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Abstract—A novel method for the delivery of power to sub-
threshold (sub-V,) circuits is proposed. The unused leakage
current during idle-mode operation of super-threshold (super-V,)
circuits is used to supply sub-V, circuits. Super-V, and sub-V,
circuits are simulated in a 45 nm CMOS technology, where
the super-V, circuits operate at 1.2 V and generate a sub-V,
voltage of 380 mV. The proposed technique is compared with two
conventional methods, one that uses separate power distribution
networks for super-V, and sub-V, circuits (baseline) and the
second that implements voltage stacking. The implementation of
the proposed leakage reuse (LR) technique on the s27 ISCAS89
benchmark circuit results in a reduction of the total, static, and
peak power consumption to, respectively, 0.41x, 0.207x, and 0.7x
that of the baseline technique. The leakage reuse technique also
reduces the peak voltage noise on Vss and the Vg settling time
to, respectively, 0.68x and 0.44x that of the baseline at a cost of
a 1.24x increase in the FO4 delay. In addition, the LR technique
implemented on the s208 ISCAS89 benchmark circuit reduces
the peak voltage noise on the virtual ground (VGND) and the
VGND settling time to, respectively, 0.28x and 0.23x that of the
voltage stacking technique.

I. INTRODUCTION

The contribution of leakage current to the total on-chip
power consumption of microprocessors and system on chips
(SoCs) has been increasing due to a reduction in the gate
length, the threshold voltage of the transistors, and the gate
oxide thickness, as well as the increase in transistor density per
unit area [1]. In addition, the long idle periods of most battery-
operated mobile devices makes leakage current a dominant
component of the total power consumption [2]. A technique
to reuse leakage current, therefore, significantly reduces the
total energy dissipation of an integrated circuit.

Current heterogeneous multi-core systems integrate high-
performance super-V, cores with energy-efficient cores op-
erating at near- and sub-V; voltages [3—10]. State-of-the-art
microprocessors operating at super-V, supply voltages con-
sume a significant portion of the total power as leakage,
which provides no computational benefit [11]. In contrast, the
computation in sub-V;, circuits is performed by consuming only
leakage current.

The leakage power consumption of a Xeon Tulsa processor
operating at 3.4 GHz and with a 1.25 V supply is 44.1 W,
which is 31% of the total power consumption of 150 W [12].
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
[13]. Prior work implementing sub-V, processors has shown
ultra low power operation and very low energy dissipation
per instruction. A sub-V; processor was implemented in a
130 nm technology for sensory network applications with a
130 mV supply voltage, consuming 11 nW of power [14].
A sub-V, Phoenix processor was implemented in a 180 nm
technology for sensing applications with a 500 mV supply
voltage while consuming 35.4 pW and 226 nW in, respectively,
standby and active mode [15]. In addition, a sub-V; SoC was
implemented in a 130 nm technology for wireless electrocar-
diogram (ECG) monitoring with a 280 mV supply voltage,
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consuming 2.6 uW of power [16]. 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-V; processor.

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-V; core. The proposed system level model
that accounts for the reuse of the leakage current is shown in
Fig. 1. Due to the advent of modern low power methods and
enhanced power management techniques, there are enough idle
circuit blocks and cores within any system to reuse unused
leakage energy [17-19]. Therefore, for this paper, at least one
super-V, core (or circuit block) is assumed to operate in idle
mode at any given time. The system level model is applicable
to a) a single core with circuit blocks operating at both super-
V; and sub-V, and b) a multi-core system with cores operating
at both super-V; and sub-V; supply voltages.

The primary contributions of this paper are: 1) a novel
method of delivering power to sub-V; circuits using the leakage
current of super-V; circuits operating in standby mode, 2) the
delivery of current to sub-V; circuits without using separate
voltage regulators, which are required for conventional sub-
V, circuits [20,21], and 3) no boosted supply voltage is re-
quired as needed for conventional voltage stacking techniques

[22-24].

The rest of the paper is organized as follows. The circuit
model of the proposed leakage reuse technique is provided in
Section II. Simulation and analysis of the proposed technique
are described in Section III. Some concluding remarks are
provided in Section IV.

II. Circurr MoDEL OF THE LEAKAGE REUSE TECHNIQUE

The circuit model developed to analyze the leakage reuse
technique is shown in Fig. 2. Four functional blocks within a
core are implemented, which are supplied by a conventional
hierarchical power delivery system. The ground network is,
however, modified to leverage the leakage current from the
super-V, CMOS circuits. The functional blocks B and D are
assumed to be performing a high activity workload and are
also highly sensitive to ground bounce. Blocks B and D 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
power the sub-V; core. The total width of all transistors within
a functional block provides an estimate of the total leakage
current contributed during standby mode [25]. A continuous
power supply to the sub-V, core exists, since at any given time
at least one of the functional blocks is operating in idle mode.
Both the A and C blocks are grounded through two switches:
one PMOS and one NMOS transistor (A through 54 v and

4, and C through S¢ . and S&). Transistor S4. (S$,;) sinks
current from block A (C) to the sub-V, power network through
a virtual ground during idle mode operation, while transistor
S& (SE) sinks current from block A (C) to the true ground
while in the active mode.

The circuit implementation of the switching mechanism is
shown on the left side of Fig. 2. 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-V, core when
either A or C is idle. The gates of transistors sS4 ver SG AS gG,
and Sg are connected to control signals ®4 and ®¢ as shown
in Fig. 2. The value of ®,4 and ®¢ during idle and active mode
is, respectively, 0 and 1. The transistors S éG and § ‘C,G must be
large enough to quickly drain the leakage current through the
virtual ground without causing significant delay and resistive
drop, while the threshold voltages of transistors S¢ A and SC
must be large enough to prevent leakage loss durlng the 1dle
mode of operation of the super-V, cores.

There are three primary advantages of the proposed circuit
technique: 1) a reduction in the total leakage power of the
super-V, cores, 2) a reduction in the total power consumption
of the system by leveraging the leakage power of the super-V;
cores to supply current to circuits in the sub-V, cores, and 3)
no separate voltage source is required for the sub-V, cores.

III. SIMULATION AND ANALYSIS

The proposed technique to reuse leakage power is evaluated
through SPICE simulation in a 45 nm CMOS process. The
super-V; supply voltage is set to 1.2 V, while the sub-V,
supply voltage is set to 380 mV. The 45 nm CMOS process
includes multi-threshold transistors, where low-threshold (low-
V:), nominal threshold (nominal-V;), and high-threshold (high-
V) devices are provided. Low-V, transistors are used for the
circuit blocks operating with a super-V; supply voltage to
improve performance, while nominal-V, transistors are used
for the circuit blocks operating with a sub-V; supply voltage to
reduce power consumption. In addition, high-V; NMOS tran-
sistors are used for the sleep transistors S é and Sg to reduce
the power consumption during standby mode, while low-V;
PMOS transistors are used for the switches connecting to the
sub-V, core. Note that the threshold voltage for a nominal-V;,
low-V;, and high-V, NMOS transistor is, respectively, 410 mV,
322 mV, and 608 mV.

A. Modeling Methodology

The leakage reuse technique is evaluated using a chain of
inverters (COI) and two ISCAS89 benchmarks circuit (s27 and
s208). The ISCAS89 benchmark circuits are used to represent
super-V; cores, while the COI is used to represent both super-
V, and sub-V; cores. The super-V, chain consists of six equally
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Fig. 2: 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-V, core.

sized inverters, whereas the sub-V; chain consists of six tapered
inverters that are optimized for sub-V; 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-V; power network through the virtual ground.
Three circuit topologies are considered for simulation:

Topology 1 (Baseline): Two isolated super-V, circuit blocks
representing two individual super-V, cores and one isolated
sub-V, circuit block (chain of tapered inverters) representing
an individual sub-V; core. Note that there is no connection
between the super-V; and sub-V, circuit blocks, with each
block supplied current independently, which is the conven-
tional practice.

Topology 2 - Proposed leakage reuse (L.R.): Two isolated
super-V; circuit blocks representing two individual super-V;
cores. The ground network of both super-V; circuit blocks
is connected to either true ground or the power network
of a sub-V, circuit block consisting of a chain of tapered
inverters through the switching circuit shown in Fig. 2. The
leakage current of the super-V, circuit blocks supply the
current required by the sub-V; circuit block.

Topology 3 - Voltage stacking (V.S.): Two isolated super-
V, circuit blocks representing two individual super-V; cores,
where the ground network of both super-V; circuit blocks is
directly connected with the power network of a sub-V; circuit
block consisting of a chain of tapered inverters. The voltage
stacking technique proposed in [26] to generate near-V; supply
voltages has been modified in this paper to generate sub-V;
supply voltages.

Similar input signals and capacitive loads are used for 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 parame-
ters obtained from the V.. and V pins of a DIP-40 package
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model to analyze the transient noise induced on the power
and ground networks. The R, L, and C for the model are,
respectively, 0.217 Q, 8.18 nH, and 5.32 pF.

The three circuit topologies are implemented using a COI
and the s27 and s208 ISCAS89 benchmark circuits, all
operating at 5 MHz. The total active area for the super-V;
circuit blocks, sub-V; circuit blocks, and switches is listed in
Table I for a COI, s27, and s208. For each topology, a similar
area is used, where the only exception is the additional area
required for the switches when implementing the leakage reuse
technique. Therefore, iso-frequency and iso-area analysis is
performed on the three topologies.

The voltage on the virtual ground, which is the supply
voltage of the sub-V; block generated by the leakage current
of the super-V, cores, is dependent upon several circuit pa-
rameters. The parameters include 1) the total leakage current
of the super-V; circuit blocks, 2) the contribution of leakage
current from each super-V, circuit block, 3) the on and off
current through the switches, which are partly dictated by the
threshold voltage, gate voltage, and the size of the switches,
and 4) the total current required by the sub-V; circuit block.

B. Characterization of Power Consumption
The total and peak power consumption of all three circuit

topologies is shown in, respectively, Figs. 3(a) and 3(b). The
total power (and peak power) of the leakage reuse technique
is reduced to 0.63x (0.9%), 0.41x (0.7x), and 0.17x (0.6x)
that of the baseline for, respectively, a COI, s27, and s208.
The results indicate an increasing benefit of implementing
the leakage reuse technique as the size of a circuit increases.
However, the leakage reuse technique consumes more power
than the voltage stacking technique as the super-V; and sub-V;
circuits are stacked for the entire duration of circuit operation
when voltage stacking is implemented. The leakage reuse
technique applied to s208 exhibits a total and peak power
consumption of, respectively, 2.02x and 2.17x that of the
voltage stacking technique.
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Fig. 3: Characterization of the a) total power consumption and b)
peak power consumption for COI, s27, and s208.

C. Characterization of Noise on True and Virtual Ground
The voltage drop on the super-V; power network is within
+5% of the nominal voltage of 1.2 V for all circuit topologies.

However, the voltage noise on the ground network exceeds
+5% of the ideal ground voltage of 0 V. The characterization
of the peak ground voltage bounce on (Vsg) and the settling
time of the Vss node (the time required to settle within
+5% of the ideal ground voltage) are shown in Fig. 4 (a),
where the results obtained for the leakage reuse and voltage
stacking techniques are normalized to the results obtained
for the baseline. The leakage reuse (LR) technique exhibits
reduced peak noise on Vsg and a shortened settling time of Vg
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 Vsg
and the Vg settling time to, respectively, 0.68x (0.29x) and
0.44x (0.37x) that of the baseline.

Unlike the voltage stacking technique, the leakage reuse
technique enables the stacking of idle super-V; circuit blocks
with the sub-V; block, while the active super-V; circuit blocks
are connected 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-V; active and idle circuit
blocks are described as, respectively, non-stacked and stacked.

Similar to true ground, the VGND voltage bounce is an-
alyzed by characterizing both the peak voltage noise at the
VGND node and the settling time of the VGND node (the time
required to settle within +5% of the steady state VGND) for
all three circuit topologies. The results of the characterization
of the voltage noise are shown in Fig. 4(b) for both the
leakage reuse (stacked and non-stacked) and voltage stacking
techniques. The voltage of the VGND node at steady state is
the same as the supply voltage of the sub-V, circuit, which
is 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), while ensuring
that the voltage bounce on VGND for both the active and idle
circuit block does not exceed 10% of the rail-to-rail voltage of,
respectively, 1.2 V (super-V, V;;) and 380 mV (sub-V; Vy,).
The peak voltage noise on VGND (VGND settling time) for the
leakage reuse technique implemented on the s208 circuit is
reduced to 0.97x (0.4x) and 0.28x (0.23X) in, respectively, the
stacked and non-stacked mode, as compared and normalized to
the voltage stacking technique. The noise on the VGND node
(non-stacked) is characterized for 15%, 10%, and 5% allowed
voltage bounce, which results in an increase in the power
consumption due to the larger switches necessary to reduce the
noise on VGND, as shown from results listed in Table II. There



TABLE II: Trade-off between the noise on VGND and the total
power consumption when in the non-stack mode. Power
consumption is normalized to the baseline (independent voltage
sources for super-V, and sub-V, cores) for each circuit type.

Total power |\ s o in VGND [non-stack]
normalized .

. as compared to ideal ground
to baseline

5% 10% | 15%

coI 0.642 | 0.635 | 0.616
s27 0.410 | 0.409 | 0.408
s208 0.174 | 0.168 | 0.167

is an average increase in the power consumption of 1.03x
when the VGND bounce for the active circuit is constrained
to 5% instead of 15% of the rail-to-rail voltage of V.

D. Trade-off Between V. S. and Proposed L. R. Technique

The transient analysis of the leakage reuse and voltage
stacking techniques is shown in Fig. 5, where the virtual
ground bounce and the stability of the output voltages of the
super-V; and sub-V, cores are compared. Similar clock and
input switching patterns are applied to both implementations
of the circuits.

The simulation is performed using two super-V; cores each
consisting of an ISCAS s27 benchmark circuit and one sub-V;
core consisting of a chain of six inverters. The clock, Syg,
S, VGND, and output signals of one core are shown in
Fig. 5. In addition, clock-gating is applied to core 1 when
inactive. In the case of voltage stacking, although core 1
is idle, the switching transients (L - di/dt) of the super-V;
core 2 directly affects the VGND node, where charging and
discharging of internal nodes causes significant voltage noise
due to large internal capacitance. The noise induced on the
VGND directly impacts the logical output of core 2, where the
voltage for a logic 1 varies from 0.17 V to 0.41 V. The result
is unwanted delay and logical failure for the circuits connected
to the logical outputs of the voltage-stacked super-V; cores. In
addition, the noise induced on the VGND node of the voltage
stacked super-V; core generates a noisy Vpp for the sub-V,
circuits. Therefore, additional voltage regulators are required
to produce a steady supply voltage for the bottom core in the
stack when voltage stacking is implemented, which results in
a significant overhead in energy consumption [23,24,26].

In contrast, for the leakage reuse technique, the VGND node
of core 1 is not affected by the switching of core 2. A stable
voltage is, therefore, found at the VGND node that is used
to supply current to the sub-V; core. The logical outputs of
core 2 are also full-swing voltage signals, even as core 1
is stacked with sub-V, circuits. In addition, a stable virtual
VGND voltage provides a stable sub-V; V;; and, therefore, a
stable sub-V, output signal as shown in Fig. 5.

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 V,, are reduced as compared to the baseline and
leakage reuse technique at a cost of increased VGND bounce,
as indicated by results shown in Figs. 3 and 4. For s27 the peak
VGND noise of the voltage stacking technique is 2.07x greater
than the leakage reuse (non-stacked) technique, which imposes
severe limitations for circuits operating in super-V, as the
drive strength of the NMOS transistors is significantly reduced.
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Therefore, the propagation delay of the circuits connected to
the output of the super-V; circuit block increases. The fanout-
of-four (FO4) delay is characterized at 1.2 V in a 45 nm
CMOS technology with ideal ground and for three peak VGND
values of 120 mV, 420 mV, and 511 mV (see Fig. 4 (b)).
The implementation of the voltage stacking and the leakage
reuse techniques results in an increase of the FO4 delay by,
respectively, 4.17x (VGND of 511 mV) and 1.24x (VGND of
120 mV) that of the baseline technique (ideal ground).

In addition, the noise margins of the circuits connected
to the output of s27 are significantly degraded as VGND
increases. The noise margins of a CMOS inverter (PMOS
width of 3.6 um and NMOS width of 1.2 um) are characterized
at a 5 MHz operating frequency and with 5 fF of capacitive
load. The noise margin low of the inverter is 483 mV, which is
less than the 511 mV VGND when implementing the voltage
stacking technique. Therefore, a logic low is not discernible
with the voltage stacking technique if an inverter is connected
to the output of s27. In contrast, implementing the leakage
reuse technique on s27 provides a discernible logic low as
VGND is 120 mV, while also reducing the total and peak
power to, respectively, 0.41x and 0.7x that of the baseline.
However, the delay increases by 1.24x. The peak voltage of
420 mV on VGND during the stacking mode of the leakage
reuse technique does not effect the circuit delay and noise
margin as the stacked super-V;, circuit blocks are in idle mode.

IV. ConcLusions

A novel method of delivering power to sub-V, circuits is
proposed, where the unused leakage current from super-V;
circuits is used by sub-V; circuits. An additional voltage source
is, therefore, not required for the sub-V; circuits, while the
leakage current of the super-V, circuits is also reduced. The
proposed leakage reuse technique implemented on the s27
ISCASB89 benchmark circuit reduces the total, static, and peak
power consumption to, respectively, 0.41x, 0.207%, and 0.7x
that of the baseline. In addition, the peak voltage noise on Vsg
and the Vyg settling time are reduced to, respectively, 0.68x
and 0.44% that of the baseline at a cost of a 1.24x increase
in the FO4 delay. The leakage reuse technique implemented
on s208 exhibits a total (peak) power consumption of 2.02x
(2.17x), while reducing the peak VGND (VGND settling time)
to 0.28x (0.23x) that of the voltage stacking technique.
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