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IN MULTIPROCESSING SOCS, YIELDS HIGHER THROUGHPUT, CONSUMES LESS POWER,

SUFFERS LESS FROM CROSSTALK NOISE, AND REQUIRES LESS AREA THAN TRADITIONAL

INTERCONNECT STRUCTURES. ITS ADVANTAGES STEM FROM TECHNIQUES INCLUDING

WAVE PIPELINING, DOUBLE-DATA-RATE TRANSMISSION, INTERLEAVED LINES, MISALIGNED

REPEATERS, AND CLOCK GATING.

o o000 o0 cffectively reduce cost, im-
prove reliability, meet performance require-
ments, and produce versatile products,
designers of multiprocessor systems on chip
(MPSoCs) not only require efficient func-
tional units, they must also emphasize coop-
eration among these units. The on-chip
communication subsystem, which deter-
mines the effectiveness of this cooperation,
has gradually evolved from buses and ad
hoc interconnects into sophisticated net-
works on chip (NoCs)." On-chip intercon-
nect structures, the fundamental elements
of NoC design, greatly affect design choices
at the architectural level. But as the smaller
feature sizes of each new generation of pro-
cess technology speed the migration toward
MPSoCs, they also make on-chip communi-
cations more difficult.

Figure 1, based on data from the Interna-
tional Technology Roadmap for Semicon-
ductors (htep://www.itrs.net), compares the
delays of transistors and global interconnect
at each process generation. While the
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transistor delay decreases exponentially in
each generation, the interconnect delay
increases exponentially. Although designers
can insert more and larger repeaters to reduce
the delay (at the cost of greater power con-
sumption), the basic trend can’t be reversed.
As feature sizes shrink, on-chip communica-
tion will need not one but multiple clock
cycles to send a bit from a source to its des-
tination.” Moreover, reduced feature sizes
make crosstalk noise significant enough to
threaten signal integrity; lower power supply
voltage exacerbates this situation.” Another
complication arises from the fact that
NoCs will have to communicate asynchro-
nously; globally asynchronous, locally syn-
chronous (GALS) clock schemes offer an
effective way to save power on distributing
and synchronizing high-frequency clock sig-
nals throughout chips, and hence NoCs
have to operate asynchronously.* Some
low-power techniques, such as dynamic
voltage-frequency scaling, also require asyn-
chronous communication among different
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clock domains. All these issues challenge the

.. . 10,000
traditional interconnect structure and call -

. . —+— 1-mm global interconnect
for innovation. —— NMOS e

In this article, we introduce DWP, a new 1,000 e
on-chip interconnect structure that uses dou- l___,/r“/k
ble-data-rate transmission and wave pipelin- /"/‘
ing to i hroughput, and interleaved 100 4——""
g to increase throughput, and interleave
lines and misaligned repeaters to reduce A
crosstalk noise. (See the “Previous Work in =< 10
Wave Pipelining” sidebar for an introduc- =
tion to this technique.) DWP can operate 3
synchronously as well as asynchronously, so R G
L . . . ——
it’'s suitable for MPSoC designs using '\0\4\
GALS clock schemes. With these capabil- F D
ities, DWP provides a more flexible design | M
space for NoCs than the traditional inter-
connect structure, and it requires only half 0.01
80 70 60 50 40 30 20 10

the data lines. After introducing DWP
and its features, we analyze its performance
in a case study, applying it to the asynchro-
nous NoC for an H.264 HDTV decoder
MPSoC.

DWP interconnect structure

In general, a point-to-point interconnect
connects two functional units on a chip.
The functional unit that sends data is called
the source, and the unit receiving the data is
called the destination. An interconnect con-
sists of transmitters, receivers, and lines,
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Figure 1. As feature sizes shrink, transistor delays decrease exponentially
while global interconnect delays increase exponentially.

which are composed of metal wires and
repeaters. DWP consists of transmitters, data
and clock/control lines, receivers, and clock
buffers (see Figure 2). Data and clock/control
signals are fed into the transmitters, and then
transmitted over the data and clock/control
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Figure 2. The double-data-rate, wave-pipelined interconnect (DVWWP): asynchronous structure (a)
and synchronous structure (b).
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Previous Work in Wave Pipelining

Global interconnect delay increases exponentially with every new
technology generation, and this trend is made worse by increasing work-
ing frequency. Under long delays, pipelining can effectively increase
throughput. Wave-pipelining theory was developed by Cotton, who called
it maximum-rate pipelining.” At the root of the theory is the fact that
transistors and wires store signals for a short period of time when
they transform and transmit them. Except at the inputs and outputs,
wave pipelining doesn't require latches to separate pipeline stages,
and signals are pipelined directly in circuits.2 Usually wave pipelining
is difficult to design and implement, because multiple paths from one
input to one output of a circuit often have different delays, and all the
delays of these paths must be balanced. However, wave pipelining
has the advantage of nat incurring the delay, area, and power overheads
of latches.

In a wave-pipelined interconnect, we define the number of pipeline
stages as the number of bits that exist simultaneously on the intercon-
nect. We calculate this value as N, = D x f, where N, is the number of
pipeline stages, D is the delay from an input to an output, and fis the
operating frequency. As we show in this article, a fractional number of
pipeline stages is possible in a wave-pipelined system.

For global interconnects, wave pipelining is more suitable than pipe-
lining using latches for several reasons. First, using latches to pipeline
global interconnect is costly. In fact, latches on global interconnects
are either much larger than those in pipelined logic circuits or require
large chain buffers, because they must drive large loads caused by
long wires in the subsequent pipeline stage. These large latches or buf-
fers require significant power and area, and they add an extra penalty to
the global interconnects” already long delay. Because wave pipelining
doesn't need these latches, it avoids the related power, area, and
delay overheads. Second, because data signals are self-timed between
the inputs and outputs of a wave-pipelined interconnect, wave pipelining
eases the design of global interconnects crossing multiple clock domains.
Third, interconnect circuits are relatively simple. One-bit slices are iden-
tical to each other and have very low delay path diversity. This greatly
simplifies the job of balancing delay.

Several groups have studied wave-pipelined interconnects. We
previously proposed using wave pipelining for the global intercon-
nects in MPSoCs and published preliminary designs in 0.25-pum tech-
nology.®> A comparison with traditional interconnects shows a
significant throughput improvement and moderate power savings.
Hashimoto, Tsuchiya, and Onodera show significant advantages for
wave-pipelined global interconnects over traditional and differential
interconnects in terms of throughput, latency, area, and power in
45-nm technology.* Deodhar and Davis proposed a method to

lines respectively. The transmitters convert
data from single data rate (SDR) to double
data rate (DDR), which is twice the clock fre-
quency. The receivers catch the data signals
and convert them back to SDR. By using
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simultaneously optimize voltage, repeater insertion, and wire sizes
for wave-pipelined interconnects.® They also compared the optimized
wave-pipelined interconnects with interconnects using low-voltage
differential singling, and showed that the wave-pipelined intercon-
nect reduced area by 70 percent and power by 10 percent for the
same throughput. Joshi, Lopez, and Davis proposed circuits for
wave-pipelined multiplexed routing, which uses wave-pipelined inter-
connects.® They also showed that the wave-pipelined interconnect
can tolerate a wide range of process variations and operating condi-
tions. Zhang, Hu, and Chen proposed a wave-pipelined circuit based
on the phase-locked loop (PLL).” This design achieves greater
throughput and uses less power and area than a traditional pipeline.
They found that the break-even point is 6.5-mm in 0.18-um technol-
ogy, where wave-pipelined interconnects begin to perform better than
traditional interconnects.
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DDR, DWP reduces the number of data
lines that traditional interconnects require
by 50 percent.

With slightly different clock buffers,
DWP can be used for both asynchronous
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and synchronous communication. For asyn-
chronous communication (Figure 2a), the
source clock signal is transmitted along
with data signals over the clock line, and
amplified by the clock buffer before driving
the receivers. Data must be synchronized to
the destination clock, which can be done
by asynchronous FIFO buffers.” For syn-
chronous communication (Figure 2b), a con-
trol signal that indicates data availability is
transmitted along with data signals. The
receivers are driven by the destination clock
signal, which is gated by the source control
signal through the controlled clock buffer.

Transmitters, receivers, and clock buffers

The transmitters convert SDR data sig-
nals into DDR data signals by transmitting
even-numbered bits on the clock’s falling
edges and odd-numbered bits on its rising
edges (see Figure 3). NMOS transmission
gates are used to select corresponding bits
based on the clock signal. The transmitters
use a cascaded driver circuit based on a
chain of inverters to boost the input data sig-
nals. The inverters are sized to achieve the
shortest delay, and the transmitter inputs
are specified to be driven by the minimum-
sized inverter. This specification also applies
to DWP’s clock and control inputs.

Similar to the transmitters, the clock buffer
uses a chain of inverters to amplify the clock sig-
nals to drive the receivers. The clock buffer for
the asynchronous structure amplifies the clock
signal from the source and drives the receivers.
For the synchronous structure, the destination
clock signal is gated by the control signal
from the source through an NMOS transmis-
sion gate. Clock gating saves power by reduc-
ing the clock activities in the clock buffer.
Because of a large fan-out, the critical paths
of the wave-pipelined interconnect structures
are associated with the control signals for the
synchronous structure and the clock signals
for the asynchronous structure.

The receivers catch data signals and con-
vert DDR data signals into SDR data signals.
We designed a semistatic, double-edge-
triggered flip-flop (SDETFF) for the
receivers (see Figure 4). To match the path
delay of the clock and control signals, the re-
ceiver uses inverters to delay and rectify the

data signals. SDETFFs in the receivers then

Out

Figure 3. Double-data-rate (DDR) transmit-
ter converts single-data-rate (SDR) data
signals into DDR data signals.
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Figure 4. The semistatic double-edge-triggered flip-flop (SDETFF) is
designed to receive high-speed DDR data signals.

catch the data signals. The SDETFF, which
can effectively reduce the clock fan-out and
operates at a high frequency, has three stages
separated by NMOS transmission gates. In
the first stage, two inverters isolate the two
sides. Because of imperfect clock signals
and timing, the two sides of a DETFF will
interfere with one another’s input signal;
the isolation inverters eliminate this interfer-
ence. In the second stage, two PMOS transis-
tors give a weak feedback to maintain latched
data and improve the operation speed. In the
third stage, one PMOS transistor gives stron-
ger feedback. Instead of CMOS transmission
gates, NMOS transmission gates are used to
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Figure 5. This circuit model is used to
analyze crosstalk noise among adjacent
metal wires in an interconnect.

Figure 6. The wire model with mutual inductances and coupling capacitances
is used to capture crosstalk noise in simulations.
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reduce the input capacitance and clock fan-
out. We set the width of the NMOS trans-
mission gates to 130 nm to reduce the channel
resistance.

Data, clock, and control lines

DWP’s lines, composed of metal wires
and repeaters, transmit data as well as clock
and control signals. In synchronous circuits,
a dedicated clock network distributes clock
signals. In this case, it doesn’t need to trans-
mit source clock signal along with data, and
the destination clock can be used. The con-
trol signal, which indicates data availability,
is transmitted along with the data through
the control line. In GALS clock schemes,
clock information must be transmitted with
the data whenever an interconnect connects
two clock domains. One method of trans-
mitting clock information with data is to

regenerate the clock signal from data signals
using phase-locked loops (PLLs). This
method saves clock lines, but requires addi-
tional high-frequency PLLs and even special
signal schemes, which make the design
more complex and introduce extra delay.
We choose to transmit an explicit clock
signal using the clock line. There are no sep-
arate control lines in asynchronous DWP.
Instead, control signals, which mark the be-
ginning and the end of a data transmission,
are embedded into the clock signal by
clock gating. The source clock is only trans-
mitted when data is present. Each clock edge
corresponds to a set of data on the data lines.
Clock gating saves power by reducing the
switching activities on the clock lines. Be-
cause we use DDR transmission, the clock
frequency is only half of the data rate,
which further reduces power consumption.

Crosstalk noise. The simple and uniform
interconnect structure greatly simplifies the
job of delay balancing, but an interconnect’s
parallel structure is prone to crosstalk noise
among adjacent lines. Crosstalk, which
takes effect through coupling capacitance
and mutual inductance among parallel
lines, distorts signals and causes large delay
variations among 1-bit slices. We analyzed
the crosstalk among adjacent metal wires
using the circuit shown in Figure 5. One
of the parallel lines, the aggressor, is active;
the other lines are called wvictims.

Figure 6 shows a lumped wire model that
considers mutual inductance up to the third
nearby wire. Figure 7 shows the simulation
results. Through coupling capacitances,
increasing the voltage on the aggressor drives
the voltage on the victim to increase, and
decreasing the voltage induces a voltage
drop on the victim. Through mutual induc-
tances, an increasing current on the aggressor
causes a voltage drop on the victim, and a
decreasing current leads to a voltage increase
on the victim.

In terms of delay, coupling capacitances
cause signals in nearby lines to accelerate
each other if they both change from high
to low or low to high, and to hold each
other back if they change in opposite direc-
tions. Mutual inductances have a similar ef-
fect but over a longer effective range than
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coupling capacitances. Crosstalk can not
only increase delays to the worst case, but
also decrease delays to the best case.

The best-case delays are as important as
the worst-case delays when we’re determin-
ing the lower bound of a wave-pipelined sys-
tem’s clock period. As a demonstration of
this principle, consider the following analysis
of a wave-pipelined interconnect with
clocked latches at the input and output.
The clock has a period of 77, and there is a
phase difference o between the clocks used
by the input and output latches. The single
edge skew of the clock is +A. The output
latch has a setup time 7; and a hold time 7.
The worst-case and best-case delays are
Diax and Dy, respectively. Similar to Bur-
leson et al.,® we can show the effect of the
interconnect delay variation V= Dy,., — Dpin
in the following inequality:

T.>V+20+ T, + Th.

However, in real signal schemes, when a
signal edge reaches the worst case, the very
next signal edge can’t reach the best case,
and vice versa. In this case, V< Dy — Dpin-
Our simulation shows that V' is close to
(Dimax — Dumin)/2. Therefore, we get

7-'c > (Dmax - Dmin)/2 +2A + 7—; + Th~ (1)

This inequality shows that the maximum
frequency of a wave-pipelined system, 1/7¢,
is bounded by the delay variation between
the worst-case and the best-case delays.
Hence, we must reduce the delay variation
to improve a wave-pipelined system’s per-
formance.

Reducing crosstalk. In DWP, we combined
two methods to reduce the delay variation.
The first method uses interleaved lines,
and the second uses misaligned repeaters.
The two methods reduce delay variation
from 292 ps to 41 ps on a 10-mm DWP,
a reduction of 86 percent. In the first
method, we interleave the data and clock/
control lines of one direction with those of
the other direction, as Figure 8 shows. Inter-
leaving the lines increases the distance among
the lines of each direction. When the two
directions aren’t active at the same time, the
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Figure 7. Crosstalk noise simulation results: current on aggressor line (a),
voltage on aggressor line (b), and voltage on victim line (c).
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Figure 8. First crosstalk reduction method: Interleaved lines allow the lines
of the inactive direction to shield those of the active direction.

lines of the idle direction serve as grounded
shields for those of the active direction.
When both directions are active at the same
time, misaligned repeaters reduce crosstalk
among nearby lines.
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Figure 9. Second crosstalk reduction
method: Misaligned repeaters reduce the
crosstalk among nearby lines by generating
reversed crosstalk noise on the same
section of wire.

In the second method, we place a repeater
of one direction between two repeaters of the
other direction, as shown in Figure 9. Kahng
et al. use a similar technique among lines of
the same direction.” The reversed voltage
and current changes on the two sides of a
repeater will induce crosstalk noise in reverse
phases, which will cancel each other on the
same section of wire. The clock line is always
outermost because it has the most switching
activity and is noisy. The clock signals use
the same lines as data signals, which makes it
easier to match delays between data and clock.

Useful properties

DWP has two useful properties. First, the
working frequency of asynchronous DWP
can be changed dynamically. Because the
clock signal is always synchronized with the
data signals along the clock and signal
lines, when the inputs dynamically change
the data rate and the corresponding clock sig-
nal, the receivers can still catch the right data
signals. This feature helps to implement dy-
namic frequency scaling and reduce the scal-
ing overhead. Second, when DWP becomes
longer or shorter, the working frequency
doesn’t change; only the number of pipeline
stages changes. This implies that throughput

Table 1. DWP vs. traditional interconnect.
Delay Silicon Metal Power Leakage
Interconnect Frequency Throughput variation area area consumption power
type (GHz) (Gbps) (ps) (mm?) (mm?) (pJ/bit) (rW)
32-bit traditional 85 292 0.00133 0.9 2 352
32-bit DWP 160 41 0.0008 0.47 1.51.3 196
will remain the same when the distance be-
A0 i M i tween the transmitter and receiver changes.
' L M BO This property will ease architectural design
Al <] ':\‘ <] of NoCs, because regardless of the final
: L L B floorplan, DWP can guarantee the required
°<ﬂ 1 °<ﬂ throughput.

Comparison and analysis

We simulated and analyzed a 10-mm
DWP and compared it with the traditional
interconnect structure. On the data and
clock/control lines, we inserted repeaters
every 1 mm. Our technology parameters
come from the global interconnect feature
sizes and transistor models for 65-nm tech-
nology from the Predictive Technology
Model (http://www.eas.asu.edu/~ptm/). The
operating voltage is 0.9 V. We chose a wire
width of 0.45 um, spacing of 0.9 um, and
thickness of 1.2 pm. We used the RLC
model (resistor, inductor, capacitor) for
every 10-pm wire section as in Figure 6.
Our analysis considered mutual inductances
in three nearest lines. For simulation, we
used Cadence Spectre. The input signals
are 200 ps wide, and the rising and falling
edges are both 20 ps.

Our DWP works at 5 GHz, and the data
rate is 10 Gbps on each data line. For a 32-
bit DWP interconnect, the throughput is
160 Gbps for each direction, which is 4.5
times higher than the traditional intercon-
nect structure (see Table 1). A traditional
interconnect structure with the same feature
sizes and length can work at 1.1 GHz and
has a throughput of 35 Gbps. This high
working frequency lets NoCs using DWP
match the frequency of the IP cores in an
MPSoC. This match can reduce the queue
size at the NoC interface and hence the net-
work queuing delay.

The 10-mm interconnect using a tradi-
tional structure has a delay variation of 292
ps. Using interleaved lines and misaligned
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Figure 10. H.264 decoder architecture and mapping. The H.264 decoder is partitioned and

mapped to an MPSoC architecture.

repeaters, DWP reduces the delay variation
to 41 ps, an 86 percent reduction. As In-
equality 1 shows, a small delay variation is
critical to achieving a high working fre-
quency. The 10-mm DWP has 2.3 pipeline
stages; the fractional number is due to the
different phases of the inputs and the receiver
clock. This phase difference changes with the
interconnect’s length. Because the clock and
control signals are transmitted along with
the data signals using the same lines, they’re
naturally synchronized with each other.

The 32-bit DWP uses 0.0008 mm?” sili-
con area and 0.47 mm?® metal area, which
are 40 and 48 percent less than the tradi-
tional interconnect. On average, asynchro-
nous DWP consumes 1.5 pJ to transmit a
1-bit datum over 10 mm. Synchronous
DWP doesn’t transmit clock signals and con-
sumes 1.3 pJ to transmit a 1-bit datum on
average. The traditional interconnect struc-
ture needs 2 pJ to transmit a 1-bit datum.
In comparison, synchronous DWP saves 35
percent in power. The leakage power of the
10-mm DWP is 196 uW, which is 44 per-
cent less than the traditional interconnect.
When transmitting data, the clock consumes
12 percent of the total power in asynchro-
nous DWP. Thanks to our signaling scheme,

when no data is sent, we can gate the clock
signals and save considerably on power.

Asynchronous NoC case study
We applied DWP to an asynchronous
NoC for an H.264 HDTV decoder MPSoC,
and compared the performance, power con-
sumption, and area with the same NoC
using traditional interconnects. H.264 is an
ITU-T recommendation for video that has
improved coding efficiency and is more net-
work friendly than previous video standards.
It has been adopted by new storage standards,
such as Blu-ray and HD DVD, and is a prom-
ising candidate for HDTV broadcast. How-
ever, H.264 is more complex than previous
video standards, such as MPEG2. An H.264
HDTV decoder implementation requires low
cost, low power, and high performance.
MPSoC design for H.264 systems at high res-
olution, such as 720-pixel vertical resolution,
progressive scan (720p), can benefit from
NoCs. ITU-T specifies an H.264 decoder
model as in Figure 10. Our case study is
based on the H.264 reference model JM
(http://iphome.hhi.de/suehring/tml).
Using a hardware/software codesign
methodology, we designed an MPSoC and
the corresponding NoC for the H.264
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HDTYV decoder. The MPSoC targets 65-nm
technology with a voltage supply of 0.9 V.
We designed a computational architecture
comprising nine embedded processors plus
input and output agents. We partitioned
and mapped the reference decoder model
onto the computational architecture on the
basis of the performance requirement of
each processing stage of H.264. The input
and output agents help organize the input
video stream and decoded video frames.
Three processors—P0, P1, and P2—implement
the entropy decoding stage. Processor P3
implements the inverse transform stage. Pro-
cessor P4 implements the intraframe prediction
and motion compensation prediction stage.

Processors P5, P6, P7, and P8 implement
the deblocking filter stage.

Our network uses 2D torus structure, as
shown in Figure 11. Because there are nine
processors, we used a 3 X 3 torus. The mem-
ory controllers and input and output agents
are located at the outskirts of the NoC.
Memory controller MO serves the input
agent and processors PO, P1, and P2. Mem-
ory controller M1 serves the other processors
and output agent. We optimized the posi-
tions of the processors, the input and output
agents, and the memory controllers for system
performance. For the MPSoC using the 2D
torus NoC, the floorplan is similar to that
shown in Figure 11. A 2-mm x 2-mm tile
holds a processor and a router and forms a
clock domain. We used an input-buffered
pipelined crossbar router in the NoC. A pro-
cessor is connected to a nearby router by a
0.1-mm 32-bit bidirectional local intercon-
nect. Because the processor and router are
close, we used the traditional interconnect
structure for the local interconnects. The
routers connect to each other by 2-mm
and 4-mm 32-bit bidirectional global inter-
connects. For the global interconnects, we
compared DWP with the traditional inter-
connect structure.

The NoC uses dimension-ordered rout-
ing. A packet has a 32-bit head flit, followed
by up to 31 body flits (see Figure 12). The
destination field holds the destination ad-
dress; the source field holds the source
address; the length field holds the size of
the following body flits; the control field
holds control information. Buffer metering
is used for deadlock avoidance. When there
isn’t blocking, a router can process a packet
header in one dock cycle, and the packet can
be sent to a router port in the next cycle. If
multple packets compete for the same port,
round-robin arbitration determines the
winner.

To achieve the required performance,
each processor should work at a minimum
frequency of 3 GHz. To reduce the clock
tree’s power consumption, we used a GALS
clock scheme, which requires asynchronous
communication among processors. Each
tile, which includes a processor and router,
forms a clock domain. For both the 2-mm
and 4-mm 32-bit interconnects, asynchronous
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DWP can work at 3 GHz, which is the
same as the processor’s working frequency.
Although 2-mm 32-bit traditional intercon-
nects can work at 3 GHz, 4-mm 32-bit tra-
ditional interconnects are partitioned into
two sections of 2 mm each to reach 3 GHz.
To use the traditional interconnect structure
in the GALS clock scheme, we inserted asyn-
chronous FIFO buffers at the clock domain
boundaries.

We compared the NoC using DWP to
the NoC using the traditional interconnect
structure in terms of performance, power
consumption, silicon area, and metal area.
Following the method we presented in an
earlier publication,® we based the compari-
sons on Spice simulations of network compo-
nents in Cadence Spectre, and cycle-accurate
simulations for the whole NoC in the
OPNET network simulator. As the results
in Table 2 show, the MPSoC using the tradi-
tional interconnect can only process 22 frames
per second, whereas DWP can process 27
frames per second—23 percent higher.
While using DWP, the NoC for the H.264
decoder MPSoC consumes 0.79 m] per
frame—22 percent lower than the NoC
using the traditional interconnect. DWP also
helps to save 9 percent in silicon area and
43 percent in metal area for the NoC com-
pared with the traditional interconnect.

An elegant yet efficient on-chip inter-
connect structure, DWP combines the
advantages of wave pipelining, DDR trans-
mission, interleaved lines, misaligned repea-
ters, and clock gating to achieve higher
throughput, lower power consumption, lower
area, and lower crosstalk noise than the
traditional interconnect structure—using only
half the data lines. DWP provides a larger

design space for asynchronous NoCs.  Hkl
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