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ABSTRACT

In many wire-limited VLSI digital systems the time delay of the
longest global interconnect can be a significant percentage of the
clock period. However, because semi-global and global wires with
shorter wire lengths can have a much smaller time delay, they can
remain idle (i.e. not switching) for a significant portion of the
clock period even after their data has been transmitted. To
capitalize on this phenomenon, this paper proposes that a low-
overhead 2-slot Time Division Multiplexing (TDM) network
should be incorporated into the multilevel interconnect
architectures of future GSI systems to help reduce the escalating
manufacturing costs that are primarily due to the projected increase
in the number of metal layers. Using system-level interconnect
prediction (SLIP) techniques, it is shown that a 20% reduction in
the number of metal levels could be achieved for a 100M transistor
VLSI system with only a 5-10% increase in power dissipation.
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1. INTRODUCTION

With the continued advances in semiconductor manufacturing and
technology scaling, the number of transistors on a single chip is
expected to reach one billion before the end of this decade [1]. The
resulting digital system on this chip would require a large number
of semi-global and global interconnects that could put increasingly
restrictive limits on the processor performance [2, 3]. In addition,
each added metal layer introduces a non-trivial increase in the
manufacturing cost. It is, therefore, imperative to investigate VLSI
interconnect design and implementation methodologies that most
efficiently utilize wiring tracks in a multilevel wiring network. In
this paper, the system-level impact of incorporating a basic 2-slot
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TDM VLSI interconnect network is investigated using traditional
system-level interconnect prediction techniques.

The premise of this concept is based upon the assumption that a
number of local, semi-global and global interconnects in a digital
system remain idle (i.e. non-switching) for a significant portion of
time either within a clock period after data transmission or across
multiple clock periods. This intra-clock period idleness is due to
the constraint that the pitch of all wires routed on two adjacent
orthogonal metal levels (i.e. a tier) is constant. Shorter wires
routed on this tier have a delay that is significantly less that the
longest critical-path interconnect on that tier. For a given range of
interconnect lengths, this idleness can be utilized by sending two
binary transitions on a single wire during the clock period that is
triggered by both the positive and negative edge of the clock. The
inter-clock period idleness exists because of the low average
activity factor, and can be utilized by sending two binary
transitions on a single wire during two different clock periods.

This paper will investigate the system-level impact on wire area,
performance, and power dissipation of a basic 2-slot TDM network
that is incorporated into a VLSI multilevel interconnect
architecture. To understand the impact on performance and
overhead penalties, a wire sharing and pipelining technique similar
to [4] is used to enable efficient wire sharing without a significant
penalty in system performance or overhead circuitry. The result of
this paper suggests that there is an opportunity to be gained by the
use of simpler network schemes to achieve a significant reduction
in signal wire routing area (~20%) with only a small increase in
power dissipation (~5-10%).

2. TIME DIVISION MULTIPLEXING

(TDM) CIRCUIT IMPLEMENTATION

The Network-on-Chip (NoC) concept has been proposed by many
researchers, where a circuit-switched or packet-switched network is
used to send data between different source-destination pairs.
However, most of these complex implementations [5] [6] [7] that are
proposed for NoC are focused on sharing a connected network
between IP cores in a System-on-Chip (SoC) configuration. Because
of the complexity involved in the implementation and operation, it
would be difficult to apply these techniques to an arbitrary logic
macrocell. The goal of this investigation is to develop a simpler
network option that can be employed for both regular routing and
irregular routing for intra and inter logic macrocell interconnects.

We propose the use of a variety of 2-slot TDM network channels
distributed throughout the design that can be easily applied to both
inter and intra logic macrocell communication. This TDM routing



technique requires that interconnects send their data over a shared
wire resource that is determined by the placement and routing
constraints for a given pair of sources and sinks. In both regular and
irregular routing, there could be a variety of routing configurations
that could use a shared wiring resource to implement a basic 2-slot
TDM circuit. For example, the two wire nets that are routed close to
each other in Figure 1 can be replaced by a single net in Figure 2
with a demux/mux circuit and additional latches. This pattern
illustrates the most straightforward opportunity for wire sharing;
however, this is one of many patterns that demux/mux insertion
could be used to reduce wire channels. In fact, a combination of
longer and shorter wires could be used to reduce wire demand as
well. For instance, consider a long interconnect in parallel with two
smaller wires as seen in Figure 3. These two wire tracks could be
replaced by a single shared interconnect with appropriate demux/mux
insertion as seen in Figure 4. In fact, intelligent insertion of
demux/mux pairs and repeaters could be incorporated into the
physical design constraints of a GSI design to help reduce signal
routing needs or excessive routing congestion.
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Figure 1. Two uni-directional Interconnects (signals in same
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Figure 2. A single time-shared uni-directional interconnect

The impact on the system-level performance can be understood in
part by considering two types of implementation of a 2-slot TDM
network. The first implementation option is to have each time slot
equal to the clock period of a given digital design. For high-activity
interconnects, this could have a negative impact on the overall
system performance because it would take twice the time for data to
reach its destination; however, for low activity interconnect wires this
could be an acceptable option that would not affect the overall
throughput. However, this implementation needs to be incorporated
at the RTL level of design to make sure that the timing of this
network will work in harmony with the existing architecture.
Moreover, this technique could require additional overhead of
storage buffers to manage data traffic during spurious periods of high
activity. Subsequently, for the system-level models discussed in this
paper, it is assumed that this technique is used sparingly in the
resulting design.
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Figure 3. Three uni-directional interconnects (signals in same
direction)

Figure 4. A single time-shared uni-directional interconnect

The second implementation option of a 2-slot TDM network that is
considered in this paper has each time slot divided between the high
and low levels of the global clock period of a given digital system.
When comparing to a conventional design, the clock frequency is the
same, but the data rate on the shared wire resource is doubled by
triggering off the positive and negative edge of the system clock.
This is a viable technique as long as there is adequate intra-clock
idleness on a given line after it sends a single binary transition.
Figure 5 shows the fraction of the clock period (e.g. 1.5 Ghz) thata
wire needs to send a single binary transition. It is seen in Figure 5
that for a given range of interconnect lengths on the semi-global and
global routing tiers that there could be a significant number of wires
that have significant intra-clock period idleness. In fact, the wires that
have a time delay that is less than 40% of the clock period can use
demux/mux insertion to significantly reduce the wire area without
any loss in system performance. The control for these wires is greatly
simplified by connecting a global clock with a 50% duty cycle to the
select lines on the demux/mux control circuitry.

However, it is also assumed in the system level modeling that an
alternate technique of wire pipelining and wire sharing similar to [4]
is used. The result of this alternate circuit technique is that a larger
number of wires can use the 2-slot TDM routing method and still
maintain high-performance. In [4] the minimum sustainable pulse
width that can travel down a repeater interconnect circuit is
calculated. By using the minimum pulse width for sending the first
bit on a shared wire resource, the overall time delay that it would take
to send two bits on this line is significantly reduced. In fact the
latency for sending two bits is simply the minimum pulse width plus
the intrinsic wire time delay. Figure 6 illustrates that this circuit
approach significantly increased the range of wire lengths for which
the 2-slot TDM routing technique could be used, by more than 50%.
The control for this minimum pulse width circuit technique is greatly



simplified by using a global clock that has a duty cycle that is equal
to the ratio of the minimum pulse width to the original clock period.
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3. SYSTEM MODELING

3.1 Model Assumptions

In order to quantify the advantages of a 2-slot TDM network, a
digital system is modeled as a homogeneous array of logic gates.
Using a Rentian interconnect distribution after [10], the
implementation of an n-tier multilevel interconnect architecture is
modeled after techniques similar to [9]. A multilevel interconnect
architecture containing repeaters and no shared wires is first
constructed and serves as the base case that is compared to a
multilevel interconnect architecture that incorporates a 2-slot TDM
network.

The number of interconnects that can be shared is determined by
three different factors — the ratio of the interconnect delay to the
cycle time, activity factor of the interconnects, or the minimum
pulse width of the interconnects with repeaters. The entire range of
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interconnect length can be divided into three categories. The first
category contains local interconnects which are idle for a
significant part of the clock period. This intra-time period idleness
can be used to send a second signal over the shared wire. These
interconnects lie on the lowermost tier of the multilevel
architecture. The second category consists of interconnects that are
idle for smaller part of clock period (<20%), however they remain
idle for a significant number of clock cycles due to a low average
activity factor of all interconnects. The time-division multiplexing
technique utilizes this inter-time period idleness for sending
signals over the shared wire. While designing these interconnects,
care should be taken that the sources that are chosen to send data
over the shared wire do not contend for the shared wire in the same
clock cycle. The third category encompasses the global
interconnects that have repeaters inserted upon them. The
enhanced throughput of these interconnects with repeater insertion
is utilized to send two signals in a single clock period [4].

The reduction in the number of metal layers has been modeled for
a large logic macrocell using system level interconnect prediction
techniques. An n-tier multilevel interconnect architecture is
constructed to incorporate this wire sharing technique for various
pairs of interconnects. Given the physical layout constraints for
interconnects and transistors, it is impossible to apply the 2-slot
TDM routing to all interconnects; therefore, a sharing efficiency
factor ey, is introduced to determine the number of interconnects
for which the techniques in section 2 can be utilized. In addition,
to explore the limitations on the usage of 2-slot TDM routing, the
range of interconnect lengths on which this technique is applied is
varied as a part of the case study in the next subsection. Various
"cut-off" lengths will be assumed such that the TDM routing is
applied to all interconnects larger than this cut-off length value.

3.2 Case Study Description

In this case study, a digital system that contains 100 million
transistors (assuming the use of three input six transistor NAND
gates as a standard gate, which corresponds to approximately
1.66e+07 gates) is examined. The logic gates are assumed to be
uniformly distributed across the system. A 100 nm technology
generation is used and the system is operated at a clock frequency
of 1.5 GHz. The die area is varied from 3 sq.cm to 6 sq.cm. The
values for other parameters are presented in Table 1.

Table 1. Values of various parameters

Paramater Value

o~ fanout / (fanout + 1) 0.75

Wiring efficiency e,, 0.4 12][13]

X = factor for converting point to

point wire length to wiring net length 0.667 [11]

0.25 for small wires and
0.9 for large wires

B = wire delay expressed as a fraction
of the cycle time

In addition, the Rent's exponent is p=0.66 and the Rent's
coefficient is k=4.0. Local interconnects with no repeaters require
a small fraction of the available time period to send the data. For
the system having the parameters mentioned above, these local
interconnects use less than 25% of the clock period, thus creating
the opportunity for utilizing the intra-clock period idleness. The
semi-global and global interconnects can utilize up to 80% of the
clock period. Hence, intra-clock period idleness cannot be used for




all of these wires; however, for those few that operate in close to 80%
of the clock it is assumed that the inter-clock period 2-slot TDM
technique will be used. However, as mentioned earlier, it is not
possible to implement interconnect sharing on all interconnects
greater than the cut-off length due to physical layout constraints.
Hence, a sharing efficiency factor has been introduced and its value
is chosen to be 0.6. Given the introduction of a wiring efficiency
factor of 0.4, effectively only 0.24 of the available routing channels
provide opportunities to have shared interconnects. As mentioned
earlier, each shared line uses one or more pairs of multiplexer and
demultiplexer and latches. The sizing of multiplexer-demultiplexer
pairs and latches is done based on the sizing of the driver of the
interconnect and any inserted repeaters on the interconnect.

The technique described in [9] starts inserting repeaters from the
topmost tier and then goes on inserting repeaters for successive lower
tiers based on the availability of the silicon area. The multiplexers
and demultiplexers are inserted along with the repeaters while
checking for availability of silicon area. In addition to the
multiplexer-demultiplexer pair, latches are inserted at the terminals of
the multiplexers and demultiplexers to ensure that the data is not lost
before the beginning of the next clock cycle. In this technique though
interconnects are eliminated, the overall dynamic power of the
interconnects does not decrease due to the increased activity of the
shared interconnects. The overhead circuitry consisting of
multiplexer-demultiplexer pair and latches result in an increase in the
dynamic power of the system. The transistors of this overhead
circuitry have the same activity factor as that of the shared
interconnects. As an additional note, a multiphase clock source is
required for the system due to the need for varying duty cycles of the
inputs to the multiplexer-demultiplexer pairs.

3.3 Case Study Results

Figure 7 shows the percent reduction in the number of metal layers
obtained as a result of 2-Slot TDM interconnect network for different
cut-off lengths. It can be observed from Figure 7 that the percent
reduction in the number of metal layers decreases as the value of the
cutoff increases and the percent reduction obtained saturates as the
die-size is increased. Table III shows the number of metal layers for
the conventional case and the various models.

Figure 8 shows the percent increase in the power dissipation with the
increase in the wire-limited area for various cut-off lengths. As the
cut-off length decreases there is less opportunity for wire sharing and
hence a smaller number of interconnects that can be eliminated.
However, this reduction in the number of shared interconnects does
not contribute to the power calculation as the power dissipated by a
single shared wire is the same as that dissipated by the two wires due
to the increase in the activity factor of the shared wire. It can be seen
from Figure 8 that the total power dissipated increases with a
decrease cut-off length. This increase in the power comes from
switching of the demux/mux pair and latches that are required to
implement wire sharing. The dissipated power increases with larger
die area because of the requirement of thicker interconnects to send
signals over longer distances. For cut-off lengths below 400 gate
pitches, the increase in power due to the overhead circuitry is
extremely high and the resulting transistors limited area (logic area +
repeater area + overhead area) becomes almost equal to the wire-
limited area, thereby making it impossible to implement the
technique for lower cut-off lengths. In case of cut-off lengths above
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1100 gate pitches, there is no significant decrease in the number of
metal layers.

Table II. Number of metal layers for various models

Cutoff Length Wire area
(Gatepitches) 3sq.cm | 4sq.cm | 5sg.cm | 6 sq.cm
Conventional case 8.34 8.31 8.31 8.31
400 6.45 6.4 6.4 6.4
500 6.47 6.41 6.41 6.41
600 6.49 6.43 6.43 6.43
700 6.54 6.45 6.45 6.45
800 6.59 6.49 6.49 6.49
900 6.64 6.53 6.53 6.53
1000 6.69 6.58 6.58 6.58
1100 6.73 6.61 6.61 6.61
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Table II1. Transistor limited area for various models

Cut off Length Wire area
(Gatepitches) 3 sq.cm [ 4 sq.cm | 5 sq.cm | 6 sq.cm
Conventional case 1.18 1.3 1.41 1.51
400 1.48 1.67 1.83 1.97
500 1.42 1.58 1.73 1.86
600 1.37 1.53 1.66 1.79
700 1.34 1.49 1.62 1.74
800 1.32 1.47 1.59 1.71
900 1.3 1.45 1.57 1.69
1000 1.29 1.43 1.56 1.67
1100 1.28 1.42 1.54 1.66

The percent increase in the transistor-limited area as a result of the
application of the 2-slot TDM routing is shown in the Figure 9. The
transistor-limited area includes the total silicon area occupied by the
logic, repeaters and network overhead circuitry. It can be observed
from Figure 9 that as the cutoff length increases the required
overhead circuitry decreases and results in less overhead transistor
area. Given the constraints of the physical layout, it is not possible to
utilize the entire available silicon area for the transistors. This puts
an upper limit on the cut-off length that can be used for different die
sizes. Table III shows the transistor-limited areas for the various die
size options

4. CONCLUSION

A 2-slot TDM routing technique is proposed in this paper which
makes use of the existing idleness in many semi-global and global
interconnects. The control circuitry for this network sends data on a
single wire channel during both the positive and negative edge of the
clock cycle. Using system-level interconnect prediction techniques, it
is seen that incorporation of a 2-slot TDM network into the
multilevel interconnect architecture of a 100M transistor case study
reveals an average reduction of 20% in the number of metal layers.
For current VLSI and future GSI systems this basic technique could
contribute to significant savings in the interconnect manufacturing
costs. It is shown in this paper that the reduction in number of metal
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layers could be obtained with a minimal loss in performance and only
a 5-10% increase in power dissipation.
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