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A 0.1-0.3 V 40-123 fJ/bit/ch On-Chip Data Link
With ISI-Suppressed Bootstrapped Repeaters
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Abstract—This paper presents a 40-130 fJ/bit/ch on-chip data
link design under a 0.1-0.3 V power supply. A bootstrapped CMOS
repeater is proposed to drive a 10 mm on-chip bus. It features a
—Vbp to 2Vpp swing to enhance the driving capability and re-
duces the sub-threshold leakage current. Additionally, a precharge
enhancement scheme increases the speed of the data transmission,
and a leakage current reduction technique suppresses ISI jitter. A
test chip is fabricated in a 55 nm SPRVT Low-K CMOS process.
The measured results demonstrate that for a 10 mm on-chip bus,
the achievable data rate is 0.8—-100 Mbps, and the energy consump-
tion is 40-123 fJ per bit under 0.1-0.3 V V.

Index Terms—Bootstrapped circuit, energy efficient, inter-
symbol interference (ISI), low-voltage, leakage current reduction
low-power, sub-threshold circuit.

I. INTRODUCTION

N THE PAST few years, low voltage and low power

designs have attracted significant attentions because of the
popularity of portable devices. Emerging embedded biomedical
applications have once more pushed the low-power designs
into another extreme case. Scaling the supply voltage down
below the threshold voltage is the most favorable solution for
low-power designs. A 180 mV, 1024-point FFT processor is
a pioneer subthreshold-supply design [1], and followed by
[2]-[4]. Subthreshold SRAM is another important category
[5]-[7]. Other designs include a 6-bit Flash ADC for use at
0.2-0.9 V and a 14-tap 8-bit finite impulse response (FIR) at
20 MHz under 0.27 V [8], [9].

Subthreshold circuit design is challenging because the
driving capability (1,,), the I,/ Iog ratio, and process varia-
tions are degraded significantly [10]-[12], affecting the circuit
performance, the power efficiency (leakage power), and the
fabrication yield.

As technology continues to be scaled down, the on-chip
global interconnect in the SoC design becomes a bottleneck
with regard to speed, power and cost. The repeater insertion
represents a feasible technique for the trade-off among speed,
power and cost requirements [13]-[15]. Unfortunately, in the
subthreshold region, conventional CMOS repeaters still suffer
from the severe design problems mentioned above.
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The bootstrap technique in [16] drives large capacitive load.
The bootstrapped driver consists of a pull-up and a pull-down
control pair to boost the gate voltage and push the driver
MOS into the linear region, improving the driving capability.
However, the charge leakage at the boosted node and the poor
precharge capability restrict the usability in the subthreshold
region. Kil et al. proposed a subthreshold bootstrapped repeater
in a 9 MHz distributed clock network at 0.4 V [17]. However,
while this approach is applied to a data link, the kick-back
disturbance through the boosting capacitors causes a large
timing jitter. Furthermore, it consumes large static power and
is associated with high capacitor costs. We have proposed a
low-voltage ring oscillator composed of bootstrapped delay
cells which is able to oscillate at 48 MHz at 0.2 V [18].

In this paper, an ISI-suppressed bootstrapped subthreshold
repeater is proposed. Operating at the subthreshold supply
voltage is the most effective means in power reduction. How-
ever, the decreasing in driving capability and increasing in
power consumptions are two drawbacks. To overcome the poor
driving capability, the bootstrap technique is used. In addition,
a precharge enhancement and a leakage current reduction
schemes are adopted. They achieve beneficial speed-energy
tradeoff. Furthermore, the proposed repeater suppresses ISI
noise in data link applications.

The rest of the paper is organized as follows. Section II intro-
duces the on-chip bus structure with the proposed bootstrapped
repeaters and the operations of the design. Section III presents
a detailed performance evaluation, including the leakage cur-
rent reduction scheme, leakage power analysis, ISI suppression,
energy efficiency analysis and their Monte Carlo simulations.
Section IV shows the test chip and the measured results. Finally,
Section V draws the conclusions.

II. ON-CHIP DATA LINK DESIGN WITH BOOTSTRAPPED
REPEATER INSERTION

A. On-Chip Bus Architecture

Fig. 1 shows the proposed 4-bit on-chip bus for data com-
munication under the subthreshold power supply. A bus is di-
vided into several segments, each of which is driven by a boot-
strapped repeater. Ground shielding is used to eliminate the
effective-loading uncertainty and decouple the noise from ad-
jacent channels. The staggered repeaters on adjacent channels
are misaligned to reduce the coupling noise and simultaneous
switching noise (SSN).

B. Proposed Bootstrapped Repeater

The proposed bootstrapped repeater is composed of an
inverter as the driver and a bootstrap control circuit. The

0018-9200/$31.00 © 2012 IEEE
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Fig. 2. Circuit of proposed bootstrapped repeater.

bootstrap control circuit has many important features. First,
a precharge enhancement scheme improves the precharge
capability to achieve high-speed operation. Second, a leakage
current elimination technique suppresses the ISI noise. Third,
the bootstrap control circuit produces a boosted output swing
from —Vpp to 2Vpp to increase the driving current (2Vpp)
and turn off the transistor aggressively (—Vpp). As a result,
the I,/ I ratio is improved substantially.

Fig. 2 depicts the proposed bootstrapped CMOS repeater.
Cgpp and Cpy are the bootstrap capacitors; Mpy and My are
the precharge transistors for Cgp and Cpyn; INVp and INVy
are the pre-drivers to boost Cpp and Cpy; and Mpp and Mnp
are the output drivers. Npt is boosted to 2Vpp and — Vpp to en-
hance the driving capability of Mpp and Mnp. Np is also fed
back to control Mp; and My to enhance the precharge capa-
bility and eliminate the reverse leakage current simultaneously.

Figs. 3 and 4 show the transient waveforms with input
switching from H to L and from L to H. Assume that the boot-
strap capacitors Cpp and Cpy had stored a voltage potential
of Vpp before Vi, has a transition from H to L; node Ngp has
an initial voltage of Vpp, and node Npt has an initial voltage

—~——— p—

Proposed on-chip bus architecture with new bootstrapped repeater insertion.

out

Fig. 3. Proposed bootstrapped repeater operation (input H-to-L).

of —Vpp, ideally. After Vj, transits from H to L, Nop transits
from L to H and Npp is boosted to 2Vpp. At the same time,
Mps is turned on and My is turned off. 2Vpp at Npp starts
to charge Npr through Mps and pushes Npr to 2Vpp. After
Nprt is charged above threshold voltage Viy, My is turned
on to precharge Npx to GND. Now, Cgy has a potential of
— VDD .

As Vi, transits from L to H, a similar mechanism pushes Npt
to —Vpp. Fig. 5 shows the simulated transient waveforms with
a 1 mm wire load and a Vpp of 0.2 V. Here, NpT swings from
384 mV to —186 mV instead of the ideal 400 mV to —200 mV
owing to the charge sharing effect.

Like all bootstrap circuits, the proposed design has start-up
and stand-by problems. Before start-up, one of the bootstrap ca-
pacitors does not have charge stored. Similarly, during a long
stand-by period, one of the bootstrap capacitors becomes de-
pleted of charge by subthreshold leakage. A transition of the
data input is required to recharge the depleted bootstrap capac-
itor. The normal bootstrap function can then be regained at the
next transition.
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Fig. 5. Simulated timing waveforms under 0.2 V supply.

Nen = -Vop TVj"

Fig. 6. Cross-section of proposed circuit.

A CMOS transistor has parasitic diodes between sources/
drains to the body. Although, the body and the sources can be
shortened in PMOS using an N-well bulk-CMOS process, the
parasitic diodes are retained for M2, as shown in Fig. 6. When
a negative voltage (—Vpp) is generated at Npy, the parasitic
diode might be turned on if Vpp exceeds 0.7 V. Therefore, the
proposed design is used in subthreshold applications.

Fig. 7. Equivalent circuit for evaluating boosting efficiency.

III. DETAILED EVALUATION AND COMPARISONS

The previous section briefly introduced the architecture of
the on-chip bus and the basic operation of the proposed boot-
strapped repeater. This section will discuss them in greater detail
with reference to boosting efficiency, leakage power, ISI sup-
pression, energy efficiency and Monte Carlo analysis.

A. Boosting Efficiency

Ideally, the boosted node Npr generates a voltage swing
from 2Vpp to —Vpp. However, the parasitic capacitance at
node Npr exhibits the charge-sharing effect with the bootstrap
capacitance [17]. For example, when Npr transitions above
Voo, the equivalent circuit of the upper side is as shown in
Fig. 7. Vprp and Cprp are the voltage and the total parasitic
capacitance at N, respectively. Ideally, Vpp transits from
—Vbp to 2Vpp. Thus,

Cgp '
Cpp + Cprp

C(IZ‘TF‘

Wpp — TP
PP Cop + Cprp

Verp = ~Vpp. (1)
To increase driving capability, the bootstrap capacitance is
designed to be significantly larger than the parasitic capacitance

at the node. As a result, (1) can be rewritten as

Cep

% N—_—
BT ™ Cor + Crrp

- 2Vpp = Be - 2Vop. 2)
Bp is the boosting efficiency factor or simply the boosting effi-
ciency. Similarly, as Vg transits from Vpp to below ground,
the estimated Vpry is

CBN

Com & Oy (VD) = Oy - (=Vop) . (3)

Vern =
In fact, the boosting efficiency factor is a time-variant function,
according to the accumulation of leakage charge. When Vp1p
is boosted above Vpp, the leakage currents J1np1 and Jrnne
discharge Cgr through Mp; and M-, respectively, as shown
in Fig. 7. The time-variant boosting efficiency causes an ISI
problem, which will be discussed in a later section.

B. Leakage Current Reduction

In a low-voltage design, the leakage current /g accounts for
a large portion of the total power consumption. The /g current
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is mostly the sub-threshold leakage current, which is expressed
as follows [10]-[12]:

w Ves — Vin
Ioff = Mcdepfvig exp ( a3 & )

nVr

X (1 — CcXp <_“;DS>> @)
T

where p is the effective mobility, Cyep, is the depletion capaci-
tance, W and L are the width and length of the device, Vr is the
thermal voltage, Vo5 is the gate-to-source voltage, Viy, is the
threshold voltage, n is the sub-threshold slope factor, and Vpg
is the drain-to-source voltage. Scaling down to a sub-threshold
supply voltage substantially reduces I,,;,, which is proportional
to (Vos — Vin) and varies exponentially with Vps. Since Tog
also remains exponentially proportional to Vps, I, becomes
responsible for a significant fraction of the total power con-
sumption. As a result, scaling the supply voltage below the sub-
threshold directly lowers the I, / T ratio.

Making Vs negative is an effective means of reducing 1,
and improving the I, /I, ratio, consistent with (4). For ex-
ample, Fig. 8 plots the Ip of an NMOS with a fixed 0.2 V drain
voltage as V5 is swept from —0.45 V to 0.65 V. Obviously,
I varies exponentially proportional with the gate voltage Vg
in the subthreshold region. Since HSPICE is based on BSIM4
model (level = 54), drain current has a good approximation to
the nano-scaled effects such as drain-induced-barrier-lowering
(DIBL) and gate-induced-drain-leakage (GIDL). Typically, the
leakage current of the NMOS is 0.4 nA at Vs = 0 V. When
Vs = —0.22 V, Ip is reduced to 30 pA from 0.4 nA at
Ves = 0 V. However, the GIDL current that is induced by
the high electrical field between gate and drain becomes the
major component of the leakage current while the gate voltage
remains negative [19]. In the case considered here, I, is slightly
increased to 70 pA as the gate voltage is shifted to —0.45 V. I g
for a single transistor is analyzed and Preakage for a complete
circuit is determined as follows.

1245

@25°C, TT Corner
L T

T ¥ T o T . T
'E E
:"; 100n 3 E
g E E
s
g ] - ]
& 10n i --#-- INV_m=50 .
E - X~ INV_m=150 E
--@-- JSSC 1997 [16]
- T. VLS| 2008 [17]
1nd —&— Proposed |
1 05MHz _ 3MHz _ 10MHz _25MHz _ 66MHz i
0.10 0.15 0.20 0.25 0.30

Supply voltage (Volt)

Fig. 9. Comparisons of total power at different V)5,

C. Leakage Power Analysis

Although HSPICE can simulate steady-state leakage power,
characterizing the leakage power under dynamic operations is
difficult. The following approach is taken. The total energy per
bit is represented as

Er = Esw + Esc + Elcakage 3

where E'p represents the total energy per bit, Fgpw is the
switching energy, F'sc is the short-circuit energy, and Ereakage
is the leakage energy. A long wire can be regarded as large
capacitive load is pF range. When a CMOS driver drives heavy
capacitive loads, the energy contributions of the short-circuit
current can be ignored [20]. E'Lcakage 18 proportional to T'; Erep
is the total energy of the repeaters; and « is activity factor.
Thus, we can rewrite (5) as

(67 .
ET ~ (Erep + §CW'ireV]§D) + PLeakage -T. (6)

For two identical signals with different periods 77 and 7>,

Leakage power PpLeakage 18 derived as

Pr, Ty —Pr, - To
(T1 = Ty)

B Leakage — (7)
To demonstrate the reduction of leakage current, the proposed
design is compared with the conventional inverter and two re-
ported works [16], [17]. They are all designed to drive a 200 fF
Cy. A 55 nm SPRVT process is used. For all bootstrap drivers,
C'g = 50 {F and the widths of Mpp and Mxp are 288 nm and
108 nm, respectively, for a fair comparison. The conventional
inverter was designed to be 50 times the size of the bootstrapped
driver to obtain the similar output #,is. and #g,; as the boot-
strapped one at Vpp = 0.2 V. Additionally, due to the iso-area
condition, the results of the case with . = 150 is also added.
Fig. 9 plots the total power as a function of the supply
voltage for the five designs. As mentioned, the switching power
and leakage power constitute almost all the total power con-
sumption. Fig. 10 plots the leakage power as a function of the
supply voltage. The operating frequencies are 0.5 MHz, 3 MHz,
10 MHz, 25 MHz and 66 MHz at 0.1 V to 0.3 V, respectively.
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Owing to the negative Vg, the leakage power of the proposed
bootstrapped repeater is one order of magnitude less than those
of the other designs. Fig. 11 shows the Ppeakage /Pr ratio as
function of the supply voltage. The proposed design has the
lowest total power and a PLeakage /Pr ratio of 1.5% even
though Vpp = 0.1 V. It is roughly one order of magnitude
lower than those of the others.

Fig. 12 shows the total power as a function of activity factors.
When the activity factor is small, the non-transient time is long.
That means the leakage power takes larger portion of the the
total power. Fig. 13 shows the PLeakage / Pr ratio. The proposed
design has a Ppeakage / Pr ratio of 1% at 0.02 activity factor,
which is much smaller than all other designs.

D. ISI Suppression

In data communication, inter-symbol interference (ISI)
critically limits the data rate. The boosting efficiency of a
bootstrapped inverter is closely related to the ISI, as follows.
The driving capability of the output driver is controlled by the
voltage Vp at NpT, which is either 28p Vpp or —Gn Vpp. In
the design herein, the fed-back Vgt = 2Vpp(Ver = —Vbp)
eliminates the reverse current through Mpi(Mpy1) when
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Npp(Npx) is boosted. Fig. 14 shows a data string with con-
secutive ¢ Os followed by & 1s. According to the circuit model
in Fig. 7, the bootstrapped voltage can be derived as

Var(a +b)
2
~——— - Qla+b
Cgp + Cpr @ )
_ 2
Cpp + Cpr
aT BT
| Q(0) - / (Inmp1 +ILMN2)dt+/ Ipyvp1-dt .
J0 JaT

®)

Here, T is the period, (0) is the initial charge in Cpp, and
Ipmpi is the precharge current on Mpi. As a result, Gp de-
pends on input data. To minimize the variation of Fp, according
to (4), the leakage currents fr\p; and Ippn2 must be min-
imized. Since the proposed design employs a special mecha-
nism to suppress the subthreshold leakage I1yip1 and Ipyne,
as stated earlier, the precharge current Inyps is also enhanced
by the boosted signal. Therefore, the proposed design has better
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immunity to ISI. Fig. 15 shows the boosted and the output wave-
forms of the data with 4, 16 and 64 consecutive 0 s followed by
only one “1”. The ISI is suppressed successfully in all cases.

Fig. 16(a) compares the proposed design with reported re-
peaters in the clock link. The total length of the interconnect
is fixed at 10 mm with minimum wire spacing for coplanar
ground shielding. The 10 mm interconnect is segmented for var-
ious interconnect lengths along the X axis. The drivers are de-
signed to yield %,ise and #s equal to 7.5% of a clock period.
Fig. 16(b) compares the data links of the designs and demon-
strates data rate as a function of segment length. The parameters
trise and tg,) are designed to be 15% of a unit interval (UI) in
data links. Notably, only one transition occurs per clock period
in data links while two occur in clock links. The jitter tolerance
is defined as 0.3UI peak-peak jitter of the output signal. Both
Fig. 16(a) and (b) indicate that our design can simultaneously
achieve the highest data rate and energy efficiency.

E. Energy Efficiency

The proposed design has a significant speed improvement
and high energy efficiency. Bootstrap techniques improve the
driving capability exponentially by boosting the gate voltage
of the driver. However, the bootstrap circuit consumes extra
power. The average power of the bootstrap circuit can be repre-
sented as

Pr pr = Psw.pr + Psc,Br + PLeak,BT )

where Pr g7, Psw BT, Psc BT, and P . gt are the average,
switching, short-circuit and leakage power of the bootstrap
circuit, respectively. For the proposed bootstrapped circuit in
Fig. 2, the switching power is

Psw pr ~ af(2Cixv +96CpT)Vidp (10)
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where Cyyy is the total input and output capacitance of I N Vp
and INVy; 3 is the boosting efficiency. Assume that Gp =
Oy = 0.9, and Crny = Cpr, (10) can be rewritten as

Psw.pr =~ 10.1 - afCprVjp. (11)
Combined with the switching power for the wire, the total en-
ergy consumption is

. 1
ET ~ o <101 . CPTVSD + §Cwirev]§])> + PLeak,BT -T.
12)

Preax BT 15 the leakage power of the bootstrap circuit. The
leakage energy of the driver can be ignored, as shown in Fig. 10.
Fig. 17 shows that the proposed bootstrapped repeater and the
conventional one drive a 0.5 pF capacitive load while Vpp is
being swept from 0.1-0.3 V. The bootstrapped repeater and
the conventional one use the same output driver. Both these
two circuits operate at their highest speed. The data rate of
the proposed bootstrapped repeater is 7—13 times higher than
the conventional one. When these two circuits are operated at
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0.1-0.2 V, the energy of the proposed design is even lower than
the conventional one, because the proposed one reduces the
leakage power effectively.

F. Monte Carlo Simulations

Since sub-threshold circuits indeed suffer severe process
variation problems, Monte Carlo simulations are used to in-
vestigate the effects. Four types of repeaters are discussed.
A 10 mm interconnect is divided into 10 segments. Device
mismatch, threshold voltage V;;, and process corner variation
are assumed to be Gaussian random distribution.

The analysis is setup to find out the distribution of the max-
imum clock rate and the variability ratio. The maximum clock
rate is the highest speed in each Monte Carlo sample and the
variability ratio is defined as fiax/fimin. Under 3o variation,
we simulated the designs at 20 different clock rates by the ratio
of power of two. The number of samples in each clock rate
is 1000. The PDFs of the maximum clock rate are shown in
Fig. 18 in which X axis is normalized to 10 MHz and scaled
by power-of-two. Fig. 18 also shows the mean 1, standard de-
viation ¢, minimal clock rate f,in, and maximum clock rate
fmax- Our design has the minimal f,,x/ fmin ratio of 11.3, as
compared to 16.9, 16.0 and 34.0 of the inverter, [16] and [17],
respectively.
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Fig. 19. Monte Carlo simulation results of leakage power.
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Fig. 20. Monte Carlo simulation results of It cakage /I ratio.

Fig. 19 shows Monte Carlo simulation of the leakage power
at 1 MHz under a 0.2 V Vpp. Our design has an average of
13.0 pW and a standard deviation is 7.3 pW, which are two to
three orders better than the rest. Fig. 20 shows the Preakage /Pr
ratio at 0.2 V. An average of 0.16% is far better the others and
a o 0of 0.09% indicates more concentrated as well.

IV. EXPERIMENTAL SETUP AND MEASUREMENTS

A. Chip Implementation

A test chip was designed and fabricated in 55 nm 1P10M
SPRVT. The test chip includes two on-chip buses—the pro-
posed bootstrapped repeater and the conventional one. Fig. 21
shows the block diagram of both on-chip buses. Four-bit
pseudo-random bit sequences (PRBS) are generated and passed
through an H-to-L level shifter to adjust the voltage swing to
0.1-0.3 V. An extra input I/P enables the equipment to provide
a tunable clock signal or random data. Each on-chip bus has
four channels. Each channel is 10 mm long and is divided into
10 segments, with a wire spacing of 90 nm for ground shielding
in Metal5. In each bootstrapped repeater, two 50 fF MOM
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Fig. 21. Block diagram of test circuits.
TABLE 1
MEASURED TIMING PERFORMANCE
Supply voltage 0.1V 0.11V 0.2V 0.3V
Clock rate 0.6MHz 1MHz 22.5MHz | 100MHz
Bootstrapped Repeater =
Test Circuits Clock jitter (RMS) | 22.4ns 12.0ns 0.58ns 132ps
Clock jitter (p-p) 206ns 87.3ns 5.15ns 954ps
Data rate 0.8Mbps | 1.25Mbps | 40Mbps 100Mbps
Fig. 22. Die photo and cell layout. Data jitter (RMS) 81.0ns 48.5ns 0.95ns 0.43ns
Data jitter (p-p) 395ns 271ns 5.72ns 2.65ns
@Core VDD-O 11V Fu= 1MHz @Core Vpp=0.2V, F,JK—ZZ 5MHz @Core Vpp=0.3V,F,, =100MHz
=3 AR : s Data latency 2.93us 1.99us 166us 36.0us
m : TABLE I
et ﬁf“"“" CHIP SUMMARY
[sscaT=- s TJS el w T
- L S L S S Process 55nm 1P10M SPRVT Low-K CMOS
Jltlerms=12.0ns,J|tlerP,F=87_3ns Jltterws—0,58ns.J|lter,,P75.15ns Jitter,,,s =132ps, Jitter,, ,=945ps
@) Vi NMOS: 300mV; PMOS: -310mV
@Core V,,,=0.11V,Data rate=1.. 25Mbps @Core V,,=0.2V,Data rate=40Mbps ~ @Core V,,=0.3V,Data rate=100Mbps Core Supply 0.1-0.3V
Supply Voltage of VioL Viom Vion
Level Shift Buffers 0.1-0.3V 0.2-0.8V 0.4-1.0V
AN Supply Voltage of
2ns 250mV 0.4_1 .OV
'u:fa‘z.ﬁi-q-_ Digital Circuit
Jiteryo=48.5ns, Jitter, =271 Jitterys =0.95ns, ifter, =5.72 'n 0.43ns,Jitter,, =2.65 Max. Clock Link i 22.5MHz 100MHz
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Fig. 23. Measured waveforms with core ¥, = 0.11 V, 02 V and 0.3 V Conventional bus 637um x 183um
(0.11-1.2 VI/OVpp). (a) Eye diagrams of clock link. (b) Eye diagrams of Layout Area Bootstrapped bus 637um x 206um
PRBS data link. (c) Input and output transient waveforms. -
Whole Chip 821um x 820pum

capacitors serve as the bootstrap capacitors. Level shifters are
used for the I/O. The total area is 821 pm x 820 pm and the
core area is 637 pm X 206 pm. Fig. 22 shows a photograph of
the die. The layout area of the proposed bootstrapped repeater
is 16.7 pm x 11.8 pym

B. Measured Waveforms

Fig. 23 shows the measured clock waveforms (a), a data eye
diagram (b), and I/O transient waveforms (c) under supply volt-
ages of 0.11 V, 0.2 V, and 0.3 V. Table I presents the timing
performance. The random data are a 2'°—1 bit PRBS sequence

and the level shifters contribute an RMS of 174 ps and a peak-to-
peak jitter of 982 ps.

Fig. 24 shows the simulated and measured power and energy
efficiencies of both the bootstrapped and the conventional buses.
The FF process corner is used in the post-layout simulation to
ensure consistency with the measurements. In general, the mea-
sured results coincide with the simulated ones, except in the ex-
treme case of Vpp = 0.1 V. The proposed design can operate
at 0.6 MHz (100 MHz) under 0.1 V (0.3 V) with an energy ef-
ficiency of 40 fJ/bit (123 fJ/bit). The conventional repeater bus
is 4 MHz (20 MHz) and 98 fJ/bit (182 fJ/bit) at 0.2 V (0.3 V).
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TABLE III
COMPARISONS
TVLSI08[17] | TCASI08[14] | JSSC08[21] | JSSC10[22] | Conv. Proposed
Technology 180nm 180nm 180nm 90nm 55nm 55nm
Topology El Iy Cap Cap NV BT repeater
repeaters repeater coupling coupling repeater
Single/ Differential Single Diff Diff Diff Single Single
Supply voltage (V) 0.4 1.0 1.8 1.2 0.2 0.1 0.2 0.3
Total length (mm) 80 10 N/A 10 10 10 10 10
Width (nm) N/A 1000 2 x 300 2 x 540 90 90 90 90
Spacing (nm) N/A 1500 2 x 300 2x320 90 90 90 90
Data rate (Mbps) * 9 MHz 1500 1000 2000 8 0.8 40 100
*FoM, (pJ/bit) N/A 1.74 2.24 0.28 0.098 0.04 0.059 0.123
o N/A 0.23 0.37 2.08 28.34 69.44 47.08 22.58
(Mbps/uW-pm) ’ ’ ' ’ ’ ’ '
* only shows clock rate.
+FoM, = —oWertW) __ energy (pdibit); Fom, = —Datarate (Mbps)
Data rate (Mbps) Power (uW)-Pitch(um)
| PR | PP | P @25°C
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Fig. 24. Comparisons of measured and post-simulation results.

It shows the proposed one performs higher speed, wider range
and better energy efficiency.

C. Leakage Power Measurement

A distinguishing feature of the proposed design is the re-
duction in leakage current. Fig. 25 plots measured and simu-
lated leakage power. The measured powers are 30 nW, 140 nW,
575 nW, and 2.75 uW at Vpp = 0.1-0.4 V, which are closer to
FF corner than the TT corner.

Table II summarizes the performance of the on-chip bus test
chip. Table III compares the results with some previous works.
Most other relevant investigations have focused on low-power
on-chip data communication in the Gbps range. The FoMs are
used to compare the performance of the data link. The FoM; is
defined as the energy per bit. The proposed design can operate
in the subthreshold region under a supply voltage of 0.1-0.3 V.
The energy per bit is 40 fJ/bit at 0.1 V, 59 fJ/bit at 0.2 V, and
123 fJ/bit at 0.3 V, indicating that the proposed design is more

Supply voltage (Volt)
Fig. 25. Measured and post-simulation leakage power versus supply voltage.

power-efficient than the others. The definition of the FoM, is
the data rate normalized to pitch-power product. It shows that
the proposed one can achieve higher normalized data rate than
the rest.

V. CONCLUSIONS

This work successfully explores on-chip bus design under
a supply voltage of 0.1-0.3 V. The proposed insertion of
a bootstrapped CMOS repeater to suppress ISI yields low
accumulated ISI jitter and a high clock/data rate even at
a subthreshold-supply voltage. Additionally, the proposed
bootstrapped repeater improves energy efficiency and has a
PLeakage / Pr ratio of 1% even at Vpp = 0.1 V. This ratio is
one order of magnitude lower than those of the other designs.
According to Monte Carlo analysis, the proposed design has
small variability under of device mismatch and process varia-
tion. Measured results verify that the proposed design achieves
a 100 MHz (0.6 MHz) clock link and 100 Mbps (0.8 Mbps)
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data link at 0.3 V (0.1 V) Vpp. It is energy-efficient, consuming
only 123 fJ (40 fJ) per bit.
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