of 2.02× (2.17×), while
reducing the peak VGND (VGND settling time) to 0.28× (0.23×) that of
the voltage stacking technique. In addition, a novel method of dynamically assigning idle super-Vt cores or circuit blocks for leakage reuse is
implemented to maintain a stable sub-Vt supply voltage for workloads
executing on sub-Vt circuits with variable current load demands.
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