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ABSTRACT

By virtue of high component density and enhanced performance state-
of-the-art integrated chips, power density has increased considerably.
Increased power consumption deteriorates the performance, endangers
the reliability and increases the packaging cost and therefore power
consumption has emerged as a forefront design metric. An attempt
to reduce the power consumption hampers the overall performance
and robustness of the system. All these factors viz power, reliability
and performance of a digital synchronous system are significantly
influenced by the clock system and therefore design of low power
and robust clock system becomes obvious. For moderate and low
frequency applications having stringent power budget, sub threshold
circuits satisfies the demand of ultra-low power. However, due to
exponential V-1 characteristics, robust design is a critical concernin sub
threshold regime. Furthermore, high component density and increased
complexity leads to increased wire density. Therefore, along with the
challenges posed by performance degradation and PVT variability of
device in sub threshold, there is need to investigate the impact of
interconnect variation on clock system performance parameters in
this regime. This paper therefore, explores the impact of variation in
interconnect parameters in buffered as well as unbuffered CDN of low
power clock system.

Keywords: ultra-Low Power, H-tree CDN, Variability, Sub Threshold

Introduction

activity reduction, architectural techniques like pipelining
and parallelism to reduce the power consumption but

The unprecedented success of Semiconductor, by virtue
of technology scaling in each new generation, have led
to the development of Complementary Metal Oxide
Semiconductor (CMOS) integrated circuit at a very fast
pace.! The electronic systems have been shrinking and
system on chip has become vital for the emerging portable
applications. But this has increased the power density
and hence to get rid of the performance degradation due
to excessive power dissipation, power management has
become an integral part of design flow. Researchers have
suggested various method such as voltage scaling, switching

lowering the supply voltage is the most popular method
to achieve low power since it quadratically reduces the
dynamic power consumption.” Thus supply voltage,V,, can
be reduced till the point when leakage power consumption
outweighs the dynamic energy savings.>*The extreme case
of V reduction is to reduce it below threshold voltage
called as sub threshold operation which quench the ultra-
low power (ULP) demand but at the cost of increased delay
and variability.>® Multitude of applications such as pace
maker, RFID tags, wrist watches, biomedical sensors and
wireless sensors have moderate speed requirement and
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are bounded by ULP budget. Low power consumption is an
essential requirement for such applications since battery
charging or replacement is infeasible. These applications
incorporate digital signal processing and communication
systems to collect and communicate the data. Clock system,
comprising of clock generator and clock distribution network
(CDN), is most power consuming but a vital building block
for such applications. Therefore for prolonged battery life,
challenges in designing low power clock system needs to
be investigated.

Sub threshold circuits are the best alternative to achieve
low power but the major challenge in working in this region
is to reap the advantage of ULP benefits with minimal
degradation of speed & robustness. The second major
challenge for sub threshold region involves designing a
functional and practical interconnect. Although the number
vary from design to design, FPGA typically dissipate 60-
70% of their power in the interconnect network (wires,
connection boxes, routing switches and buffers), 10-20%
in clock network and 5-20% in logic.”This breakdown
indicates that a focus on interconnect performance in
Clock Distribution Network (CDN), which is network of
wires, is necessary. This paper therefore explores the impact
of variation in interconnect parameters on performance
parameter of clock system.

The rest of the paper is organized as follows: Section I
describes the sub threshold operation of silicon Mosfet. The
related work is reviewed in Section Ill. Section IV describes
the basics of CDN. Section V analyses the impact of process
variation in interconnects on clock system parameters
followed by conclusion in section VI.

Weak Inversion(WI) Region

Biasing the transistor in the Weak Inversion (WI) region is the
best design approach to minimize the power consumption
as reported by the researchers.? In sub threshold (or WI)
operation, the supply voltage of transistor is kept below
threshold voltage. The threshold voltage is given by

Vi =Vino + 7 85 +Vsp | —J8,) (1)
(2)
Vio =V H ¥, TV,

Where, Vbs is the source-bulk voltage, V,,  is the threshold
voltage for Vbs = 0, ¥ is body effect factor, (psis surface
potential, ¥o is surface potential and VFB is the flat band
voltage.®

The temperature dependence of threshold voltage is
modeled as

Vr’h = Vr’ho - KT (3)

In Weak Inversion(WI) operation, the drive current |
is dominated by the diffusion current in contrast with
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conventional operation of CMOS circuit where drift current
is dominant factor in contributing I, The sub threshold
leakage current given by equation (4), acts as a driving
current in sub threshold operation.®

(Vgs-Vint NVps) -Vps
Ip=Ie ™7  (l-¢'T) (4)
W 2
Where, IO = HOCOX T(n_ I)VT (5)

Is the drain currentatV =V =V _

is the carrier mobility, C_ is the gate-oxide capacitance,
U.=(k,T/q) is the thermal voltage, k, is the Boltzmann
constant, T is the absolute temperature, and q is the
elementary charge, V, is the threshold voltage of the
MOSFET, and n is the subthreshold slope factor, 1] is the
DIBL coefficient. DIBL is the only important SCE among
other SCE’s like velocity saturation in transistor operated
in the Wl region.®

The right term in equation (4) models the roll-off current
that occurs when V  drops to within a few times U_.

Due to exponential I-V characteristics in the sub threshold
region, the devices have a high trans conductance gain and
thus near-ideal Voltage Transfer Characteristics (VTCs).
On one hand this exponential characteristics facilitates
in implementing widely tunable circuits, on the other
hand this characteristics makes the circuits prone to PVT
variations in this regime.

Basics of Clock Distribution Network

The Clock Distribution Networks (CDNs) are used to
distribute clock signal. The global clock, if not distributed
across the chip such that it reaches all of the clocked
elements at nearly the same time, would lead to a clock
skew between physical clocks that are near and far from the
clock generator.'® CDN can significantly affect the overall
system performance and reliability since the performance of
a VLSl system is usually determined by its clock frequency.
Thus, while designing the clock distribution system utmost
care must be taken to equalize the time between the
clock generator and the clocked receivers. Global clock
distribution networks can be classified as grids, H-trees,
spines, ad hoc, or hybrid. A specific topology can be opted
for a specific application as per its requirement to reduce
the skew. Further, various factors such as the systematic
or random process variations, interconnect layout-
dependent coupling effects, on-chip inductance effects;
IR-drop, etc. have a large impact on the performance of a
clock distribution network. With technology scaling, the
global interconnects becomes more resistive leading to
larger delays, increased skew and reduced performance.
Variability is another major problem posed by technology
scaling. The unpredictable behavior of this wire dominated
CDN due to process and temperature makes CDN design
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more critical. Consequently, as a result of PVT variations,
the clock signal can have both spatial (skew) and temporal
(jitter) variations leading to performance degradation
and circuit malfunction.’? Unfortunately, as chips are
getting larger, wires are getting slower and clock loads
are increasing. In this scenario, the distribution delay tends
to go up even as cycle times are going down. Good clock
distribution networks can achieve low systematic skews,
which were dominant component in the past, but random,
drift and jitter components are becoming an increasing
fraction of the cycle time. H-tree with numerous clock
buffers is a commonly used topology to have identical
timing characteristics. However, the H tree topology of
CDN exhibits the sensitivity to process and environmental
variations. Therefore in this paper the impact of process
variation in both buffered and unbufferd H-tree CDN is
investigated.

Related Work

Conventionally researchers have proposed numerous
techniques to minimize clock skew, slew, power
consumption such as driver sizing, repeater insertion,
interconnect width optimization, pulsed signaling, dynamic
drivers, current mode circuits, adding cross links, non tree
CDN etc.*% Researchers in® have suggested the technique
of selectively changing the bulk polarizations of the clock
buffers to minimize the clock-skew variations due to thermal
gradients on temperature-sensitive CDNs. Both ABB and
FBB cases have been discussed.

The applicability of conventional techniques to sub-
threshold domain needs to be investigated. The authors in*
after performing rigorous analysis concluded that incontrast
to s uper threshold, repeater insertion in global interconnect
will further increase the delay as well as switching energy.
J. Tolbert X. Zhao, S. K. Lim, S. Mukhopadhyay?? devised a
technique of dynamic nodal capacitance to control clock
slew while minimizing the energy for sub threshold CDN.
The authors recommended that tighter nodal capacitance
is essential to control the slew in sub-threshold CDNs. But
clock skew and latency were not taken into consideration.
J. Kil et al. explored gate voltage boosting technique to
improve the sub-threshold interconnect performance and
robustness.

The parasitic effects introduced by the wire have gain
significant importance with technology scaling. The
CDN performance in clock system depends on this wire
parasitic and therefore an analysis of role and behavior
of interconnect wire in CDN needs to be investigated.
Furthermore, the lateral and vertical dimension variation
in interconnect brings about variation in wire parasitic
causing clock latency and skew to vary across the chip. With
increased wire density in VLSI chip, the impact of variation
in width and spacing brought about by lithography and

etching process also need to be investigated. This paper
therefore explores the impact of variation in interconnect
parameters in CDN on performance parameter of clock
system CDN at different supply voltages ranging from 0.9
Vto 0.2V.

Variability analysis of H-tree CDN

Process variation is the important issue at lower technology
nodes which is exacerbated with reduction in power
supply. The capacitive, inductive and resistive parasitic
introduced by wire have significant impact on performance
and reliability of conventional circuits. This section explores
variability performance of buffered as well as unbuffered H
tree CDN. Fig 1&2 depicts the clock system with buffered
and unbuffered H-tree.
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Figure 1.Clock System with unbuffered H tree
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Figure 2.Clock System with buffered H tree

A two level H tree CDN circuit is simulated at 32nm
technology node using PTM model.? The equivalent RLC
model for CU interconnects is shown in Figure 3. The RLC
parameters of Cu interconnect are extracted from PTM
tools* for Cu interconnects.
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Figure 3.RLC model for CU interconnect
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The resistance of wire is given by;
_ et
R=2% (6)
Where p is the resistivity, w, are the width, length and
thickness of wire respectively. Thus, the resistance is
inversely proportional to thickness and width.

The capacitance of wire is given by
0.5 0.5

Coe [ 207741060 +1.06-— (7)
= Egx [h . O 0s : ho.s]

The total capacitance of wire given by equation 9 is the sum
of parallel plate capacitance and fringing capacitance. The
fringing component of capacitance is directly proportional
to thickness of wire.

However, inductor role becomes dominant only when
switching speed is high.

The variation in dimension of wire, brought about by
process variation, is reflected in variation of its parasitic
components which in turn leads to variation in latency, fall
time and slew in clock system. In order to investigate the
impact of width variation of interconnect on clock system
performance parameter, width (W) is changed (increased
and decreased by 10%) and the observation reveals that for
buffered tree the fall time, slew and latency are deviated
only by 2-3% from the nominal value by increase in width
at 0.9 Also slew and latency are not affected significantly
for decrease in width at 0.9 V, but fall time is increased by
18.9% with decrease in width at 0.9V. The clock parameters
don’t show significant deviation from nominal conditions at
0.2V supply voltage for both increase and decrease in width.

To analyze the impact of thickness variation of interconnect
on clock system performance parameter, thickness (T) is
changed (increased and decreased by 10%) and the results
for buffered tree shows that decrease in thickness don’t
deviate the clock parameters prominently at 0.9V. Slew
and latency are not affected much, however increase in
thickness increases the fall time by 12.4% at0.9V supply.
The clock parameters almost remain same at 0.2V supply
voltage for both increase and decrease in thickness.

Likewise, the spacing variation impact on Clock parameters
is investigated by varying spacing by 10% for buffered tree
and the results shows that with increase in spacing changes
the fall time by 11.1% at 0.9V.Slew and latency are changed
only by 4-5%.With decrease in spacing fall time increase
by 20% and slew by 12.7% at 0.9V. The clock parameters
show a very small deviation from nominal conditions at
0.2V supply voltage for both increase and decrease in
spacing for buffered tree.

The variation in width, thickness and spacing causes
variation in both resistance and capacitance. These wire
parameters dominate the relevant metrics of clock circuit
like slew and fall time in super threshold region for buffered
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CDN as depicted in Figure 4 to Figure 9.This is because
with technology scaling, device becomes faster but wire
shows opposite trend. As supply voltage is scaled down,
the device resistance increases and therefore resistance
of interconnect becomes negligible in deep sub threshold
region and therefore slew and fall don’t show significant
variation at 0.2V. The CDN delay from clock source through
H network to the clocked elements is called as latency.
Also, variation in W, T, or S of interconnect parameters
don’t have significant impact for buffered H-tree at lower
voltages as seen from Figure 10 to Figure 12. Since latency
is mainly affected by the resistance of wire and buffer. The
device resistance is dominating factor in sub threshold
whereas interconnect resistance mainly decides the latency
in conventional super threshold circuits. Therefore slight
variation in latency is observed for higher voltages but for
lower voltages the plot of latency variation versus W, T
and S nearly overlaps. However, variation in interconnect
parameters have significant impact on skew at lower supply
voltages as evident from Figure 13 to Figure 15
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Figure 4.Variation of fall time with space variation in
buffered H tree
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Figure 5.Variation of fall time with width variation in
buffered H tree
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Figure 6.Variation of fall time with thickness variation
in buffered H tree
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Figure 7.Variation of slew with width variation in
buffered H tree
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Figure 13.Variation of skew with width variation in
buffered H tree
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Figure 14.Variation of skew with thickness variation in
buffered H tree
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Figure 15.Variation of skew with spacing variation in
buffered H tree
Large central drivers are used to drive the unbuffered
tree in simulation set up in such a way that both buffered
and unbuffered clock system satisfy the slew and skew
constraint and have comparable power consumption.

In order to verify how the clock parameters vary with
interconnect parameter variations for clock system with
buffered tree, W,T,S was changed by 10% and deviation
in clock parameters was noted. With increase in width
by 10% fall time, slew and latency changes by 8.36%,
6.64% and 6.09% respectively and with decrease in width
by 10%, these parameter changes by 4.5%, 1.52% and
8.11% respectively at 0.9V. At 0.2V, fall time and slew are
deviated by 1-2%only for both increase and decrease in
width. However latency is changed by 5.24% and 21% with
increase and decrease in width respectively.

With increase in thickness nominal deviation is observed
for fall time, slew as well as latency at 0.9V.With decrease
in thickness latency changes by 7.05%, slew and fall time
are not changed significantly at 0.9V.Slew and fall time
both don’t show any significant variation with increase as
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well as decrease in thickness at 0.2V, however latency is
changed by 10.3% and 8.78% respectively for increase and
decrease in thickness respectively.

Similarly increase in spacing don’t change the fall time,
slew and latency significantly, however decrease in
spacing changes these parameters by7.7%,7% and6.69%
respectively at 0.9V. At 0.2V latency is changed by 12.6%
and 19.4% for increase and decrease in spacing respectively.
Fall time and slew are deviated by 4-5% from nominal
conditions for both increase and decrease in spacing.

The parameters like slew and fall time are not affected
significantly, as evident from Figure 16 to 21, with
interconnect variation implying that the these parameters
are mainly governed by the clock drivers rather than
interconnect.

;‘i wNominal Conditions
a g WIncrease in width by 10%
" #EDecrease in width by 10%
=1
2 o _
G
-1 ‘ ‘ s
8_2 0.4 0.6 0.8 1

Vdd(V)
Figure 16.Variation of fall time with width variation in
unbuffered H
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Figure 17.Variationof fall time with thickness varia-
tion in unbuffered H tree

;‘3 mNominal Conditions

@ 3 slncrease in spacing by 10%

- dkDecrease in spacing by 10%

g

8

R ]
162 0.4 0.6 08 1

Vdd(Vv)
Figure 18.Variation of fall time with spacing variation
in un buffered H tree
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Figure 19.Variation of slew with width variation in
unbuffered H tree

-6

—Nominal Conditions
sIncrease in thickness by 10%
@k Decrease in thickness by 10%

Slew(Log Scale)
)

'
el

102 04 0.6 08 1
Vdd(v)

Figure 20.Variation of slew with thickness variation in
unbuffered H tree
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Figure 21.Variation of slew with spacing variation in
unbuffered H tree

Since no buffers are available in unbuffered tree, it is
the interconnect resistance which decides the latency.
Therefore variation in latency is observed in the unbuffered
tree under altered conditions in contrast to buffered tree
as can be seen from Figure 22 to Figure 24.Variation in
interconnect parameter have significant impact on skew
of unbuffered tree as evident from Figure 25 to Figure 27.

Finally, the overall impact of variation in all three parameters
of interconnect viz. W, T, S by 10% is analyzed. For buffered
tree, fall time changes by 4.16 % and 21.73% for increase
and decrease in W,T, S resp., Slew changes by 4.02% and
11.8% for increase and decrease in W,T,S resp. and latency
changes by 6.86 and 8.52% for increase and decrease in
W,T,S respectively at 0.9V. No significant change is observed
in the clock parameters with deviation in W,Tand Sat 0.2V
for buffered tree with variation in interconnect parameters.

Itis observed that for unbuffered tree clock system fall time
changes by 7.28% and 14.4% for increase and decrease
in W,T, S resp., Slew changes by 17.77% and 13.6% for
increase and decrease in W,T,S resp. and latency changes
by 20.55 and 18.18% for increase and decrease in W,T,S
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respectively at 0.9V.No significant change is observed in
the clock parameters with deviation in W,T and S at 0.2V
except latency which changes by 27.87% with decrease
inW,T,S.

As can be seen from Figure 28 and Figure 29 unbuffered
CDN proves to be more robust compared to buffered
tree at higher voltages for parameters likes slew and fall
time. However, at lower voltages interconnect variation
does not have significant impact on these parameters
for both buffered as well as unbuffered tree. Latency
with buffered tree increases significantly with decrease in
supply voltages for buffered clock tree whereas it remains
almost constant for unbuffered CDN. Figure 30 depicts
the variation in latency for buffered and unbuffered tree
under nominal conditions and with W,T and S variation.
Significant variation in latency is observed in the unbuffered
tree under altered conditions.
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Figure 22.Variation of latency with width variation in
unbuffered H tree
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Figure 23.Variation of latency with thickness variation
in unbuffered H tree
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Figure 25.Variation of skew with width variation in
unbuffered H tree
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Figure 26.Variation of skew with thickness variation in
unbuffered H tree
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Figure 27.Variation of skew with spacing variation in
unbuffered H tree
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Figure 28.Comparison of fall time of buffered and

unbuffered tree under nominal conditions and with
Width(W), Thickness(T) and spacing(S) variation
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Figure 29.Comparison of slew of buffered and un-
buffered tree under nominal conditions and with
Width(W), Thickness(T) and spacing(S) variation
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Figure 30.Comparison of latency of buffered and
unbuffered tree under nominal conditions and with
Width(W), Thickness(T) and spacing(S) variation

Conclusion

The clock system plays a vital role in synchronous digital
system. Stability of clock parameters is utmost important
in order to ensure the reliable operation of a synchronous
system. This paper explored the impact of interconnect
parameter variation for clock system with buffered tree and
unbuffered tree. The result reveals that even though the
interconnect dimension variation have significant impact on
clock system parameters in conventional super threshold
region, the parameters shows a negligible deviation from
their nominal values at 0.2V for buffered tree clock system.
The clock system with unbuffered tree also shows small
deviation for slew and fall time at 0.2V exhibiting the same
performance as with buffered tree. However, the Latency
for unbuffered shows a significant deviation at 0.2V for
unbuffered tree. Thus, if only interconnect variations are
considered then, it can be concluded that the clock system
with buffered tree is more robust than with unbuffered
tree against interconnect variation in sub threshold regime.
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