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Abstract

As technology trends advancing, the increased bus length and the narrower
geometrical proximity of adjacent bus lines form non-negligible coupling capacitances
between two adjacent bus lines. Fherefore, more power dissipation is caused by charge
and discharge of the coupling capacitances.In this case, the effect of line-to-ground and
coupling capacitances plays an important role for low-power bus system. In this thesis,
we propose an integrated method, named amount-driven encoding method (ADEM),
which minimizes the power dissipation of on-chip data buses through combining bus
encoding and Spacing mechanisms. In our bus model, the bus lines are considered as
the constitution of several adjacent pairs without intersection. Spacing mechanism is
applied to decrease the values of coupling capacitances between pairs. For coupling
capacitances between two adjacent lines within a pair, we reduce the charge and
discharge times of them by applying four encoding methods in each bus cycle. Our
method saves more than 25% of bus power on average compared to the un-encoded
cases by transferring a large set of common used multimedia files on the bus.
Comparing to previous work, ADEM saves more power effectively with a little

overhead of circuit complexity and delay time.
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Chapter 1 Introduction

Systems-on-a-chip (SOC) is expected to reach capacities that exceed the one
billion transistor milestone within the next couple of years [12]. As a result, we will face
new problems in the design of such circuits. The complexity and the physical length of
bus systems will lead to an increased power dissipation of an SOC [8-14, 16-20] More
importantly, the closer geometrical proximity of adjacent bus lines will lead to the
effects that are more relevant in technologies as advanced as 100 nm and beyond
[12-13]. This is because two or more adjacent bus lines will form a coupling
capacitance between them. This effect not only leads to crosstalk and delay effects, but
also introduces power dissipation caused 'by,coupling transition, i.e. the coupling
capacitance is charged and discharged when there 1S a voltage swing between two or
more bus lines [8-14, 16-20]. This cffect takes place-in addition to the line-to-ground
capacitance of a bus line i.e., the capacitance between the bus line and substrate/ground.
Hence, more power is dissipated by self-transition when the line-to-ground capacitance
is charged and discharged [2-7, 15].

There are several means to diminish or at least reduce the effect caused by self-
and coupling transitions. The first one is to widen the distance between bus lines (i.e.
Spacing mechanism), so that the value of coupling capacitance can be decreased.
However, it will cause the total area of the bus system grows [14, 17-18]. Next, place &
route (P&R) tools can be used to avoid side by side routing of bus lines [12, 17-18].
Nevertheless, because a one billion transistor SOC with multiple bus system and long
buses with many cores connected to them is complex, the complexity of routing
problem will prevent a satisfying solution at a feasible routing time. Then, the

geometrical shape of bus lines can be reshaped to reduce the effect of coupling
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transition [12]. For example, the cross-section shape can be made narrower such that the
distance between bus lines increases without sacrificing the space for whole bus system.
This approach effectively reduces the effect of coupling transition, but more power
dissipation caused by self-transitions because the distance between bus lines and other
metal layers is decreased. In addition to decrease the value of capacitance, we also can
reduce the number of self- and coupling transitions to achieve low power dissipation.
Bus encoding technique can be used to reduce the number of self- and coupling
transitions by encoding data stream. Because it can be combined with other techniques
listed above, we will focus on bus encoding method design. In this thesis, we propose a
integrated method named amount-driven encoding method (ADEM) to reach the goal of
power reduction for on-chip data buses.

For designing bus encoding techniques, it’s difficult to take all line-to-ground and
coupling capacitances into consideration at'the-same time [8-10]. The reason is that the
bit transition of a bus line accompanies-effect. upon two near by coupling capacitances.
If we focus on one coupling transition,there may cause some influence on the adjacent
one. Therefore, in this thesis, we consider the bus lines as the constitution of several
adjacent pairs without intersection. In our bus model, we will apply spacing mechanism
to decrease the values of coupling capacitances between pairs. For coupling
capacitances between two adjacent lines within a pair, we will design an encoding
method to reduce the number of coupling transitions. In our encoding method, different
to previous work [2-3, 9, 13], ADEM first recognizes the type of bit-streams transferred
on each pair. Then, it concurrently applies four encoding methods according to the
appearance number of each type in one bus cycle. By using the integrated method
composed of bus encoding and Spacing mechanisms, we can reduce the power
dissipation of bus system effectively.

For evaluating the performance, we compare our method with previous work under

2.



various fabrications, distances between two pair of lines, and bus widths. The
benchmarks used in our experiment are the multimedia file because they are common
used in handheld device. From experiment result, we can observe that while the
fabrication trends advancing, our method will save more power. For high-performance
devices which contain wider bus, our ADEM is more suited than previous work [1, 9,
13]. Moreover, the complexity of encoding circuit is simple because our method doesn’t
need to calculate total power dissipation during encoding.

This thesis is organized as follows. Chapter 2 introduces the bus model and power
model, and then reviews some related work. Chapter 3 describes our ADEM in some
detail. Performance evaluations are presented in Chapter 4. Finally, some conclusions

and future work are given in Chapter 5.



Chapter 2 Fundamental Background
and Related Work

In this chapter, we will present the bus model used in our experiments, and the
power model for calculating power dissipated by data transferred on the bus.
Furthermore, we will briefly survey the related works about bus encoding techniques

and some non-encoding mechanisms for lowering power dissipation.

2.1. Fundamental background

2.1.1. Bus model

The bus model used in our.scheme is proposed by [1] with some changes. This
general two-line bus can be modeled as shown in Figure 2.1(a), where R; is the internal
resistance of the bus driver, 7, is the linear resistance of the bus lines, V4, is the voltage
of the power supply, ¢; is the linear capacitance to the substrate (ground), c. is the linear
interwire capacitance between two adjacent lines, and cr..q 1S the capacitance introduced
by the connection between bus lines and other devices. Nearly in all real bus models,
the wire resistance is significantly smaller than the internal resistance of the bus driver.
So that we can write: 7/, << R;, where [, = >.Al is the length of a bus line. For the
convenience of our experiment, we can sum up all the ¢; and cp..q to a capacitance Cy
and all the ¢, to another capacitance C¢ without lose of general. A simplified two-line
bus model is illustrated with Figure 2.1(b), where Cc¢ = ¢/, 1s the coupling capacitance
(also known as inter-wire capacitance), and C; = czlp + Croaq 1S the line-to-ground
capacitance (also known as self capacitance or instinct capacitance). Although the bus

model we introduced is a two-line one, it can be extended easily to a general n-line one.
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(a) (b)

Figure 2.1. A two-line bus model. (a) Model of general two-line bus. (b) Simplified

two-line bus model.

In the mean time, we assume that all the ¢z 'on cach line have the same value and so as
Cc between the adjacent lines.

The relation between the coupling capacitance and line-to-ground capacitance is
interesting. In some previous résearches [2-6], .thé coupling capacitances Cc were
disregarded and only the line-to-ground ‘capacitances C; were taken into account.
However, while the fabrication shrinks, the capacitance ratio A (A=coupling
capacitance/line-to-ground capacitance) grows, so that the coupling capacitance can no
longer be disregarded. As illustrated from Figure 2.2 [8] the coupling capacitance is

larger than the line-to-ground capacitance for modern fabrications.

2.1.2 Power dissipation model [9-12]

In the following, we will introduce how we calculate power dissipation used in our
experiments. The transitions on the capacitances represent the change of the energy
stored in the capacitances, i.e. occurrences of charging and discharging events.

Furthermore, self- and coupling transitions are defined as transitions on the
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line-to-ground and coupling capacitance;: .tespectively. These capacitances are
charged/discharged during the transitions, which may introduce power dissipation.
There has been some confusion in“the literature about the difference between power
consumption and power dissipation ‘on buses. For power consumption, only the
charging transitions are considered, and 'which require current flow from the power
supply. Next, for power dissipation, all transitions need to be considered. In other words,
if we calculate the energy consumed from the power supply, it introduces power
consumption. If we calculate the energy dissipated caused by the transitions on the
capacitances, it introduces power dissipation. In general, only the power consumption or
the power dissipation needs to be calculated. This is because half of energy consumed
from the power supply is stored in the capacitances, and which will be dissipated in the
long run. Thus, the calculation of power consumption or power dissipation is equal on
average, even if their instantaneous values are different. In this thesis, we focus on the
transitions of the capacitances, so the power dissipation is adopted in order to give an

exhaustive expression.



Sequence Initial stored | Final stored | Energy
) Events .. oL
of bits energy energy dissipation
0->0 - 0 0 0 0
120 Charge 0 C. V2 C.V2 1
0~>1 Discharge C, V2 0 C V2 1
1>1 - CLV’12 CLV’2 0 0

Table 2.1. Power analysis for self-transitions.

. L

—L

Y
/1
ke

(b)
Figure 2.3. (a)Charging (b)Discharging event of line-to-ground capacitance.

During the calculation, we have t0 make the following assumptions: 1) any
capacitance will not be charged or discharged between two consecutive bus cycles and 2)
the signals on the all lines have been synchronized, i.e. there is no delay between them.
In the following, the dynamic energy dissipation per bus cycle of a bus line due to

self-transition can be written as:

1

Pds:E'aL'CL'VdZd (D)

, where C; and V,; defined above is shown in the Figure 2.1(b) and ¢ is the energy
coefficient of self-transition of a bus line. Figure 2.3 shows the transitions, charging and
discharging, on the line-to-ground capacitance. oy is set to 1 when there exists a
transition on the line-to-ground capacitance and 0 for else. Table 2.1 shows the energy

stored in the line-to-ground capacitances before and after the transitions. In this table,
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Figure 2.4. Charging/discharging, and toggling events of coupling capacitance. (a, b)
Charge. (c, d) Discharge. (e, f) Toggle

‘0’ and ‘1’ represent the low and high electric potential of voltage, respectively. Then,
0->1 means a rising switching activity, and 1->0 means the falling one. The total power
dissipation per bus cycle caused by self-transitions can be calculated by summing P s up

for each bus lines.



Sequence of] Initial stored | Final stored | Energy
) Events o ar
bits energy energy dissipation

00>00 - 0 0 0 0
00>01 Charge 0 CcV*2 CcV*12 1
00>10 Charge 0 CcV?2 CcV?2 1
00>11 - 0 0 0 0
01>00 | Discharge CcV?2 0 Ccl?2 1
01>01 - 0 0 0 0
01>10 Toggle CcV?2 CcV?2 2CcV? 4
01>11 | Discharge CcV22 0 CcVP2 1
10>00 | Discharge CcV*2 0 CcV*2 1
1001 Toggle CcV*2 CcV*2 2CV* 4
10>10 - 0 0 0 0
10>11 | Discharge CoV*12 0 CcV*12 1
1100 - 0 0 0 0
1101 Charge 0 CcV*2 CcV*12 1
11210 Charge 0 CcV?2 CcV?2 1
11>11 - 0 0 0 0

Table 2.2. Power analysis for coupling transitions.

The dynamic power dissipation per bus eycle between the neighboring bus lines

due to coupling transitions can be written as:

1
Pdczz'ac'CC'VdZd (2)

, where a¢ is the energy coefficient of coupling transitions. The charging and
discharging of coupling capacitances display more cases. Figure 2.4 shows the possible
cases of charging, discharging, and toggling of the coupling capacitances, and Table 2.2
shows the energy stored in the coupling capacitances before and after the transitions,
where X1Y12X,Y, means a line X and the adjacent line Y which exhibit the X;> X, and
Y, Y, switching activities, respectively. In the cases of charging, energy of CcVy is
supplied by the source. Half of this energy is dissipated in the circuit while the rest is

stored in the coupling capacitance. In the cases of discharging, no energy is supplied by

9.
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Figure 2.5. An example to calculate power dissipation caused self-, coupling transitions,
and toggling events. (a) 4 self-transitions. (b) 4 coupling transitions (without

toggling). (c) 1 toggling events

the source. As the capacitance discharges, its stored energy of 1/2CcV,4 is dissipated in
the circuit. Furthermore, toggling is defined as the case where adjacent lines switch
simultaneously in opposite directions. In this case, the relative change in the potential
difference of the capacitance is 2V, thus the energy supplied by the source during the
transition will be twice than the charging casessi.e. 2CcVy, . The final energy stored in
the capacitance is the same as the initial value, and thus the total power dissipated in the
circuit will be the same as that stpplied by'thé source. The dissipated energy, 2Cc Vi,
is four times than those of charging and discharging. The values of energy coefficient
ac corresponding to all possible 16 switching cases are listed in the table 2.2. The total
power dissipation per bus cycle caused by coupling transitions can be calculated by
summing P, up between each bus lines. Finally, total power dissipation per bus cycle
caused by self- and coupling transitions P, can be calculated by the following formula:
P=2Pus+2Py.

In the following, an example of how to calculate power dissipation is illustrated.
Figure 2.5 presents the power dissipation caused by self- and coupling transitions on the
4-bit bus lines, where ¢ is the time slice of bus cycles, and b; is the fixed (physical)
order of the bit-lines of the bus (the orders from left to right are [bs3, b2, b1, bo]).

Furthermore, the amount of self- and coupling transitions will cause the power

-10 -



dissipation, which is according to the ¢ and ac¢. In Figure 2.5(a), the number of
bit-transitions will introduce six self-transitions activities, and thus the power dissipated
by self-transitions is 6:1/2C. V4. In Figure 2.5(b), the number of adjacent pairs of
bit-transitions will introduce four coupling-transitions activities without the cases of
toggling. Finally, in Figure 2.5(c) there exist two toggling events. Thus, the dissipated
power by coupling-transition is 4~1/2Cchd2+ 2‘4-1/2Cchd2. Consequently, when we set
the capacitance ratio 4 to 4, the total amount of dissipated power during bus cycle #, and

1 1S:
1
P, =P, +P, =§(ZOCLCL +ZaCCL/1 dil =21'CLVdil 3)

As listed in formula (3), although toggling events only happen twice, they have
consumed almost 60% of total dissipated power. Actually, power dissipation caused by
toggling events is four times than those of others on coupling capacitance, and more
than four times than that of self-transitions eéven. In-the above example, it takes the
largest proportion in total dissipated power. What we focus on is to decrease the number
of self- and coupling transitions simultaneously in order to reduce total power
dissipation caused by data transferred on the bus. There are some related works for

designing a low-power bus scheme described in the following section.

2.2. Related work

In the past decades, many bus encoding techniques have been proposed to establish
a low-power consumed bus model. With different types of data streams transferred on
the buses, we can classify buses to three kinds: address bus, instruction bus, and data
bus. Features of these buses are intrinsically different. In this section, we’ll state the bus
features and related works for them. Then, some bus encoding mechanisms focusing on

data bus will be deeply discussed in the following. Besides, a few non-encoding
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mechanisms contained Spacing, Shielding, and Swapping will be mentioned.

2.2.1. Address bus

Data streams transferred on address bus are memory addresses. So, data streams on
the bus provides with the characteristic of sequential access to memory and the locality
of memory reference. A multitude of techniques for low-power address bus encoding
take these characteristics into account. Benini et al. [5] proposed a prediction scheme
TO which used the above characteristics. An additional line is used to inform the
memory controller. While the additional line is asserted, the memory controller
computes the new memory address by simply incrementing the previous one. Aghaghiri
et al. [6] further eliminated the requirement for an additional redundant control line.
This line is replaced by sending out the’same daddress with previous one to the memory
controller. Then, any new address transmission is.sufficient in recognizing such that the
address incrementing mode is no-longer in-effect. The incrementing mode is replaced by
transmitting the same address. Musoll et al. [15] proposed the working-zone encoding
(WZE) scheme which took the locality of memory references into account. The basic
idea is that programs favor a few working zones of their address space. So, if the
encoder and the decoder both keep a base addresses table, the actual memory address
can be expressed as an offset along with the base address in the table. The offset address
is shorter than that of actual memory address, thus the transitions can be decreased. All
above approaches effectively use the highly regular patterns in order to decrease the
number of self- and coupling transition activities. For uncorrelated data streams, the

applicability of these approaches would be highly limited.

2.2.2. Instruction bus

For instruction bus, data streams transferred on the bus are much irregular
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compared to address buses. However, instructions exhibit fixed format still, so that
different format spaces can apply different encoding strategies. Also, instructions can be
rescheduling in order to economize power dissipation. Benini et al. [4] proposed a
methodology for low-power instruction set architecture (ISA) encoding. The adjacency
of instructions is observed from simulating a set of applications. If two instructions
frequently encounter in adjacency, their opcode parts are set from minimizing the
number of self-transition activities. Yang [7] uses instruction rescheduling to eliminate
self-transition activities. While the power dissipation is reduced, the schedule length
may be lengthened. Petrov and Orailoglu [10] encode the same bit line of several
successive instructions by applying specific transformation function. These
transformation functions are stored with a table in the decoder, and the original
instructions can be recovered after applying the cortesponding transformation functions.
This method incurs longer delay-from looking up the table, and needs large area from
storing the table. Furthermore, Wong.and Tsui.[11] proposed an encoding scheme for
decreasing the memorized information while decoding the codewords. They encode the
instructions stored in the same memory block with the same encoding strategies. This
approach not only reduces the transition activities, but also reduces the required area

needed in decoding.

2.2.3. Data bus

For data bus, data streams are even more irregular than instructions, and need a
different approach. Because it doesn’t depend on any assumption about data regularity,
the above approaches are not suitable for them. Previous work which targets to the
low-power data bus design almost regards the distribution of data streams as uniformly
[2-3, 9, 11, 13]. Besides, for handheld devices, data files transferred on the bus are

usually multimedia files, and the size of data is relatively larger than those of memory
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address or instructions. So, there exist more transition activities in data bus implied
more power dissipation. Hence, we’ll focus on data bus, and expect to reduce power
dissipation by decreasing the amount of transition activities occurred. In the following,

we’ll deeply discuss some related works focused on data bus.

2.2.3.1. Bus-Invert

Stan and Burleson [2] proposed the Bus-Invert method to minimize the
self-transition activities. The basic idea is to transfer an inverted word through the bus
whenever it can reduce the Hamming distance between this word and its predecessor.
An additional bus line is inserted to indicate whether the word is inverted or not. An
in-depth theoretical analysis of Bus-Invert method has been presented by Lin [15]. For
buses with uniformly distributed datas an expected value analysis takes benefits around
10% for 32-bit buses in line with reported experimental results. However, encoding to
reduce the self-transition activities is enoudgh to reduce power dissipation in previous
bus models, but for deep-submicrén buses the coupling transition activities are needed
to be considered. The related work considered coupling transition activities is also

presented in the next several subsections.

2.2.3.2. Odd/Even Bus-Invert (OEBI)

Zhang et al. [9] proposed the Odd/Even Bus-Invert (OEBI) method, which was an
extension from Bus-Invert, and further considered coupling transition activities. The
coding technique uses the simple observation that coupling capacitances are frequently
charged and discharged by coupling transitions. In this bus model, half of lines have an
odd number and the others have an even number (if bus lines are numbered “in-order”).
The coding system encodes current word to four candidates, which are composed of

original current word, current word with odd lines inverted, with even lines inverted,
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and with all lines inverted. Two additional lines are used to indicate the odd and even
lines inverted. Finally, the comparator picks out the candidate with the least coupling
transition activities to regards it as codeword transmitted on the bus. Nevertheless, the
comparator consists of a large set of adders, which needs large measure of area and gate

delays.

2.2.3.3. Coupling-Based Bus-Invert (CBBI)

Ghoneima and Ismail [13] observed that it is costly to calculate the number of
transition activities between the previous word and current codewords. They proposed
the Coupling-Based Bus-Invert (CBBI) method focused on the toggling events, and
encoded them as follows: 01210 to 01->01 and 1001 to 10=>10. In order to make
the codewords recoverable, while a line exhibits, the rising switching activity and quiet
at ‘0’ state, we encode it to quiet at *0* state ‘and the rising switching activity,
respectively (i.e. 021 to 020 and 020 to 0=>1). Similarly, while it exhibits the falling
switching activity and quiet at ‘1’ State, we encode it to quiet at 1’ state and the falling
switching activity (i.e. I=>0to 1=>1 and 1> 1 to 1->0).

Under the coding scheme, there exist some penalties for encoding 0101 and
10210 to 0110 and 1001, respectively. In contrast with penalties, there exist some
rewards for encoding 01->10 and 10>01 to 01->01 and 10> 10, respectively. Thus, a
simple decision circuit can be supplied to the comparator for choosing the words needed
to be encoded. The delay and area of the data-path has increased. However, the trade-off

delay versus power dissipation is common to all power minimization techniques.

2.2.3.4. Fibonacci Coding

Lindkvist et al. [8] introduced a ternary bus state representation, which could be

used to construct a Fibonacci coding scheme without memory, i.e. the encoder didn’t
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need to record the previous word to encoding the next word. Under the ternary bus state
representation, data transferred on the bus can be encoded without toggling events
occurred. They transform the binary pair 00 as well as 11 into ‘0°, 01 into ‘+’, and 10
into ‘-°. For example, the binary vector 0110 corresponds to the ternary vector +0-.
Moreover, the coding scheme has to fulfill the following two conditions: 1) ‘+’ is only
allowed in even coordinates and ‘-’ is only allowed in odd coordinates. 2) Neither two
‘+> nor two ‘-’ may be adjacent, and zeros are disregarded. By fulfilling the first
condition, there are no toggling events occurred during the transmission. Besides, the
number of ternary vectors of length n-1, which are fulfilled the above conditions is
Fibonacci(n+2).

Afterward, a heuristic method is used to choose the subset of the Fibonacci
codewords to make the number of codewords be a power of two. Finally, another
heuristic algorithm is used to map,the original words and the subset of the Fibonacci
codewords. The Fibonacci codewords.are-1-to-1. mapping to the original words, so that
the encoder can encode the original ' word without memorizing previous word. Although

the bus width is enlarged in order to satisfy the width of Fibonacci codewords, the

power dissipation can be reduced because no toggling events occurred.

2.2.4. Spacing, Shielding, and Swapping

Other than encoding methods, there are some technologies used for lowing power
dissipation, including Spacing, Shielding, and Swapping. Spacing [14, 17-18] is a
technique, which widens the distance between adjacent bus lines. As the distance
widened, although the number of coupling transitions is not changed, the smaller
coupling capacitances imply less power dissipation. Shielding [14] is a technique
similar to Spacing, which inserts power/ground metal shields between adjacent bus lines

to avoid the undesirable increases in coupling capacitances. In the meantime, Shielding
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also reduces inductive effects because of the closer return path to ground for the current
flowing through signal lines. However, widening the distance or inserting the shield
wires between every pair of signal lines is costly in area, which leads to increase the
cost of the production. Arunachalam et al. [14] presented a comprehensive analysis
between Spacing and Shielding. Under their analysis, the unnecessary shielding may
significantly increase the value of coupling capacitances such that more power is
dissipated. Thus, Spacing is usable to decrease power dissipation compared to
Shielding.

Swapping [17-18] is a technique statically reordering the wires such that bus lines
with a similar behavior are laid in adjacency. So, the coupling transitions are decreased
due to Swapping. However, the swapped bus model should accompany a set of mapping
functions in order to recover theoriginal shape.of the bus wires. These mapping
functions have to be transferred on. the bus to inform the decoder, so that incur the cost
in delay and power dissipation. The optimal swapping problem is NP-hard [17-18], so
it’s unsuitable to practice in run-time.

In the next chapter, we will describe a new cost-effective low-power bus model
which combines encoding and Spacing techniques. In our bus model, both self- and
coupling transitions are reduced so that the total power dissipation can be reduced more

compared with previous.
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Chapter 3 Amount-Driven Encoding
Method (ADEM)

From the related work described above, we can observe that decreasing the number
of self- and coupling transitions simultaneously is an important factor for reducing total
power dissipation. In this chapter, we will focus our working on data bus, and expect to
establish a new cost-effective low-power bus model. In section 3.1, we will introduce
our motivations and give an overview of our proposed method. Then, the bus encoding
method amount-driven encoding method (ADEM) is described in section 3.2. The
strategy to reduce overheads caused by ADEM is shown in section 3.3. Finally, we will

deeply discuss the Spacing mechanism in section 3.4, which further enhances ADEM.

3.1. Overview

There is a simple example to illustrate the flaws of OEBI and CBBI. Figure 3.1
presents the power dissipation before and after applying OEBI and CBBI. Without
applying any encoding methods, the original data streams are presented in (a), which
causes 28-1/2C; V4 of power dissipation (assume A=3). Figure 3.1(b) and (c) present
the encoded data streams after applying OEBI and CBBI, respectively. The power
dissipations are both decreased to 27-1/2CLVdd2, but it’s still not good enough. The
reason is that the existent toggling event (marked with a frame) is not eliminated.
Actually, for any bus encoding method, if we focus on improving one coupling
transitions, there may cause some influences on the adjacent one. Furthermore, if we
take all coupling transitions into consideration simultaneously, the improvement will be

highly limited because it’s difficult to optimize all of them only by a few additional
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Figure 3.1. Power dissipation. (a) Original, 28-1/2C; V4. (b) OEBI, 27-1/2C. V4. (¢)
CBBI, 27-1/2C, V44 (assume A=3).
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Figure 3.2. A common low-power bus model with Spacing mechanism.

lines. Thus, we will try to find an integrated method to deal with self- and coupling
transitions at the same time. In our proposed method, we first use a new encoding
method to handle them more effectively, and then apply Spacing mechanism to further
resolve the difficulty of optimizing all coupling transitions simultaneously.

A common low-power bus model with a little difference is shown in Figure 3.2.
The encoder receives the original data streams and then encodes them with a certain
encoding method. In the meantime, it also has to inform the decoder what encoding
criteria are used by using the informed lines. Then, the decoder recovers the codewords
according to the information provided by the encoder. Meanwhile, Spacing technique is
applied for each pair of lines. The detail of encoder, decoder, and Spacing technique will
be introduced in the next three subsections. By using this integrated method, we can

-19 -



reduce power dissipation caused by the transmission of data streams effectively.

Before describing our bus encoding scheme in some detail, we introduce the
following terminologies at first. The original input data streams at time ¢ are represented
by (b, bi',..., ba.i'), and the encoded data streams also called codewords are
represented by (b°¢, b’\,..., b’s.1'), where M is the bus width. Then, we separate the
data streams into several pairs before and after encoding. We name a pair among the
original data streams at time ¢ as Pair,-tZ(bz,-t, b2i+1t) and an encoded pair among
codewords as EPairi’Z(b’zi’, b’g,-+1’) for all i€ {0, 1,...,M/2-1}. However, because there
are two line-to-ground and one coupling capacitances for each pair of lines, we name a
pair transition as Pair{”'>Pair; while there is self- or coupling transition on these
capacitances. Thus, we denote the power dissipation caused by pair transition as
Power(Pair{' > Pair). For instancej the power dissipated by pair transition (0,1)>(1,1)
is calculated as Power((O,1)9(1,1))=1/2CLVdd2+1/2CCVdd2. Besides, since there may
occur only four types of pairs, i.e. (0,0);(0,1),-(1,0), and (1,1), each encoded pairs will
cause only four kinds of pair transitions: The average (expected) power dissipation for a

certain pair is defined in the following formula:

avg.

, Power((0,0) — EPair/), Power((0,1) - EPair/),
Power, , (Pair,) = Average )

Power((1,0) — EPair,), Power((1,1) —> EPair)

By using the formula, we can calculate total power dissipation and compare it to
related work. Nevertheless, the coupling transitions between each pair of lines are still
not taken into account, and these will be resolved by applying Spacing technique
eventually.

In the following, we will introduce our new bus encoding method named ADEM in
some detail. Meanwhile, to simplify the description we will omit the unit of power with

12C Vi
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OEBI
Pair "> Pair,!| Events | a; | ac .
original | all invert | invert odd | invert even
(0,0)=>(0,0) - 0|0 0 2 1+4 1+4
(0,0)=>(0,1) Charge | 1|1 1+4 1+4 0 2
(0,0)=>(1,0) Charge | 1|1 1+4 1+4 2 0
(0,0)>(1,1) - 210 2 0 1+4 1+4
(0,1)>(0,0) | Discharge | 1 | 1 1+4 1+4 0 2+424
(0,1)>(0,1) - 0|0 0 2+42 1+4 1+
(0,1)>(1,0) Toggle | 2 | 4 | 2+44 0 1+4 1+
(0,1)>(1,1) | Discharge | 1 | 1 1+4 1+4 2+44 0
(1,0)>(0,0) | Discharge | 1 | 1 1+4 1+ 2+44 0
(1,0)=>(0,1) Toggle | 2 | 4 | 2+44 0 1+4 1+4
(1,0)=>(1,0) - 0|0 0 2+42 1+4 1+4
(1,0)=>(1,1) | Discharge | 1 | 1 1+ 1+ 0 2+44
(1,1)>(0,0) - 210 2 0 1+4 1+4
(1,1)=>(0,1) Charge |1 | 1 1+4 1+4 2 0
(1,1)=>(1,0) Charge |1 | 1 1+4 1+4 0 2
(1,H)~>(1,1) - 040 0 2 1+4 142

Table 3.1. All the cases of power dissipation caused by pair transitions for OEBI.

3.2. Principle of ADEM

In the view of pair transition, the power dissipation caused by pair transitions for

OEBI is listed in Table 3.1. There are four columns, including original, all invert, invert

odd, and invert even, which are the four kinds of encoding methods in OEBI. The bold

values stand for the critical cases, i.e. Power(Pairkt'léPairk’) 1s more than those with

the same types of Pair/". However, Power(Pairy™'-> Pair,’) with the same types of

Pairy! may be critical or non-critical case, so that Poweravg,(Pairkt) is always equal to

either (4+24)/4 or (4+64)/4 in OEBI. This balance distribution of average power

dissipation for OEBI is shown in Figure 3.3(a). The reason for the balance is that OEBI

always applies only one encoding method in each bus cycle. Nevertheless because the

-21 -




)

/Y O1+9

\

NN

AT e

NMnn s

N e+
= N )

N v/(YT+t)
\\Q v/(Y T+)

m v/(YT+)
> AhAANANIM/I INMdii

. N /(Y T+9)
a :\\\\\\\Q v/(Y +1)

Z z
(00) (01) (10) (11) (00) (01) (10) A
original or all invert invert odd or invert even
(a) (b)

Figure 3.3. Average power dissipation for (a) OEBI and (b) ADEM.

number of pairs appeared in a bus cycle will not be balanced, this balance distribution of
average power dissipation limits the 'imérove;ﬁeﬁt. Our modified unbalance distribution
of average power dissipation is shown iﬁ Fiéﬁrer‘3.3(5), where 4, B, C, and D represent
the types of pair appeared nifistly, : srecgngfmor‘stljlf, third mostly and the rarely,
respectively. In the following, we -‘w‘ill rshow that the unbalance distribution of average
power dissipation is more suitable than that of the balance one, and then explain the
principle of our new encoding method more clearly.

Let the four types of pairs 4, B, C, and D appear n;, np, n3, and ng times
respectively, where n; > n, > n3 > ngq. The appearance number of these types of pairs
multiplied by those of average power dissipation will be the total power dissipation.

Then, the total power dissipation of ADEM in a bus cycle can be estimated as:

6+24 4+44 6+104
+n,- +n, -
4 4 4

P,(ADEM)=n,-0+n, -

6]
In OEBI, we assume that the pairs appeared mostly and second mostly have the smaller

two average power dissipations, (4+21)/4. The pairs appeared rarely and second rarely

have the larger two average power dissipations, (4+64)/4. Thus, the total power
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Pair"' S Paird | ap | ac| P(.)we.r Order
dissipation
0,0>0,0) |0/ 0 0 1
0,0>0,1) |1]1 1+ 3
0,0>(1,00 | 11 1+4 4
0,00>(1,1) |20 2 2
0,)>0,0) |11 144 3
0,)>(0,1) | 0|0 0 1
0,)>(1,00 |2 | 4 2+44 4
O,D>1,1) |11 ) 2
(1,0)>(0,0) | 1|1 1+4 2
(LO)>(0,1) |2 | 4| 2+44 4
(1L,O)>(1,0) |00 0 1
(LO)>(1,1) |11 144 3
(LD>0,0) |20 2 2
(LD>0,1) |11 1+4 3
(LD>(1,00 | 1] 1 144 4
(LD>(1,05 1010 0 1

Table 3.2. The order of:power dissipations caused by pair transitions.

dissipation of OEBI in a bus cycle can be expressed by the following formula:

P,(OEBI) > (n, +n2)-ﬂ+(n3 +n,) 4+64

(6)
After subtracting formula (5) from (6), we can obtain that the total power dissipation of
ADEM is always less than or equal to that of OEBI if we don’t consider the power
dissipation caused by informed lines. In summary, the unbalance distribution of average
power dissipation in ADEM is better than that of the balance one in OEBI. The design
flow of this unbalance distribution is described as follows.

All the cases of Pair,”'=>Pair,’ are listed in the Table 3.2. The orders are listed
according to Power(Pairy”' > Pair,) with the same type of Pair,"'. We encode the pairs
Pairy' by arranging these orders in Table 3.3. The states are presented as the change

between previous pairs Pair;” and encoded pairs EPair,’. After arranging these pair
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Pair "> Pairy! | EPairy State , P(.)we.r Order
dissipation
(0,0)>(0,0) (0,0) | unchange 0 1
(0,0)=>(0,1) (1,1) | allinvert 2 2
(0,0)=>(1,0) (0,1) |even invert 1+4 3
(0,0)>(1,1) (1,0) | odd invert 144 4
(0,1)=>(0,0) (0,1) | unchange 0 1
(0,1)=>(0,1) (1,1) | even invert 1+ 2
(0,1)>(1,0) (0,0) | odd invert 1+ 3
(0,1H)=>(1,1) (1,0) | all invert 2+41 4
(1,0)>(0,0) (1,0) | unchange 0 1
(1,0)>(0,1) (0,0) |even invert 1+2 2
(1,0)=>(1,0) (1,1) | odd invert 1+4 3
(1,0)=>(1,1) (0,1) | allinvert 2+44 4
(1,1)=>(0,0) (1,1) | unchange 0 1
(1,1)=>(0,1) (0,0) | .all invert 2 2
(1,1)=>(1,0) (0,1) |even invert 1+4 3
(1,H)=>(1,1) (1,0) | odd mvert 1+4 4

Table 3.3. All the cases of powerdissipation caused by pair transitions with ordering,

and the encoding states:

A B C D

§ 00 | unchange allinvert even invert odd invert

S 01 | unchange eveninvert oddinvert all invert

5 .= . , .

s & 10 | unchange eveninvert oddinvert all invert

E 11 | unchange allinvert eveninvert odd invert

o

A \J \2 2 \J
Power,.(*) 0 (6+2A0)/4  (4+40)/4  (6+10M0)/4

Table 3.4. The four-state encoding table of ADEM.

transitions with those of orders, Poweravg_(Pairk’) will be modified to 0, (6+24)/4,
(4+42)/4, or (6+104)/4. Thus, unbalance distribution is obtained and the states listed in
Table 3.3 can be employed to design our encoding method.

A four-state encoding table is listed in Table 3.4. The encoding states represent the
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bO bl b2 b3 b4 b5 b6 b7 b8 b9 blO bll b12 b13 b14 b15

Previouscodeword +-1: 0 0 1 0 1 1 0 0 1 1 O 1 1 O 1 1
Original word t:0 110001101 T1TUO0OTO0OT1TGO0OF®O0

@ After encoding (4=(0,1), B=(1,0), C=(0,0), D=(1,1))
by b1 by b3b’sb's b's b'7 b's b'ob'1ob'11b"12D"13b"14b"5
Previouscodeword +-1: 0 0 1 0 1 1 0 0 1 1 O 1 1 O 1 1
Currentcodeword ¢: 0 0 0 0 0 1 01111 1100 1

Figure 3.4. An encoding example (the energy dissipation caused by pair transitions is

change from previous encoded pair. This encoding table design follows the states in
Table 3.3 and leads out the unbalance distribution of average power distribution. During

the encoding, the encoder should record the previous codeword and encodes the input

reduced from 12+104 to 5+51).

original word with following encoding steps:

L.

II.

I1I.

IV.

the average power dissipation of these encoded pairs will be modified to 0, (6+21)/4,

(4+42)/4, and (6+104)/4. Meanwhile, in order to make the codeword recoverable, the

types of pair 4, B, C, and D have to be transferred to decoder. Actually, the encoder only

Accounting the appearance-numbet-of each type of pair from the input original

word.

Recognizing which types of pair appeared mostly, second mostly, third mostly, and

rarely (i.e. which type of pair is 4, B, C, and D) according to the accounted

appearance number.

After recognizing the types of pair, the states can be found by referencing the

four-state encoding table.

Finally, the original pair with corresponding type 4, B, C, and D can be encoded

from previous encoded pair with the change of relative state.

After that, the codeword composed of encoded pairs will be obtained. Furthermore,

-25 -



states

unchange oddinvert even invert all invert

E00| 4 D C B
2 50l 4 C B D
> o
2 & 10 A C B D
s g
511 4 D C B

Table 3.5. The four-state decoding table of ADEM.

transfers the orders of appearance number for each type of pair, which are totally 4!=24

cases.

An encoding example is shown in Figure 3.4. For the input original word, the types
of pair (0,1), (1,0), (0,0), and (1,1) appear 3, 2, 2, and 1 times ,respectively. Thus, The
encoder can recognize the types of pair as 4=(0,1), B=(1,0), C=(0,0), and D=(1,1). By
referencing the encoding table, the first pair Pairy=4=(0,1) is encoded to EPairy’=(0,0)
because the unchange state stands for leaving previous pair Pairy"'=(0,0) unchanged.
The remained pairs also can be encoded by fepeating the encoding step III and IV. After
all pairs in original word are encoded, the codeword (with bold values) is obtained and
transferred on the bus. According to formula (3) (described in chapter 2) without
calculating coupling transitions between each pair of lines, the power dissipation by pair
transitions is reduced from 12+104 to 5+54.

During the decoding, the decoder also should record the previous codeword and
recovers the original words according to the following decoding steps:

I.  The state can be obtained by observing the change between previous and current
codewords. For instance, while the previous encoded pair is (1,0) and the current
one is (0,0), the state can be gotten as even invert.

II. The decoder also should recognize what types are the types of 4, B, C, and D,
which are informed by encoder.

III. After finding the states and recognizing the types, decoder can recover the original
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pairs by referencing the decoding table listed in Table 3.5. The original word is

obtained until all the encoded pairs are recovered.

A decoding example is the same as that of Figure 3.4. The first encoded pair
EPuairy’=(0,0) can be recovered back to A4=(0,1) because the unchange state is
recognized and previous encoded pair EPairy™'=(0,0). The second one EPair,’=(0,0) is
recovered back to B=(1,0) according to even invert state and EPair,”'=(1,0). Else of
them also can be recovered by repeating the decoding steps II and III.

We have introduced our encoding and decoding steps above. In order to recovery,
there are a little informed lines should be inserted. Nevertheless, these informed lines
still cause power dissipation, thus we will focus our working on reducing the number of

them in the next section.

3.3. Overhead reduction

To realize our low-power encoding method ADEM, the encoder should inform the
decoder the types of pairs 4, B, C, and D. We need to insert five additional informed
lines to record the 4!=24 cases of the types of pairs. However, these informed lines are
costly not only in power dissipation but also in circuit area, and they will counteract our
achieved performance. By observing formula (5), we find that there exist two critical
elements, i.e. 0 and (4+104)/4, which are the smallest and largest values of average
power dissipation for a pair. Furthermore, these two critical elements are the average
power dissipation of the types of pair 4 and D. Here, we focus our working on the
overhead of power dissipation caused by informed lines. In our first policy of overhead
reduction named ADEM 4L, we will only recognize the types of pair 4 and D instead of
recognizing all types of pairs. In the second one named ADEM 2L, we will only

recognize the types of pair D because the element (4+104)/4 occupies intolerable large
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portion of total power dissipation. By using ADEM 4L and ADEM_2L, the additional
informed lines can be reduced.

Under ADEM_4L, the encoder only recognizes the types of pair 4 and D and then
informs the decoder. It is amounted to P, =12 cases so that only four additional
informed lines will be needed. The encoding and decoding steps in ADEM 4L are
almost the same as those in ADEM. The difference is that the encoding step II is
modified as follows. The encoder only recognizes which types of pair appeared mostly
and rarely (i.e. which types of pair are 4 and D) instead of recognizing all the types of
pair. Next, the decoding step II is modified as follows. The decoder only recognizes
what types are the types of 4 and D without recognizing all types of pair. Actually, the
decoder does not obtain which types of pair are B and C from encoder. Therefore, we set
the four types of pair to a specific sequence: (0,0),40,1), (1,0), (1,1). While the types of
pair A and D are recognized, they should be removed from the specific sequence. The
types of pairs B and C can be simply. set-to.the former and later of the rest two types
according to the specific sequence. Meanwhile-both encoder and decoder should follow
the above rules to set the types of pair B and C for consistency. Since all the types of
pair have been decided, both encoder and decoder can continue the following encoding
and decoding steps.

For instance, the input original word and previous codeword are the same as those
in Figure 3.3. The encoder only recognizes the types of pair appeared mostly 4 as (0,1)
and rarely D as (1,1) at first. Meanwhile, the specific sequence of four types turns from
(0,0), (0,1), (1,0), (1,1) into (0,0), (1,0). The types of pair B and C will be set to the
former (0,0) and later (1,0), respectively. Finally, by referencing the same encoding and
decoding tables like ADEM, the codeword can be obtained and recovered.

Under ADEM 2L, the encoder only recognizes the types of pairs D. There are only
two additional informed lines will be inserted due to P'=4 cases. Similar to

-28 -



ADEM 4L, the encoding and decoding steps in ADEM 2L are almost the same as those
in ADEM. The difference is that both encoder and decoder only recognize the type of
pair appeared rarely. Although the encoder and decoder do not get which the types of
pair are 4, B, and C, they can be picked out according to the specific sequence where
the types of pair D has removed. In this case, the types of pair 4, B and C can be set to
the former, middle, and later types of the rest three types. In summary, since the encoder
doesn’t recognize all the types of pair in both ADEM 4L and ADEM 2L, the order of
average power dissipation cannot match the number of the pairs appeared properly.
Hence, the performance of ADEM 4L and ADEM_2L may not as good as ADEM.

We have reduced the 5 additional informed lines to 4 and 2 for recovery in
ADEM 4L and ADEM 2L, respectively. Both the number of self- and coupling
transitions caused by the informed lines can be decreased so that the overhead of power
dissipation also can be reduced. Besides, because the encoder doesn’t need to recognize
all the types of pairs, the complexity of'encoding circuit can be simplified. Also because
of that, it is difficult to analyze the total power dissipation like ADEM. However, we
will use simulations to get the results of performance and overhead for ADEM 2L and

ADEM 4L. The overall evaluation will be given in chapter 4.

3.4. Spacing mechanism

The coupling transition between two pair of lines is presented as blrit b i
bie1'b 5iso'. If we apply any other encoding method to deal with it, the values of b ;'
and b’5:o' may be changed and causes some influences on the encoded pairs. Thus, we
have to use the non-encoding methods to deal with them. There are three non-encoding
methods listed in our survey, i.e. Spacing, Shielding, and Swapping. However, it has

been proven that Shielding can be replaced by Spacing if inductive effects are not
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Figure 3.5. Spacing architecture.

considered [14]. Actually, power dissipation is our major concern here instead of
inductive effects. Besides, as mentioned in Section 2.2.4 Swapping is not suitable to
practice in run time. Therefore, Spacing seems torbe the practicable choice to deal with
the coupling transitions between two adjacent/pairs.

As mentioned in our survey, thelvalue of coupling capacitance depends on the
distance between two adjacent wires.-While the distance is widened, the value will be
decreased. Furthermore, for a simple bus layout, the coupling capacitance between two

neighboring wires can be estimated by [18]:

A A
Cc—g';— ) (7)

, where A4 is the contact area between two neighboring wires which is dependent on the
height and length of the wires, d is the distance between the wires, and ¢ is the
technology constant depended on the material of wires. In the following, we will
assume ¢ and 4 to be the same for all wires. It means that the wire geometry is fixed and
only d is modifiable.

Under the above formula (7), we can widen the distance between two adjacent

pairs so that the effects of coupling capacitances can be reduced. Our spacing
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architecture is illustrated in Figure 3.5, where d,;, is original (minimal) distance
between any two adjacent lines and « is the distance ratio. The value of « is larger than
or equal to 0 and stands for widened distance is larger than that of original distance
(at+1) times. Because d,;, is limited by technology of fabrication, narrowing the
distance between two adjacent lines is impracticable. As the distance ratio o grows,
although the number of coupling transitions is not changed, the smaller coupling
capacitance implies less power dissipation. Nevertheless, widening the distance is costly
in area and leads to increase the cost of the production, but it is a tradeoff between
performance and cost. However, Spacing mechanism indeed resolves the coupling
transitions between two adjacent pairs. In our experiment, we will apply different
distance ratio « to observe the impact of them.

So far, we have introduced the essence of our low-power bus model, including
ADEM, ADEM with reduced overhead, and- Spacing. In the next chapter, we will

evaluate the performance of our proposed methods and compare to other methods.
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Chapter 4 Experimental Results

In this chapter, we will perform a number of simulations to evaluate the
performances of our integrated method presented above. The goals of our simulations
are as follows. First, we compare the overall performance among ADEM, ADEM 2L,
and ADEM_4L. Next we compare the performance of our proposed methods to OEBI
[9] and CBBI [13] with different measurements of capacitance ratio, distance ratio, and
bus width. Finally, we discuss the overall overhead of our integrated method and

compare to those of others based on delay time and circuit area.

4.1. Overview of simulation [9,,13; 18]

In simulation environment; we will simply calculate the number of self- and
coupling transitions on all the .capacitances.” The overall power dissipation for
transmission of data streams can be" calculated by using the following formula (i.e.

combining formula (1) and (2)):

Sp= Y [ZPO,SJFZP&J: > (Z%aLCLV;JrZ%aCCCV;j (8)

bus cycles bus cycles bus cycles \. M

In the formula, the number of self-transitions (¢;) and coupling transitions (o) affect
the total power dissipation while the other parameters are considered as constant.
Furthermore, the capacitance ratio (1) will be changed between different degrees of
fabrication. The power dissipation between different degrees of fabrication can be

calculated by replacing C. with A-C;, and it can be estimated as:

R CIOR A o

bus cycles bus cycles M

Then, Spacing mechanism is used to handle the pair transitions between each pair of

lines. The value of coupling capacitances will be changed due to different distance
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Parameter | Explanation Values
A Capacitance ratio (C¢/Cy) {3.9,5.4,7.4, o}
a Distance ratio (d=d,..,(1+)) | {0, 1/3,2/3, 1, 4/3, 5/3, 2, 7/3, 8/3, 3}
M Bus width {8, 16, 24, 32, 40, 48, 56, 64}

Table 4.1. Parameters in our experiment.

between each pair of lines. In our experiments, the power dissipation with a certain
length of distance can be calculated by replacing C, with formula (7), and which can be

estimated as follows:

By the calculation of these formulas (8~10), we can evaluate the reduction of power
dissipation by our proposed integral methods.

There are three parameters.in these -formulas,“i.e. the capacitance ratio (4), the
distance ratio (), and bus width-(M). Table 4.1 shows. the given values of them used in
our experiments. The capacitance ratios(4) are setto 3.9, 5.4, and 7.4 for 90 nm, 65 nm,
and 55 nm technologies, respectively. The distance ratio () is assumed for the distance
is four times larger than that of original at most. However, there are still several
parameters not given, including C;, Cg, Vddz, A, and & They are considered as constants
in our experiments and comparisons. The benchmarks used in our experiments are the

multimedia files because they are common used in handheld devices. There are also no

accredited benchmarks for these benchmark files, thus they are chosen arbitrarily.

4.2. Results analysis

In this section we first evaluate ADEM, ADEM 2L, and ADEM 4L and observe

the results of performance and overhead. Meanwhile, we arbitrarily pick out ten files for
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each type of benchmark file. The data in the graph is the average of the simulations of
the ten benchmark files. The performance is measured by using average power saving
which is defined as [12]:

Z P, (encoded)

Average power saving =|1-20240 x100% (11)
z P, (original)

bus cycles

Then we will compare our integrated methods to OEBI and CBBI under various

capacitance ratio (1), distance ratio (), and bus width (M).

4.2.1. Power dissipation caused by informed lines

Figure 4.1 presents the average power saving for ADEM, ADEM 2L, and
ADEM 4L. Figure 4.2 presents the average power saving without considering power
dissipation caused by informed lines. Inythese two figures, ADEM which considers all
the types of pairs gets the best-results in all-benchmark files, but five informed lines
counteract the achieved average power saving. In contrast, although ADEM 2L gets
almost only half average power saving ‘compared to ADEM, the two additional
informed lines counteract only a little average power saving. Overall, ADEM 4L
presents the best trade-off between power dissipation caused by bus lines and by
informed lines. In the later figures, we will show the average performance of these ten

benchmark files with considering power dissipation caused by informed lines.

4.2.2. The impact of capacitance ratio, distance ratio, and bus width

In the following graphs, the difference of performance between our methods and
OEBI is the effect of the number of encoding methods just in a bus cycle. Our ADEM
use various encoding methods in a bus cycle while OEBI uses only one. The difference
between our methods and CBBI is that CBBI only decreases the number of toggling

events. The average power saving under various capacitance ratios (4), distance ratios
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Figure 4.1. The average power saving of ADEM, ADEM 2L, and ADEM 4L (4=3.9,
o=0, M=32).
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Figure 4.2. The average power saving of ADEM, ADEM 2L, and ADEM 4L without
considering informed lines (4=3.9, =0, M=32).
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Figure 4.3. The average power savingundes various capacitance ratios (a=0, M=32).

(@), and bus width (M) will be déscribed below.

Figure 4.3 presents the avefage power-saving micluding power dissipation caused
by informed lines under various capacitance ratios (4). While A grows, power
dissipation caused by coupling transitions also grows. Thus, all the methods which
consider coupling transitions will show better results under larger A. In our proposed
methods, ADEM considers all types of pair while ADEM 4L and ADEM 2L do not,
thus the growth of trend for ADEM is a little better than ADEM_4L and ADEM 2L.
Then, the difference between our methods and those of others is that we don’t consider
coupling transitions between each pair in this moment. OEBI shows the best growth of
the trend because all coupling transitions are considered. CBBI takes into account only
toggling events instead of all coupling transitions, thus the growth of the trend is not as
good as OEBI. In any case, our ADEM 4L still shows the best result under various A4

ratios.
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Figure 4.4. The impacet of Spacing mechanism (4=3.9, M=32).

Figure 4.4 presents the impact of Spacing mechanism. Spacing improves more
average power saving for all these¢.methods. Because our methods doesn’t consider the
coupling transitions between each pair of lines, the power dissipation caused by these
coupling transitions will occupy large portion of total power dissipation. Hence, the gap
of average power saving between our methods and OEBI turns into larger in widener
distance. Also, in the range from o=0 to 2/3 Spacing improves our methods more than
that of OEBI and CBBI. While « is larger than 1, we find that the performance of
ADEM shows better result than that of ADEM 4L. The reason is that the pair
transitions here occupy larger portion of total power dissipation than that caused by
coupling transitions between each pair of lines. Meanwhile, ADEM considers all types
of pair while ADEM 4L doesn’t. In summary, Spacing does save much power for all
encoding methods, and especially for our methods. However the width of distance is a

tradeoff between the amount of average power saving and size of circuit area.
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Figure 4.5(a) and (b) present the effect without and with considering power
dissipation caused by informed lines under various bus widths, respectively. The major
difference between our methods and others is the number of encoding methods applied
in a bus cycle. Without considering informed lines, the bus width affects OEBI and
CBBI more than our methods. The reason for this effect is that OEBI and CBBI use
only one encoding method in a bus cycle, and that can’t cover so many cases of
coupling transition in widened bus system. In contrast, we apply various encoding
method instead of one in a bus cycle, which can cover more cases of coupling transition
in widened bus system. Thus, the influence of widened bus system is less than those of
OEBI and CBBI. Besides, if we take informed lines into consideration, ADEM and
ADEM 4L will show only a little improvement in the case of M=8. The reason is that
the power dissipation caused by 4 and 5 affects average power saving more than that of
other cases of M. While M becomes. larger, the-trend turns into more stable because the
power dissipation caused by informed:lines here.doesn’t occupy so large portion of total
power dissipation. In summary, our ADEM and ADEM_ 4L will show better result in the
case of M > 32.

So far, we have evaluated the performance of our methods. We showed that
ADEM 4L presents the best result in most cases. We also found that Spacing
mechanism does improve bus encoding techniques a lot. As the fabrication trends to
advancement, ADEM 4L also trends to save more power dissipation. Only in the case
of smaller bus width, i.e. M < 32, the achieved performance will be counteracted due to
4 additional informed lines, and doesn’t show the best result. However, while M

becomes larger, ADEM and ADEM_4L still exhibits better result than those of others.
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caused by informed lines (1=3.9, a=0).
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4.3. Overhead comparison

To realize our proposed integrated method, we first need to implement a decision
circuit in the encoder which recognizes the appearance number for each type of pairs.
Then, a set of combinational logic are used to encode each type of pair with
corresponding encoding method. In the decoder, the informed lines control the decoding
circuit applying different decoding methods. Thus, the overhead of circuit area contains
those of decision, encoding, decoding circuit, and informed lines. The major overhead
of delay time will be limited in the decision circuit because the comparator requires
more time. In addition, a little power will be dissipated due to additional inserted
circuits. It can be negligible because the power dissipation caused by inserted circuit is
much less than the transitions on the'capacitances [9].

In OEBI, there are only a few_invert gates used in encoding and decoding circuit.
Thus, they don’t cost much delay time-and circuit -area. Nevertheless, OEBI should
choose the best candidate with the ‘least coupling transitions to be the codeword. The
decision circuit needs to calculate the number of coupling transitions for each candidate
and then compare. In contrast, our methods only recognize the appearance number for
each type of pair. For the size of decision circuit, ours occupies less than and nearly half
compared to OEBI. For the delay time of decision circuit, OEBI requires more time to
pick the codeword out from the 4 candidates. Overall, the area of encoder in our
methods is smaller than that in OEBI, but the decoder is larger than that in OEBI.

In CBBI, only the toggling events are taken into consideration instead of all
coupling transitions. An inverter in decision circuit is used to compare the number of
penalties and rewards. It only costs a little circuit area and delay time. However,
although the overall overhead in CBBI is less than our methods, the experiment results
show that our methods present better performance than CBBI.
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ADEM OEBI [9] CBBI [13]
o 4 counters and 1 4 coupling counter )
Decision An inverter
L comparator and 1 adder
Circuit :
Encoding
area A set of o o
and o ) A little invert gates | A little invert gates
i combinational logic
decoding
o Calculating the )
Recognizing the Comparing the
) | number of
Delay time types of pair 4, B, C, . number of penalty
coupling
and D . and reward
transitions
Informed lines 5,4,0r2 2 1

Table 4.2. The comparison of circuit area, delay time, and the number of informed lines
for ADEM, OEBI, and CBBL.

Besides, for the number of informed lines, our methods require 2, 4, or 5 lines for
recovery but only 2 in OEBI and 1,4n CBBIL_These informed lines will increase not only
circuit area but also the cost of production; They “also introduce additional power
dissipation. However, inserting the informed-lnes is unavoidable overhead for common
encoding methods focused on low-power. Although our methods require more
additional informed lines, we still achieve the goal of low-power dissipation.

Table 4.2 lists the comparison of circuit area, delay time, and the number of
informed lines for these three methods. In the circuit area, the required components of
circuit used in decision, encoding and decoding are listed. In the delay time, only the
critical function which costs the most time is compared. Overall, the circuit area and
delay time of ADEM is less than OEBI, but more than CBBI. In the next chapter, some

conclusions and future work are remarked.
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Chapter 5 Conclusions and Future Work

Finally, we will conclude our method and give some future work in this chapter.

5.1. Conclusions

In this thesis, we propose a method named amount-driven encoding method
(ADEM) for low-power on-chip data bus design. It reduces the number of self- and
coupling transitions by using encoding technique and decreases the value of coupling
capacitance by applying Spacing. In summary, ADEM has the following features and
contributions.

(1) In order to avoid the influence,,of .neighbor coupling transitions, ADEM
considers the coupling transitions in two phases: In"phase one while ADEM encodes the
pairs, it first ignores the power dissipation caused by the coupling transitions between
each pair of lines. Then in phase two, the unresolved coupling transitions between each
pair will be dealt with Spacing. This two phases design avoids the influence upon two
adjacent coupling capacitances, thus our encoding method design can only concentrate
on the improvement of pair transitions. Therefore, for the power dissipation caused by
pair transition, ADEM save more power than those of OEBI and CBBI.

(2) Through our bus encoding method design, ADEM separates all the pairs into
four types. Each type of pair will be encoded with four encoding methods. During
encoding, ADEM first recognizes the order of appearance number for each type to
process encoding without calculating total power dissipation. The experiment result
shows that ADEM which applies four encoding methods outperforms only one in OEBI

and CBBI. Moreover, because the order of the appearance number is independent of the
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bus width, ADEM is well suited for high-performance devices which contain wider bus
system. Even as the fabrication trends advancing, ADEM saves more power and is still
the most effective method compared to OEBI and CBBI.

(3) The overhead of delay time and circuit complexity is less than that of OEBI.
The reason is that ADEM can encode by recognizing the appearance number of each
type of pair instead of calculating total power dissipation. Meanwhile, the coupling

transition between each pair of lines can be ignored during encoding.

5.2. Future work

In addition to our previous features, there are still some attractive issues worthy of
further investigations. First, ADEM .is mainly.designed for data buses. It may not
perform well on instruction or=address :buses;. because it cannot exploit the high
correlation of instruction or address data streams. In the future, we will try to find the
un-correlated part of instruction or’address stream, and then modify ADEM applying to
the part. For instance, the un-significant part of address stream almost has weak
correlation, so that we can apply ADEM to the un-significant part of address stream.

Second, we assume that the signals on the all lines are synchronized, i.e. there is no
delay skew between them. However, for on-chip bus, a relative delay between data on
neighbor lines usually occurs due to process, voltage and temperature variation.
Therefore, delay skew between neighbor lines may change the charge, discharge, or
toggle events of coupling capacitance [9, 19]. For example, the toggling event 10201
will become two separate events 10—>00 followed by 0001, so that we can’t exactly
estimate the number of coupling transitions by our proposed method. In the future, we
may consider that the signals with delay skew of normal distribution, and then

re-estimate the number of self- and coupling transitions.
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Finally, it should be noted that our proposed method doesn’t consider the coupling
transitions between nonadjacent lines, because its effects on power dissipation seems
relatively small. However, in an ultra deep-submicron technology design in the future,
the events of coupling transition is affected not only by two adjacent lines but also by
two nonadjacent lines. In the case, even the coupling transition is not affected by

adjacent lines instead of nonadjacent lines, we also need to estimate it
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