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ABSTRACT

Wakeup time is an important overhead that must be deter-
mined for effective power gating, particularly in logic clus-
ters that undergo frequent mode transitions for run-time
leakage power reduction. In this paper, a semiempirical
model for virtual supply voltage in terms of basic parameters
of the power-gated circuit is presented. Hence a closed-form
expression for estimation of wakeup time of a power-gated
logic cluster is derived. Experimental results of applica-
tion of the model to ISCAS85 benchmark circuits show that
wakeup time may be estimated within an average error of
16.3% across 22x variation in sleep transistor sizes and 13 x
variation in circuit sizes with significant speedup in compu-
tation time compared to SPICE level circuit simulations.
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Algorithms, Design, Performance

Keywords
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1. INTRODUCTION

Power gating has emerged as an important technique to
minimize static power and energy consumption in CMOS
circuits [3]. As MOSFETs are scaled down to sub-100nm
dimensions, an exponential increase in subthreshold leakage
current is observed due to the reduction in threshold voltage
(Vin) to maintain gate overdrive [9]. In ultra-low power cir-
cuits with constrained energy budgets, energy consumption
due to static currents may dominate its dynamic counter-
part for low duty cycle operation. Hence circuit techniques
for power gating structures and exploration of power gating
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opportunities for automated design of power-gated circuits
have received significant attention.

A power gating structure cuts-off bias voltages for MOS
devices so that bias-dependent leakage current in the logic
circuit reduces significantly in standby state. A simple power-
gated circuit shown in Fig. 1 and used in this work consists of
a high-Vi, PMOS sleep transistor connected between power
supply rail (Vgq) and virtual power supply node, Virtual-
Vdd (Vyaq) of the logic cluster. A cluster refers to an en-
semble of connected logic gates power-gated by a sleep tran-
sistor. The gate terminal of the sleep transistor is connected
to a control signal SLEFEP, to switch the sleep transistor
between on and off states. A power-gated circuit operates
in three modes in a typical power gating cycle as shown in
Fig. 2. When SLEEP is high, power supply to the logic
is cutoff; Vi qq decreases and the circuit is said to be in
sleep mode. The leakage current decreases exponentially
with Vi 4q resulting in energy savings. When SLEFEP is
low, current flows through the sleep transistor to charge cir-
cuit capacitances. Due to charging effect, Vi 4q increases
until it reaches a steady state value less than Vgq. We refer
to this mode of operation as wakeup mode and the mode of
operation after wakeup as active mode.
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Figure 1: (a) Power-gated logic cluster of header
type (b) Equivalent circuit of logic cluster

In this paper, a semiempirical model for Vi 44 based on
polynomial representation of leakage current in a logic clus-
ter and linear region resistance of sleep transistor is pre-
sented. A method to estimate steady-state Virtual-Vdd
voltage after wakeup mode using leakage current profiles of
constituent logic gates is described. Further, a closed-form
expression is derived for estimation of wakeup time of the
power-gated circuit. The model for Virtual-Vdd in sleep
mode can be used to determine energy savings due to power
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Figure 2: Typical timing instants and modes of op-
eration in a power gating cycle

gating. In other words, some of the key design parameters
have been captured in a single model.

The paper is organized as follows. Section 2 gives an
overview of related work. Section 3 describes the equiva-
lent circuit of a power-gated logic cluster. In Section 4, the
semiempirical approach to estimation of wakeup time is de-
scribed. The experimental results are presented in Section 5
to validate the model. Section 6 concludes the paper.

2. RELATED WORK

Several works have viewed design of power-gated circuits
as an optimization problem of partitioning logic into clus-
ters satisfying constraints of peak current, delay degrada-
tion, sleep transistor area, wakeup time and energy sav-
ings. Wakeup time estimation is fundamental to logic clus-
tering algorithms proposed in [1], [2] and [6] that require
constraints of peak current and wakeup time to be satis-
fied. In this context, a simple analytical model for estima-
tion of wakeup time is useful especially when it needs to
be determined iteratively during an optimization run for a
number of candidate clusters. Run-time leakage reduction
has been explored in [4] and [10], where only parts of the
overall circuit are put to sleep during short periods of inac-
tivity. Along with a high wakeup energy overhead a large
wakeup delay in a cluster can result in reduced energy sav-
ings. Hence these two parameters have to be carefully con-
sidered in the design of power-gated circuits. The problem
of wakeup time estimation arises in other scenarios as well.
In [5] and [11], a need for wakeup latency estimation arises
to quantify the effectiveness of proposed ground-bounce re-
ducing techniques and intermediate strength power gating
techniques respectively under a wakeup time constraint. In
[14], Xu et al. have proposed numerical approaches for es-
timation of Vgng as a function of time in sleep mode. To
extend the same method to wakeup mode, it is necessary to
incorporate size dependent sleep transistor current charac-
teristics. In this case an analytical model for Vg4 would
be highly desirable. This analysis is identically applicable
to Vi a4 in a power-gated cluster with a header type of sleep
transistor. Most works have used SPICE simulations or con-
stant current source model [11] for sleep transistors to de-
termine wakeup time. A simple expression for wakeup time
based on a restrictive assumption of limited range of transis-
tor operation was proposed in [13]. In this paper, the models
are derived taking into account all the regions of sleep tran-

sistor operation necessary for applying them to large logic
clusters consisting of high leakage cells.

3. POWER-GATED LOGIC CLUSTER
MODEL

Models for subthreshold leakage current that capture its
exponential behaviour with bias voltages at device level have
been described in [12]. In [14], compact models for leakage
current have been derived at gate and circuit levels in a hi-
erarchical way. It was shown that the leakage current can be
represented by a voltage controlled current source (VCCS)
as in Fig. 1(b). In this work, we take a polynomial based
approach to derive leakage current profile for the complete
circuit. For each type of cell S; and input pattern j, leakage
current is determined at several voltages and the resulting
profile is fitted with a polynomial of degree N in Vi 44 as
given by

N
Licar(Si, j) = Zbk(sia]’)v\]}dd (1)
k=0

where {bi(Si,j)} represents coefficients of the polynomial.
We assume a standard-cell based design approach for imple-
mentation of the cluster. Therefore, the total static current
for n(S;, j) occurrences of each cell and each input pattern
is obtained as

P—1R;—
Ileak Z Z SZ7.7 [lPak(S’Lv]) (2)
i=0 j=0

where P and R; are number of types of cells and number of
possible input combinations for cell S; respectively. As an
example, if a logic cluster is composed of a set S = {NAND2,
INV, NOR2, XOR2} of gates, then P = 4. For a 2-input
NAND gate R; = 4, whereas for an inverter, R; = 2. For
notational simplicity, the total leakage current profile of the
logic cluster is represented by

N
Ticar = Z biViaa 3)
i=0
in the rest of the paper. Equation (3) has the form of non-
linear resistance. The total capacitance of the logic cluster
is derived as the sum of capacitances of all the inputs of all
constituent standard cells.

P-1 R;—1
Cr=>Y_n(S) Y Cu (4)
1=0 =0

4. VIRTUAL-VDD MODEL

4.1 Determination of Steady-State
Virtual-Vdd Voltage

Consider the equivalent circuit model in Fig. 1(b). In
the wakeup mode, the operating point on the I'sp vs. Vsp
characteristics of sleep transistor moves from saturation re-
gion to linear region until V4 44 reaches a steady-state value.
The virtual supply node is said to be in steady state when
dVvaa/dt = 0, i.e., when there are no changes in Vy qq either
on account of short-circuit currents due to changing logic
states of internal nodes or due to charging effect. Let the
current through the sleep transistor during wakeup and in
non-saturation region be denoted by I ns, the total leakage



current at the output of VCCS by Ijeqr and the capacitive
load charging current by I;,qq. Then,

Ist,ns = Ileak + —Iload» (5)

The current through the sleep transistor in non-saturation
region is given by the quadratic model

_ 1 (Vaa — Viraa(t))?
Riin 2(Vaa — Van)
where Ry, is the resistance in linear region. The determi-

nation of Ry is described in subsection 4.4. From (3), (6)
and Ijoqq = CL(dVy4a/dt), (5) becomes

N
dVvaa 1 i
dt = s ; ciVvaa (7)

Ist,ns (t)

{(Vdd - Waa(t)) — (6)

where 7 = R;;»,Cr, and ¢; = fi(Vaa, Riin, bi, Vin) are expres-
sions derived from (3)-(6). To solve for Vi 4q, the Nth degree
polynomial in (7) is reduced to a quadratic polynomial by
least-squares approximation and is expressed in terms of its
roots r1 and 72 as

dv; 1
S

Both 71 and ro are steady state points of (8). One of the
roots 71 satisfying the interval of validity Viieep < r1 < Vaa,
is determined to be the steady state Virtual-Vdd voltage.
Here Vsieep denotes the value of Vi qq at the wakeup tran-
sition. In a RC circuit the steady state as defined above
is reached at ¢ = co. However the error in assuming value
of Vi qq at onset of active mode to be 71 is negligible as
demonstrated in Section 5.

4.2 Wakeup Mode Virtual-Vdd Model

In order to obtain a model for Vi 4q(t) in wakeup mode,
the ordinary differential equation in (8) is solved in the
non-saturation region and hence, is extended to saturation
region by means of approximations. Let at time ¢t = 0
the operating point move to non-saturation region so that
Vv ad(0) = Vinitiar. The solution of (8) satisfying the interval
of validity and moving towards ;1 can be written as

ry —roKe %

Weaa(t)]oo = T2 (9)
where K = (Vinitiat — 71)/(Vinitiat — 72), @ = 1/AT and
A=1/(r1—r2). From Fig. 2, Vinitial = Vaa — Vpsar where
Vbsar is the saturation voltage.

To extend the model to saturation region, the time instant
t = 0 is moved to sleep-to-wakeup mode transition so that
WWwad(0) = Viieep. Let Tiu denote the wakeup time defined
as the time taken for Vy-qq to evolve from Vjjeep to 0.997.
Further, let Vi and V2 be two voltage levels attained by
Vvaa at Th and T respectively as shown in Fig. 2. The
solution (9) does not represent Vi 44 in the saturation region,
Vwaa < Vo accurately. Therefore corrections are applied to
(5) in the first two segments as

Ist(t) = Licak + Lioad — Alo(t) + AL (). (10)

In (10) the time instant ¢ = 0 corresponds to sleep-to-
wakeup mode transition and Vinitiai = Vsieep. Let Ur denote
the time-shifted unit step function u(t — T"). We define

Alo(t) = Io [er““ - UTle_a(t_Tl)] (11)

All(t) s [UTle—a(t—Tl) _ UT2e—a(t—T2) (12)

based on heuristics for Iy and I; described in subsection
4.5. In the third interval (9) alone is satisfied and hence no
correction is required. Using (9)-(12), the model for Virtual-
Vdd in wakeup mode can be derived as

_ —at
77"11 77‘}2;:?” + AIoRuin [Uo (1 — e )] (13)

— ARyin(In + 1) [UT1 (1 - e*a(thl))]

Vwaa(t) =

+ ARun Iy [UTQ (1 - e*“(t%))] .

In compact form, (13) can be written as Xe 2%" + Ye % 4+
Z = 0. The solution for ¢ is given by
(2 )
o \-Y - VY2-4xZ)’
At t = T, Vwaa = Vaa — Vsg + Vin corresponding to the
criterion Vsp = Vsg — Vin. Applying this condition and
Vsa = Vaa, X,Y and Z are determined to be
X = AR;in K1y,
Y =KWVin—712) — (1+K)X/K, (15)
Z = AloRyin + 711 — Vin.

(14)

Similarly for ¢t = T2, Vv 4qqa = Vaa — Vbsar corresponding to
the condition Vsp = Vpsar, which gives

X = —ARiin K[Io (e — 1) + L™,
Y = K(Vaa — Vpsar —m2) + (X/K) + AR;i L1 K, (16)
Z = —ARyinli + 11 — Vaa + Vbsar.

For wakeup time Tyu, Vv aa = 0.9971, which gives

X = ARyin K[ Io(e*™ — 1) + L ("2 — ™)),
Y = K(0.9971 —r2) — (X/K), (17)
Z = 0.01r,.

The values of r; and 7o are unaffected due to Aly and Al as
(13) satisfies Vsp = Vpsar at t = T» as shown in Fig. 2. For
clusters with 0.9971 < (Vg — Vbsar), wakeup time Ty =
T> determined from (16) and with the condition Vi qq =
0.9971.

4.3 Sleep Mode Virtual-Vdd Model

To calculate T, T> and Ty using (15)-(17) it is necessary
to determine Vyeep. If the cluster is in sleep state for a time
interval Tyieep, then Vieep = Viaa(Tsicep). It should be
noted that for simplicity both mode transitions are assumed
to occur at t = 0, so that the initial condition for sleep
mode can be denoted by Vi 4q4(0) as for wakeup mode. In
sleep mode, the sleep transistor is cut-off so that only a
leakage current It jeqr flows through it. Ijoaq in (5) is now a
discharging current. Hence (5) for sleep mode can be written
as

dVvaq

iy

N
= —(bo — Ist,ieak) — Z biV¥aa- (18)
=1

For each value of Vy 44, the VCCS outputs a current given by
(3). Therefore for each value of Vi,q4q we infer that resistance
of the circuit is given by Rs(Vwad) = (Vvaa/ ZZI.\JIO biv‘ﬁdd).



We refer to R as pseudo-resistance in the rest of the paper.
Neglecting It jeqr and rewriting (18) similar to (7),

dVi 1 =
Vdd 7

= —R.(W A% . (19
di RS(VVdd)CL ( Vdd) ;) Vdd ( )

A numerical solution to (19) is of the form [14]

_ At
Wadjr1 = Vvagge T=vaas)or (20)

where j denotes a time interval in [0, Tsieep] of size At.
To develop an approximation, we consider a heuristic for
choice of Rs as explained in subsection 4.6. Denoting Rsp
as the pseudo-resistance chosen by applying the heuristic,
the model for Virtual-Vdd in sleep mode can be derived as

N
dVvaa 1 s

= — Wi —r;)=0 21
7 RoyCh Z‘:1( Vidd —T5) (21)

where r; represents roots of the polynomial in sleep context.
Let r{ satisfy r1 < r{ < 0. Then the approximate solution
that moves towards r{ from its initial value is given by

+K®

ot
Waa(t) =71 +e RerCL (22)

At the end of active mode, the value of Virtual-Vdd satis-
fies 11 — AWad,maz < Vvaa < 11 where AVyag mas is the
maximum degradation of Vi 44 due to dynamically changing
inputs of logic cluster. In this work, it is assumed that the
power-gated logic cluster remains in active mode for a du-
ration long enough with appropriate input conditions that
Vwaa = r1 at the end of active mode. This assumption is
mostly true in circuits with adequate positive timing slack.
Hence, applying the initial condition that Vi 4q4(0) = r1, we
have

_ t
Vvaa(t) =71 + (r1 —ri)e FsrCL . (23)

The value of Vi-qq at the end of sleep mode, Viieep, is ob-
tained by substituting ¢t = Tsjeep in (23).

The energy savings Es of the power-gated logic cluster
in sleep mode with respect to an ungated cluster can be
determined by

Tsleep
Es - Vddlleak(vdd)Tsleep—/ VVddIleak:(VVdd)dt- (24)
0

44 Determination of R,

To determine the resistance of sleep transistor in linear
region, the method proposed in [7] for extraction of series-
resistance (Rsq) of MOS device is followed. It is described
here for completeness. Two operating points (Iélg, V.S(‘IG>7 Vt(hl))
and (I§), V), v?) with Vsp = 0.05V are determined
from Isp vs. Vsg characteristics for a specific width W,
of the transistor. All Vg are chosen such that they satisfy
constant mobility condition [7][12] while V;;, is determined
by gm/Ip method. The drain current Ié%, for i = 1,2,
including the effects of Rsq is given by
19 = Hcomﬁff; (VE2 = Vi = 0.5Vsp) (Vsp — Rual()) .

(25)
Here p is the constant carrier mobility, Cog = €og/tos is the
oxide capacitance, Weyy and Lesy are effective width and
channel length of sleep transistor. From the pair of equations
(25), Rsq is determined. Further p is determined from one

of the equations of drain current in (25). Let R.p denote the
intrinsic channel resistance. Then Ry = Ren + Rsq. From
(12],

Lety )

! ¢ (,uconeff(VSG —Vin — 0.5Vsp) (26)
Table 1 shows linear region resistances for PMOS sleep tran-
sistors of different sizes in an industrial 65nm bulk CMOS
technology library with nominal Vg = 1V.

Table 1: Linear Region Resistance of PMOS Tran-
sistors (at 100°C, L = 0.06pum, Vsg = 1V, Vsp = 0.05V)
W (um) | 0.54 1.2 24 4.8 9.6 12

Ryin (KQ) | 2.57 | 1.203 | 0.612 | 0.322 | 0.167 | 0.134

4.5 Heuristics for 7, and 1,

Correction terms in (11) and (12) were applied in (10),
to account for saturation region of sleep transistor opera-
tion. From (6) the current in saturation region is underes-
timated by I() - Ion,sat - Ist(VVdd - Vsleep) where Ion,sat
is the saturation drain current. Fig. 3 shows the varia-
tion of error in width-normalized estimated drain current
Lerror — %(ISD — I+) with Vsp where I, is as determined
from (6) for all Vi g4q. Similarly for I;, we choose error in
current corresponding to one of the values of Vi g4 in the
interval [(Vdd — Vse + Vth), (Vdd — VDSAT)]- From our ex-
periments, we empirically choose Vsp = 0.6V, at which the
error determined from Fig. 3 is —I1 = 0.1741.
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Figure 3: Icrror/W vs. Vsp for 65nm PMOS transis-
tors

4.6 Heuristic for R,

The voltage dependent pseudo-resistance changes as Vy g4
evolves with time according to (22). Hence it can be in-
ferred that the time constant RsCp, also varies with time.
In our experiments, we have observed that in large logic clus-
ters, the values of pseudo-resistance and its dynamic range
are less than that for small logic clusters as leakage cur-
rents are higher in the former case. A typical variation of
pseudo-resistance with Vi 4q is shown in Fig. 4 in the next
section. The effect of a larger value of pseudo-resistance
on Vyqq is that it takes a longer time to change Vi 44 levels
than with smaller values. Typically, higher values of pseudo-
resistance determine Vi 44 after about 4 time constants of
sleep time. Considering these observations, we choose Rs)p
as the pseudo-resistance at Vy g4 = 1.
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5. EXPERIMENTAL RESULTS

The model was applied to ISCAS85 benchmark circuits [§]
listed in Table 4 to validate the approximations proposed.
The results were compared with simulations using Spectre
circuit simulator of Cadence Virtuoso ICFB. Detailed re-
sults are reported for ¢7552, c6288, ¢2670 and c432 and a
summary of results is provided for all circuits in Table 4.

The circuits were synthesized with two sets of logic gates,
{nand2, nor2, xor2, and2, fa, ha, inv} in high-V;;,(HVT) and
{nand2, nor2, xor2, inv} in standard-V;,(SVT) process op-
tions of an industrial 65nm CMOS technology library. The
two sets of circuits present wide variation in leakage current
and total circuit capacitance for evaluation. For each logic
gate, leakage currents were determined for supply voltage
varying between 0 and 1V for all input patterns at an op-
erating temperature of 100°C using Spectre. Each of these
profiles were then fitted with polynomials of degree 7 using
MATLAB. The maximum error between evaluated leakage
current and simulated leakage current was less than 3% ex-
cept near Vy 44 = 0, where absolute values of leakage cur-
rent are negligible. Further, the leakage current profile of
the complete circuit was determined by weighting the poly-
nomials with number of occurrences in the gate netlist and
adding them together to form [jeq; in (3). A leakage cur-
rent profile for ¢6288 is shown in Fig. 4. From this curve,
pseudo-resistance is determined at each point in the Virtual-
Vdd segment.

One set of Spectre simulations of high-Vi, PMOS tran-
sistor is required for each technology library to determine
threshold voltages, constant mobility, saturation voltage and
saturation currents. To establish these parameters, Isp vs.
Vsp characteristics at Vsg = 1V and Isp vs. Vsg charac-
teristics at Voep = 0.05V and Vsp = 1V with W, = 0.54um
were obtained using Spectre.

To compare wakeup time estimation using models with
circuit simulations in Spectre, Viq was set to 1V. Without
loss of generality, all primary inputs of the circuit were set
to logic 0. The evolution of Virtual-Vdd during wakeup and
sleep modes in ¢7552 is shown in Fig. 5 and Fig. 6 respec-
tively. In Table 2 and Table 3, the maximum voltage levels
attained by Virtual-Vdd and the wakeup times with sleep
transistors of different sizes are given. Table 4 shows aver-
age errors(perror) in estimation of the two quantities for all
circuits considered in this work. The wakeup time is esti-

mated by (15)-(17) within an average error margin of 16.3%
for 22x variation in sleep transistor sizes. The steady-state
Virtual-Vdd is determined within 1.8% on an average from
the corresponding results of Spectre simulations. Further,
a significant reduction in computation time is achieved for
wakeup time estimation using the model compared to Spec-
tre. For example, model calculations in ¢6288 using MAT-
LAB took 21ms compared to 4 minutes in Spectre.

In logic clusters that do not satisfy wakeup dependency
[2][6], short-circuit currents are generated due to changing
logic states of internal nodes as Vy 44 increases towards rq
in wakeup mode. They create the effect of altering effective
resistance of the circuit and hence wakeup time. In other
words, the accuracy of wakeup time estimation is reduced
when the effects of short-circuit currents are not taken into
account as is shown for c499 in Table 2 and Table 3. To
address this problem it is necessary to model individual cells
for short-circuit currents when both supply voltage and its
rise time are varying. This is proposed for future work. The
cluster definitions and sleep transistor widths considered in
this work are not designed to satisfy wakeup dependency or
meet a particular peak current constraint [6] as the problem
of logic clustering is not addressed in this work.
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Figure 5: Virtual-Vdd in wakeup mode (W=1.2um)
in c7552

— Spectre Sim.
---Model
0.8
=
Z 06
=
0
=
£04f
-
0.2r
00 100 200 300 400 500 600 700

Sleep Mode Time (ns)

Figure 6: Virtual-Vdd in sleep mode (W=1.2um) in
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6. CONCLUSION

In this paper, a semiempirical approach for estimation of
wakeup time of a power-gated logic cluster that relies on only
a few basic circuit parameters and one time SPICE level sim-
ulations per technology library was presented. A method to
determine steady state Virtual-Vdd after wakeup as a func-
tion of sleep transistor size and leakage current profile was
also described. This was fundamental to development of



Table 2: Maximum Virtual-Vdd after Wakeup and Wakeup Time (HVT Cells)

W r1 (V) Wakeup Time (ns)
(pm) Model [Eq. (8)] (Spectre) Model [Eq. (14),(17)] (Spectre)
c7552 c6288 c2670 c432 c7552 c6288 c2670 c432
0.54 | 0.95 (0.93) | 0.96 (0.95) | 0.97 (0.96) | 0.99 (0.99) || 40.69 (38.22) | 43.24 (46.74) | 15.55 (15.04) | 4.57 (3.89)
1.2 | 0.98 (0.96) | 0.98 (0.97) | 0.99 (0.98) | 0.99 (0.99) || 18.94 (18.72) | 20.27 (22.24) | 7.38 (7.25) | 2.20 (1.89)
2.4 1 0.99 (0.98) | 0.99 (0.99) | 0.99 (0.99) | 0.99 (0.99) 9.64 (9.82) | 10.35 (11.97) | 3.79 (3.75) | 1.14 (0.92)
4.8 10.99 (0.99) | 0.99 (0.99) | 0.99 (0.99) | 0.99 (0.99) 5.08 (5.27) 5.46 (6.44) 2.00 (2.02) | 0.60 (0.59)
9.6 | 0.99 (0.99) | 0.99 (0.99) | 0.99 (0.99) | 0.99 (0.99) 2.64 (2.83) 2.84 (3.52) 1.05 (1.11) | 0.32 (0.38)
12| 0.99 (0.99) | 0.99 (0.99) | 0.99 (0.99) | 0.99 (0.99) 2.13 (2.32) 2.29 (2.95) 0.85 (0.92) | 0.26 (0.33)
Table 3: Maximum Virtual-Vdd after Wakeup and Wakeup Time (SVT Cells)
w r1 (V) Wakeup Time (ns)
(pm) Model [Eq. (8)] (Spectre) Model [Eq. (14),(17)] (Spectre)
c7552 c6288 c2670 c432 c7552 c6288 c2670 c432
0.54 | 0.73 (0.68) | 0.68 (0.60) | 0.77 (0.84) | 0.97 (0.96) || 36.66 (37.10) | 62.79 (63.24) | 18.06 (13.89) | 4.65 (3.49)
1.2 | 0.85 (0.82) | 0.82 (0.78) | 0.88 (0.92) | 0.99 (0.98) || 20.90 (17.16) | 34.59 (29.97) | 8.17 (6.89) | 2.21 (1.74)
2.4 1 0.91(0.89) | 0.90 (0.87) | 0.93 (0.95) | 0.99 (0.99) || 10.01 (9.07) | 16.65 (15.88) | 4.01 (3.70) | 1.14 (0.96)
4.8 | 0.95 (0.94) | 0.94 (0.92) | 0.96 (0.98) | 0.99 (0.99) 5.19 (5.02) 8.45 (9.10) 2.07 (2.04) | 0.60 (0.57)
9.6 | 0.97 (0.97) | 0.97 (0.96) | 0.98 (0.98) | 0.99 (0.99) 2.65 (2.77) 4.3 (5.27) 1.06 (1.13) | 0.32 (0.37)
12| 0.98 (0.97) | 0.98 (0.96) | 0.98 (0.98) | 0.99 (0.99) 2.13 (2.28) 3.45 (4.43) 0.86 (0.94) | 0.26 (0.33)
Table 4: Average Relative Errors in Estimation [3] S. Henzler. Power Management of Digital Circuits in Deep

of Maximum Vy4, and Wakeup Time in ISCAS85
Benchmark Circuits

CL Max. Vyaq T

(pF) Herror (%) Herror (%)
Circuit | HVT | SVT | HVT | SVT | HVT | SVT
c7552 | 2.892 | 2.993 0.7 2.8 4.7 7.6
c6288 | 3.171 | 4.833 0.6 4.3 14.8 | 11.1
chb315 | 1.966 | 2.826 0.6 2.2 12,5 | 22.3
c3540 | 1.466 | 2.037 0.5 1.5 11.2 17.5
c2670 | 1.148 | 1.202 0.3 3.0 3.0 7.8
c1908 | 0.606 | 0.633 0.2 0.3 21.8 | 154
c499 0.601 | 0.478 0.2 0.1 24.6 | 33.7
c432 0.351 | 0.360 0.1 0.3 16.4 | 15.1
Mean 0.4 1.8 13.6 | 16.3

rest of the model. The model in sleep mode can be used
to determine leakage energy savings in inactive states of the
circuit. In other words, some of the key parameters used as
optimization criteria for logic clustering have been captured
in closed-form expressions. Our simulations and application
of the model to ISCAS85 benchmark circuits with an in-
dustrial 65nm CMOS technology library show that on an
average wakeup time can be estimated within an error mar-
gin of 16.3% over 22x variation in transistor sizes and 13x
variation in circuit sizes with significant reduction in compu-
tational times compared to SPICE level circuit simulations.
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SUPPLEMENTARY PAGES

S1. DETERMINATION OF TOTAL CIRCUIT
CAPACITANCE
S1.1. Decoupling Capacitance

In (4), the total circuit capacitance Cr is defined to be
the sum of input capacitances of all inputs of all constitu-
ient gates of the cluster. In physical implementations with
CMOS process technologies, a decoupling capacitance (de-
cap) Cp is generally included between the supply voltage
rail (or Virtual-Vdd ring of the power-gated domain) and
ground to suppress bounces on supply rails during switch-
ing of gate outputs. In the model described in this paper,
a decap is not explicitly included. The total circuit capaci-
tance including a decoupling capacitance can be determined
to be C'r, 4+ Cp since capacitances appear in parallel between
Virtual-Vdd and ground.

S1.2. Dependence of Gate Capacitance on In-
puts

The gate capacitances of MOS transistors are input depen-
dent. At wakeup, as Vi 44 increases some of the logic gates
switch to ‘Logic 1’ while the rest remain at ‘Logic 0’. Gate
inputs in the fan-out of gate outputs that switch to ‘Logic
1’ will present a higher output capacitance to the switch-
ing gate than to the driving gate remaining at ‘Logic 0’. In
logic clusters used in the paper, the outputs of each gate is
determined from the primary inputs based on the gate func-
tion (NAND, XOR etc.) and hence appropriate value of
capacitance obtained from SPICE level characterization of
standard cell for each of its input is used to determine total
capacitance in (4). Further gate terminal capacitances of all
MOSFETs in standard cells include parasitic capacitances
(fringe and overlap) referred to the gate terminal.

S1.3. Parasitic Capacitance Along Interconnect
Lines

Parasitic capacitances along interconnect lines have been ne-
glected in determining total circuit capacitance considering
that in cluster based power-gated circuit design, indepen-
dent clusters have a local distribution of interconnects unlike
a distributed sleep transistor network (DSTN) based power
gating.

S2. STEADY-STATE VIRTUAL-VDD

The conditions of validity for one of the roots r1 can be
intuitively explained to be Vijeep < 71 < Vga as follows.
Let at steady state the pseudo-resistance of VCCS be given
by some Rss = VVdd,ss/]leak(VVdd,ss) where VVdd,.ss de-
notes Virtual-Vdd in steady state. Then the cicuit at that
instant can be represented by Thévenin’s equivalent resis-

p— Rssthn A 1 K 1
tance Rty = [y and Thévenin’s equivalent voltage

Vrg = % with total circuit capacitance C, in series
with Rrg and Vrg. Clearly, Vrg < Vaq. Cpr is charged to
Vru in steady state which we determine to be r; as a solu-
tion of (8). For non-zero Cr the inference that Viieep < 71

is trivial.

S3. WAKEUP MODE VIRTUAL-VDD MODEL

In (6), Vi corresponds to threshold voltage when the tran-
sistor is operating in linear region as determined from sub-

section 4.4.

To derive (8), dVyq4q/dt obtained from evaluation of RHS
of (7) for a sweep of Vyqq is fitted with a quadratic poly-
nomial in least squares sense using the MATLAB function
‘polyfit’. Further r1 and ry are obtained as roots of the
quadratic polynomial on the RHS of (8). Equation (9) can
be derived from (8) by separation of variables and partial
fraction expansion as

A B ) 1
+

= ——dt.
T

dVvaa (

Waa =11 Vvaa — 12

Equations (10) and (13) denote Is; and Vi qq represented
by piecewise continuous functions in three intervals: two in
saturation region and one in non-saturation region of sleep
transistor operation.

The wakeup time Ty, is given by (17) under the assump-
tion that 0.9971 > (Vaa—Vbpsar). For clusters with 0.99r; <
(Vaa—Vbsar), wakeup time Ty, = T determined from (16)
and with the condition Vi 49 = 0.9971.
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Figure 7: Virtual-Vdd in Active and Sleep Modes

S4. SLEEP MODE VIRTUAL-VDD MODEL

In this section we justify the assumption that at the end of
active mode Vy-qq = r1 with an experiment. Let AVv 44 maz
denote maximum degradation of Vi 44 due to dynamically
changing inputs of logic cluster. Further, let ¢; denote the
time instant of end of cycle ¢ in active mode. Clearly, Vi qa(t:)
satisﬁes VVdd(tifl) — AVVdd,ma:c S VVdd(ti) S T1 . ‘We con-
sider the conditions under which Vi ga(ti—1) = 71.

A logic cluster was synthesized for a maximum path de-
lay of 1.0ns and was power-gated by a header type of sleep
transistor. In practice, the size of the sleep transistor is
chosen for a fixed performance loss or AVy qd,max in active
mode. The circuit was simulated with Spectre circuit sim-
ulator with random inputs applied to the circuit at a clock
period of 1.5ns, i.e., with a positive slack of 0.5ns in active
mode. The variation of Virtual-Vdd voltage in active and
sleep modes is shown in Fig. 7. It can be seen that for a
maximum duration of path delay, Vi qq degrades by about
AVyad,maez = 0.3V and at the end of active mode time slot
of 1.5ns, Vi 44 attains a value of r1. With a sufficient and
constant clock cycle period T = t; — ti—1, Vvaa(ti—1) = 71



for all i. The assumption of sufficient positive slack holds for
low power, low performance circuits. Therefore Vygq = 71
can be specified as the initial value of Vi 44 in sleep mode
in (22).

SS5. EXPERIMENTAL RESULTS

To apply the model and to perform simulations on ISCAS85
benchmark circuits all primary inputs were assigned ‘Logic
0’. In practice this input combination may not result in
minimum leakage current. However the model for estimation
of wakeup time described in the paper applies identically to
all patterns of primary inputs.

The ISCAS85 benchmark circuits listed in Table 4 were
synthesized with both HVT and SVT cells of an industrial
65nm bulk CMOS technology library. Since threshold volt-
age of MOSFET devices in SVT cells is less than that of
HVT cells, the total leakage current in SVT cell implemen-
tations of ISCASS85 circuits is higher than that of HVT cell
implementations resulting in a lower Rss as defined in Sec-
tion S2. Hence a lower Vg or r1 is obtained. This ob-
servation is reflected in the results shown in Table 2 and
Table 3.

In this work MATLAB was used to evaluate model param-
eters and hence wakeup time. Alternatively other tools may
be used for computations. As an example, the same model,
when implemented in a scripting language like Tcl, can be
efficiently integrated with standard IC design and analysis
flows that use static timing and power analysis tools.

S6. APPLICATIONS
S6.1. Wakeup Energy Estimation

As an extension to estimation of wakeup time presented in
the paper, it is possible to determine wakeup energy (Euw.).

Wakeup energy is an energy overhead due to sleep-to-
wakeup mode transition in a power gating cycle. It is re-
quired to determine breakeven energy and hence minimum
sleep time for a power-gated logic cluster. Wakeup energy is
given by Eyw = fOTw“ Vaalstdt where I is obtained from (10)
and (13) and Ty from (17). It should be noted that, short
circuit currents (1) that are generated in the internal nodes
during wakeup mode are neglected in (5). In this work Io
and I;, which are assumed to be constants based on heuris-
tics developed in subsection 4.5, must be replaced with time
and Vy 44 dependent models. Modeling short circuit currents
in logic gates when both supply voltage and its rise time are
varying is proposed for future work.

S6.2. Scheduling Power-Gated Clusters

The model for wakeup time estimation presented in the pa-
per may be applied in scheduling of power-gated logic clus-
ters as part of a larger optimization problem. Consider a
combinational circuit C. Let C;,i = 1,2,..., N denote N
logic clusters obtained by partitioning C such that they
satisfy constraints of minimum sleep transistor area, peak
current, maximum delay degradation and minimum wakeup
time. The optimization problem referred to wakeup time
constraint is stated as follows. Let T%,,; denote the wakeup
time of logic cluster C; and Ty, maz the maximum accept-
able wakeup time of the overall circuit C. Then,

P Q N
max (Z Twu,j, Z Twu,ky -y Z Twu,z>
j=1

k=P+1 l=R+1
< Twu,maac

for some P,Q,R,... such that P > 1, Q > P + 1,.... Hence
a wakeup schedule for the N logic clusters may be derived.
The model presented in the paper may be used to determine
each Ty, during the optimization run.



