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Abstract: This paper proposes a repeater for boosting the speed of interconnects with low power dissipation. We
have designed and implemented at 45 and 32 nm technology nodes. Delay and power dissipation performances are
analyzed for various voltage levels at these technology nodes using Spice simulations. A significant reduction in
delay and power dissipation are observed compared to a conventional repeater. The results show that the proposed
high-speed low-power repeater has a reduced delay for higher load capacitance. The proposed repeater is also
compared with LPTG CMOS repeater, and the results shows that the proposed repeater has reduced delay. The
proposed repeater can be suitable for high-speed global interconnects and has the capacity to drive large loads.
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1. Introduction

Transistors and interconnects are the basic building blocks
of integrated circuits. Scaling of transistors at deep submicron
technologies improves their performance. On the other hand,
the interconnect performance is required to be suitable in terms
of speed and power and also satisfying the ITRS requirements.
Repeater insertion at proper intervals reduces the delay of long
wires!!l. Delay of an interconnect is directly proportional to the
square of its length. Inserting repeaters at intermediate levels,
divides the wire into smaller segments which makes the delay
linear to the length of the interconnect.

Scaling down the supply voltage for low-power opera-
tion also increases the signal delay. Technology node scaling
leads to more power dissipation and increases the signal de-
lay®?!. Therefore, it is required to design a repeater to boost the
signal at low operating voltages but not compromising speed
and power. Banerjee et al.l’] have developed a method to es-
timate the repeater size for power optimization, but with an
increase in delay. Various algorithms for buffer insertion were
developed to reduce the delay in interconnects® *l. Repeaters
are also used to reduce the crosstalk noise with an increase of
power dissipation!® 7). Power delay product is used as a better
criterion to obtain the optimum number of repeaters to reduce
the overall delay, power and crosstalkl’]. Repeater insertion
can approximately cancel the negative effects of wire sizing
on delayl®. Optimization of repeaters for delay minimization
for scaled voltage leads to area and power saving!® '), Tem-
perature analysis of two different repeaters for global copper
interconnects was donel'!].

Performance of CNT interconnects are better than cop-
per interconnects!'? 131 Recently, many researchers have in-
troduced SWCNT and MWCNTbased interconnects which re-
duce the use of a number of repeaters!'*l. A multiple equiv-
alent single conductor model was introduced for CNT inter-
connects!'3]. The same group have shown that semiconducting
carbon nanotubes are more suitable for crosstalk reduction in
global interconnects!'®!. Mixed CNTbased interconnects may
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be the best solution for their superior properties!'”). Different
optimization techniques in VLSI interconnects!'®! can help in
this regard in a better way, because most of the works are con-
centrated on optimization of repeaters for reduced delay, power
dissipation and crosstalk. A high-speed and powerefficient re-
peater can further reduce the number of repeaters.

Some other works concentrated on alternate repeater in-
sertion methods!? '), Sharma et al. proposed a new low-power
transmission gate (LPTG) CMOS repeater which reduces the
power dissipation with an increase of delay penalty[z]. Schmitt
trigger is used as a buffer for delay and power reduction in
VLSI interconnects!!?]. Alpha power law model is used to get
an accurate modeling of CMOS buffers. A new resistance was
introduced for the buffer that can be used for calculation of
crosstalk?’). A new approach, connecting the repeaters in par-
allel outperforms the serial repeaters?!l. Boosting the signals
in interconnects is more effective in reducing the delay. Boost-
ing can be done at the driver stage or at the repeater phase in
an interconnect. High boosting predrivers have a better energy
efficiency compared to a conventional repeater while they op-
erate at the sub threshold region[?2]. Variation tolerant boost-
ing techniques were introduced to boost the switching speed of
the interconnect at critical paths®3 and variation tolerant ca-
pacitive boosting technique for sub threshold circuits!*l. The
authors?’l have introduced a novel boosting structure using
double gate all around (DGAA) transistors by controlling the
two gates independently. Boosters are bidirectional and pro-
vide low impedance that improves the signal integrity. Booster
requirements are three times lesser compared to the repeater for
the same interconnect length thus saving area and power2°l. A
boosting technique for better power efficiency in on-chip in-
terconnects was obtained?”]. Most of the boosting techniques
were concentrated on either delay or power dissipation.

This paper analyzes and compares both the delay and
power dissipation of the proposed repeater. The proposed re-
peater was also analyzed for different technology nodes The
organization of this paper is as follows. In Section 2 we dis-
cuss the operation of conventional repeater, in Section 3, the
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Fig. 1. Conventional repeater.

schematic design of the proposed repeater is explained. Then
in Section 4 we discuss the results and discussions and finally
Section 5 concludes the paper.

2. Conventional repeater

A conventional repeater consists of two CMOS inverters
connected in cascadell. A CMOS inverter is a series combina-
tion of PMOS and NMOS devices. It consists of a driver and a
load. The propagation delay in a conventional repeater is cal-
culated as half of the sum of rising delay and falling delay!!l.
Fig. 1 shows the conventional repeater.

Here the width of PMOS is considered double the width of
NMOS to have an equally sized inverter. The dynamic power
dissipation of a conventional repeater is directly proportional
to supply voltage, load capacitance and frequency of switch-
ing. The delay in conventional buffer depends on voltage and
load capacitance. Scaling the device size will increase the de-
lay and reduces the power dissipation. Increasing the width of
the transistors reduces the delay but leads to power dissipation.
There is a tradeoff between delay and power dissipation.

3. Schematic design of the proposed high-speed
and low-power repeater

Fig. 2 shows the proposed high-speed low-power re-
peater that consists of a CMOS-transmission gate. CMOS-
transmission gate is constructed by connecting the input sig-
nal of the CMOS inverter to the gate terminal of NMOS N1
and PMOS P2 and the output of CMOS is connected to the
gate terminal of PMOS P1 and NMOS N2. The output of the
transmission gate is connected to output node with the load ca-
pacitance Cp. The output node is again connected to a CMOS
inverter and then to a charge pump Cyuyp. The charge pump is
connected between the output of the CMOS inverter and node
nl. The charge pump would get charged for a logic 1 and dis-
charge the signal through node nl for logic 0. Three PMOS
transistors and three NMOS transistors are connected in series
and parallel to reduce the propagation delay and power dissi-
pation of the repeater.

While passing logic 0 at the input, the output node also be-
comes logic 0. The inverted output of the CMOS inverter at the
driver is connected to the gate of NMOS transistors N3, N4 and
NS5, and turns on all the three transistors to perform a strong pull
down, which reduces the falling delay. The output node which

—
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Fig. 2. High-speed, low-power repeater.

is connected to a CMOS inverter at the load side will turn on
the PMOS transistor of that inverter and charges the capacitor
Cpump to high state. While passing logic 1, the output node also
becomes logic 1 which will turn on the NMOS transistor of
the CMOS inverter at the load side. This would pull down the
Cpump and the charge stored at Cpump starts discharging through
node 1 and making the voltage at node 1 greater than VDD.
The PMOS transistors P3, P4 and P5 are also turned on with a
boosted signal of voltage greater than VDD that is applied to
the source of P3 and pulls the output node to high state. Due
to this the rising delay of the output node is reduced. The ris-
ing delay is more compared to a conventional repeater due to
the series connection of PMOS transistors. There is a gradual
reduction in falling delay due to NMOS transistors connected
in parallel. So the widths of NMOS transistor are fixed. The
CMOS inverters connected to driver and load sides are equally
sized inverters. The width of the PMOS transistors P3, P4, P5
connected in series can be increased to reduce the rising delay.
Increasing the width of the PMOS transistor P4 will have lesser
power dissipation compared to increasing the width of P3 and
P5. P4 is connected between P3 and P5, whereas P3 and P5
are connected directly to the nodes. The width of NMOS and
PMOS transistors are kept at 1 : 2 ratio which is the same as
a conventional repeater. The width of PMOS transistor P4 is
increased to 8 times the width of NMOS, to improve the signal
strength. The chances of short circuit in transistor P4 is also
lesser compared to varying the width of P3 and PS5, since it is
not connected directly to any node or other NMOS transistors.
Varying the width of PMOS transistor P4 plays a major role in
reducing the delay or power dissipation. Increasing or decreas-
ing the width of a conventional repeater will have an increase
in power dissipation or delay. Fig. 3 shows the delay of con-
ventional repeater and proposed repeater.

The dotted lines show the delay of conventional repeater
and solid lines show the delay of proposed repeater. The rising
delay of proposed repeater is slightly more and falling delay
of proposed repeater is less, which leads to reduced average
propagation delay of the proposed repeater. Transmission gates
are used here at the input side. Transmission gates are also used
for high frequency applications[?®.

4. Results and discussions

This section gives the results of our proposed approach.
The proposed repeater was validated by Spice simulations. In
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Fig. 3. Delay of proposed repeater versus conventional repeater.
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Fig. 4. (Color online) Rising delay and falling delay at 45 nm technol-
ogy node due to voltage scaling.

the simulations predictive technology model (PTM)12! of 45
and 32 nm was employed.

4.1. Delay analysis

4.1.1. Delay due to voltage scaling and technology node
scaling

Rising delay and falling delay of the conventional repeater
and proposed repeater at 45 and 32 nm technology node are
shown in Figs. 4 and 5 respectively.

The conventional CMOS repeater has lesser rising delay
compared to the proposed repeater. The falling delay of the pro-
posed repeater is much less compared to the conventional re-
peater. Scaling the technology node leads to increase in delay.
At 32 nm technology node both rising delay and falling delay
of both the repeaters are increased. The reduction of falling de-
lay is more for the proposed repeater at 32 nm. Due to equally
sized CMOS inverters used in conventional repeaters, the ris-
ing and falling delay of the conventional repeaters are almost
the same.

For both cases, the delay increases due to scaling of volt-
age as well as the technology node. The overall propagation
delay depends on falling delay and rising delay in the case of
an inverter. The equation for propagation delay is as follows:
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—O—Falling delay (Conventional)
—a— Rising delay (Proposed)
350F —#—Falling delay (Proposed)
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Fig. 5. (Color online) Rising delay and falling delay at 32 nm technol-

ogy node due to voltage scaling.
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Fig. 6. (Color online) Propagation delay due to voltage scaling.

= TpHL —; [pLH. )

Fig. 6 shows the propagation delay due to voltage scaling
at 45 and 32 nm technology node.

At both the technology nodes and for scaling of voltages
the propagation delay of the proposed repeater is lesser com-
pared to the conventional repeater. The proposed repeater is
more suitable for global interconnects.

4.1.2. Delay due to load scaling and technology node scal-
ing

The delay of an inverter is directly proportional to load and
inversely proportional to supply voltage. Figs. 7 and 8 show the
rising delay and falling delay at 45 and 32 nm technology node
for the variation of load capacitance. As the load capacitance
increases, the rising delay of the repeater becomes lesser and
falling delay becomes more compared to the proposed repeater.

At 32 nm technology node, the increase in rising delay and
falling delay of the proposed repeater is much less compared
to the conventional repeater. Here, the rising and falling de-
lay of the proposed repeater varies linearly with the technol-
ogy nodes. Fig. 9 shows the propagation delay due to the load
capacitance.

The propagation delay is less at both the technology nodes
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Table 1. Comparison with other published repeaters.

Parameter Ref. [2] (Conventional) Ref. [2] (LPTG CMOS) Proposed work
Technology 32 nm bulk 32 nm bulk 32 nm bulk
Delay (ps) 350-400 1000-1100 192.2
Power dissipation (nW)  35-40 4-6 18.8
1000 — : - —O— 45 nm propagation delay (Conventional)
00k Rising delay (Conventional) o —£+— 32 nm propagation delay (Conventional)
—v— Falling delay (('0““»"“0“3“)/ &~ 45 nm propagation delay (Proposed)
800 Rising delay (Proposed) o] —=&— 32 nm propagation delay (Proposed)
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Fig. 7. (Color online) Rising delay and falling delay at 45 nm technol- 200F _7)‘ : - SI é 1; L

ogy node due to load scaling.
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Fig. 8. (Color online) Rising delay and falling delay at 32 nm technol-
ogy node due to load scaling.

for the proposed repeater compared to the conventional re-
peater. The proposed repeater is more suitable to drive the high
loads with high speed.

4.2. Power dissipation analysis

A common technique to reduce the power dissipation is
to reduce the supply voltage. Scaling the technology node in-
creases the power dissipation. Here the power dissipation is
analyzed by scaling the voltages for 45 and 32 nm technol-
ogy nodes. The proposed repeater has lesser power dissipation
compared to conventional CMOS repeater as shown in Fig. 10.

4.3. Comparison of delay and power dissipation of the pro-
posed repeater

The proposed high-speed and low-power repeater was
also validated and compared with conventional repeater? and

Load capacitance (fF)

Fig. 9. (Color online) Propagation delay due to load scaling.
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Fig. 10. (Color online) Power dissipation at both technology nodes.

LPTG CMOS Buffer?l using Berkeley predictive technology
model (BPTM) BSIM4 bulk CMOS files at 32 nm technology
at a nominal Vpp of 0.8 V.

Table 1 shows the comparison with other published re-
peaters.

The results show that the delay of the proposed repeater
is less than the conventional repeater’?l and LPTG CMOS
buffer?l, power dissipation is less than the conventional re-
peater and more than the LPTG CMOS buffer. The power de-
lay product of proposed high-speed and low-power repeater is
better than conventional repeater and LPTG CMOS buffer.
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5. Conclusion

This paper has analyzed the performance of conventional
CMOS repeater with a new repeater in terms of power dissi-
pation and delay. The delay is reduced by increasing the width
of the transistors and by boosting the signal, the rising delay is
slightly reduced and parallel connection of NMOS transistors
are used to reduce the falling delay. The power dissipation is
reduced by choosing a proper transistor The result shows the
delay and power dissipation are 41% and 29% less than the
conventional repeater. The proposed repeater can be used for
global interconnects and is more suitable to drive larger loads.
The proposed repeater is more suitable for critical path circuits.
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