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Abstract 
 

Interconnect design and signaling methods play an important role in modern VLSI systems 

by providing a communication medium between distant points having low latency, small energy 

consumption and robustness against noise. An important figure of merit for monolithic buses is 

power consumption, which is a function of bus topology, technology parameters and the signaling 

methods used. It has been reported in the literature that buses may consume more than half of the 

total power budget of a chip. This thesis develops a set of signaling methods and coding 

techniques to ameliorate this power problem. 

A multilevel signaling scheme is chosen in which more than two voltage values are used to 

represent the transmitted data. This approach incorporates both bus multiplexing and reduced 

voltage swings to achieve the low-power goal.  A comprehensive analysis of energy consumption 

for voltage-mode, multilevel signals on a nanometer technology bus is presented. An accurate, 

transition-dependent model for multilevel buses is proposed which allows simplified calculation 

of the bus energy consumption. This energy model is then applied, together with physical 

optimization of the on-chip interconnect structure, to achieve highly energy-efficient on-chip bus 

communication.  The results show that significant energy savings can be achieved compared to 

traditional binary signaling methods. 

Next, a novel technique called Bus Transform coding for multilevel signals is proposed, 

which is an extension of the traditional Bus-Invert coding of binary signals. Simulation results 

show that this technique can achieve reductions in the average power consumption compared to 

an un-coded multilevel bus. 

Finally, this thesis shows, through the use of trellis diagrams and the Viterbi algorithm, that 

Bus-Invert coding is optimal for a sequence of data values transmitted over a binary bus. 
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Chapter 1 

Introduction 
 

 

1 Motivation 
 

Interconnect design and signaling methods play an important role in modern VLSI systems 

by providing a communication medium between distant points having low latency, small energy 

consumption and robustness against noise.  

Interconnect has various functions like distributing the clock and other signals across the chip, 

providing supply and ground connections to circuits and most importantly providing a means of 

communication between modules
1
 in the system.  Aluminum and copper wires have been widely 

used for this purpose but recently, different kinds of interconnects for processor systems have 

been proposed in [1]-[3]. Although these proposals have speed advantages over the conventional 

wire interconnect, they face the biggest hurdle of all - physical realization which must be 

compatible, practical and competitive with present-day interconnect systems. 

Wire interconnect, especially in bus
2
 communication systems, generally suffers from three 

major problems: (1) large propagation delay due to capacitive crosstalk (delay problem), (2) high 

power consumption due to both self and coupling capacitance (power problem), and (3) increased 

susceptibility to errors due to deep sub-micron (DSM) noise (reliability problem) [4]. These 

problems worsen with technology scaling, i.e. shrinking feature sizes, increasing die sizes, scaling 

of the supply voltage, increasing interconnect density and faster clock rates. 

In this chapter, we will first introduce the problems of interconnect delay, power and 

reliability. We will discuss the contributing factors to these problems. Focus will then be given to 

the power problem, citing numerous interconnect power reduction strategies in the literature from 

the low-power design community. The bus and its electrical model will also be introduced. 

Finally, the contributions of this thesis are summarized.  

 

                                                
1
 A module can be as small as a transistor or as big as processor. 

2
 In this thesis, “bus” refers to a collection of wires. It is not necessarily a dedicated link in a bus-based system. 
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1.1 Interconnect Delay 
 

An important figure of merit for monolithic interconnects is the RC response time or latency, 

2

int int int intR C r c Lτ = =  , where int intR r L=  and int intC c L= , rint and cint are the resistance and 

capacitance per unit length and L is the length of the interconnect [5].  

Figure 1 shows the delay scaling trend for gates and wires at future technology nodes, 

according to International Technology Roadmap for Semiconductors (ITRS) [6]. While gate 

delay reduces with scaling, the delay of on-chip global wires increases almost quadratically. The 

reason for the increase in interconnect delay is largely due to crosstalk effects from the coupling 

capacitance between adjacent wires. The observed effect suggests that signals can no longer 

travel from one point to another within a clock cycle on global interconnect without repeaters. 

This reasoning is supported by the work in [7], which shows the reduction of the reachable 

distance for a signal to travel in 80% of the clock cycle in future technology generations. 

 

 

Figure 1: Gate and wiring delay versus future technology nodes [6]. 

 

Meanwhile, in Figure 2, a scenario where off-chip bus frequencies have not kept up with 

processor frequencies can be clearly seen. This frequency gap would have caused an imbalance 

between computational rate and data bandwidth to the external memory, but bus width has kept 

increasing to improve the total bandwidth [8]. The solution of simply increasing the number of 
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channels (wires or pins) either in on-chip or off-chip bus communication demands a large silicon 

area, reduces the interconnect density and routability and increases the power consumption. 

 

Figure 2: Discrepancy between core and bus frequency in Intel microprocessors [8]. 

 

1.2 Interconnect Power 
 

The second figure of merit is the dynamic power consumption given as 

( )int DD swing

N

P c L V V f α=∑  where N is number of wires, VDD is the supply voltage, Vswing is the 

voltage swing, f is the signaling frequency and α is the activity factor.  

The increasing number of transistors and die size leads to longer, complex and power-hungry 

interconnections inside the chip. In [9], it is reported that power consumption in on-chip 

interconnect represents a significant portion of the chip total power consumption (up to 50%). It 

has been estimated that more than 30% of wiring power is due to global signal interconnects and 

that fraction is growing with technology scaling.  

The fact that global wires are currently undergoing a reverse scaling process results in wider 

and thicker top metal layers and an increase in the wire aspect ratio.  This leads to increases in 

self and coupling capacitance, which causes global communication to become an increasingly 

power-consuming process [10]. This reasoning is supported by Table 1, which shows the 

projections for metal 1 features, intermediate and global interconnect profiles (pitch and wire 

aspect ratio) and the number of metal layers for future technology nodes according to ITRS. 
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Year of production 2001 2004 2007 2010 2013 2016 2019 

Technology node (nm) 130 90 65 45 32 22 16 

Number of metal layers 8 10 11 12 13 13 14 

Metal 1 wiring pitch (nm) 350 214 136 90 64 44 32 

Metal 1 wiring aspect-ratio 1.6 1.7 1.7 1.8 1.9 2.0 2.0 

Intermediate wiring pitch (nm) 450 320 167 104 72 50 36 

Intermediate wiring aspect-ratio 1.6 1.7 1.7 1.8 1.9 1.9 2.0 

Global wiring pitch (nm) 670 475 250 156 108 75 54 

Global wiring aspect-ratio 2.0 2.1 2.2 2.4 2.5 2.6 2.8 

 

Table 1: Projections of the number of metal levels, metal 1 features, intermediate and global 

interconnect profiles based on data compiled from ITRS 2003 and 2005 [6]. 

 

1.3 Interconnect Reliability 
 

The third figure of merit is to provide a communication link between modules which is robust 

to noise, given an unreliable environment, while simultaneously achieving a performance 

objective and observing a power constraint. An increasing number of switching devices, power-

ground noise (IR drops and simultaneous-switching noise), capacitive and inductive crosstalk 

from other interconnects due to decreasing wire geometries, charge sharing, process variations 

and soft errors due to particle hits cause deep-submicron (DSM) noise to continue to increase 

with technology scaling. 

 

Year of production 2001 2004 2007 2010 2013 2016 2019 

Technology node (nm) 130 90 65 45 32 22 16 

High performance VDD (V) 1.2 1.2 1.1 1.0 0.9 0.8 0.7 

On-chip clock frequency (GHz) 1.68 4.17 9.29 15.08 22.98 39.68 62.44 

Maximum current density (A/cm
2
) 

 – wire at 105
o
C 

4.53e5 5.00e5 2.08e6 5.15e6 8.08e6 1.47e7 2.23e7 

Transistor density logic 

(Mtransitor/cm
2
) 

38.6 77 154 309 617 1235 2469 

 

Table 2: Projection of the supply voltage (for high performance systems), on-chip clock 

frequency, maximum current density and transistor density for logic circuits based on data 

compiled from ITRS 2003 and 2005 [6]. 

 

From Table 1, interconnect coupling capacitance increases with scaling as wire aspect ratio is 

in an upward trend. Table 2 shows that the scaling process continues to increase transistor density, 

pumping more current per area with a very small clock period which results in increased power-

ground noise. Finally, the interconnect reliability worsens as supply voltage scales down, leading 

to reduced noise margin. 
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2 Interconnect Low Power Design 
 

At present, research in the area of low-power design for interconnects can be divided into the 

following three broad categories: 

1. Modeling interconnect power. 

2. Investigating lower bounds on interconnect energy dissipation. 

3. Development of low-power design techniques. 

Interconnect power modeling (Category 1) is an important topic for low power design as it 

helps to provide an early estimate of the power dissipated by a circuit. In the binary signaling 

domain, [11] derives an energy consumption model for voltage-mode circuits while [12] presents 

a power dissipation model for current-mode circuits. Details on interconnect power modeling is 

presented in the next chapter.  

In Category 2, techniques from the field of information theory have been employed to 

determine the bounds on the energy efficiency in an interconnect system. In [13][14], a lower 

bound and upper bound on signal transition activity reduction are presented. This is very 

important in understanding the limit of coding schemes for reducing the transitions on high-

capacitance buses. In [15][16], a lower bound on interconnect energy efficiency in the presence of 

noise is proposed. Those works established a starting point for applying channel coding 

techniques to provide reliable communication at reduced power consumption. 

Work done in Category 3 can be viewed as a collection of techniques to reduce power at all 

possible levels of VLSI design. These techniques span from the architecture level down to the 

fabrication level. The architecture level approaches include bus splitting and network-on-chip 

(NoC) concepts [17]-[19].  System level approaches include links with adaptive supply voltage 

and frequency [20], error-correction and retransmission techniques [21]-[23].  Circuit level 

approaches include low swing signaling [24], bus multiplexing [25][26], a charge-recycling bus 

[27], a delayed line scheme [28] and multi-level signaling [29][30].  There are also low power 

routing strategies at the layout level and finally, at the fabrication level, approaches include using 

low dielectric constant (low-κ) material and three-dimensional (3-D) circuit integration [6]. A 

recently emerging approach for low power interconnect design is through coding techniques, 

borrowing ideas from information theory [31][32]. 

Bus splitting involves splitting a conventional bus into multiple segments, with dual-port 

drivers connecting adjacent bus segments [17]. Through this technique, the capacitive load that 

has to be driven during each data transfer is reduced, yielding a higher bus frequency and an 
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energy saving.  An NoC has a similar concept as bus splitting, but with more advantages [18][19]. 

Building an on-chip network leads to regular, structured wiring allowing simultaneous 

communications between components at lower power and enables scalability for higher system 

integration, as in a system-on-chip (SoC). 

Adaptive supply voltage and frequency scaling adjust a link’s supply voltage and frequency 

based on the on-chip communication traffic [20]. Through this technique, power savings can be 

achieved with a slight degradation in communication throughput. Techniques like forward error-

correction and retransmission provide energy-efficient communication links by reducing the 

signal voltage to the minimum tolerable value and actively detect for errors [21][22]. These two 

techniques are orthogonal to each other in the sense that while both of them actively detect 

transmission errors (codeword transmitted not a valid codeword), the forward-error-correction 

technique corrects the error while the retransmission technique requires the sender to retransmit 

the codeword which was in error. Based on their distinct properties, both techniques have 

different constraints and overhead complexity in their design. For example, the retransmission 

method can employ simple codes leading to simpler overhead hardware but requires a reverse 

retransmission request channel (additional wires) [21][22]. On the other hand, forward-error-

correction requires a more powerful error-correction code which means complex overhead 

hardware but does not require a reverse channel as the former approach does. 

Based on the dynamic power equation, sending data at reduced voltage will result in a 

quadratic dynamic power saving [24]. However, employing reduced voltage swing on the wire 

means that the signals need to be amplified back (with repeaters) which consumes additional 

power. Bus multiplexing or the serial-link bus technique allow multiplexing conventional parallel 

interconnect wires into fewer wires, which leads to the problem of optimizing the resulting 

interconnects for self and coupling capacitance reduction [25][26]. This method is very promising 

for DSM interconnects at the expense of increasing the clock frequency by the degree of 

multiplexing in order to achieve the same throughput as the original circuit.  The charge-recycling 

technique can be thought as a special case of adiabatic circuit techniques where charge is recycled 

between wires in the interconnect [27]. This method is very effective in high self capacitance 

wires and is expected to perform well in DSM interconnect. In the delayed line scheme, a relative 

delay is introduced when adjacent lines switch in opposite directions in order to minimize the 

worst case situation of the Miller coupling capacitance effect [28]. Due to the inserted relative 

delay, this technique imposes a tradeoff on bus power reduction and the data throughput.  
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The multi-level signaling scheme has received a lot of attention in recent years as a power 

reduction technique. Multi-level signaling can be viewed as a combination of low swing signaling 

and a bus multiplexing scheme [29][30]. By partitioning the supply voltage or current into 

multiple distinct voltage/current levels, more bits per wire per clock cycle can be sent over the 

wire. A detailed description of multilevel signaling systems can be found in the next chapter of 

this dissertation. 

Finally, transition coding schemes are techniques borrowed from the field of information 

theory and are very effective in reducing signal transition activity, leading to low power 

interconnects [31][32].  Originally, these coding schemes were designed to reduce transitions 

involving self capacitance only.  Recently, however, newer schemes have been designed to 

reduce both self and coupling capacitance transitions, and thus are suitable for DSM interconnect. 

3 Bus Model 
 

 

Figure 3: Geometrical arrangement of the bus containing a parallel set of wires on one 

plane. 

 

Figure 3 shows the cross-sectional view of a bus which contains a set of parallel wires 

residing on a ground plane. Based on the bus structure in Figure 3, a general model for bus wires 

in a nanometer technology is given in Figure 4.  Here, the wires are assumed to be distributed, 

lossy, and capacitively and inductively coupled [33]-[35].  

From the model, each of the elements may depend on the segment length-x. Therefore, it is 

useful to define densities of the parasitic elements. The densities of these different quantities are, 

( )ir x  for the serial resistance of i
th
 wire, ( )iic x  for the capacitance between the i

th
 wire and 

ground, ( )ijc x  for the capacitance between wires i and j, ( )ii xµ  and ( )ij xµ  for the self 

inductance and the mutual inductance between wires i and j. Lumped parasitics can be modeled 

as limiting cases of the distributed quantities. 
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It is worth noting that this model is an established one for Deep Sub-Micron (DSM) 

interconnect [11][33] and it has been used in the past for delay estimation as well as for signal 

integrity evaluation [34]. 

 

Figure 4: Elementary segments of bus wires. 

4 Contributions of the Thesis 
 

This thesis addresses the low power design of on-chip and off-chip bus communication. The 

contributions of this dissertation are as follows: 

 

Chapter 2: In Chapter 2, we study the energy consumption associated with data transmission 

using voltage-mode multi-level signaling through a nanometer technology bus. A general system 

description of a multilevel signaling scheme on a nanometer bus is presented.  Then, a transition-

dependent multilevel signal transition energy model is described. Accuracy of the model is 

verified by comparing its results with those obtained from circuit simulations on three different 

electrical models of the bus, namely lumped-C, distributed-RC and distributed-RLC networks. 

The bus energy model is used in Chapters 3 and 4 to provide a basis for low power design 

application through on-chip interconnect optimization and low power coding techniques. 

 

Chapter 3: In Chapter 3, we study the application of a multi-level signaling scheme for energy-

efficient on-chip bus communication. The methodology uses both bus multiplexing and low-

swing signaling characteristics, while keeping the total bus area fixed.  The line structure (i.e., 

width and spacing) are varied to achieve further energy reduction. In addition, the wire bandwidth 

of the energy optimized structure is also improved compared to a binary signaling interconnect 

structure. 
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Chapter 4: Chapter 4 explores a new approach towards low-power interconnect design through 

the use of coding techniques. A novel extension of the Bus-Invert coding technique to handle 4-

level pulse amplitude modulated (PAM-4) signals, called Bus Transform Coding (BTC), is 

proposed. With multiple voltage levels, the possible transformations of data are much richer than 

in the binary case of bus-invert coding. An exhaustive search is applied to find the best energy 

saving transformation sets given real traffic patterns.  The implementation results for the encoder 

and decoder in a UMC 130 nm standard cell library are given in terms of power, area and speed. 

 

Chapter 5: Bus-Invert coding is a popular technique to reduce the number of binary transitions, 

thereby reducing dynamic power for inter-chip buses, where the dominant contribution is from 

the self-capacitance of the wires [31]. This algorithm uses an invert line to signal whether the bus 

data is in its original or an inverted form. The method appears to be a greedy algorithm in the 

sense that it makes a decision at every clock cycle. In Chapter 5, we show that bus-invert coding 

is, in fact, an optimal strategy by borrowing techniques from the information theory field. A 

trellis diagram is employed to map the trajectories of the original and inverted codewords.  The 

known optimal solution, i.e. the Viterbi algorithm, is applied and its results are compared to the 

sequence of words obtained by applying Bus-Invert coding. We show that a symmetry property 

of the branches in the trellis diagram leads to the result that the Viterbi algorithm produces the 

same result as Bus-Invert coding.   We also show that partitioned Bus-Invert coding with a 

partitioning factor p can be viewed as applying the Viterbi algorithm on a 2
P
-state trellis diagram. 

 

Chapter 6: We present our conclusions of this work on low power design for bus communication.  

Suggestions for future work are also discussed in this chapter. 
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Chapter 2 

Bus Energy Consumption for 

Multilevel Signals 

 

 

Abstract 

A comprehensive analysis of energy consumption for voltage-mode multilevel signals on a 

nanometer technology bus is presented.  A transition-dependent model is used which allows 

simplified calculation of the energy consumption.  The accuracy of the approach is demonstrated 

using circuit simulations of three different electrical models of the bus, namely lumped-C, 

distributed-RC and distributed-RLC networks.  We also verify that bus energy consumption is 

independent of driver resistance, as predicted by the model. 
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1 Introduction 
 

Interconnect design and signaling methods play an important role in modern VLSI systems 

by providing a communication medium between distant points having low latency, small energy 

consumption and robustness against noise. An important figure of merit for monolithic buses is 

the energy consumption [5], which is a function of the bus topology, technology parameters and 

signaling methods used.  

One way to achieve high-speed signaling over a long wire is to partition it into S-segments 

[30].  This solution requires the insertion of (S-1) repeaters which come at the expense of a 

substantial increase in power consumption because of the additional capacitance to be charged as 

well as the current leaked by the repeaters.  It has been shown that the number of repeaters 

increases exponentially with technology scaling and it is estimated that there may be on the order 

of 700,000 repeaters in a 70 nm processor, consuming about 60 watts of power [35].  From a 

design perspective, inserting these repeaters also require a large amount of silicon area and reduce 

the interconnect density and routability [35] [36]. 

Another technique for providing high performance interconnects is by using a multilevel 

signaling scheme [30], [37], [43].  Multilevel signaling is a technique that transmits data with 

more than two distinct current or voltage levels on a wire. Such multilevel signaling schemes are 

known as M-PAM (Pulse Amplitude Modulation), in which each symbol corresponds to one of 

2
k

M = distinct amplitude or intensity levels so that each symbol carries ( )2logk M=  bits of 

information.  Multilevel signaling may be advantageous in band-limited channels having high 

signal-to-noise ratios, area/pin limited systems and asynchronous systems, for self-clocking 

purposes and for embedding error correction codes [43], [52], [53], [54] .  On-chip multilevel 

signaling can be viewed as a bus-multiplexing scheme [25] utilizing low-swing signaling 

techniques [24].  

The purpose of this thesis is to present and verify an accurate and computationally efficient 

transition energy model for multilevel signaling in nanometer technology buses.  It significantly 

extends our previous preliminary results [37] [46].  Limiting assumptions in the previous work 

have been removed to provide more accurate results.  In addition, many additional model details 

and verification results are provided. 

This chapter is organized as follows:  First, a general system description of a multilevel 

signaling scheme on a nanometer bus is presented in Section 2.  Then, the multilevel signal 
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transition energy model is described in Section 3.  In Section 4, we verify the model by 

comparing its results with those obtained from circuit simulations.  Finally, our conclusions are 

given in Section 5. 

2 Multilevel Signaling System 
 

In this section, we describe an on-chip multilevel signaling system, which is comprised of 

drivers, the bus and receivers. 

2.1 Multilevel Signaling Scheme 
 

Multilevel signaling schemes can be divided into two categories: current-mode and voltage-

mode schemes. For example, [30] employs a current-mode technique while [37] operates in 

voltage-mode.  The common idea of these schemes is to transmit more than two logic values on a 

single wire by using a set of discrete current or voltage levels. In the current-mode scheme, the 

interconnect line is terminated by a low impedance receiver and the signal (current) transmitted is 

sensed by a bank of current mirror comparators. As a result of the low-impedance termination at 

the receiver, reduced voltage swings are achieved, thus reducing the time it takes to charge and 

discharge the capacitance.  However, this low-impedance termination leads to static power 

consumption.  On the other hand, in the voltage-mode scheme, the wire is terminated by a high 

impedance receiver and the signal (voltage) transmitted is compared to a series of voltage 

references. In this system, a reduced voltage swing is achieved by partitioning the supply voltage 

VDD into multiple voltage levels. This scheme is very appealing as it can achieve high 

performance with very low static power consumption. In this work, we will focus on models for 

voltage-mode signaling. 

2.2 Driver-Bus Wire-Receiver Model 
 

Previous work illustrating the design of drivers and receivers for the multilevel voltage-mode 

scheme have appeared in recent years [29] [38].  Generally, the driver circuit is designed using 

pass-transistor-logic connecting supply voltages to the interconnect wire, while the receiver is 

composed of a set of comparators and reference voltages (either internal or external supply 

voltages). 
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Figure 1 shows an example of a multilevel signaling system for a single wire, which is 

composed of a driver, wire and receiver. To represent a multilevel bus, this structure can be 

replicated N times, where N is the number of wires in the bus, and by including coupling between 

the wires.   Models for bus wires in a nanometer technology are given in [11], [33], [34].  The 

wires are assumed to be distributed, lossy, and capacitively and inductively coupled (i.e., a 

distributed-RLC system). 

In this thesis, we use a 4-level signaling scheme as a representative example. The driver is 

modeled as a switch connecting the wire to one of the supply voltages (VDD, 2 3 VDD and 1 3 VDD) 

or to ground through resistors. The resistors ( )DDV
R t , ( )2 3 DDV

R t , ( )1 3 DDV
R t  and ( )GndR t  

correspond to the conducting PMOS and NMOS transistors in the transmitter circuit.  Their 

values can be arbitrary functions of time, not necessarily the on-resistances of the transistors in 

their linear region [11].  The switch connects to one of these resistors depending on the symbol to 

be transmitted, i.e. on the desired final voltage value on the wire: 
f

DDV V= , 2 3f

DDV V= , 

1 3f

DDV V=  or 0fV = .  The capacitances Cd and Cr are the parasitic capacitance at the output 

of the driver and parasitic capacitance at the input of the receiver, respectively.  

In Figure 1, ( )0,V t  and ( ),V L t are the boundary voltage values on the wire. The currents 

( )0,I t   and ( ),I L t are the driver and load currents in the wire. The current drawn by the driver 

from the three voltage supplies are denoted by ( )DDV
I t , ( )2 3 DDV

I t  and ( )1 3 DDV
I t . Finally, the 

driver and receiver are linked by a wire of length L modeled as a distributed-RLC line. 

 

 

 

Figure 1:  An example signaling system composed of a 4-level driver, wire and receiver. 

 

 



 14 

3 Multilevel Transition Energy Model 
 

In this section, we will present the transition energy model for multilevel signals. First, 

previous work on energy estimation for binary and multilevel signals is presented. Then, a simple 

closed-form expressions for multilevel signal transition energy due to ‘self-transition’-charging of 

the self capacitance (Cs) and ‘coupling-transition’-charging of the coupling capacitance (Cc) are 

shown.  Associated tables of energy consumption factors for all possible self and coupling 

transitions in a 4-level signaling scheme are also given. 

3.1 Previous work 
 

Early work on interconnect energy estimation in the binary signaling domain models each bus 

wire as simple lumped, grounded capacitor [31]. However in nanometer technology, this model is 

not accurate because it does not capture important aspects of technology scaling.  In the 

nanometer regime, the bus wires are distributed elements which are capacitively and inductively 

coupled to each other [11], [33], [34].  Omission of these factors may result in significant errors 

[39].  

In order to properly account for these effects, [40] uses a distributed-RC wire model while 

[41], [42] develop energy estimation of a transmission line model for a single wire configuration. 

On the other hand, work in [11], [39], [41] estimate the bus transition energy with a distributed-

RLC wire model. In [41], a closed-form expression for the transition energy considering under-

damped and over-damped cases in an RLC circuit is proposed. In [11], a steady-state analysis is 

used to obtain closed-form expressions for transition energy.  [39] proposes using a table look-up 

technique with energy results from SPICE simulations for each possible transition in a three-wire 

bus.  

While the above work deals with binary signals, [37], [43], [46] proposed bus energy 

estimation techniques for multilevel signals. The energy estimation model proposed in [43] uses 

3-level signals while [37], [46] consider 4-level signals. 

In this chapter, we present a general model for the energy consumption due to multilevel 

signal transitions on an on-chip, nanometer technology bus.  Closed-form expressions are given 

which are general and which can be used efficiently in multilevel signal energy estimation 

applications. 
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Figure 2:  Equivalent driver and bus model for use in energy estimation. 

 

3.2 Driver and Bus Model for Energy Estimation 
 

Figure 2 shows the system configuration for driving 4-level signals onto a bus.  As can be 

seen in the figure, the bus wire is represented by a capacitive network consisting of the self 

capacitance (Cs) and coupling capacitance (Cc) between adjacent wires. This capacitive network 

is a well-known structure for energy estimation in the binary signal domain [11]. Simplifications 

based on observations and reasonable assumptions have been applied to a general distributed-

RLC network in order to arrive at this simplified, energy-equivalent bus model, as described next. 

Using frequency-domain analysis, it is formally proven in [41] that energy delivered by the 

supply voltage to a single wire modeled by a distributed-RLC circuit in steady-state is equivalent 

to the energy delivered to the low-frequency component of that circuit, i.e. the capacitor.  

Similarly in [11], it is stated that the RLC-network is equivalent to an all-capacitive circuit for 

energy estimation purposes if sufficient time is given for steady-state values to be established. 

Therefore, under this reasonable assumption on the timing (i.e., clock period is long enough for 

the voltage to settle to the new values after a transition), other parasitic elements can be ignored, 

so that the energy depends only on the lumped capacitive part.  

Typically, the bus wires are parallel and coplanar [11], [44]. This implies that the coupling 

capacitance between non-adjacent wires is negligible compared to the coupling capacitance 

between adjacent wires or to the self capacitance between wire and ground [11], [44]. 
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The self capacitance component in Figure 2 is modeled by 
0

S

s d ii r

k

C C C x C
=

= + ∆ +∑  and the 

coupling capacitance is modeled by 
0

S

c ij

k

C C x
=

= ∆∑  where ii

k

C x∆∑  and ij

k

C∑   are the 

summations of wire-to-ground capacitance and capacitance between wire i and j, respectively, for 

all segments S, from wire length, 0=x  to x L= . This model can be further simplified if the 

capacitance value Cs for each wire is the same value, and if the capacitance Cc is the same for 

each pair of adjacent wires. 

3.3 Transition Energy Model Estimation 
 

The energy model can be divided into self-transition energy and coupling-transition energy.  

Self-transition energy, 
self

nE , is the energy consumed by the self-capacitance component of wire n 

while coupling-transition energy, 
coupling

nnE ,1− , is the energy consumed by the coupling capacitance 

component between wires n-1 and n. In order to estimate the overall energy consumption of the 

bus, we can sum the self-transition energy for all wires and the coupling-transition energy for 

each pair of adjacent wires as shown in (1). 

1,

1 2

N N
self coupling

bus n n n

n n

E E E −

= =

= +∑ ∑                                (1) 

3.3.1 Self-Transition Energy 
 

The self-transition energy consumption of wire n during the transition in time interval [ ]T,0  

is shown in Appendix A to be: 

( )self f f i

n s n n nE C V V V = ⋅ ⋅ −                                          (2) 

where 
f

nV and 
i

nV  are the final and initial voltages at node n, respectively [11] [46] [51] [52]. 

For the case of 4-level signals, there are 4
2
 possible transitions which lead to 16 possible self-

transitions. Based on (2), we constructed a 4x4 matrix of energy consumption values for the 16 

possible transitions between signal levels, as shown in Table 1. For example, a transition from 

signal level-0 ( 0iV V= ) to signal level-3 (
f

DDV V= ) will consume an energy of 
21 DDsVC× . 
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Note that from Table 1, the energy consumption 
self

n
E of transitions 3→2, 3→1 and 2→1 are 

negative.  This means that energy stored in the self-capacitance is transferred back to a supply 

voltage. This removes a limitation of our previous work [45] which only provided an upper bound 

estimate for the energy consumption because the simplifying assumption was made that such 

transitions contributed zero energy. 

 

Signal level Vn at time (t+1) Energy 

Consumption 

(xCS
.
VDD

2) 0 1 2 3 

0 0 1/9 4/9 1 

1 0 0 2/9 2/3 

2 0 -1/9 0 1/3 

S
ig

n
al

 l
ev

el
  

V
n

 a
t 

ti
m

e 
(t

) 

3 0 -2/9 -2/9 0 

 

Table 1: Self-transition Energy Consumption Matrix (
2

DDsVC× ) 

 

3.3.2 Coupling-Transition energy 
 

A coupling-transition is defined as a transition on the capacitance Cc in Figure 2 between two 

adjacent bus wires.  The calculation of the coupling-transition energy consumption between 

nodes n and n-1 during the time interval [ ]T,0  is given in Appendix A and the result is found to 

be: 

( ) ( ) ( )
2

1, 1 1 1

coupling f f f f i i

n n c n n n n n n
E C V V V V V V− − − −

 = − + − ⋅ −
  

                                  (3) 

This result can also be obtained by evaluating the general matrix equation (22) of [11] for a 

vector of length 2. 

In the case of 4-level signals, there are 16
2
 possible combinations of coupling-transitions 

which lead to 256 energy consumption values. Based on (3), we can construct a matrix of energy 

consumption values similar to Table 1 but having 256 entries.  Table 2 shows the energy 

consumption factor for each possible coupling-transition pair. For example, a transition from 

signal level-0 ( 0iV V= ) to signal level-3 (
f

DDV V= ) on wire n and a transition from signal 

level-3 (
i

DDV V= ) to signal level-0 ( 0fV V= ) on wire n-1 will consume an energy 

of
22 DDcVC× . 
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Similar to the case for self-transition energy, the coupling-transition energy 

consumption 1,

coupling

n n
E − may be negative as shown from Table 2, which means that energy stored in 

the coupling-capacitance is transferred back to a power supply. This removes a limitation of our 

previous work [37] which only provided an upper bound estimate for the energy consumption 

because the simplifying assumption was made that such transitions contributed zero energy. 
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Signal level Vn Energy 

Consumption  

(xCC
.
VDD

2) 0→0 0→1 0→2 0→3 1→0 1→1 1→2 1→3 2→0 2→1 2→2 2→3 3→0 3→1 3→2 3→3 

0→0 0 1/9 4/9 1 0 0 2/9 2/3 0 -1/9 0 1/3 0 -2/9 -2/9 0 

0→1 1/9 0 1/9 4/9 2/9 0 0 2/9 1/3 0 -1/9 0 4/9 0 -2/9 -2/9 

0→2 4/9 1/9 0 1/9 2/3 2/9 0 0 8/9 1/3 0 -1/9 10/9 4/9 0 -2/9 

0→3 1 4/9 1/9 0 4/3 2/3 2/9 0 5/3 8/9 1/3 0 2 10/9 4/9 0 

1→0 0 2/9 2/3 4/3 0 1/9 4/9 1 0 0 2/9 2/3 0 -1/9 0 1/3 

1→1 0 0 2/9 2/3 1/9 0 1/9 4/9 2/9 0 0 2/9 1/3 0 -1/9 0 

1→2 2/9 0 0 2/9 4/9 1/9 0 1/9 2/3 2/9 0 0 8/9 1/3 0 -1/9 

1→3 2/3 2/9 0 0 1 4/9 1/9 0 4/3 2/3 2/9 0 5/3 8/9 1/3 0 

2→0 0 1/3 8/9 5/3 0 2/9 2/3 4/3 0 1/9 4/9 1 0 0 2/9 2/3 

2→1 -1/9 0 1/3 8/9 0 0 2/9 2/3 1/9 0 1/9 4/9 2/9 0 0 2/9 

2→2 0 -1/9 0 1/3 2/9 0 0 2/9 4/9 1/9 0 1/9 2/3 2/9 0 0 

2→3 1/3 0 -1/9 0 2/3 2/9 0 0 1 4/9 1/9 0 4/3 2/3 2/9 0 

3→0 0 4/9 10/9 2 0 1/3 8/9 5/3 0 2/9 2/3 4/3 0 1/9 4/9 1 

3→1 -2/9 0 4/9 10/9 -1/9 0 1/3 8/9 0 0 2/9 2/3 1/9 0 1/9 4/9 

3→2 -2/9 -2/9 0 4/9 0 -1/9 0 1/3 2/9 0 0 2/9 4/9 1/9 0 1/9 

S
ig

n
al

 l
ev

el
 V

n
-1

 

3→3 0 -2/9 -2/9 0 1/3 0 -1/9 0 2/3 2/9 0 0 1 4/9 1/9 0 

 

Table 2: Coupling-transition Energy Consumption Matrix (
2

C DD
C V× ). 
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4 Verification of the Energy Model 
 

To determine the correlation between the 4-level signaling transition energy models of Tables 

1 and 2 and the results of circuit simulation, two classes of HSPICE simulations have been 

performed.  First, the two-wire circuit of Figure 3 has been simulated to individually verify each 

of the energy values given in Tables 1 and 2.  The three parts of the figure show the circuit setup 

used to measure energy drawn from the power supplies to charge the self-capacitance, the 

coupling-capacitance and all capacitance components, respectively. Second, the total transition 

energy for 1 µs of 4-PAM traffic over an 8-wire bus has been determined by the model and by 

simulation.  As we will demonstrate in this section, both sets of simulations show very close 

agreement with the model predictions.   

 

 

(a) 

 

(b) 

 

(c) 

Figure 3:  HSPICE simulation setup for measuring: (a) self-transition energy (b) coupling-

transition energy and (c) total bus energy. Driver resistance is denoted by Rd, coupling 

capacitance is denoted by Cc and self capacitance is denoted by Cs. Here, Cs consists of the 

wire capacitance between the wire and ground, the driver output capacitance and the 

receiver input capacitance. 
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All HSPICE simulations were performed on a Sun Blade
TM

 1000 workstation with a 900-

MHz UltraSPARC
TM

 III processor. 

A 130-nm CMOS technology [47] with a VDD of 1.2 V is used.  The intermediate supply 

voltages of 0.4 V and 0.8 V for a 4-level signaling scheme are chosen.  The interconnect wire is 

assumed to be on the top metal layer (i.e., a global wire). The resistance, capacitance and 

inductance of each wire are determined using the methods in [48]-[50].  The MOSFET driver is 

modeled as a voltage source with output resistance Rd and internal parasitic capacitance Cd while 

the MOSFET receiver is approximated by a capacitance Cr.  Capacitances Cd and Cr are lumped 

together with the wire-to-ground capacitance to form the self-capacitance of the wire, which is 

denoted as Cs in Figure 3.  The value used for Cr, was 10 fF, while the value used for Cd was set 

according to the wire length used in the simulation, as specified in the following subsections.  We 

assume that the input transitions are launched simultaneously and have rise and fall times of 100 

ps. Table 3 shows the parameter values used in the simulations. 

 

Parameter Value 

Technology 130-nm 

Supply voltage ( 1.2
DD

V V= ) 
Gnd, 0.4V, 0.8V, 

1.2V 

Interconnect technology 
Dual-damascene 

Cu 

Wire pitch ( mµ ) 1.2 

Wire thickness ( mµ ) 1.2 

ILD thickness ( mµ ) 0.45 

Dielectric constant 3.6 

Wire resistance ( Ω ) 315.04 

Wire-to-ground  capacitance 

( pF ) 
0.89 

Coupling-capacitance ( pF ) 1.01 

Self-inductance ( nH ) 19.63 

Mutual-inductance ( nH ) 17.44 

 

Table 3: Parameters and their values used in the simulations. 

 

To measure the overall accuracy of the model, we calculated the mean absolute percentage 

error, ( )%E error  and the maximum absolute percentage error, ( )max %error  over all possible 

transitions, as determined by the following equations: 

% 100%SPICE MODEL

SPICE

value value
error

value

−
= ⋅                                 (4) 
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( )
1

1
% %

NE

i

i

E error error
NE =

= ∑                                       (5) 

|)%(|max|)%max(| i
i

errorerror =                                     (6) 

The quantity NE in (5) is the number of elements in the corresponding transition table, i.e. 

NE=16 for the self-transition energy case and NE=256 for the cases of the coupling transition 

energy and total bus energy calculations.  Likewise, in (6), the maximum is taken to be the 

maximum absolute value over the set of all NE individual error absolute values. 

4.1 Non-Dependence on Driver Resistance, Rd 
 

To verify the independence of the model on the driver resistance Rd, we simulated a range of 

Rd values from 0 up to 100 times wire resistance of 315.04 ohms. The wire length was 10 mm and 

the driver capacitance, Cd, was set at 0.191 pf.  In these simulations, a time step of 10 ps is 

employed. The energy drawn from the power supplies is compared to the values calculated using 

equations (1), (2) and (3).  Table 4 shows the average and maximum error for self-transition, 

coupling transition and total energy consumption. The results show that our model does not 

depend on the Rd value in any significant way.  The average and maximum errors for lower Rd 

values are slightly higher than for higher Rd values, which can be explained by the larger time 

steps used in those simulations.  A large simulation time step value leads to a coarse power 

supply current spike waveform, which affects the energy integration. This is shown in more detail 

in the next sub-section.  In addition, the total simulation time increases as the driver resistance 

increases. 
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Self-

Transition 

Energy 

Coupling- 

Transition 

Energy 

Total  

Energy Rd 

(Ω) 
Ave 

Error 

Max 

Error 

Ave 

Error 

Max 

Error 

Ave 

Error 

Max 

Error 

0 0.22 3.47 0.51 3.48 0.62 3.47 

3.1504 0.14 2.19 0.36 2.91 0.35 2.59 

31.504 0.08 0.82 0.20 0.66 0.28 1.98 

63.008 0.11 0.56 0.16 0.47 0.17 0.83 

157.52 0.09 0.24 0.08 0.19 0.16 1.70 

315.04 0.06 0.13 0.04 0.12 0.13 1.70 

630.08 0.04 0.11 0.03 0.12 0.07 0.94 

1575.2 0.01 0.05 0.01 0.06 0.03 0.57 

3150.4 0.01 0.05 0.00 0.03 0.02 0.19 

6300.8 0.06 0.02 0.00 0.00 0.02 0.19 

15752 0.01 0.02 0.00 0.00 0.02 0.19 

31504 0.01 0.02 0.00 0.00 0.02 0.19 

 
Table 4: Average error and maximum error for self-transition, coupling-transition and total 

energy as a function of driver resistance. 

 

Simulation Time Step 

(ps) 
Transition 

Energy 
Measurement 

1 5 10 

Average Error (%) 0.01 0.01 0.08 

Maximum Error (%) 0.02 0.05 0.82 Self 

Simulation Time (s) 1067 238 130 

Average Error 0.00 0.03 0.20 

Maximum Error 0.00 0.15 0.66 Coupling 

Simulation Time (s) 17147 3781 2124 

Average Error (%) 0.02 0.05 0.28 

Maximum Error (%) 0.19 0.54 1.98 Total 

Simulation Time (s) 17353 3820 2151 

 

Table 5: Average error, maximum error and simulation time for the self-transition, 

coupling transition and total energy simulations, as a function of the simulation time step. 

4.2 Sensitivity to HSPICE Simulation 
 

In this experiment, we study the sensitivity of the error between the model and HSPICE as a 

function of the simulation time step. Here, we fixed the Rd value to be 31.504 ohms (i.e., 0.1 

times the wire resistance) for all circuits and ran the simulations using time steps of 1, 5 and 10 ps. 

(A relatively small value of driver resistance is chosen in order to minimize the required 

simulation times.)  The wire length was 10 mm and the driver capacitance, Cd, was set at 0.191 pf.  

Table 5 shows the average and maximum errors together with the simulation time taken to 
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complete each individual experiment. Generally, the accuracy of an HSPICE simulation improves 

as the time step becomes smaller and the table shows that the model accurately estimates the 

transition energy for the smaller time steps. Of course, the tradeoff of having a smaller time step 

for improved accuracy is a longer simulation time, as shown in the table. 

4.3 Model Accuracy Compared with Distributed-RC 

and Distributed-RLC Interconnect Networks 
 

We further compare the transition energy model to distributed-RC and distributed-RLC bus 

electrical models. The purpose of this experiment is to determine how closely our transition-

energy model estimates the energy consumed by nanometer technology interconnect as described 

in Section II.  A distributed-RC model is usually associated with the lower metal layer wires in 

which the R component is dominant, while the distributed-RLC model is used for wide, top-level 

global wires where the L component is significant.  

It has been shown that as the number of segments increases, the distributed model becomes 

more accurate [51]. In this experiment, we used 100 segments for both distributed models in 

place of the capacitance network of Figure 3(c). We fixed the Rd value to be 31.504 ohms and 

chose the simulation time step to be 10 ps.  The value used for the driver capacitance, Cd, was 

linearly scaled between 0.0191 pf (for a wire length of 1 mm) and 0.191 pf (for a wire length of 

10 mm).   

Table 6 shows the mean absolute error and the maximum absolute error for the total energy 

consumption as a function of the wire length. As can observed, the proposed transition energy 

model matches very well with the HSPICE simulation data for both the distributed-RC and 

distributed-RLC bus models.  The total energy measured using the all capacitive-network of 

Figure 3(c) is also included as a baseline.  Moreover, these results confirm that the energy 

consumed by the complex coupled distributed-RLC circuit is equivalent to the energy consumed 

by the capacitance provided that sufficient time is allowed for the final voltages to reach their 

steady-state conditions. 
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C-network Distributed-RC Distributed-RLC Wire  

length  

(mm) 
Average 

Error 

Maximum 

Error 

Average 

Error 

Maximum 

Error 

Average 

Error 

Maximum 

Error 

1 0.66 3.46 0.27 2.39 0.23 1.49 

2 0.54 3.19 0.29 2.09 0.34 2.99 

3 0.36 2.52 0.27 1.87 0.23 1.24 

4 0.28 2.73 0.23 1.69 0.27 1.83 

5 0.24 2.62 0.21 1.53 0.27 1.91 

6 0.25 2.36 0.19 1.36 0.24 1.55 

7 0.29 2.07 0.19 1.29 0.23 2.00 

8 0.31 2.42 0.18 1.17 0.21 1.57 

9 0.31 2.76 0.19 1.23 0.20 1.31 

10 0.28 1.98 0.18 0.94 0.17 1.17 

 

Table 6: Average error and maximum error of the total energy as functions of wire 

length for the three different bus networks. 

4.4 Model Accuracy on an 8-wire Bus 
 

To further validate the model, we constructed a 1 mm long, 8-wire bus modeled as coupled 

capacitive, coupled distributed-RC and coupled distributed-RLC networks.  For the distributed-

RLC network, the HSPICE simulations include the effects of inductive coupling to non-adjacent 

wires (up to 4-wires) to capture the far-field inductive coupling effect.  The bus clock frequency 

is assumed to be 1 GHz with a slew rate of 100 ps.  In this scenario, the voltage at every node 

along the wire reaches its steady-state value during the clock period.  The value used for the 

driver capacitance, Cd, was 0.0191 pf.  We randomly generated 1000 timeslots of multilevel bus 

data, which corresponds to 1 µs of bus traffic, and measured the total energy drawn from the 

power supplies.  In this experiment our model accurately estimates the total transition energy for 

1 µs of bus traffic to be within 1% of the values given by HSPICE.  Specifically, the absolute 

value of the error measurement (4) is found to be 0.88%, 0.21% and 0.23% for the capacitive, 

distributed-RC and distributed-RLC networks, respectively. 

5 Conclusions 
 

The accuracy of a simplified bus transition energy model for multilevel signals in nanometer 

technology has been extensively verified using HSPICE. In particular, the model values have 

been checked for all possible self and coupling transitions in a 4-PAM multilevel system.  The 

average and maximum model errors for the total transition energy are found to be within 0.62% 
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and 3.47%, respectively.  As predicted by the model, the bus energy consumption has been 

demonstrated to be independent of the driver resistance.  In addition, our simulation results show 

that the energy consumed by multilevel, coupled, distributed-RC and distributed-RLC networks is 

essentially equivalent to the energy consumed by the capacitance-only network when sufficient 

time is allowed for the transitions to reach their steady-state values. 

We also note that the pre-computed tables of transition-energy factors given in this thesis can 

be used for design purposes, such as developing and evaluating codes for low-power multilevel 

bus communication. 
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6 Appendix A 
 

Let 
i

n
V and 

f

n
V  be the initial and final voltages at node n in Figure 2, respectively.  The 

current equation at node n is given by: 

( )
1 1

f i

n n n n n n n

s c c

n

V V dV dV dV dV dV
C C C

R t dt dt dt dt dt

− +−    
= + − + −   

   
                       (7) 

for 2,..., 1n N= − .  For node 1n = , the equation is described as:                                        

( )
1

f i

n n n n n
s c

n

V V dV dV dV
C C

R t dt dt dt

+−  
= + − 

 
                                  (8) 

while for node n N= , the equation is:         

( )
1

f i

n n n n n
s c

n

V V dV dV dV
C C

R t dt dt dt

−−  
= + − 

 
                                  (9) 

The energy consumed (or delivered) by the driver of any node n during the transition in time 

interval[ ]0,T  is: 

( )0

T f i
f n n

n n

n

V V
E V dt

R t

 −
=   

 
∫                                             (10) 

Now, consider a two-wire circuit consisting of two nodes, 1n − and n . Applying (10) to (8) 

and (9) gives the energy consumption at nodes 1n −  and n  to be: 

( ) ( )
2

1 1 1 1 1 1 1 1 1

f f i f f i f f f i

n s n n n c n n n n n n n
E C V V V C V V V V V V V− − − − − − − − −

 = ⋅ ⋅ − + − − +  
        (11) 

( ) ( )
2

1 1

f f i f f i f f f i

n s n n n c n n n n n n n
E C V V V C V V V V V V V− −

 = ⋅ ⋅ − + − − +  
              (12) 

The total energy consumption at those two nodes during the transition is given by the sum of 

the energy consumption of these two nodes, 1 1,

self coupling

total n n n n
E E E E E− −= + = + . Here, we denote 

the self-transition energy consumption,  
self

E  as the term proportional to Cs and the coupling-

transition energy consumption, 1,

coupling

n n
E − as the term proportional to Cc. Hence, the expressions for 

self
E  and  1,

coupling

n n
E − are: 

( )1 1 1

self f f i f f i

s n n n n n nE C V V V V V V− − −
   = ⋅ ⋅ − + ⋅ −                               (13) 
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( ) ( ) ( )
2

1, 1 1 1

coupling f f f f i i

n n c n n n n n n
E C V V V V V V− − − −

 = − + − ⋅ −
  

                         (14) 

Note that 
self

E consists of two self-transition contributions, 1

self

n
E −  and 

self

n
E , at nodes n-1 and 

n, respectively. 
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Chapter 3 

Multilevel Signaling for Energy-

Efficient On-Chip Interconnects 

 

 

Abstract 

 

In this chapter, we develop multi-level signaling schemes for on-chip interconnects in order to 

achieve energy-efficient communication. The methodology uses both bus multiplexing and low-

swing signaling characteristics, while keeping the total bus area fixed. Results show that our 

proposed bus achieves energy savings for intermediate-layer interconnect lines of as much as 

79% compared to binary signaling. In addition, wire bandwidth is improved by up to 56% 

compared to a binary signaling interconnect structure. 
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1 Introduction 
 

As technology scales down, interconnect will increasingly determine the performance, energy 

consumption and silicon die size. Designers are facing significant interconnect-related problems 

of increasing dynamic power, RC delay, crosstalk noise, clock skew and routing area. These 

effects will continue to worsen as the wire aspect ratio increases and inter-wire spacing decreases 

in deep submicron (DSM) technologies [6]. This trend indicates that coupling capacitance will 

dominate the total wire capacitance. The wire coupling capacitance can be five times as much as 

the self capacitance and wire resistivity increases significantly when scaled into the sub-100 nm 

regime [6]. 

Several approaches have been proposed in the literature to reduce the effect of wire coupling 

capacitance and resistance on delay and power consumption for long parallel wires [44], [55], 

[56]. A commonly used technique is to tune the wire width and the spacing between the wires. 

Although these proposals can improve the interconnect delay and power, they often lead to an 

increased routing area.  

Another related idea has been proposed in [25], [26] through bus serialization (i.e., time-

multiplexing m-bus lines onto a single line) with the constraint of having a constant routing area. 

This reduces the number of wires by a factor of m, and permits wider spacing between wires 

within the same area. In [25], it is assumed that the wire size and spacing are the same size, while 

in [26] the wire size and spacing are individually optimized based on the RC time constant. This 

method requires an increase in the clock frequency by a factor of m to achieve same data 

throughput. This leaves little room for clock skew margin which may prove to be quite 

challenging in actual implementations.  

While the above bus serialization operates in the binary signal domain, a similar technique 

has been proposed recently in the multi-level signal domain [30], [57], [58]. Since multi-level 

maps m-bits binary data to one of 2
m
 available signal levels, it has similar multiplexing properties 

as bus serialization except that it operates at the same clock frequency. Work in [30], [57] applies 

current-mode scheme while work in [58] uses a voltage-mode scheme.  

In this work, we propose to use voltage-mode multi-level signals as the communication core 

to achieve very energy-efficient communication in on-chip interconnects as shown in Figure 1. 

While a current-mode scheme is robustly resistant to power-supply noise, it suffers from large 

static power dissipation and is therefore not attractive for extremely low-power design. 
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Figure 1:  A 4-level signaling bus serializes a binary signal on 4-wires onto 2
2
-level signals 

on 2 wires. 

 

Furthermore, we propose a new optimized line width/spacing structure to achieve the 

maximum energy reduction. We provide energy reduction and wire bandwidth estimates for 

intermediate interconnect layers using the model proposed in [48], [49], which accurately models 

wire resistivity as well as self and coupling capacitance for sub-100 nm multi-level interconnect 

lines. 
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2 Bus Energy Model 
 

In this section, we discuss the multi-level transmitter and receiver circuits used in this chapter 

together with the energy model for self and coupling capacitance. 

2.1 Multilevel Transmitter and Receiver 
 

We use 4-level signals which can multiplex 2 binary bus lines onto a single line. The work in 

[25] showed that this is the optimum multiplexing factor in terms of maximizing the throughput-

per-unit-area. The 4-level transmitter and receiver circuits used in this work are based on the 

design in [38].  

2.2 Self-capacitance Energy Model 
 

The energy consumption due to self capacitance can be modeled as [60]:  

( )self f f i

n self n n nE C V V V = ⋅ ⋅ −                                                     (1) 

In the above equation, the energy is a function of self capacitance (Cself) and 
f

nV and 
i

nV  are 

the final and initial voltages at node n, respectively. Note that, there are 4
2
 possible transitions of 

a 4-level signal which leads to 16 energy consumption values as shown in Table 1.  

 

Signal level Vn at time (t+1) Energy 

Consumption 

(
2

s DD
C V× ) 0 1 2 3 

0 0 1/9 4/9 1 

1 0 0 2/9 2/3 

2 0 -1/9 0 1/3 

S
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n
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at
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3 0 -2/9 -2/9 0 

 

Table 1: Self-transition Energy Consumption Matrix (
2

DDsVC× ) 
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2.3 Coupling-capacitance Energy Model 
 

A coupling-transition is defined as a transition on the capacitance Ccoupling in Figure 2 between 

two adjacent bus wires. The energy consumption due to coupling capacitance between nodes n 

and n-1 can be modeled as [60]: 

( ) ( ) ( )
2

1, 1 1 1

coupling f f f f i i

n n c n n n n n n
E C V V V V V V− − − −

 = − + − ⋅ −
  

                                  (2) 

In the case of 4-level signals, there are 16
2
 possible combinations of coupling-transitions 

which lead to 256 energy consumption values. Based on (2), we can construct a matrix of energy 

consumption values similar to Table 1 but having 256 entries.  

3 Interconnect Structure 
 

Figure 2 illustrates the dimensions of an intermediate-layer interconnect line wire width and 

thickness, inter-wire spacing, dielectric thickness and bus area denoted by w, t, s, h and A, 

respectively. Increases in w and s increase the Cself and reduce the Ccoupling.  

By employing a 4-level signal, the number of wires is reduced.  Assuming a constant bus area, 

we can perform further optimizations on the interconnect structure. Typically, wire and dielectric 

thickness cannot be specified by circuit/layout designers but they are free to tune the wire width 

and spacing.  

 

 

Figure 2: Cross-sectional diagram of parallel wires for an intermediate layer interconnect. 

 

Here we propose an optimized interconnect structure for maximum energy reduction. The 

maximum energy consumption in a clock cycle takes place for full-swing VDD rising transitions 
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on wire W1 and W3 and falling transitions on W2 and W4 or vice versa. In this case, energy is 

consumed to charge Cself of wire W1 and W3 and all three Ccoupling. Mathematically, we can 

generalize this as follows:  

( ) ( )max 2 22 1 2
total self DD coupling DD

E n C V n C V= − ⋅ + − ⋅ ⋅                               (7) 

where n is the number of parallel wires and the factor of 2 in the Ccoupling term is due to the 

toggling case (adjacent wire signal transitions in opposite directions). Assuming a fixed value of 

n, there exist optimum values for Cself and Ccoupling such that max
totalE  is minimized. In this way, w 

and s of the wire can be tuned to achieve maximum energy reduction. 

4 Simulation results 
 

In this section, the proposed interconnect structure described in the previous section is 

evaluated. First, a conventional 64-bit minimum-width, minimum-spacing parallel wire bus of 

length 5 mm using full-swing binary signals are constructed as a reference design based on the 

wire configurations shown in Table 2. 

Next, a 32-bit bus with equal-width, equal-spacing parallel wires with 4-level signals are 

designed using the same technologies. Then, for our proposed interconnect structure, we ran our 

exhaustive search optimization program written in MATLAB code to find the optimal value for 

the width and spacing which leads to maximum energy saving for the 32-bit bus. Both of the 4-

level, 32-bit bus designs are constructed such that the total bus widths are the same as that of the 

binary bus reference design. The optimal width and spacing for our proposed interconnect are 

also listed in Table 2. Please note that the wire width of the proposed interconnect is similar to 

wire width of the reference design.  

     To estimate the data dependency of bus energy, we simulated in C a set of typical 

unidirectional communications by sending 12 different files (JPEG, MPEG, EXE, WAV, TXT 

and uniformly distributed data files), each of size 2 Mbits across the bus. The average energy 

consumption of each bus was estimated based on Equations (1), (5) and (6). The wire bandwidth 

is inversely proportional to the RC-time constant of the wire and the time-constant equation is 

given as [25]: 

(((( ))))couplingworstself CMCFCRTC ⋅⋅⋅⋅⋅⋅⋅⋅++++⋅⋅⋅⋅==== 2                                      (8) 
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where R is the wire resistance and MCFworst is the worst- case Miller Capacitance Factor (two for 

binary signals and four for 4-level signals). For calculating the bus resistance and capacitance, we 

use the resistance model in [48] and capacitance model developed in [49].  

 

Reference 

bus (n=64) 

Proposed 

bus (n=32) Tech 

(nm) 
εox 

t 

(nm) 

h 

(nm) w 

(nm) 

s 

(nm) 

w 

(nm) 

s 

(nm) 

130 3.6 360 315 225 225 225 689 

90 3.6 233 206 137 137 137 419 

65 3.0 126 112 70 70 70 214 

45 2.8 81 72 45 45 45 137 

32 2.4 61 54 32 32 32 98 

22 2.2 44 40 22 22 22 67 

16 1.9 32 29 16 16 16 49 

 

Table 2:  Projected technology parameters of the reference and proposed bus for 

intermediate-layer interconnect lines (adapted from [6]). 

 

Table 3 shows wire resistance, capacitance and bandwidth for an equal-width-spacing bus 

and for our proposed bus, normalized to the reference design for each technology. For the equal-

width-spacing bus, self capacitance increases while wire resistance and coupling capacitance both 

reduce with technology scaling due to an increase in wire width and spacing.  

However, our proposed bus has a smaller increase in self capacitance than the equal width-

spacing approach, a constant wire resistance and a large coupling capacitance reduction due to the 

larger spacing. In addition, our proposed interconnect design shows an improvement in total wire 

bandwidth of up to 57% compared to the reference design. In comparison to the equal width-

spacing bus, our proposed bus has less wire bandwidth due to the constant wire resistance, as 

shown in the Table 3. 

 

Equal width-spacing bus Proposed bus Tech 

(nm) R Cself Ccoupling BW R Cself Ccoupling BW 

130 0.44 1.79 0.40 2.16 1.00 1.40 0.21 1.48 

90 0.41 1.80 0.41 2.32 1.00 1.43 0.22 1.50 

65 0.38 1.81 0.41 2.55 1.00 1.46 0.22 1.52 

45 0.36 1.82 0.41 2.70 1.00 1.46 0.23 1.51 

32 0.34 1.83 0.41 2.90 1.00 1.49 0.23 1.54 

22 0.32 1.86 0.41 3.12 1.00 1.52 0.23 1.55 

16 0.31 1.87 0.41 3.23 1.00 1.52 0.23 1.57 

 

Table 3:  Normalized wire resistance, self, coupling and total capacitance and wire 

bandwidth (BW) of both 4-level signal buses for each technology node. 
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Figure 3: Average energy saving (as a percentage). 

 

Figure 3Figure 3 shows the percentage energy saving of employing 4-level signal buses 

compared to binary buses, as determined by: 














−−−−

total
binary

total
level

E

E4
1.100                                                                (9) 

It can be seen that our proposed bus achieves about 10% more energy reduction than the 

uniform-width-spacing bus for each technology, which is mainly due to the reduction in coupling 

capacitance. 

5 Conclusions 
 

We have proposed a 4-level signaling scheme together with an optimized interconnect 

structure to achieve highly energy efficient on-chip communications. The energy savings of up to 

79% comes from the reduction in total interconnect capacitance and a reduced voltage swing. In 

addition, the bandwidth of the wire increased by up to 56% compared to binary signaling 

interconnect structure. For an application which requires higher bandwidth, the equal width-

spacing bus structure can be used at the expense of a smaller energy saving. The bus multiplexing 

can be done without increasing the communication clock frequency, which is beneficial for 

achieving improved clock skew margins.  Future work includes optimizing the design for other 

metrics, such as bandwidth, noise immunity and routing area. 
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Chapter 4 

Implementation and Analysis of Bus 

Transform Coding for Off-Chip 

Interconnect 

 

 

Abstract 

This chapter presents a novel extension of Bus-Invert coding to handle 4-level pulse 

amplitude modulated (PAM-4) signals: Bus Transform Coding (BTC). The effectiveness of the 

scheme is first demonstrated through behavioral simulation of real traffic patterns. Eight pairs of 

BTC encoders and decoders have been designed using the Verilog Hardware Description 

Language (HDL), each implementing different transformation sets. The effectiveness of Bus 

Transform Coding in terms of overhead power, area and speed of each designed encoder and 

decoder has been established based on verification and synthesis results using Synopsys tools and 

a UMC 130 nm standard cell library. 
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1 Introduction 
 

An important component of power consumption in microprocessors involves the transmission 

of data through high capacitance buses. Many power saving techniques have been published 

including low-swing signaling [24], charge recycling [61], frequency scaling and data coding [23], 

[31], [62], [63], [64], [65], [66]. From the general dynamic power equation, we know that 

reducing clock frequency will result in a linear reduction of power but at the expense of 

throughput. Lowering the voltage has a quadratic effect and is thus an efficient way of reducing 

the dynamic power. To decrease the switching power even further, one can reduce the activity 

factor by using low power coding schemes.  

Coding has emerged as a promising solution to power, delay, and reliability problems in 

buses. Previous work in this area includes coding for low-power buses through self [31] and 

coupling [62], [63] transition activity reduction, delay reduction [64], [65] and improved 

reliability in low-swing buses [23], [66].  While the above work deals with binary signals, [67]-

[71] investigated methods to improve bit error rate (BER) by coding PAM-4 signals on parallel 

buses while work in [72] focused on serial links.   

In this chapter, we significantly extend the analysis of Bus Transform Coding (BTC) 

introduced in [46] to handle multilevel signals by reducing the transitions on high capacitance bus 

lines at no cost in communication throughput for low power applications. To motivate the idea, 

the coding scheme is applied to PAM-4 signals; however, it can be easily extended to other PAM-

M signals. An accurate multilevel energy model from [60] has been incorporated in this work to 

improve the accuracy of the results. The schemes have been functionally simulated in the C 

language driven with real traffic patterns. Selected coding transformation sets have been 

implemented in synthesizable Verilog Hardware Description Language (HDL) code targeting a 

UMC 130 nm standard cell library [73] to provide power, latency and area overhead analysis.  

We introduce a new power analysis methodology to improve the accuracy of power estimation of 

the encoder and decoder circuits. Our coding technique is attractive for chip-to-chip applications 

and also in emerging technologies like system-in-package [74] where power is a major constraint. 
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2 Multilevel Signaling System 
 

The need for high communication bandwidth and high speed on wires has led to the 

widespread use of multilevel signals on point-to-point parallel links in various applications [75]-

[79]. In [78], PAM-5 together with differential signal lines was adopted for gigabit Ethernet 

(1000 Base-T). Work in [75]-[77] showed the use of PAM-4 in a backplane system. In [79], 

PAM-8 was used to provide a high-speed transceiver in a future hard disk channel IC. In the 

multi-valued logic discipline, data is sent over a bus using a quaternary or radix-4 number system 

(equivalent to a PAM-4 signal) to provide high speed communication between modules.  This has 

been applied in a DSP processor [57], on data and address buses in an SOC application [58] and 

for on-chip data buses [80]. 

An accurate transition energy model for multilevel signals is described in [60]. From [60], the 

transition energy associated with charging or discharging the self-capacitance, Cs, for a 4-level 

signaling scheme is given in Table 1. Equation (1) gives the total energy of a single line for a set 

of transitions during a time interval T.  

( ) ( )
1

, ,

0 for all ,

T
self

line j k j k

t j k

E q t E t
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=

= ⋅∑ ∑                                                   (1) 
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Table 1: Self-transition Energy Consumption Matrix ,

self

j k
E . 

 

In (1), if the signal flag quantity qj,k(t) equals 1, this indicates the presence of a transition 

from signal level j at time t to signal level k at time (t+1).  If this transition does not exist, then 

qj,k(t) is 0. For example, 0,3(8) 1q =  implies that there is a transition from signal level 0 at time 8 

to signal level 3 at time 9.  From Table 1, this transition will consume a self-transition energy 
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( )0,3 8selfE  of 
21 DDsVC× .  Note that since there are 4 different signal levels in a PAM-4 signal, 

there are 4
2
 possible transitions which leads to 16 signal flag quantities qj,k(t).   

In (2), we define the activity factor αj,k to denote the average fraction of clock cycles in which 

a transition from signal level j to signal level k occurs. 

( )
1

,

0
,

T

j k

t
j k

q t

T
α

−

==
∑

                                                       (2) 

We can then describe the power consumption of an L-wire bus as the sum of products of 

activity factors multiplied by the corresponding self-transition energy for all wires multiplied by 

the bus clock frequency, fbus, as given in (3). 

 , ,

1 for all ,

L
self

bus bus j k j k

l j k

P f Eα
=

= ⋅ ⋅∑ ∑                                           (3) 

3 Bus Transform Coding System 
 

Recall that bus-invert coding [31] is a transition-count based method. We consider an L-wire 

non-multiplexed bus. Bus-invert coding determines Hd, the Hamming distance between the next 

data value and the present bus value (not including the invert line). The idea is that if Hd is larger 

than L/2, then we would form the one’s complement of the next data value and send that on the 

bus.  In addition, the invert line is set to 1. Otherwise, we place the original form of the next data 

value on the bus and set the invert line to 0. One redundant bit, the invert line, is needed to 

distinguish between the original and inverted patterns on the bus.  In this way, the receiver can 

always determine the original data value by performing another one’s complement operation on 

the received data bus lines if the invert line is observed to be a 1. 

For multilevel signals, the number of possible transformations is much richer than in the 

binary case.  For PAM-4 signals, there are a total of 16 possible transitions which can occur.  

However, this includes 4 cases in which the signal level on the line does not change.  We say that 

such a “non-transition line” has a distance of 0, since the difference in the signal levels between 

the two time slots is 0.  The other 12 cases are the “transition lines.”  These are the cases in which 

the signal level on the line changes from any one of 4 signal levels to one of the 3 other signal 

levels.  These transitions can have a distance of either 1 (e.g., a transition from 0 to 1), 2 (e.g., a 

transition from 0 to 2) or 3 (e.g., a transition from 3 to 0). 
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In BTC, a transformation is made which removes a transition on a transition line and creates 

the same transition on a non-transition line. The modifications to be made are specified by a 

transformation set. The creation of the same transition on a non-transition line is necessary in 

order to ensure correct decoding.  

In order to keep track of what change is being made during any given time slot, the invert line 

of bus-invert coding is generalized to become a “signal line” which will carry its own multilevel 

value.  In the above example, we would append a PAM-4 signal line to indicate to the receiver 

what transformation has been made on the data lines in any given time slot.  In the case of PAM-4, 

we set the value on the signal line to 0 or 1 to indicate the original form or transformed form of 

data values on the data line respectively. These values for the signal line are chosen to minimize 

the overhead transition energy on that line.  

It should be noted that the creation of the same transition on a non-transition line consumes as 

much energy as is being saved in the transition which is being eliminated. The overhead transition 

on the signal line also contributes to the overall energy consumption. Therefore, the 

transformation should be made only if the total transition energy (i.e., data lines and signal line) 

during the given time-slot is minimized. The algorithm for BTC is described in Table 2. 

 

Algorithm 1 Bus Transform Coding 

1: {En_wo_trans = Bus transition energy without 

transformation} 

2: {En_w_trans = Bus transition energy with 

transformation} 

3: for each time t do 

4:      En_wo_trans = 0; En_w_trans = 0; 

5:      Calculate En_wo_trans. 

6:      Calculate En_w_trans. 

7:      if En_wo_trans < En_w_trans then 

8:           Set original form of next data values 

9:           Set signal line level to ‘0’ 

10:      else 
11:           Set transformed form of next data values 

12:           Set signal line level to ‘1’ 

13:      end if 
14: end for 

 

Table 2: Bus Transform Coding (BTC) Algorithm. 
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3.1 Construction the Transformation Set (TS) 
 

We define the set Si to contain the signal flags qi,j, for , 0,1,..., 1i j M= − . For example, in 

the case of PAM-4, the set S1 contains 4 signal flag quantities, three of which are transitioning 

signal flags (i.e. q1,0, q1,2 and q1,3) and the remaining one is a non-transitioning signal flag (i.e. 

q1,1).  

To construct a transformation set, we are allowed to choose one transitioning signal flag to be 

paired with the non-transitioning signal flag from each Si. As an example, a transformation set 

containing transitioning signal flags q1,3 and q2,3 paired up with non-transitioning signal flags q1,1 

and q2,2 is a legitimate transformation set.  On the other hand, a transformation set that contains 

transitioning signal flags q0,2 and q0,3 paired with non-transitioning signal flags q0,0 and q0,0 would 

not be a proper transformation set. The former transformation set is legitimate in the sense that in 

the transformation, any transitions of q1,3 and q2,3 on a transition line will be removed and the 

same transitions will be created on any non-transition lines that carry q1,1 and q2,2. For PAM-M, 

the transformation set can have a maximum of M transitioning and non-transitioning signal flag 

pairs. 

The total number of transformation sets, TNTS, that can be formed is given by (4). 

( )( )-1

1

=1

 C C
M

i
M M

i

i

TNTS = ⋅∑                                            (4) 

The quantity Cn

k
 in (4) is the “n-choose-k” combinatorial function. As an example 

calculation, assuming M = 4, we have the following calculation:   

4 3

1 1

4 3 3

2 1 1

4 3 3 3

3 1 1 1

4 3 3 3 3

4 1 1 1 1

 C C

              C C C

              C C C C

              C C C C C

TNTS = ⋅ +

⋅ +

⋅ +

⋅

                                          (5) 

The first term in (5), 
4 3

1 1C C⋅ , corresponds to the total number of possible transformation 

sets when each of the transformation sets contains exactly a single pair of transitioning and non-

transitioning signal flag.  In other words, choose one-out-of-three transitioning elements from the 

transitioning line group, which can be chosen from any of the 4 sets, S0, S1, S2 and S3 from Table 3. 
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Set S0 S1 S2 S3 

Transitioning 

signal flag 

q0,1 

q0,2 

q0,3 

q1,0 

q1,2 

q1,3 

q2,0 

q2,1 

q2,3 

q3,0 

q3,1 

q3,2 

Non-transitioning 

signal flag 
q0,0 q1,1 q2,2 q3,3 

 

Table 3: Transitioning and non-transitioning signal flags for each set Si. 

 

The second term in (5), 
4 3 3

2 1 1C C C⋅ , corresponds to the total number of possible 

transformation sets when each of the transformation sets contains two pairs of transitioning and 

non-transitioning signal flags.  In other words, pick two transitioning elements from any two 

different sets. Therefore, we can say choose two-out-of-four sets and from each of those two sets, 

choose one-out-of-three transitioning elements.  

The third term in (5), 
4 3 3 3

2 1 1 1C C C C⋅ , corresponds to the total number of possible 

transformation sets when each of the transformation sets contains three pairs of transitioning and 

non-transitioning signal flags.  In other words, pick three transitioning elements from any three 

different sets. Therefore, we can say choose three-out-of-four sets and from each of those three 

sets, choose one-out-of-three transitioning elements.  

The final term in (5), 
4 3 3 3 3

2 1 1 1 1C C C C C⋅ , corresponds to the total number of possible 

transformation sets whom when of the transformation sets contains four pairs of transitioning and 

non-transitioning signal flags. In other words, pick four transitioning elements from each of the 

four different sets. In other words, we can choose four-out-of-four sets and from each of those 

four sets, choose one-out-of-three transitioning elements.  

In the case of PAM-4, there are 255 transformation sets that can be constructed. Out of these 

255 transformation sets, 12 transformation sets employ a single pair of signal flag, 54 

transformation sets use 2 pairs of signal flag, 108 use 3 pairs and 81 use 4 pairs. Each of the 

transformation sets has been assigned an index number (eg: TS-1, TS-64, TS-255).  

Transformation sets having the same number of signal flag pairs are grouped together and 

arranged in a particular order such that TS-1 to TS-12 are the configurations that employ a single 

pair of signal flag, TS-13 to TS-66 employ 2 pairs, TS-67 to TS-174 employ 3 pairs and TS-175 

to TS-255 employ 4 pairs.  A sample of the transformation sets from each group is shown in 

Table 4. The full list of these transformation sets is available in [81]. 
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Transformation 

Set 

Transition 

line 

Non- 

transition 

line 

TS-10 q0,3: 0 → 3 q0,0: 0 → 0 

TS-64 
q0,3: 0 → 3 

q1,3: 1 → 3 

q0,0: 0 → 0 

q1,1: 1 → 1 

TS-174 

q0,3: 0 → 3 

q1,3: 1 → 3 

q2,3: 2 → 3 

q0,0: 0 → 0 

q1,1: 1 → 1 

q2,2: 2 → 2 

TS-255 

q0,3: 0 → 3 
q1,3: 1 → 3 

q2,3: 2 → 3 

q3,2: 3 → 2 

q0,0: 0 → 0 
q1,1: 1 → 1 

q2,2: 2 → 2 

q3,3: 3 → 3 

 

Table 4: A sample of transformation sets (TS). 

 

3.2 Signal Flag Cost 
 

Signal flag cost is one of the most important components in BTC. It is applied in the bus 

transition energy calculation of En_wo_trans and En_w_trans, which have a direct impact on the 

coding decision.  

If the energy consumption (EC) values in Table 1 are chosen as the signal flag cost, this 

would yield an optimal coding decision. Alternatively, the difference between signals levels 

(DBL) values given in Table 5 can also be employed as a cost metric. The latter cost metric uses 

only small integer values which will lead to a more efficient implementation of the coding 

decision hardware.   The relative performance of using the EC and DBL cost metrics on the 

energy saving performance is analyzed next. 

 

Signal level k at time (t+1) Difference 

between 

signal level 0 1 2 3 

0 0 1 2 3 

1 -1 0 1 2 

2 -2 -1 0 1 

S
ig

n
al

 l
ev

el
 j

 

at
 t

im
e 

(t
) 

3 -3 -2 -1 0 

 

Table 5: Signal flag cost: Difference between signal levels (DBL). 
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4 Behavioral Simulation and Analysis 
 

In this section, we present experimental results related to the implementation of Bus 

Transform Coding. Our goal in this section is to find the transformation sets from each group (i.e. 

groups having 1, 2, 3 and 4 pairs of signal flags in the transformation set) that yield the best 

power savings.  

To provide meaningful benchmarks for determining the effectiveness of our techniques, we 

consider the transfer of realistic data sets over the bus as described in Table 6. The binary to 

PAM-4 data stream encoding is done based on the PAM-4 driver encoding format of [38]. We 

have encoded the PAM-4 data streams using the 255 BTC transformation sets. Both the EC and 

DBL signal flag costs are considered in this experiment. 

 

Data Sets Description 

EXE1 0.27MB of executable (.exe) file data 

EXE2 0.26MB of executable (.exe) file 

JPEG1 0.22MB of compressed picture (JPEG) data  

JPEG2 0.29MB of compressed picture (JPEG) data  

MPEG1 0.24MB of compressed video (MPEG) data  

MPEG2 0.26MB of compressed video (MPEG) data 

TXT1 0.22MB of word document (.txt) data 

TXT2 0.20MB of word document (.txt) data 

WAV1 0.21MB of uncompressed audio (WAV) data 

WAV2 0.22MB of uncompressed audio (WAV) data 

UD1 0.21MB of uniformly distributed IID data 

 

Table 6: Descriptions of Data Sets. 

 

For each transformation set, we evaluated the following comparison metrics – (a) average 

coding executes (i.e., the fraction of the time that a coding transformation is applied) - ACE, (b) 

peak power saving and (c) average power saving, as given by equations (6). 

Power saving 100. 1 %c

o

P

P
= −

 
 
 

                                            (6) 

In (6), Pc is the total power consumed when the coding was used and Po is the total power 

consumed without coding. For the peak power saving calculation, Pc and Po are the corresponding 

peak power consumption values, while for the calculation of the average power consumption, Pc 

and Po represent the respective average power consumption values. 
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Table 7 reports the outcome of our computational experiments for a bus width of 8 wires. For 

each data set, we give the transformation set number from each of the 4 groups which yields the 

highest average power saving.  Their average coding executes and percentage of savings achieved 

for average power and peak power with respect to the un-coded case are also given. The 

transformation set numbers are arranged in descending order with respect to the average power 

saving. The last four rows of the table show the results when all of the data sets are combined 

together. 

We observe that for each data set, certain transformation sets proved superior to the others in 

terms of average power savings. However, for a general-purpose system where the traffic on the 

data bus can be of any type, transformation sets TS-174, TS-255, TS-64 and TS-10 result in the 

best average power savings in their respective groups.   

It can be clearly seen that in all cases, the transformation set with the EC signal flag cost 

yields similar average power saving compared to the one using the DBL signal flag cost. This is 

because EC is the optimal signal flag cost since our goal is to minimize the energy consumption 

and therefore it would give an optimal decision at every time slot.  This reasoning is supported by 

the ACE comparison metric, which shows that more coding transformations are executed using 

EC than with DBL, thereby directly impacting the percentage energy saving. 
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Signal flag cost = EC Signal flag cost = DBL 

Data sets Transfo-

rmation 

sets 

Average 

coding 

executes 

Average 

Power  

Saving 

(%) 

Peak 

Power  

Reduction 

(%) 

Transfo- 

rmation 

sets 

Average 

coding  

executes 

Average 

Power  

Saving 

(%) 

Peak 

Power 

Reduction 

(%) 

TS-255 0.6687 38.03 53.03 TS-255 0.6191 37.27 48.48 

TS-174 0.6313 37.51 53.03 TS-174 0.5935 36.79 48.48 

TS-64 0.6091 33.78 53.03 TS-64 0.5793 33.38 53.03 
EXE 

TS-10 0.4230 21.22 27.27 TS-10 0.4230 21.22 27.27 

TS-174 0.4452 20.26 41.82 TS-174 0.3868 19.47 40.00 

TS-231 0.4234 20.10 43.64 TS-255 0.3884 19.30 40.00 

TS-64 0.3997 19.33 41.82 TS-64 0.3755 18.81 40.00 
JPEG 

TS-10 0.2961 15.50 30.91 TS-10 0.2961 15.50 30.91 

TS-255 0.3825 22.99 48.33 TS-255 0.3389 22.16 48.33 

TS-174 0.3663 22.74 48.33 TS-174 0.3388 22.07 48.33 

TS-64 0.3441 21.25 46.67 TS-64 0.3255 20.76 45.00 
MPEG 

TS-10 0.2509 15.34 20.00 TS-10 0.2509 15.34 20.00 

TS-11 0.2530 10.11 5.56 TS-11 0.2530 10.11 5.56 

TS-66 0.3514 9.50 5.56 TS-66 0.3092 8.40 5.56 

TS-173 0.4382 8.57 5.56 TS-173 0.3699 6.58 0.00 
TXT 

TS-239 0.4169 4.62 11.11 TS-239 0.3223 0.96 0.00 

TS-29 0.3783 14.17 13.33 TS-11 0.3783 13.53 13.33 

TS-11 0.3783 13.53 13.33 TS-66 0.3645 12.71 13.33 

TS-173 0.4593 13.41 13.33 TS-173 0.4044 12.40 13.33 
WAV 

TS-239 0.4478 9.65 11.11 TS-239 0.3257 8.13 11.11 

TS-255 0.4725 21.43 42.86 TS-174 0.4101 20.54 42.86 

TS-174 0.4479 21.32 42.86 TS-255 0.4129 20.41 42.86 

TS-64 0.4202 20.31 42.86 TS-64 0.3946 19.78 42.86 
UD 

TS-10 0.3044 15.69 28.57 TS-10 0.3044 15.69 30.36 

TS-174 0.3921 20.23 53.03 TS-174 0.3613 19.84 48.48 

TS-255 0.4244 19.62 53.03 TS-255 0.3781 19.04 48.48 

TS-64 0.3759 19.04 53.03 TS-64 0.3512 18.99 53.03 
OVERALL 

TS-10 0.2539 14.67 30.91 TS-10 0.2539 14.67 30.91 

 

Table 7: Highest power saving BTC configurations for each of the data sets, using the 

two types of signal flag costs. Bus width = 8 wires. Bus clock frequency = 100MHz. 

 

Figure 1 shows the value for each activity factor αj,k for the case of un-coded and encoded 

data stream using transformation set TS-174 on a 8-wire bus. Please note that here we show the 

bus activity factor which is the sum of the individual line activity factors. In this experiment, a 

data set of uniformly distributed IID data is employed. As can be seen in the encoded data stream, 

there is an increase in switching activity value for activity factors α0,0, α1,1 and α2,2 and a decrease 

in activity factors α0,3, α1,3 and α2,3 compared to the un-coded data stream.  This means that TS-

174 has removed the desired transitions (as described in its transformation table) and created non-

transition cases. However, there is also an increase in switching activity value for other activity 
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factors like α0,1, α0,2 and α1,0. These activity factors are created during the encoding process and 

are not removed because they are not specified in the transformation table. 

 

 

Figure 1:  Value for each activity factor αj,k for a 8-wire bus. Comparison shown is between 

un-coded and BTC with transformation set TS-174.  Data set: Uniformly distributed IID 

data stream.  AF1: α0,0, AF2: α1,1, AF3: α2,2, AF4: α3,3, AF5: α0,1, AF6: α1,2, AF7: α2,3, AF8: 

α0,2, AF9: α1,3, AF10: α0,3, AF11: α3,2, AF12: α2,1, AF13: α1,0, AF14: α3,1, AF15: α2,0, AF16: α3,0. 

 

 
Figure 2 shows the probability distribution of total distance for the case of un-coded and 

encoded uniformly distributed IID data stream using transformation set TS-174 on a 8-wire bus. 

In the case of an un-coded 8-wire PAM-4 bus, the total distance for each time slot may range 

from a minimum of 0 to maximum of 24 (e.g., all 8 wires transitioning from 0 to 3), while the 

coded bus may have a total distance as large as 25 (e.g., all 8 wires transitioning from 0 to 3 and 1 

wire transitioning from 0 to 1). As can be seen, there is a wide distribution of the total distance 

for the un-coded data stream and a narrow distribution concentrated at the lower total distance 

numbers for the encoded data stream. This shows that TS-174 has removed most of the transition 

lines which contribute to the total distance numbers.   
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Figure 2:  Probability distribution of total distance in the next transition for un-coded and 

BTC bus with transformation set TS-174 on uniformly distributed IID data stream. Bus 

width: 8 wires. 

 

 

Figure 3:  Power savings as a function of bus width. Signal flag cost: EC.  (A similar trend is 

observed using the signal flag cost DBL.) 

 

Finally, simulations were run for 1, 2, 4 and 8-wire buses. In this experiment, we considered 

the data stream of all data sets described in Table 5. Figure 3 shows the percentage of average 

power savings when the coding technique is used, calculated using (4).  Transformation sets TS-

174, TS-255, TS-64 and TS-10 result in the best average power saving in their group for all bus 

widths.   
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Figure 4:  Effect of partitioning on power savings. Bus width: 8-wires. Signal flag cost: EC. 

(A similar trend is observed using the signal flag cost DBL.) 

 

The improvement from using Bus Transform coding decreases as bus width increases. In 

order to address this problem, partitioning a wider bus into several narrower sub-buses may be 

applied. In this case, each partition has its own corresponding signal line.  The impact on power 

savings of using different sizes partitions on an 8-wire bus is shown in Figure 4. It should be 

noted here that the power consumption of the encoder and decoder circuits are not included in this 

simulation. However, the net power saving of our scheme including the overhead power 

introduced by encoder and decoder circuitry is given in the next section. 

5 VLSI Architecture and Implementation Analysis 
 

The results from Section 4.5 show that TS-174, TS-255, TS-64 and TS-10 are the most 

effective transformation sets in terms switching activity reduction, and thus for the average power 

savings in a general-purpose system. It is necessary, however, to evaluate the degree to which the 

power savings achievable through switching activity reduction is offset by the additional power 

consumption of the circuitry required to implement the encoding and decoding processes.  

We will first introduce the basic BTC encoder/decoder architecture. After describing the 

power analysis methodology employed in this work, we will present synthesis results and an 

analysis of the power consumption for 8 different configurations of BTC, namely those 

employing transformation sets TS-174, TS-255, TS-64 and TS-10, using both the EC and DBL 

signal flag costs. 
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5.1 Architecture 
 

Figure 5 shows the high-level architecture of a PAM-4 signaling system employing Bus 

Transform Coding (BTC) and a reference design for the case of 4 wires. Note that binary 

information on two lines, an MSB and an LSB, are combined to form the 4-level PAM-4 signal, 

and that the encoding and decoding blocks are constructed using ordinary binary logic circuits.  

We assume that the PAM-4 drivers are driven by an array of inverters or by the BTC encoder in 

the reference and BTC systems, respectively. At the receiving side, the PAM-4 receivers drive 

inverters or the BTC decoder in the reference and BTC systems, respectively. 

 

 

(a) 

 

(b) 

Figure 5:  (a) Reference system and (b) Bus-Transform Coding (BTC) system setup for the 

case of a 4-wire PAM-4 signaling system. 

 

Figure 6 shows the implementation block diagram for the BTC encoder and decoder for a 4-

wire bus with 1 signal line. The encoder is composed of three main components: (i) the transition 

detector block to detect the transition specified in the transformation set for the data wire and also 
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the signal line; (ii) the transformation block to send out the encoded codeword and the 

corresponding signal on the signal line; and (iii) the calculation and decision block to calculate 

and compare the values for ‘energy without coding’ and ‘energy with coding’ and then to send a 

signal to the transformation block in order to produce the codeword. The decoder circuit, on the 

other hand, is relatively small; it consists of the data wire transition detector (TD) and data wire 

de-transformation (DD) blocks. 

 

 

(a) 

 

 
(b) 

Figure 6:  Block diagram for (a) Encoder and (b) Decoder.  (Data wire transition detector 

block (TD); Data-wire transformation block (DT); Signal wire detector block (SWD); Signal 

wire transformation block (SWT); array of D-flip-flops (D); Data wire de-transformation 

block (DD)). 

 

In this design, no pipelining is employed in order to determine the minimal possible critical 

path that can be achieved by each transformation set. Also, we employ hard-wired shifts and 
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adders instead of general-purpose multipliers in the encoder design. This approach is feasible and 

beneficial since the design involves multiplication by constant values only. 

Verification of each encoder and decoder were done using the VCS tool from Synopsys. We 

have used the data sets from Table 6 in the test bench for each encoder and the output of the 

encoder is fed to the input of the decoder. The decoder output waveform was compared to un-

encoded data while the output of the encoder circuit was compared to the expected encoded data 

derived from the C program in behavioral simulation. Correctness of the design was demonstrated 

based on these verification results. 

Next, each of the encoder and decoder circuits were synthesized using the Synopsys Design 

Compiler using a 1.2 V supply with a 130 nm CMOS standard cell library from UMC using 

‘typical case’ cells with an operating temperature of 25
o
C. The wire loads were automatically 

selected based on the total implementation area. During synthesis, the load capacitance for the 

encoder is set to 0.5 pF to model the wire and input capacitance of the PAM-4 driver. Similarly, a 

load capacitance of 0.5pF is used at the decoder to model the subsequent logic block connected to 

the decoder.  

Since this goal of this work is to implement hardware for a low power coding scheme, the 

main objective of the synthesized encoder and decoder hardware is to obtain the lowest possible 

power consumption while meeting the timing and area constraints. In our ASIC design flow, 

initial synthesis runs were done for timing and area optimization with a target frequency of 100 

MHz. Then, incremental synthesis was done for power optimization by giving a constraint on the 

maximum dynamic power value. This design flow will instruct the tool to find the best possible 

design with the lowest possible dynamic power while maintaining the area and critical path of the 

optimized circuit. 

5.2 Power Analysis Methodology 
 

In determining the power of a circuit, two important aspects are the level at which power is 

analyzed and the input data that is applied to the circuit. 

The most accurate power estimation method is the Extracted Physical (EP) method done 

through transistor-level simulation with parasitic extracted components from a post-placed-and-

routed design [82]. However, transistor-level simulation is very slow. Gate-level or RTL-level 

power estimation is much faster, but at the expense of reduced accuracy. 

Input switching to the circuit can be specified through switching activity factors on the inputs 
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which will be propagated throughout the design to produce a statistical activity factor for each net 

[83]. This method assumes randomness and does not capture correlations in the data stream for a 

specific application, resulting in less accurate estimation.  

To capture the effects of correlations in the input data stream, the design must be simulated to 

determine the actual transitions on each net and within each gate. This can be done through 

supplying a realistic test bench in an RTL simulator to simulate the circuit under normal 

operational conditions.  In this way, the simulator will capture the actual activities of the nets in 

the design. The resulting switching activity data is then back-annotated to a Synopsys power 

estimation tool to compute the average power consumption based on the activities of the nets in 

the design. 

In this work, we apply power estimation at the RTL-level using VCS with the actual test 

bench data sets specified in Table 6. 

6 Results 
 

In this section, we report the characteristics of the circuits (area in µm
2
, gate count in 2-input 

NAND gate equivalents, critical path delay in ns and power in mW) obtained through automatic 

synthesis and optimization for each of the BTC encoder and decoder circuits as well as reference 

designs based on Figure 5. The synthesis and power results were obtained using an industry-

standard power analysis tool, Synopsys Design/Power Compiler.  

 

Dynamic Power 

Area 
Gate 

Count 
Critical 

path 
Cell 

Internal 

Power 

Net 

Switching 

Power 

Cell 
Leakage 

Power 

40 10 0.68 1.89 144.46 0.04 

 

Table 8: Report on area, gate count, critical path and power for the reference design. 

(Units: area in µm
2
, gate count in 2-input NAND gate, critical path delay in ns, and power 

values in µW). 

 

Table 8 shows the synthesis and power report for the reference design which contains an 

array of eight inverters driving four units of PAM-4 drivers (2 inverters for each 2 inputs PAM-4 

driver). The tool reports the total power, with a breakdown into dynamic and cell leakage power. 

Dynamic power is further decomposed into cell (i.e., gates) and net switching power (i.e., 

charging capacitance of the nets in the design). 
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As expected, the switching power of the nets is about 70 times higher than the cell power 

because of the high capacitance loads connected at the outputs. 

Tables 9 and 10 report the synthesis and power results for eight encoder/decoder pairs 

implementing four different transformation sets with two classes of signal flag costs. The two 

signal flag costs, EC and DBL, were used in transformation sets TS-10, TS-64, TS174 and TS-

255. The signal flag pairs employed by each transformation set can be found in Table 4 and the 

corresponding signal flag cost can be found in Tables 1 and 5.  

 

Design Circuit Area 
Gate 

Count 

Critical 

path 

Encoder 1790 448 2.45 TS-10  
(DBL) Decoder 496 124 0.35 

Encoder 1535 384 2.33 TS-10  

(EC) Decoder 496 124 0.35 

Encoder 2600 650 2.76 TS-64  

(DBL) Decoder 592 148 0.49 

Encoder 2464 616 2.61 TS-64  

(EC) Decoder 592 148 0.49 

Encoder 3382 846 2.81 TS-174  

(DBL) Decoder 629 157 0.50 

Encoder 3567 892 3.18 TS-174  

(EC) Decoder 630 158 0.50 

Encoder 4286 1072 3.17 TS-255  

(DBL) Decoder 656 164 0.45 

Encoder 4440 1110 3.53 TS-255  

(EC) Decoder 656 164 0.45 

 

Table 9: Encoder and decoder implementation report from Synopsys Design Compiler 

(Units: area in µm
2
, gate count in 2-input NAND gate, critical path delay in ns). 
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Dynamic Power 

Design Circuit Cell Internal 

Power 

Net Switching 

Power 

Cell Leakage 

Power 

Encoder 91.53 174.12 0.75 TS-10  

(DBL) Decoder 46.64 149.64 0.21 

Encoder 85.64 171.68 0.63 TS-10  

(EC) Decoder 46.64 149.64 0.21 

Encoder 118.45 185.48 1.01 TS-64  

(DBL) Decoder 49.90 151.51 0.25 

Encoder 113.97 186.46 0.94 TS-64  

(EC) Decoder 50.23 151.73 0.25 

Encoder 139.10 196.57 1.30 TS-174  

(DBL) Decoder 50.45 153.19 0.28 

Encoder 145.81 205.91 1.40 TS-174  
(EC) Decoder 50.67 153.22 0.27 

Encoder 169.81 221.97 1.62 TS-255  

(DBL) Decoder 52.45 155.23 0.28 

Encoder 174.97 233.57 1.68 TS-255  

(EC) Decoder 53.32 155.60 0.28 

 

Table 10: Encoder and decoder power report from Synopsys Design/Power Compiler 

(Unit: All values in µW). 

 

Note that some signal flag pair cost values are negative (e.g. signal flags q3,2 and q3,3 in TS-

255 cost is ‘-2’ for EC and ‘-1’ for DBL); therefore, an encoder employing these activity factors is 

required to implement signed number operations. All encoders implementing the DBL activity 

factor cost must implement signed number operations, since its signal line value can be a negative 

number for the case of q1,0.  

From Table 9, in the case of transformation set TS-10 and TS-64, both encoders 

implementing DBL have larger area than the encoders implementing EC because the latter 

encoder’s hardware only implements unsigned operations. In the case of TS-174 and TS-255, the 

area for the encoder implementing EC is larger than for DBL. This is because in TS-174, the EC 

encoder needs to implement two units of ‘multiplication by constant value 9’ hardware, one for 

each signal flag  q0,3, and q0,0, whereas the  DBL encoder needs to implement ‘multiplication by 

constant value 3’ for the same signal flag. In the case of TS-255, in addition to the 2 units of 

‘multiplication by constant value-9’ hardware, the EC encoder needs to implement two units of 

signed operation hardware for ‘multiplication by constant value (-2)’ which require a larger area 

than for the DBL encoder. These points are also reflected in the critical path for each encoder, 

where a faster clock can be achieved by EC encoders in TS-10 and TS-64 while DBL encoders 

can achieve higher speed for TS-174 and TS-255.  
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At the decoder side, the hardware implementation is relatively small and operates at very high 

speed compared to the encoder.  Transformation sets with different signal flag cost have the same 

decoder architecture, so their area and critical path values are similar. 

Table 10 shows the power report for the encoder and decoder. As shown, a significant 

amount of dynamic power is consumed by the nets due to the large load capacitance connected at 

the output. As expected, larger total power is consumed by the encoder and decoder with 

transformation sets implementing a higher number of signal flags.  

 

 

Figure 7:  Power percentage ratio as a function of bus capacitance value. 

 

Figure 7 shows the power percentage ratio versus the bus line capacitance. The power 

percentage ratio is referring to the total power of the encoder and decoder for each class of 

transformation sets over the reference design. For large bus line capacitance, power savings up to 

15% can be achieved by both TS-10DBL and TS-10EC and up to 25% for the rest of the 

transformation sets. The breakeven point for BTC transformation set effectiveness in terms of bus 

line capacitance is shown in Table 11. 

 

EC DBL Trans. 

Sets 

(TS) 
TS-10 TS-64 TS-174 TS-255 TS-10 TS-64 TS-174 TS-255 

Cap.  

(pF) 
10.4 9.8 11.4 14.0 10.9 10.1 11.3 14.2 

 

Table 11: Breakeven point for BTC transformation set power saving effectiveness in 

terms of bus line capacitance value. 
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7 Conclusions and Future work 
 

The outcome of this work is that the Bus Transform Coding (BTC) technique can be 

effectively applied to off-chip buses employing multi-level signaling, obtaining power savings 

compared to an un-coded system [92]. We have demonstrated the utility of this approach by using 

PAM-4 as a representative multi-level signal example. 

We started with the generalized dynamic power equation to capture the impact on energy 

consumption of every possible transition for PAM-4 signals. There are 16 possible transitions, 

which lead to 16 signal flag quantities in the dynamic power equation. Each signal flag can be 

associated with a signal flag cost, which may be either energy consumption (EC) or difference 

between levels (DBL).  We then derived all possible transformations sets that can be formed. In 

the case of PAM-4 signals, 255 transformation sets were evaluated using twelve files of realistic 

data. Simulation results have shown that these schemes can reduce the average power dissipation 

by up to 46% and achieve a peak power saving of 56% for 1-wire bus. 

The eight best power saving transformation sets, based on the number of activity factor pairs 

employed, have been determined and their corresponding encoders and decoders have been 

designed using Verilog HDL. These encoders and decoders were developed for the case of a 4-

wire bus. Synthesis results using a UMC 130 nm cell library have shown that these schemes can 

achieve up to a 25% net power saving for large bus line capacitance values. 

For our future work, we plan to explore the possibility of using all signal line levels to employ 

more transformation sets in the coding process, which may lead to additional power savings. 



 59 

Chapter 5  

Optimality of Bus-Invert Coding 

 

 

Abstract 

Dynamic power dissipation on I/O buses is an important issue for high-speed communication 

between chips. One can use coding techniques to reduce the number of transitions, which will 

reduce the dynamic power. Bus-Invert coding is one popular technique for inter-chip buses, 

where the dominant contribution is from the self-capacitance of the wires. This algorithm uses an 

invert line to signal whether the bus data is in its original or an inverted form. While the method 

appears to be a greedy algorithm, we show that it is, in fact, an optimal strategy. To do so, we 

first represent the bus and invert line using a trellis diagram.  Then, we show that applying Bus-

Invert coding to a sequence of words gives the same result as would be obtained by using the 

Viterbi algorithm, which is known to be optimal. We also show that partitioning an M-bit bus into 

P sub-buses and using Bus-Invert coding on each sub-bus can be described as applying the 

Viterbi algorithm on a 2
P
-state trellis. 
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1 Introduction 
 

The dynamic power dissipation due to wire-to-ground coupling of a multi-wire bus is given 

by the following equation:  

            ∑=
wiresall

2

ddloaddynamic αfVCP                                                 (1) 

where Cload is the load capacitance of a single bus wire, Vdd is the power supply voltage,  f is the 

transition frequency and α  is the activity factor [31], [84]-[89]. Assuming that Vdd has been 

decreased to its optimal value and Cload has been optimized through layout, Equation (1) indicates 

that further reductions in power dissipation are available by applying coding which lowers the 

total amount of switching activity on the bus. Moreover, reducing the number of transitions on 

buses can also help to minimize noise on the bus, as shown in [86].   

The general idea of coding for low power is to use a W-bit bus to transmit M-bits of data 

together with W-M control bits in such a way as to reduce the Hamming distance between 

successively transmitted words. It should be noted that low power coding is not equivalent to 

error control coding, although there exist some relationships between these two sets of problems 

[91]. Significant prior contributions can be divided into two application areas, i.e. minimizing 

power on data buses or on address buses. The bus models used also vary, with [31], [84]-[87] 

adopting a wire-to-ground capacitance model and [62], [88] using a wire-to-wire capacitance 

model. Reference [85] incorporates a transition signaling scheme together with low power coding 

whereas others use level signaling. The redundancy introduced as a result of the coding can be 

placed in space (as additional bit lines) or in time (as extra transfer cycles), as shown in [84].  

Bus-Invert coding can be profitably applied to inter-chip data buses which are modeled as 

wire-to-ground capacitances and where wire-to-wire capacitances are assumed to be a less 

important factor. The idea is to send either the original or the inverted form of the next data word, 

making that decision by calculating the Hamming distance between two consecutive words on the 

bus. One additional signal line is needed for the receiver to be able to correctly interpret the bus 

values.  With this scheme, a 50% reduction in peak power is guaranteed and up to a 25% 

reduction in average power can be achieved [31].   

In [31], the authors state that Bus-Invert coding is optimal in the sense that given the same 

redundancy (one extra bus line), no other coding can achieve a larger reduction in the number of 

transitions between adjacent data words. However, the following question still remains:  Is there 
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an optimal method for an entire sequence of transitions, i.e. one which considers the total number 

of transitions required to transmit an entire sequence of specific data words?  We will show that 

Bus-Invert coding is, in fact, optimal in this sense.  

The remainder of the chapter is organized as follows. In Section 2, the importance of a trellis 

diagram and the applicability of the Viterbi algorithm are explained. In Section 3, we map Bus-

Invert coding onto the trellis diagram and find the minimum weight path through the trellis 

(which translates to the minimum number of transitions) using the Viterbi algorithm. Section 4 

shows that partitioning an M-bit bus into P sub-buses and using Bus-Invert coding on each sub-

bus can be described as applying the Viterbi algorithm on a 2
P
-state trellis diagram. Finally, in 

Section 5, the chapter is summarized and our conclusions are given. 

2 Trellis diagram and Viterbi Algorithm 
 

The trellis diagram is a representation of a finite state machine (FSM) which shows all 

possible state transitions over time [90]. The diagram contains states and branches (i.e., 

connections between pairs of states) which correspond to a particular state transition in a 

particular clock cycle. Each transition is triggered by an input ak and produces an output sk, where 

k denotes the time index. A sequence of branches through the trellis diagram from a beginning 

state to an end state is called a path and an input sequence {a0,…, aL-1} corresponds to a unique 

path. A branch metric is associated with each branch and one can calculate the path metric, which 

is the sum of the branch metrics along that path. 

The Viterbi algorithm is a computationally efficient algorithm that relies on the special 

structure of the trellis to achieve a complexity that is proportional to L [90].  For every state at 

each time k, the Viterbi algorithm calculates the shortest path which leads to that state and 

eliminates all other paths as being sub-optimal. This is accomplished by calculating a state metric 

s

kΓ   for each state S at time k which is defined as the accumulated distance along the minimum 

path leading into that state. The state metrics at time k+1 can be computed in terms of the state 

metrics at time k via the equation: 

{ },

1 minj i i j

k k k
i

λ+Γ = Γ +                                                    (2) 

where i is the predecessor state of j and 
,i j

kλ  is the branch metric for the transition from state Si to 

Sj. The next phase of the algorithm involves tracing back to determine the optimal path, which is 

called the survivor path for that state.  Trellis diagrams and the Viterbi algorithm have been 
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widely used in communications applications such as channel coding and source coding, as well as 

in many other areas [90]. 

3 Optimality of Bus-Invert Coding 
 

Consider an (M+1)-bit bus, where the additional line is the signal bit (Sb) which indicates 

whether the information is in its original or inverted form. Here, we define information as the 

original M-bit data before appending the signal bit, while a codeword is defined as the (M+1)-bit 

encoded data. The codeword is constructed by appending the information with either Sb = 0 (i.e., 

non-inverted codeword) or with Sb = 1 (i.e., inverted codeword).  Sb plays the role of the invert 

bit used in Bus-Invert coding.  We construct a trellis diagram where each top node corresponds to 

a non-inverted (N) codeword state and each bottom node corresponds to an inverted (I) codeword 

state at time k, where k ≥ 1. The first node corresponds to the initial state (k = 0) in which the 

codeword is initialized as the non-inverted codeword. Each input ak corresponds to the Sb value at 

time k and each output sk corresponds to (M+1) bits of either the non-inverted or inverted 

codeword at time k+1. For k = 0, 1, ... , L, label each of the branches in the k-th stage of the trellis 

with a weight equal to the Hamming distance between the k-th and (k+1)-st node.  To obtain the 

minimum number of transitions on the data bus over L-time slots, we apply the Viterbi algorithm 

as described in Section 2. 

An example is presented to illustrate this procedure. An 8-bit data bus over 16 time slots is 

shown in Figure 1(a). The data is a uniformly distributed random sequence of values and there are 

64 transitions during the 16 time slots. Figure 1(b) shows the same sequence of data as in Figure 

1(a) coded using the Bus-Invert method. In the latter case, there are only 53 transitions during the 

16 time slots.  
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(a) 
 

 

(b) 

 

Figure 1:  An example sequence of values on an 8-bit data bus. (a) Before encoding.  (b) 

After encoding using the Bus-Invert algorithm. 

 

Figure 2 shows the mapping of the data sequence of Figure 1(a) onto the trellis diagram. It is 

a 2-state trellis with 16 stages. The first node (k = 0) codeword vector is {1, 1, 0, 1, 0, 0, 1, 1, 0}, 

which corresponds to B0 through B7 followed by Sb.  For k = 1, the non-inverted codeword 

vector is {0, 0, 1, 1, 0, 1, 1, 1, 0} while the inverted codeword vector is {1, 1, 0, 0, 1, 0, 0, 0, 1}. 

The branch metric values for first node to the non-inverted state and for the first node to the 

inverted state are 4 and 5, respectively.  Therefore, the state metric at time k = 1 for the non-

inverted and inverted states are also 4 and 5, respectively.   

At k = 16, the state metric for the non-inverted and inverted states are 54 and 53, respectively, 

which directly translates to the number of transitions made along each survivor path. Therefore, 

to optimally minimize the total number of transitions over all of the time slots, the survivor path 

that leads to 53 transitions is selected. Figure 2 shows the survivor path which leads to this 

optimal solution over the 16 time slots. Tracing back the survivor path through non-inverted and 

inverted states to the starting node gives the sequence of codewords that must be transmitted from 

time k = 0 to k = 16 in order to achieve this minimum value.  Figure 3 shows the codewords 

obtained after tracing back the survivor path. 
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Figure 2:  Trellis graph representation of Figure 1 (a). N and I denote non-inverted codeword and inverted codeword state respectively.  

The dotted line shows the survivor path after applying the Viterbi algorithm which results in 53 transitions, the minimum number of 

transitions during the 16-time slots. 

 

 

 

Figure 3:  Series of codewords obtained after tracing back the survivor path. It results in the same codeword sequence obtained from Bus-

Invert coding. 
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We note that the survivor path of the trellis graph yields exactly the same set of invert bit 

values that Bus-Invert coding generated. Thus, we see that Bus-Invert coding is an optimal 

method for this sequence. The question then becomes, will the Bus-Invert and Viterbi algorithms 

always produce the same result?  In Figure 2, we observe the following symmetry property:  At 

any time k, the branch metric for state (Nk → Nk+1) has the same value as for state (Ik → Ik+1), 

while the branch metric for state (Nk → Ik+1) has the same value as for state (Ik → Nk+1).   Thus, the 

survivor path into the Nk+1 and Ik+1 nodes will enter them either both horizontally or both 

diagonally.   So, regardless of whether we are coming from Nk or Ik, we will make the same 

decision about whether the bits should be inverted between time k and time k+1.   This 

corresponds precisely to the fact that, in Bus-Invert coding, the inversion decision at time k+1 

does not depend on the inversion status at time k.  Thus, we come to the conclusion that the 

Viterbi algorithm will produce the same set of decisions as in Bus-Invert coding. 

The reason for the existence of the symmetry property of the branch metric values is 

explained as follows.  Consider two (M+1)-bit codewords, kC  and 1kC +  at time k and k+1, 

respectively, having codeword bits 
k

ic  and 
1k

ic +
, where { }0,1,2,.., 1i M∈ + . Note that 

k

ic  and 

1k

ic +
 are in GF(2). The complemented forms of the previous codewords are denoted by 

k
C  and  

1k
C

+
 having codeword bits 

k

ic  and 
1k

ic
+

. The Hamming distance between two codewords, 

( )1
,

k k
HD C C

+
 is computed by counting the number of 1s at the output of an XOR operation on 

each pair of codeword bits. Equations (3) and (4) show certain well-known properties of the XOR 

operation:   

    ( ) ( )1 1k k k k

i i i ic c c c+ +⊕ = ⊕                                             (3)       

     ( ) ( )1 1k k k k

i i i ic c c c+ +⊕ = ⊕                                             (4) 

Therefore, the following relationships between Hamming distances are obtained:  

( ) ( )1 1, ,k k k kHD C C HD C C+ +=                                      (5)       

( ) ( )1 1, ,k k k kHD C C HD C C+ +=                                      (6)     
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4 2
P
-State Trellis Diagram 

 

In order to decrease the average power dissipation for wide buses, the bus can be partitioned 

into several narrower sub-buses [1]. Each of these sub-buses can then be coded independently 

using its own signal line. If an M-bit bus is partitioned using a partition factor of P, it will 

produce P sub-buses, where each sub-bus contains M/P data lines. The resulting bus width is 

(M+P) bits, having a total of P invert bits.  

Figure 4 shows the same sequence of data as in Figure 1(a) using  a partition factor of P = 2, 

resulting in 2 sub-buses where each sub-bus is coded using the Bus-Invert method. Here, sub-bus0 

contains the lines {B0, … , B3} and sub-bus1 contains { B4, … , B7}.  In this case, there are only 

47 transitions over the same 16 time slots. 

 

 

 

Figure 4:  The same sequence of data as in Figure 1(a) using a partition factor of 2 and 

applying Bus-Invert coding. 

 

Bus-Invert coding on a partitioned bus can be directly translated into two 2-state trellis 

diagrams, one for each sub-bus, as shown in Figure 5. Tracing back the survivor path for each 

separate trellis diagram leads to the codewords that must be transmitted at each time k = 0 to k = 

16 in order to achieve the minimum number of transitions on each sub-bus. 

However, the above partitioning example can also be viewed as 4-state trellis graph, as 

shown in Figure 6. In this trellis graph, there are 4 states: ‘both sub-buses non-inverted’ (N), ‘sub-

bus0 non-inverted & sub-bus1 inverted’ (H1), ‘sub-bus0 inverted & sub-bus1 non-inverted’ (H2) 

and ‘both sub-buses inverted’ (I). The 2 invert bits for each N, H1, H2 and I state are {0, 0}, {0, 

1}, {1, 0} and {1, 1}, respectively. At k = 16, the state metrics for the N, H1, H2 and I states are 
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48, 47, 49 and 48, respectively, which directly translates to the transitions made along each 

survivor path. Therefore, to minimize the transitions over L time slots, the survivor path that leads 

to 47 transitions is desired.   
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Figure 5:  2-state trellis representation of a partitioned bus (partition factor = 2). The top trellis diagram represents sub-bus0 (B0, … , B3) 

and the bottom trellis graph represents sub-bus1 (B4, … , B7). The dotted line shows the survivor path after applying the Viterbi algorithm 

on each sub-bus individually, which results in 47 transitions, the minimum number of transition for the 16-time slots. 
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Figure 6:  4-state trellis representation of a partitioned bus (partition factor = 2).  N, H1, H2 and I denote ‘both sub-buses non-inverted’, 

‘sub-bus0 non-inverted & sub-bus1 inverted’, ‘sub-bus0 inverted & sub-bus1 non-inverted’ and ‘both sub-buses inverted’ respectively.  The 

dotted line shows the survivor path after applying the Viterbi algorithm which results in 47 transitions, the minimum number of 

transition for the 16-time slots. 
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Figure 6 shows the survivor path that leads to the minimum number of transitions over the 16 

time slots. Tracing back the survivor path through N, H1, H2 and I states to the starting node 

translates into the set of codewords that must be transmitted from time k = 0 to k = 16 in order to 

achieve the minimum number of transitions. Figure 7 shows the codewords obtained after tracing 

back the survivor path.  It leads to the same result as applying Bus-Invert coding to each of the 2 

sub-buses. 

 

 

 

Figure 7:  Codewords obtained after tracing back the survivor path of 2
2
-state trellis graph 

in Figure 6. 

 

In general, for a partitioning factor of P, we can construct a 2P-state trellis graph. There are 2 

states corresponding to ‘all sub-buses non-inverted’ and ‘all sub-buses inverted’. The other (2P-

2)-states correspond to various non-inverted and inverted patterns on the sub-buses. 

5 Conclusions 
 

In this chapter, we have shown that a symmetry property of the branches in the trellis diagram 

leads to the result that the Viterbi algorithm produces the same result as Bus-Invert coding.  Thus, 

we find that Bus-Invert coding is optimal for a sequence of data words [93].  We have also shown 

that partitioned Bus-Invert coding can be viewed as applying the Viterbi algorithm on a 2P-state 

trellis diagram. 
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Chapter 6 

Conclusions and Future Work  
 

 

1 Conclusions 
 

Power consumption is a growing problem for both on-chip and off-chip bus communication 

systems. In this dissertation, a set of low power signaling methods, coding techniques and 

interconnect design strategies have been developed to address this problem. 

A voltage-mode, multilevel signaling approach has been proposed as a means for achieving 

energy-efficient signaling. The energy consumption associated with this signaling scheme in a 

nanometer technology bus has been investigated. This study has led to a closed-form, transition-

dependant energy model that is simple enough for paper-and-pencil calculations. The energy 

model also provides an understanding of the energy consumption associated with various 

transitions and their effects on neighboring lines.    

The application of multilevel signaling to achieve energy-efficient, on-chip bus 

communication has been investigated. The ingredients for low power interconnect design, 

including low-swing signaling, bus multiplexing and line structure optimization, have been 

exploited to achieve energy efficiency. The new energy-optimized interconnect structure 

developed in this thesis exhibits significant energy savings and achieves higher wire bandwidth 

compared to prior approaches.  

Coding techniques for multilevel signals have been investigated as an approach for low 

power, off-chip bus communication. In particular, the Bus Transform Coding algorithm, which is 

a novel extension of Bus-Invert coding, has been proposed. All possible transformation sets have 

been evaluated for their energy savings, taking into account real bus traffic patterns and the actual 

structure of the bus. Circuit implementations have revealed the encoder and decoder costs and 

also demonstrate the practicality and effectiveness of this approach.  

Finally, this thesis has demonstrated that Bus-Invert coding, which appears to be a greedy 

algorithm, is actually an optimal strategy. The sequence of words obtained by applying Bus-

Invert coding produces the same results as the known optimal solution, i.e. the Viterbi algorithm. 
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The optimality of Bus-Invert coding is readily obtained by mapping the problem onto a trellis 

diagram and using a symmetry property. It is also shown that partitioned Bus-Invert coding, with 

a partitioning factor p, can be viewed as applying the Viterbi algorithm on a 2P-state trellis.  

  

2 Future Work 
 

The results of this thesis provide a foundation for future research on low power interconnect 

design, particularly in the multilevel signaling area. While we have focused on the energy 

consumption aspect, other practical issues such delay and robustness to noise in DSM buses are 

also important areas to be investigated.  

From Chapter 3, the bus multiplexing technique with multilevel signaling has widened the 

design space for optimizing on-chip interconnect. Performance metrics such as delay and 

coupling noise, which are related to parasitic components inherent in a DSM bus, as well as bus 

area are yet to be explored in the multilevel signaling context.  

Another area for future work is the design of efficient codes not only for the purpose of 

power reduction but also to achieve higher speed and robustness in the multilevel signaling 

domain. Development of additional, efficient low power codes considering self-capacitance 

and/or coupling capacitance are also worth exploring. Novel codes for combating coupling-

related delay can be developed to eliminate slow transitions and allow only fast transitions to take 

place. Finally, novel codes to remove high noise transitions as well as channel codes from the 

field of information theory can be considered to improve the reliability of a multilevel, wired 

communication system. 
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