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Abstract—In order to eliminate the limitation of a narrow
frequency range of conventional resonant clocking, intermittent
resonant clocking (IRC) is proposed for near/sub-threshold logic
circuits. In this paper, IRC is applied to 0.37 V 32-bit adder array
with latches and adder array with flip-flops fabricated in a 40 nm
CMOS process. Measurement results show that IRC reduces the
clock power by 36% at 980 kHz and the clock leakage power by
81% compared with conventional non-resonant clocking when
IRC is applied to the adder array with latches. The same power
reduction is achieved when IRC is applied to the adder array with
flip-flops. IRC can reduce the clock power at any clock frequency,
which enables flexible selection of the clock frequency.

Index Terms—LC resonance, near-threshold circuit, resonant
clocking, subthreshold circuit, ultra-low power.

I. INTRODUCTION

URRENTLY, near/sub-threshold circuits have been
drawing a lot of attentions for ultra-low power appli-
cations, because an operation at ultra-low supply voltage
(Vpp) near or below threshold voltage (Vry) achieves an
energy minimum operation [1]—[3]. The clock power occupies
a large portion of the total chip power [4], and hence reducing
the clock power is effective for attaining energy-efficient
near/sub-threshold logic circuits. Resonant clocking [S]-[11]
is one of possible solutions to reduce the clock power. In this
paper, a new resonant clocking for near/sub-threshold circuits
is proposed.
Fig. 1(a) shows conventional non-resonant clocking with a
buffered H-tree. For non-resonant clocking with the buffered
tree, however, skew variation significantly increases as Vpp
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is reduced due to manufacturing variability [12], and hence
non-resonant clocking with an unbuffered H-tree illustrated in
Fig. 1(b) is a better clocking technique for near/sub-threshold
circuits.

In contrast to these conventional non-resonant clocking tech-
niques, Fig. 1(c) shows conventional resonant clocking with an
unbuffered H-tree [7], [8]. This conventional resonant clocking
can reduce the clock power, whereas it has the following three
problems.

1) The clock frequency (fcrx) range is narrow, typically
+20% [6]-[8]. At fcpk lower than the resonant frequency
(frgs), power higher than that of non-resonant clocking
and a functional error due to ringing are observed [5],
which prohibit dynamic frequency scaling (DFS) and a
low-speed test.

2) feLx values in previous papers [5]-[10] range from
100 MHz to 5 GHz and a less-than-1-MHz operation is
difficult to achieve, because a large inductance for the
resonance is required, which prevents the application of
resonant clocking to near/sub-threshold logic circuits.

3) A sinusoidal clock waveform increases the clock skew due
to the low clock slew rate. In addition, such sinusoidal
clock increases the short circuit power [11].

To solve these problems, intermittent resonant clocking (IRC)
is proposed in this paper. The implementation of IRC is shown
in Fig. 1(d). In conventional resonant clocking, the clock period
(Terk) is equal to the resonant period (Trgs). In contrast, in
the proposed IRC, T¢r is larger than Tgrgs. Therefore, IRC
can solve the abovementioned three problems as follows.

1) The selection of fepx is flexible, and power reduction is
achieved at any clock frequency. Thus, DFS and low-speed
testing are possible, and IRC can be applied to near/sub-
threshold logic circuits.

2) The required inductance for the resonance is reduced to
(Tres/Tcrx)? of conventional resonant clocking. For
example, if Trgg is 1/20 times as small as T'cpk, the in-
ductance can be reduced by a factor of 1/400.

3) A small clock skew owing to a high clock slew rate is ob-
tained. The slew rate is increased to Terkx /Trrs of con-
ventional resonant clocking. Thus, the short circuit power
can be also reduced.

In IRC, the clock is a pulse signal as shown in Fig. 1(d), and
hence latches are used. Although the clock is not a signal with
a 50% duty cycle, IRC can be applied to circuits with flip-flops
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Fig. 1. Block diagram of (a) conventional non-resonant clocking with buffered tree, (b) conventional non-resonant clocking with unbuffered tree [12], (c) con-
ventional resonant clocking [7], [8], and (d) proposed intermittent resonant clocking (IRC).

(FFs). The similar concept of the proposed IRC has been pro-
posed in [10]. However, resonant clocking proposed in [10] does
not focus on application to near/sub-threshold circuits, and its
effectiveness is not validated in silicon.

In this paper, the proposed IRC is applied to 32-bit adder array
fabricated in a 40 nm CMOS process. The preliminary work of
this paper has been presented in [13]. The contributions of this
paper beyond the preliminary work are 1) clock power reduction
by IRC is analytically evaluated and 2) clock power reduction
of the adder array with FFs by IRC is measured in addition to
that with latches. Measurement results show that IRC can reduce
the clock power at any clock frequency. IRC reduces the clock
power by 36% at 980 kHz and the clock leakage power by 81%
at Vpp = 0.37 V compared with conventional non-resonant
clocking when IRC is applied to the adder array with latches. It
is shown that the same power reduction can be achieved when
IRC is applied to the adder array with FFs.

This paper is organized as follows. Section II explains the
details of the proposed IRC. Measurement results are described
in Section III. Finally, Section IV concludes this paper.

Voltage
doubler

ov

Fig. 2. Schematic of IRC buffer shown in Fig. 1(d).

II. INTERMITTENT RESONANT CLOCKING (IRC)

A. Overview

The implementation of IRC is shown in Fig. 1(d). As shown
in this figure, The IRC buffer drives the clock node (CKB) and
its circuit schematic is shown in Fig. 2. Pulse and C¢pk denote
the input signal of the IRC buffer and the capacitance of CKB,
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Fig. 3. Timing chart of (a) IRC at step input and (b) actual IRC operation at
pulse input.

respectively. Compared with conventional resonant clocking,
the inductor is moved from the output of the buffer (Fig. 1(c)) to
the bottom of the buffer (Fig. 1(d)). A voltage doubler is added
to overdrive the gate of transistor M 1. The details of the voltage
doubler will be explained later in Section II-C.

Fig. 3 shows timing waveforms for IRC. To illustrate the op-
erating principles of IRC, Fig. 3(a) shows timing waveforms
when a step input is applied. Fig. 3(b) shows actual IRC oper-
ation with a pulse input. When Pulse is high, IRC is in a reso-
nant mode. In contrast, when Pulse is low, IRC is in a non-res-
onant mode. In IRC, both the resonant mode and the non-reso-
nant mode are mixed within a clock period (Torx) and Terx
is larger than T'rgg, thereby enabling the flexible selection of
fork.

The pulse width (T'pw) of Pulse shown in Fig. 3(b) is an
important parameter for IRC to minimize the clock power. In
Fig. 3(a), after the step input, CKB shows ringing at around 0 V.
To minimize the clock power, the highest voltage in the ringing
shown as “Point A” in Fig. 3(a) indicates the best timing for
Tpw, because the power required to pull up CKB to Vpp is
minimized at Point A. The timing of Point A corresponds to
TrEs, as shown in Fig. 3(b). In contrast, the lowest voltage in
the ringing at 'T'; indicates the worst timing at which the clock
power is maximized. Similarly, T indicates the second worst
timing.

B. Analytical Evaluation of Power Reduction by IRC

Fig. 4 shows an equivalent circuit of the resonant mode of
IRC. In this equivalent circuit, transistor M1 of the IRC buffer
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Fig. 4. The equivalent circuit of IRC buffer in resonant mode.
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Fig.5. Waveform of V¢kp in Fig. 4 when transistor M1 is turned on att = 0.

(Fig. 2) is represented by an ideal switch and an equivalent re-
sistance (Ron). Vexgs(t) denotes the voltage of the clock node
(CKB inFig. 1(d)). Fig. 5 shows Vcxp(t) when the ideal switch
in Fig. 4 is turned on at t = 0. In this case, the circuit is equiv-
alent to a series RLC circuit, and hence Vexp(t) can be ex-
pressed as

Veks (1) = Voo (Box tRerx)/2L)t (g or #13 (1)
where Vg is the initial voltage of CKB at t = 0.

Vy is ideally equal to Vpp. For near/sub-threshold circuits,
the clock frequency and the resonant frequency are much
slower, which requires large inductance. Thus, it is inevitable
that the inductor is implemented off-chip, which consequently
causes large parasitic capacitances of such off-chip inductor
itself and a pad required to implement it. Fig. 6 explains the in-
fluence of the parasitic capacitance on V. In the non-resonant
mode, the capacitance of the clock node (Ccrk) is charged
up to Vpp. When the mode is switched to the resonant-mode
at t = 0, the charge of Ccpk is shared with the parasitic
capacitance (Cpar ). Thus, the initial voltage of Vcgp (V) in
the resonant mode decreases and is given by

. Ccrk
Yo Cpar + Cork Vop- @

In IRC, the clock waveform is expressed as (1) when the fol-

lowing condition is satisfied.

L
R Re 20 —m———. 3
N+ feri < V Cork + Cpar )
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Fig. 6. Voltage reduction due to parasitic capacitance (Cpar) of off-chip inductor. Charge of Ccrk is shared with Cpag.

In this case, the resonant frequency (frgs) is written as
1

27/ L (CoLk + Cpar)

fp in (1) is given by the following equation and can be approxi-
mated as fggg when the resistance is sufficiently small in (3).

fo = 1 1 1<RON+RCLK>2
10~ 2z \\ L (CcLK + CPAR) 4 L

~ [RES-

“

fRES =

(&)

When the ideal switch in Fig. 4 is turned off at t = Tpw,
CKB is pulled-up to Vpp by the IRC buffer, which consumes
the clock power, as shown in Fig. 5. Therefore, the dynamic
power dissipation of the clock node in IRC (Pgc) is a function
of Tpw and is expressed as

Pire (Tow) = Cerx Voo (Vob — Veks (Tpw)) - fouk (6)

where fopk is the clock frequency. This equation indicates that
the clock power of IRC is proportional to fork, and is mini-
mized when Vegp (Tpw) is maximum.

In contrast, the dynamic clock power of conventional non-
resonant clocking shown in Fig. 1(a) and (b) is given by

)

Vexg(t) in (1) is the ringing signal shown in Fig. 3(a) and
becomes highest at Tpw = Tgrgs. Therefore, the clock power
of IRC (Pirc in (6)) is minimized at Tpw = Trgs. The max-
imum power reduction by the proposed IRC can be expressed
as

2 "
Poony = CokVop™ - fork-

~ Voks (Tres)
Vbp
B CoLk
Cpar + CoLk
. C*W(R0N+RCLK)\/m.

®)

This equation indicates that smaller resistance and capacitance
and larger inductance are preferable to obtain larger power re-
duction by IRC. Especially, the resistance is the most important
parameters, and hence a technique to reduce Ry will be dis-
cussed in the next section.

The abovementioned discussion only focuses on the dynamic
power consumed to charge the capacitance of the clock network.

Pire (Tow = TrEs) 1

Pconv
=1

In actual case, the power dissipations to drive the clock buffer
and the IRC buffer should be taken into account. In this case, the
maximum power reduction by the proposed IRC is rewritten as
Ppirc + Pire (Tew = TrEes) ©)

Poconv + Poonv

where Pp conyv and Pp 1rc denote the dynamic power con-
sumed to drive the clock buffers in conventional non-resonant
clocking and the IRC buffer, respectively.

The clock power is reduced by the proposed IRC as Ry de-
creases as shown in (8). Since Ron is reduced by using more
advanced process technologies, it is better for IRC to use ad-
vanced process technologies. If the proposed IRC is applied to
larger circuits, the resistance and capacitance of the clock net-
work increases (R and Cop k), and hence the condition for
LC resonance shown in (3) becomes severer. In addition, when
IRC is applied to circuits which operate at higher supply voltage
and frequency, the resonant frequency must also increase, and
consequently the condition for LC resonance in (3) also be-
comes severer, because L is reduced to increase the resonant
frequency when Ccri is identical as indicated in (4). There-
fore, applying the proposed IRC to larger and/or faster (at higher
supply voltage) circuits might cause design challenges. One of
the solutions is that the inductors are distributed as described in

[5], [6], [10].

C. Gate Boosting for IRC

As indicated in (3) and (8), the reduction in the ON resistance
of M1 in Fig. 2 (IRpy) is required to minimize the clock power.
In near/sub-threshold logic circuits, however, the ON resistance
is significantly large. To reduce such large ON resistance, the
gate width of M1 must be much larger, which extremely in-
creases the power dissipation. Therefore, gate boosting of M1
is effective to decrease the ON resistance with small area and
power overhead. In this work, gate boosting is realized by the
voltage doubler and its circuit schematic is shown in Fig. 7 [14].

Table I summarizes a simulated comparison of the gate
widths and power of M1 with and without gate boosting at
the same ON resistance when the supply voltage is 0.37 V. At
the same ON resistance, the proposed gate boosting with the
voltage doubler reduces the gate width of M1 and the power
dissipation to drive M1 by 97% and 91%, respectively. This
means that gate boosting can significantly reduce Pp jrc com-
pared with Pp conv in (9), which leads to further reduction
in the clock power. Therefore, gate boosting is very effective
for near/sub-threshold logic circuits.
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TABLE 1
SIMULATED COMPARISON OF GATE WIDTHS AND POWER OF M1 (FIG. 2)
WITH AND WITHOUT THE GATE BOOSTING AT THE SAME ON- RESISTANCE
AT Vpp = 0.37 V.

Gate width of M1
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Power dissipation to
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I Voo 1 1
—{>:{>o—||f| M1 (Fig.2) \97% \91%
(Proposed) J J
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Fig. 8. Block diagram of test chip.

III. MEASUREMENT RESULTS

A. Measurement Circuit

In this paper, the proposed IRC is applied to an adder array.
Fig. 8 shows a block diagram of a test chip. 32 arrays of 32-bit
full adders are implemented with input/output latches. In the test
chip, conventional non-resonant clocking with an unbuffered
clock tree shown in Fig. 1(b) is also implemented for compar-
ison, because clocking with an unbuffered tree is more energy-
efficient than that with a buffered tree in near/sub-threshold cir-
cuits [12].

In this paper, static CMOS latches, instead of FFs, are used,
since CKB is not a signal with a 50% duty cycle but a pulse
signal, as shown in Fig. 3(b). Although CKB is not a signal with
a 50% duty cycle, IRC can be applied to circuits with FFs, and
hence IRC with FFs is also implemented.

The test chip is fabricated in a 40 nm CMOS process. A die
micrograph of the test chip is illustrated in Fig. 9. The area over-
head due to the voltage doubler is 0.6%.

Fig. 10 shows the measured energy of the adder array at the
maximum frequency as a function of the supply voltage (Vpp).
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The minimum energy operation is achieved at Vpp = 0.37 V.
Thus, Vpp 0of 0.37 V is used throughout this paper.

B. IRC With Latches

In this section, measurement results of IRC with latches
are shown. Fig. 11(b) illustrates the measured waveform of
CKB in the proposed IRC with latches at Vpp = 0.37 V and
fcLk = 980 kHz. This measured waveform validates the quali-
tative waveform in Fig. 3(b). The measured clock waveform of
conventional non-resonant clocking with an unbuffered clock
tree is also shown in Fig. 11(a) for comparison. For a fair power
comparison, the unbuffered clock tree is the same and the gate
widths of the clock drivers are designed to have the same slew
rate. Compared with conventional non-resonant clocking, the
total gate width of the proposed IRC is reduced by 84%.

The measured slew rates in Fig. 11(a) and (b) are similar. In
IRC, the measured resonant frequency (frgs) is 19 MHz with an
off-chip inductor of 7 #H, which corresponds to Cork + Cpar
of 10 pF. In this implementation, Tcpk / Tres = 19. Therefore,
the required inductance of IRC for the resonance is reduced to
1/19? = 1/361-fold that of conventional resonant clocking and
the slew rate is increased to 19-fold that of conventional reso-
nant clocking.

To validate the discussion on the optimum Tpw in Fig. 3,
Fig. 12 shows the measured Tpw dependence of the clock
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power of IRC. The clock power of the conventional non-res-
onant clocking (Fig. 1(b)) is also shown for comparison.
As explained in Section II-B, the minimum clock power is
achieved at Tpw = Tgrgs with the power reduction of —36%,
whereas the maximum and second maximum clock powers
are observed at Tpyw = T; and Tpw = Ty with the power
increases of +16% and +5%, respectively.

To demonstrate power reduction at any clock frequency in the
proposed IRC, Fig. 13 shows the measured fopx dependence of
the clock power of conventional non-resonant clocking and the
proposed IRC with latches. The maximum clock frequencies of

Fig. 13. Measured for.x dependence of clock power of conventional non-res-
onant clocking and proposed IRC with latches. At fcrx = 980 kHz, clock
power is reduced by 36%. Clock leakage power is reduced by 81%.

both non-resonant clocking and IRC are identical. In IRC, the
clock power is proportional to fopk, which is different from
that observed in conventional resonant clocking [5]-[10]. The
reason why the clock power of IRC is proportional to fcpk is
explained in (6). Compared with that of conventional non-res-
onant clocking, the clock power of IRC is reduced at all fcpk
values, which is the most important advantage of the proposed
IRC. At fcpx = 980 kHz, the clock powers of conventional
non-resonant clocking and the proposed IRC are 1.1 W and
0.7 pW, respectively, and the power dissipation of the adder
array without the clock power is 2.7 W. This corresponds to
36% reduction in the clock power and 10% reduction in the total
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TABLE 11
COMPARISON WITH PREVIOUS WORKS
JSSC09 ISSCC12 CICC07 |ESSCIRC09| JSSC04 |LASCAS13 This work
[5]1 [6] [71 [8] [°] [10]
130nm 130nm 130nm 45nm
Process 90nm SOI | 32nm SOI bulk bulk SOl Bulk 40nm bulk
Supply 1.03 ~ - -
voltage 1.2v 1.2V 1.21V 1.2V 0.6 ~ 0.9V 0.5~1V 0.37V
Clock
+ | 800MHz ~ 100 ~ 500MHz ~ DC ~ DC ~
f'e(‘}“e')'cy 1.6~ 5GHz [ <4.25GHz" | "4 5GHz | 200mHz | 147MH2 2GHz 980kHz | 947kHz
CLK.
fe“"a“t 3.2GHz | 3.3GHz | 1.03GHz | 125MHz | 147MHz - 19MHz | 6.3MHz
requency
Freedom of Poor Fair Poor Poor Poor Good Good
fork (P & f) (P & f)* (P &« f) (P& f) [ (fis fixed) (P x f)
Clock slew Fair Fair Low Low Low High High
rate
Local
Clock Yes Yes No No No Yes No
buffer
Inductor On-chip On-chip On-chip Off-chip On-chip On-chip Off-chip
Latch/FF FF FF Latch FF FF FF Latch FF
Power 25% 24% 76% 85% 35% 25%* | 36~81% | 27~84%
reduction
(*) Inductors can be disconnected when clock frequency is low (<2.9GHz). In this case, conventional
clocking is used, and hence the clock power is proportional to the clock frequency.
(**) Not validated in silicon
power including the adder array. This clock power reduction v T
. . . . Clock period (1056ns)
is achieved not only by resonant clocking, which reduces the | < > !
power consumed to charge the capacitance of the clock network | . E
described in Section II-B, but also by gate boosting, which re- x\i i’,a*”‘ i /‘"’W
duces the power consumed to drive the IRC buffer described in i\ Wi N
Section II-C. From the measurement results, the power reduc- N i i"w’/ o
tions by resonant clocking and gate boosting are estimated to | < .l
20% and 16%, respectively, in the total 36% clock power reduc- Low High
tion. When the clock is stopped, the clock leakage power is re- 3 5210ns) (846ns) , Ve = 037V
duced by 81% owing to the 84% gate width reduction explained Duty cycle is 80% f:fK=9‘{7kHz

in Fig. 11. The leakage power reduction is achieved by gate
boosting, since resonant clocking reduces the dynamic power
dissipation only.

C. IRC With FFs

In this section, measurement results of IRC with FFs are
shown. IRC with FFs is also implemented in this paper, since
IRC can be applied to circuits with FFs even though CKB is
not a signal with a 50% duty cycle. Fig. 14 shows the measured
waveform of CKB in IRC with FFs at Vpp = 0.37 V and
foLx = 947 kHz. In this paper, an off-chip inductor of 40 pH
is used. This inductance is determined such that the adder
array with FFs is functional at Vpp = 0.37 V, and it is larger
than that used for the adder array with latches described in
Section III-B. In this case, resonant frequency frgg is 6.3 MHz
and the duty cycle is 80% when fcrk is 947 kHz.

Fig. 15 shows the measured fork dependence of the clock
power of conventional non-resonant clocking and IRC with FFs.
The clock power of non-resonant clocking in Fig. 15 is dif-
ferent from that in Fig. 13, since the capacitances of the clock
node (Ccpk) of the adder array with latches are different from
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+v922.400ns 10k points

@ - |13 May 2013
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Fig. 14. Measured clock waveform of IRC with FFs. Duty cycle is 80%.

that of the adder array with FFs. The clock power of IRC is re-
duced at all fork values compared with that of conventional
non-resonant clocking. The clock power is reduced by 27% at
feuk = 947 kHz and the clock leakage power is reduced by
84%. In IRC, the resonant frequency of the adder array with
FFs is lower than that of the adder array with latches described
in Section III-B, while the size of the clock buffer of the adder
array with FFs in conventional non-resonant clocking is same
as that of the adder array with latches. Therefore, in the adder
array with FFs, the slew rate of IRC is lower than that of con-
ventional non-resonant clocking, which worsens the maximum
foLk of IRC at Vpp = 0.37 V by —6% compared with that of
conventional non-resonant clocking.

D. Comparison With Previous Works

Table II compares this work with the previous works [5]-[10].
The fork range of the previous works is narrow because the
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Fig. 15. Measured o1k dependence of clock power of conventional non-res-
onant clocking and proposed IRC with FFs. At fe,x = 947 kHz, clock power
is reduced by 27%. Clock leakage power is reduced by 84%. On the other hand,
maximum clock frequency of IRC at V51, = 0.37 V decreases by —6%..

clock power is not always reduced as fcp,x decreases in con-
ventional resonant clocking, whereas the clock power can be
reduced at any clock frequency in the proposed IRC. Therefore,
the selection of fep i is flexible, which is the most important
advantage of the proposed IRC.

IV. CONCLUSIONS

In this paper, intermittent resonant clocking (IRC) was pro-
posed to reduce the clock power for near/sub-threshold logic
circuits. Conventional resonant clocking has the following three
problems; 1) clock frequency (fcLx) range is narrow, 2) huge
inductor is required for slow operation, such as less than 1 MHz,
and 3) clock skew is large. The proposed IRC can solve these
problems, since the resonant frequency is chosen independently
of fcLk and is much higher than fop k. In this paper, IRC was
applied to 32-bit adder array with latches and adder array with
FFs fabricated in a 40 nm CMOS process. Measurement results
showed that IRC can reduce the clock power at any clock fre-
quency, and the clock power is reduced by 36% at 980 kHz
and the clock leakage power is reduced by 81% compared with
conventional non-resonant clocking when IRC is applied to the
adder array with latches. It was shown that the same power re-
duction can be achieved when IRC is applied to the adder array
with FFs.
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