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Abstract decrease the number of transitions on the bus. By inserting
a transmitter circuit on one end of a long bus, and a receiver
In modern circuits the fraction of total power attributed teircuit on the other end, one could maintain a synchronized
wires is increasing. One method to decrease the poweite of recently transmitted bus values. When a reoccuring
consumption is to reduce the number of transitions on long luague appears, a low weight code word can be sent rather than
wires by encoding bus traffic. The presented circuit reduagg original value. This effectively decreases the number of
the energy consumed by buses on a single die by cachirgsitions on the bus by simply decreasing the number of
the eight most recent values on both sides of a long bus angkes frequently appearing data needs to be sent.
transmitting a low weight code word on a cache hit. A customin section 2 we evaluate some approaches presented by
layout in .13y process technology extracted and simulateghers to reduce power consumed by buses. In section 3 we
indicates that our current optimized implementation offers ngiesent the caching circuit mentioned above. An evaluation of
energy savings on buses longer than 15mm. the circuit performance and a discussion of various improve-
ments made to the initial design are in section 4.

1 Introduction
2 Related Work

Improvements in process technology are making the fabrica-
tion of smaller transistors possible. Circuit designers are usiRgduction of bus power consumption is not a novel idea and
this opportunity to make larger, more complicated circuiteas been successfully applied to off-chip communication. Off-
while maintaining similar die sizes. Design performancehip buses have capacitance to bulk that is several orders of
complexity, and power consumption begin to be increasinghagnitude greater than the gate and interconnect capacitance
dominated by on-chip wires, shifting the emphasis on optin-chip. For example, compare 10pF capacitance of an
mizations away from the logic to wires. The inability of wiresff-chip wire with 0.1pF/mm of on-chip interconnect. Stan
(particularly long wires) to scale as well as transistors resuiisd Burleson in [4] make those exact assumptions and employ
in a greater fraction of total circuit power consumed by wiresncoding to reduce the number of transitions on off-chip bus
A large number of long wires on a chip belong to buses suafres, which leads to energy savings. The authors propose
as the ones required for registers and memory in a micropirversion coding, which is a simple and provably optimal
cessor. One approach to reducing the amount of power useldleme to minimize transitions on bus lines. The encoder
by these buses is to decrease the total number of transitimesnpares the last transmitted value with the current value, and
The equation for power consumption in CMOS circuits reveats/erts the current value before sending it if the majority of
that a smaller activity factor, or fewer transitions, will result ibits have changed from previous to the current word, or sends
lower power. One method of accomplishing this is to code tttee current value unchanged.
bus values so that consecutive transmitted values have fewéthe savings in number of transitions for such inversion
transitions. Another method is to simply reduce the numberagfding range from 12% - 15% on a narrow 8 bit bus, and
times a value needs to be transferred over the bus. unfortunately are even lower for a wide 32 bit bus, targeted
We propose a simple method of caching bus valuesimothis work. [4] does not account for any encoder/decoder



overhead because the difference between on-chip and off-chips
capacitances driven is around two orders of magnitude, thus
the authors sacrifice the energy consumption on the “low” |
capacitance side to improve the “high” capacitance side. “m 8 Entry Cache ./_/-’
As technology scales to sub-micron, the cross-coupling ,, _

. . . . . Lo~ -e-Inversion Coder
capacitance between adjacent wires becomes increasingly ig-
portant and thus encoding must become more complex andga,
simple reduction in the number of transitions on individual®
bus wires is no longer effective. Sotiriadis al in [3] and 215
Henkelet al in [1] have extended the work on encoding bus?
traffic to account for inter-wire wire capacitances. They pro{
pose extensive encoding techniques that attempt to minimize
“observed” capacitance between bus wires. The difference
between the measured and “observed” inter-wire capacitance’
has to do with the actual traffic. If the switching activity on
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two capacitively coupled wires is in phase, the “observed” °; . M = » = 0
capacitance is effectively 0, while out of phase transiti@ng. ( Wire Length (mm)

wire 1 transition$) — 1 and wire 2 the opposite — 0) create

measurable (energy consuming) capacitance. Figure 1:Energy saved on average per cycle given a length of wire

Both aforementioned works promise 40% — 50% energying either Caching or Inversion Coding.
savings on buses without clearly specifying the length of
the bus. Sotiriadiset al only presents the results of the
simulations. While Henkeét al states the existence of 40®n-chip buses. [4] provides evidence that the effectiveness
gate implementation for their adaptive encoding scheme, fdnversion coding is diminished on wider buses. Figure 1
actual encoder and decoder power consumption, nor availdlgfirms the analysis on our 32 bit bus and leaves the cache
power budget are evaluated. Hence it is the focus of this wéksed encoder as the practical implementation to build, since
to study the viability of bus encoding for reduction of enerdy iS easier to meet the energy budget constraint. Even with
consumption on on-chip buses. Rather than focusing on g earlier mentioned capacitance extraction, which results in
ticular encoding algorithms and their compression bounds, Aigher capacitance when compared to a well layed out bus, the
attempt to analyze and implement an actual encoder/decd¥tgrdy budget is already overly constraining.
that can offer net energy savings in a practical implementationA high level block diagram of the Transmitter half of our
design is shown in figure 2. The Receiver portion is very
similar. Both sides maintain a synchronized cache of recently
3 Transcoder seen bus values. When data appears at the Transmitter it is
stored in the FIFO cache. If the value is not present in the
To determine a viable encoder implementation, the availabkeche, the multiplexor sets the bus value to be the data value
energy budget was carefully analyzed. First the actual waed the match control signal is not asserted. The data value is
capacitances were obtained from layout extractions of migent across the bus and inserted into the Receiver cache. When
mum spaced minimum width wires. This results in the highesvalue that is already present in the cache appears, the match
inter-wire capacitance, the best case for our purposes. Figusighal is asserted telling the multiplexor to send the entry index
shows the energy savings offered by two types of encodingéthe data rather than the actual data value. The receiver end
inversion coding [4] and a cache based encoder that will te@ds the match signal and uses the entry number sent across
analyzed in this work. The graph shows the average amountfaf bus to choose the data value from its own cache.
energy saved per cycle (one transmitted 32 bit word) by eaclWith a very tight energy budget the energy consumed by
type of encoding for a range of wire lengths. The values webe transmitter and receiver circuit must be delicately balanced
obtained by running the SPEC95 benchmarks to measureuiith the energy consumed by the bus. After extensive simu-
energy saved for a microprocessor register bus. lation of the SPEC95 benchmarks with caches varying in size
While the results in the graph are very intuitive, it is alsirom 2 to 32 entries, we settled on an 8 entry cache. Larger
painfully obvious that very little energy is available for eneaches do not provide justifiable reduction in the number of
coder/decoder circuit to break even transmitting along a shivainsitions to warrant their use.
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Our implementation of the cache block is shown in figure 3. Analysis
Eight content addressable memory (CAM) cells are controlled

by a pointer bit that signifies which cell will be overwrittenn order to evaluate the performance of our circuits, we created
on the next write to the cache. The pointer bit simply rotatggull custom layout in al3u process technology. The layout
down the chain in a round robin fashion to keep track of thgys extracted using a lump capacitance model where each net
write location. The circuit uses a two phase clock with a perig@s a capacitor to ground. This extraction method was chosen
of 2.7ns, consisting of a match evaluation phase and a ca@igr a more detailed distributed resistor-capacitor model due
write phase. If any of the CAM cells match the current dagg the reduction in simulation time. A couple circuits were
value, the match signal is asserted to prevent any cache Wigigacted and simulated with both extraction methods. The
from occurring. distributed resistor-capacitor model consistently resulted in
CAM circuit:  Figure 4 is the schematic of our originalower energy numbers than the lump capacitor model. Since
CAM cell. The circuit is a simple inverter chain with pasge used the lump-capacitor model, all the numbers presented
transistors used to break the feedback when a new value néedsis paper will be on the conservative side.
to be loaded in. Five control signals are required to operateThe extracted netlist was modified to output the energy used
the cell. The three transistors on the bottom are used for Hyedifferent functions of the circuit and then simulated using
matching logic. SPICE. The input values used were obtained from a 50 cycle
Match Logic: The match line is precharged and dischargéce of the SPEC95 gcc benchmark of the register bus.
if any of the CAM cells do not match the input data. Due to the
high cost of charging and discharging a long wire connectgt_jl Control Lines
to all the CAM cells, we choose to implement a selective
precharge circuit as described in [5]. The low five bits afks shown in the first column of figure 7 the initial circuit
initially charged to check for a match. Only after all five of thiabeled Five Clock had a large portion of its total energy
low bits are detected as matching does the match line of t@sumption going to control. In this case, control is defined
remaining 27 bits charge up for evaluation. This reduces #® the energy used by the logic that generates the various
probability of a full match line discharge to only 1/32. enable signals§N_A,EN_B,..)) and the wires associated with
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them. Since the layout required five long wires with high  350.00
capacitance to be switched every cycle, the control became a 0,00 |
good target for potential energy reduction. A new CAM cell g

. g 30.00 —
circuit, figure 5, was created to decrease the number of control .

lines. Rather than requiring two separate pass gates to disable 2% ]
the inverter feedback, only one path truly needed to be disabled  10.00 -

to load in a new value. In order to disable the feedback path, 0.00
the pass gate was changed to just a single PMOS transistor Five Clock One Clock  Improved Maich
which allows us to use the sarh®AD signal for the NMOS Design

input gate and the feedback gate. Careful simulation was

conducted to verify the inverter would correctly detect the

level of the PMOS feedback. The second column in figure 7

clearly shows that the new cell resulted in significantly le§sgure 7:Energy breakdown by circuit design for a 50 cycle trace.

energy going to control. The first column represents the original design, the second column
is the design with a smaller CAM cell and fewer clock lines, and
the the third column is the smaller CAM cell coupled with improved

4.2 Match Circuitry maitch logic. Each column is broken down energy consumed for each

function
After the new CAM cell was inserted into the design the

matching logic started to play a bigger role in the energy

breakdown. The match logic was designed as a dynamic

OR gate where if any cell does not match, the match Iine'ri‘sdynamic logic will result in a significant charge sharing

discharged. Due to the fact that a data value can only be cachk lem. After careful simulation of various configurations

in one CAM cell at any given time, when a match occurs, seVd stacks and bleede_r transistors_, we se_ttled on a design that
of the eight CAM cells will charge and then discharge thejises two stacks of sixteen transistors with a bleeder on each
respective match lines. This behavior results in a tremend§U&Put In arderto make sure the NMOS pull dpwn tra.n5|sto.rs
amount of energy wasted to conduct matching. are completely on, the two NMOS match Iog.|c transistors in
An alternative approach to detect if a match exists is to Jgg CAM cell were replaced with PMOS transistors.
a series pull down rather than a parallel pull down, similar Those outputs are then NOR’ed to generate the match signal
to what is described in [2]. In a series pull down, the matets shown in figure 6. The third column in figure 7 shows
line will only discharge when a match is detected allowirthe decrease in energy used by matching. This improvement,
it to stay charged in the more prevalent case of no matblowever, comes at a cost of a slightly increased clock period
Unfortunately, a 32 transistor stack used as the pull dofar the circuit resulting in an increase frarirns to 3.0ns.



5 Conclusion [5] C. Zukowski and S. Wang. Use of Selective Precharge
for Low-power Content-addressable Memories. Pliro-
This work provides a detailed energy consumption analy- ceedings of the IEEE Int'| Symp. on Circuits and Systems
sis of a fully functional cache based bus traffic encoder. 1997,
We have identified two dominant circuit components, long
clock/control wires and match logic, that consume the majority
of energy and attempted to aggressively optimize them. The
results, however, can be considered a successful failure. While
with each optimization the improvement in overall circuit
power consumption was demonstrated, the encoder circuit still
exceeds the power budget to be used in a practical design,
because the net energy savings will only be observed for
interconnect buses of length longer than 15mm.
The focus of this work was reduction of energy consumed
by on-chip buses through algorithmic means (coding), not by
introducing modifications to devices or bus topology. While
energy savings can be increased through shielding and spac-
ing of bus wires, these will only reduce the effective bus
capacitance, further hindering our ability to fit encoder circuit
in already constrained energy budget. The evidence from
this work suggests that traffic encoding is not yet a practical
technique for energy saving on on-chip buses.
However, it is important to look to the future and carefully
analyze whether scaling down to sub-micron technologies will
result in the same discrepancy between the capacitance of
on-chip buses and logic as was observed by Stan and Burleson
in their work with off-chip buses. These authors justified
ignoring the encoder energy overhead based on the order of
magnitude gap in capacitance that exists between on-chip and
off-chip loads.
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