Encoding Techniques for Low Power Address Buses

Abstract

Power has become an important design criterion in modern system designs, especially in portable battery-driven applications. A significant portion of total power dissipation is due to the transitions on the off-chip address buses. This is because of the large switching capacitances associated with these bus lines. There are many encoding schemes in the literature that achieve huge reduction in transition activity on the instruction address bus. However, on data and multiplexed address buses, none of the existing schemes consistently achieve significant reduction in transition activity. Also, many of the existing techniques add redundancy in space and/or time. In this paper, novel encoding schemes are proposed that significantly reduce transitions on these buses without adding redundancy in space or time. Also, for applications with tight delay constraints, configurations with minimal delay overhead while still achieving significant reduction in transition activity are proposed.

Results show that, for various benchmark programs, these techniques achieve reduction of up to 54% in transition activity on a data address bus. On a multiplexed address bus, there is a reduction of up to 61% using our techniques. The proposed schemes are then compared with the existing schemes. It is seen that on an average, the reductions achieved with our techniques are twice those obtained using the current scheme on a data address bus and 55% more than those for multiplexed address bus. 
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1. Introduction:

Power dissipation has become a critical design criterion in most system designs, especially in portable battery-driven applications such as mobile phones, PDAs, laptops, etc. that require longer battery life. Reliability concerns and packaging costs have made power optimization even more relevant in current designs. Moreover, with the increasing drive towards System On a Chip (SOC) applications, power has become an important parameter that needs to be optimized along with speed and area. The main sources of power dissipation in VLSI circuits [1] are the leakage currents, the stand-by current (due to continuous DC current drawn from Vdd to ground), the short-circuit current (due to a DC path between supply and ground lines during transitions), and the capacitance current (due to charging and discharging of node capacitances during transitions). Power reduction techniques have been proposed at different levels of the design hierarchy from algorithmic level [11] and system level [12] to layout level [13] and circuit level [12]. The dominant source of power dissipation however, is due to the capacitive current (referred to as capacitive power [1], [2]) and is given by: 

P = ½ CLVdd2E(sw)fclk   

where,    P is the capacitive power dissipation 

  CL is the physical capacitance at the output of the node


              Vdd is the supply voltage

              fclk is the clock frequency and

              E(sw) is the average number of output transitions per 1/fclk time

Thus most research efforts have focused on reducing the dynamic power consumption by reducing the transitions in the circuits. In particular, researchers have focused on reducing power dissipation on off-chip buses since power dissipated on the I/O pads of an IC ranges from 10% to 80% of the total power dissipation with a typical value of 50% for circuits optimized for low power [3]. This is because the off-chip buses have switching capacitances that are an order of magnitude greater than those internal to a chip. Therefore, various techniques have been proposed in the literature, which encode the data before transmission on the off-chip buses so as to reduce the average and peak number of transitions. 

Since the instruction addresses are mostly sequential, Gray coding [4] was proposed to minimize the transitions on the instruction address bus. The Gray code ensures that when the data is sequential, there is only one transition between two consecutive data words. However this coding scheme may not work for data address buses because the data addresses are typically not sequential. An encoding scheme called T0 coding [5] was proposed for the instruction address bus. This coding uses an extra bit line, an increment bit-line along with the address bus, which is set when the addresses on the bus are sequential, in which case the data on the address bus is not altered. When the addresses are not sequential, the actual address is put on the address bus. Bus-Invert (BI) coding [3] is proposed for reducing the number of transitions on a bus. In this scheme, before the data is put on the bus, the number of transitions that might occur with respect to the previously transmitted data is computed. If the transition count is more than half the bus width, the data is inverted and put on the bus. An extra bit line is used to signal the inversion on the bus.  Variants of T0, T0_BI, Dual T0, and Dual T0_BI [6] are proposed which combines T0 coding with Bus-Invert coding. Ramprasad et al. described a generic encoder-decoder architecture [7], which can be customized to obtain an entire class of coding schemes for reducing transitions. The same authors proposed INC-XOR coding, which reduces the transitions on the instruction address bus better than any other existing technique. An adaptive encoding method is also proposed by Ramprasad et al. [7], but with huge hardware overhead. This scheme uses a RAM to keep track of the input data probabilities, which are used to code the data. Another adaptive encoding scheme is proposed by Benini et al., which does encoding based on the analysis of previous N data samples [8]. This again has huge computational overhead. Mussol et al. propose a Working Zone Encoding (WZE) technique [9], which works on the principle of locality. Although this technique gives good results for data address buses, there is a huge delay and hardware overhead involved in encoding and decoding. Moreover this technique requires extra bit lines leading to redundancy in space.

Although the existing methods give significant improvement on instruction address buses, none of the encoding methods gives any significant improvement on the data and multiplexed address buses consistently without redundancy in space or time. This is because most of the proposed techniques are based on the heuristic that the addresses on the bus are sequential most of the time. On data address buses, the addresses are not sequential and hence the existing techniques fail to reduce transition activity. Many of the existing schemes add redundancy in space or time, which may be expensive in some applications. 

In this paper, we propose encoding functions and adaptive encoding techniques based on the characteristics of address sequences. While the encoding techniques for instruction address bus are based on the characteristics of sequential data, those for data address buses are based on the principle of locality of data addresses. On multiplexed address bus, both instruction and data addresses are transmitted on the same bus. So, the encoding schemes proposed for this bus are a combination of the schemes proposed for instruction and data address bus. None of the schemes proposed in this paper, add redundancy in space or time. The paper is organized as follows: In Section 2, we look at the characteristics of instruction address buses and propose some encoding functions for the instruction address bus in Section 3. In Section 4, we use heuristics based on the characteristics of instruction addresses to define an adaptive encoding technique for reducing the transitions on instruction address buses. In Section 5, we use the principle of locality for developing heuristics to define the adaptive encoding techniques for data address buses. We make use of the self-organizing lists [15] method for linear search to realize the heuristics. In Section 6, we present our heuristics for multiplexed buses (data and instruction addresses on the same bus). Finally, in Section 7, we present the results showing the reduction in the number of transitions obtained by applying these techniques on various programs and compare them with the existing techniques.

2. Characteristics of Sequential data:

Statistics show that typically, in the execution of a program, 15% of the instructions are branches or jumps [10]. This means that, on the instruction address bus, there will be a change of address sequence 15% of the time and the remaining 85% of the time there will be sequential accesses. Since addresses on the instruction address bus are sequential most of the time, we first analyze the characteristics of a completely sequential set of data.

Let L be the length of the sequential data and W be the width of the data (AW-1, AW-2 , ….. A1, A0). A sample sequential address stream of width 4 is shown in Figure 1. It can be noticed that:

· The low-order bit flips almost 100% of the time, while the probability of a flip drops off geometrically for increasing bit significance. The probability of a flip on bit position i is 2-i (i from 0 to W-1). It can be shown that the ratio of the number of toggles on bit position i to the total number of toggles over the complete sequence of data L to be  ~2-(i+1), irrespective of the length of sequential data.

· It follows that bit lines 0, 1, 2 contribute ~87.5% of the total number of toggles that occur on the sequential data.

· Also, the bit lines have recurring patterns, with the recurring pattern length equal to 2(i+1), for bit position i.
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Further analysis on recurring patterns in sequential data shows that the recurring patterns have a characteristic:       

Xi+p/2 = complement(Xi) = Xi-p/2   for i > p/2                  (1) 

Where X is the single bit stream and p is the recurring pattern length and Xi denotes i-th data in bit stream X. the Now, we propose encoding functions to reduce the transitions that occur on the instruction address bus.

Figure 1
3. Encoding functions for instruction address bus:

Typically, data on an instruction address bus is sequential 85% of the time [10]. Hence the characteristics of the sequential data are used to define the following encoding functions to reduce the number of transitions on the bus.

As was seen, the bit lines have a recurring pattern when the data on the bus is sequential. For a recurring pattern of length p, it can be proved that the function, ENC1, of the form Yi = Xi ( Xi-1 ( Xi-2 ( ... ( Xi-p+1 yields the minimum number of toggles.  “(” represents an Exclusive-OR function [16]. Note that since the recurring pattern lengths on different bit lines of sequential data are different, the encoding functions would be different on each bit line. While this encoding eliminates all transitions on the corresponding bit line if the addresses are sequential, the implementation of this encoding function requires (p-1) storage elements and (p-1) 2- input XOR gates and the same amount of logic in implementing the decoding function. Also the delay induced in the critical path of the encoding and decoding functions increases for longer recurring pattern lengths, which may not be desirable. Fortunately, the recurring patterns are the longest in higher order bit lines of the bus in which the transitions are very few. So this encoding can be applied only on a few low order bit lines that carry most of the transitions.

Considering the characteristics of the sequential data, we propose another encoding function, ENC2, which reduces the transitions on the instruction address bus.

ENC2:





Yi = Xi ( Xi-p/2 

Where, p is the recurring pattern length and is even. Since Xi and Xi-p/2 are complements of each other (from 1), this encoding function will always result in logic ‘1’ given that the incoming bit stream follows the recurring patterns in the sequential data. This encoding function adds the delay of only one 2-input XOR gate on the critical path irrespective of the length of the recurring pattern. Now we consider the encoder and decoder implementations of both ENC1 and ENC2 for an example recurring pattern 0011, with recurring pattern length p=4.
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Figure 2: Implementation structure of the encoding logic(ENC1)
Since p=4, ENC1 will be Yi =  Xi ( Xi-1 ( Xi-2 ( Xi–3. The implementation of this encoding function is shown in Figure 2. The corresponding decoding function will be Xi = Yi ( Xi-1 ( Xi-2 ( Xi–3, the implementation structure being similar to that of the encoder. Similarly the encoding function for recurring pattern 0011 using ENC2 will be Yi = Xi ( Xi-2 and the implementation is shown in Figure 3.
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Figure 3: Implementation structure of the encoding logic(ENC2)

The bold lines shown in the Figures 2 and 3 indicate the delay overhead in the critical path. The encoder inserts a one-cycle delay between arrival of address and output of the encoding. As indicated in [5], this extra delay is not an overhead because even if binary code (without encoding) were used, the flip-flop at the output of the bus would be needed because the address would be generated by a very complex logic that produces glitches and misaligned transitions. The flip-flops filter out the glitches and align the edges to the clock thereby eliminating excessive power dissipation and signal quality deterioration.

Advantages of ENC2 compared to ENC1:
· Delay introduced in the critical path is independent of the length of the recurring pattern

· Delay introduced is very minimal and is just the delay of a 2-input XOR gate.

· If there is a discontinuity in the bit sequence, ENC1 will take p more sequential data inputs to settle down while ENC2 needs only p/2 sequential data inputs.

Disadvantages of ENC2 compared to ENC1:
· While ENC1 can be applied on any recurring pattern, ENC2 has limited applicability. (ENC2 is most suited for instruction address buses.)

In the following sections we propose some adaptive encoding techniques based on some heuristics for reducing the transitions on address buses.

4. Adaptive encoding for Instruction address buses:

In our adaptive encoding technique, all possible input symbols are assigned codes. For every input symbol, the corresponding encoding is transmitted and the codes are adapted (updated) based on the current input symbol and current encodings. 

4.1 SWAP based adaptive encoding:

In instruction address buses, since the addresses are mostly sequential, we use a heuristic to send the same code when the addresses are sequential by swapping the code of the current address with the code of next address in sequence. That is, for every address to be transmitted, the corresponding code is put on the bus and the code for this address is swapped with the code of next address in sequence. So if the addresses are sequential the same code is transmitted, thereby eliminating the transitions on the bus. We illustrate this with an example for a 2-bit address bus.
Let the initial encoding for the possible addresses 0, 1, 2, and 3 be 0, 1, 2, and 3 respectively. Let the actual address sequence be:  0 1 2 3 3 2 3 0 2 3 0. The encoding for these addresses are shown in Table 1.       

	        ·  Encoding

	Symbol
	Code 
	   Updated

    Codes

	    -
	   -
	00,01,10,11

	0
	00
	01,00,10,11  

	1
	00
	01,10,00,11

	2
	00
	01,10,11,00

	3
	00
	00,10,11,01 

	3
	01
	01,10,11,00

	2
	11
	01,10,00,11 

	3
	11
	11,10,00,01 

	0
	11
	10,11,00,01

	2
	00
	10,11,01,00 

	3
	00
	00,11,01,10 

	0
	00
	11,00,01,10  


Enc_A = encoding_array[A];

The first incoming symbol is 0. Since the code for 0 in the encoding array is 00 initially, the code transmitted for symbol 0 is 00. Then the codes for symbols in the incoming array are adapted based on the current incoming symbol. Since the next symbol that could come is more likely to be 1 (symbol sequential to 0), the code for 0 is swapped with code for 1 so that if the next in coming symbol happens to be 1, the same code for 0 previously is transmitted thereby reducing the transitions. This is repeated over all the incoming symbols. Note that the code that is transmitted differs from the previous transmitted code only if there is a discontinuity in the incoming symbol sequence. Also, the symbols could be decoded at the receiving end by having a similar encoding array at the other end with the same initialization as the one at transmitting end. The only difference being that the encoding array at the receiving end is updated based on the symbol that is decoded from the incoming code.

Table 1
The structure of the implementation of SWAP based adaptive encoding for 2-bit address bus is shown in Figure 4.

All the signal lines in the Figure 4 are 2-bit lines. C00, C01, C10, and C11 are the current codes for addresses 00, 01, 10, and 11 respectively. N00, N01, N10, and N11 are the adapted next encodings that depend on the current input X0X1 and current codes C00, C01, C10, and C11. As can be seen the new code for given address is either the same code or is swapped with the neighboring address. 

Consider the MUX4 in Figure 4. If the inputs are 00 or 01, the code for 11 holds the value (N11 = C11) since the next address in sequence of neither of these addresses is 11. When the input is 10, the sequential address of 10 is 11, so the code for 11 is swapped with the code for 10. i.e, N11 = C10 and N10 = C11. Similarly, when the input is 11, since the next address in sequence for 11 is 00, the code for 00 is swapped with the code for 11 i.e., N00 = C11 and N11 = C00. The decoder for the SWAP based adaptive encoding will have a similar structure as the encoder in Figure 4, the only difference being that the select signal to the SEL-MUX will be the encoded address Y0Y1 and the output of this SEL-MUX gives the actual address, X0X1. Also, the delay element after the SEL-MUX will be absent for the decoder. The delay induced in the critical path in both encoder and the decoder, is simply the delay of the 4-1 multiplexer for 2-bit address bus. 
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Figure 4: Implementation of Encoder for SWAP based adaptive encoding

Note that the number of ENC-MUX’s, storage elements and the size SEL-MUX increases exponentially with the number of address bits. Also the delay induced in the critical path increases with the number of address bits because of the increasing size of the SEL-MUX. But as we noted earlier, in sequential addresses, the maximum number of transitions occur on the least significant bits. So this encoding could be done only on the last few address bits with significant reduction in the total number of transitions. Our results in Section 7 are presented for SWAP based adaptive encoding on a 32-bit address bus with encoding on least significant 2-bits, 3-bits and 4-bits. Note that all the encoding schemes suggested for instruction address bus are applied only on the last few address bits. Next we propose heuristics for adaptive encoding on data address buses.
5. Adaptive encoding for data address bus:

Unlike the instruction address bus, the addresses on the data address bus are non-sequential most of the time. But still the data addresses follow the spatial and temporal locality principles [10]. That is, it is more likely that there will be an access to a location near the currently accessed location (spatial locality) and it is more likely that the currently accessed location will be accessed again in the near future (temporal locality). 

In this section we define adaptive encoding techniques based on the heuristics associated with these principle of localities for reducing the transitions on the data address bus.

The principle of locality states that most programs do not access all code and data uniformly [10]. We will reduce the number of transitions between the most frequently accessed address ranges by assigning them the codes with minimal Hamming distance. To achieve this, we use Move-To-Front (MTF) and Transpose (TR) methods in self-organizing lists [14] for assigning codes so as to reduce the transitions on the address bus. 

Figure 5: Encoding/Decoding Using MTF
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Move-To-Front (MTF) is a transformation algorithm that, instead of outputting the input symbol, outputs a code that refers to the position of the symbol in a table with all the symbols. Thus the length of the code is the same as the length of the symbol. Both the encoder and decoder initialize the table with the same symbols in the same positions. Once a symbol is processed, the encoder outputs its position in the table and then the symbol is shifted to the top of the table (position 0). All the codes that from position 0 until the position of the symbol being coded are moved to the next higher position. This simple scheme assigns codes with lower values for more redundant symbols (symbols which appear more frequently). We illustrate this with the following input data sequence:  0 1 0 0 2 0 1 0 3.  Figure 5 shows encoding and decoding of the data using MTF.

The Transpose (TR) algorithm is similar to MTF in the way the code assigned to the symbol being the position of the symbol, but instead of moving the symbol to the front, the symbol is exchanged in position with the symbol just preceding it. If the symbol is at the beginning of the list, it is left at the same position. Figure 6 shows the working of the TRANSPOSE based encoding on following sequence of input data: 0 1 0 0 2 0 1 0 3

Note that, in both MTF and TR, the most frequent incoming symbols are at the beginning of the list and the Hamming distance associated with these symbols is smaller. So, these heuristics are very useful in data address buses in which there is a greater likelihood of two different address sequences being sent on the bus (two arrays being accessed alternatively, reads from an address space and writes to a different address space, etc.). In such cases, we would like to keep the encoding of these addresses as close as possible i.e., with minimal Hamming distance. The Move-To-Front (MTF) and TRANSPOSE heuristics achieve the goal. Figure 7 shows the implementation of the encoder for MTF/TRANSPOSE based adaptive encoding for a 2-bit bus.

Figure 6: Encoding and Decoding using TRANSPOSE
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A straightforward implementation of the encoding method as suggested in the algorithm would be impractical because searching for the symbol in the array and sending the index of the array would add a huge delay overhead on the critical path. A better way for implementing this would be to keep the location of the symbol fixed and for every incoming symbol, update the codes of the symbols. Figure 7 shows the implementation in which the symbol location is fixed and the code for the symbols is changed based on the current input symbol and the current code of the symbol. The SEL-MUX does the job of selecting the corresponding code for X1X0. The combinatorial logic in front of the registers does the job of updating the codes depending on the current codes of these symbols and the output code. 

For MTF, the combinatorial logic will have the functionality in the following way:

Nxx

=
 Cxx
   
if Y0Y1 < Cxx


=
 Cxx + 1
if Y0Y1 > Cxx

=  
 00

if Y0Y1 = Cxx

For Transpose, the combinatorial logic will have the functionality as given below: 
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=
 Cxx - 1  
if (Y0Y1  = Cxx) and (Cxx ( 0)



=
 Cxx + 1
if (Y0Y1  = Cxx + 1)



=     
 Cxx

   

Figure 7: Encoder for MTF/TRANSPOSE based adaptive encoding

Note that, by using this implementation structure, in the critical path only a 4-1 multiplexer delay is being introduced for a 2-bit address bus. Similar to the SWAP based adaptive encoding, the number of storage elements needed and the size of SEL-MUX increase exponentially with the number of address bits. So we use a standard method of splitting the address bus into smaller buses and then applying this encoding on each of these smaller buses independently. For example, a 32-bit address bus can be split into 16 smaller buses each with 2-bits. The encoding can be applied independently on each of these 2-bit buses. The results in next section are shown for a 32-bit address bus and splitting it into different smaller bus sizes. 

6. Adaptive encoding for multiplexed address buses:

In multiplexed address bus, both instruction and data addresses are sent on the same bus. So a significant percentage of addresses on multiplexed address bus would still be sequential. Also, these addresses still follow the principle of locality. We propose a heuristic to combine the techniques proposed for instruction and data address buses on multiplexed address bus. The proposal is to apply encoding schemes discussed for instruction address bus on the least significant bits and those for data address bus on the higher address bus bits. 

When the addresses on multiplexed bus are sequential, most transitions occur on least significant bits. The techniques for instruction address bus on least significant bits minimize the transitions in such cases. Also, the addresses follow principle of locality. So the schemes for data address bus applied on higher significant bits give further reduction in transition activity. Results have been presented in Section 7 for various combinations of instruction and data address bus encoding techniques applied on multiplexed bus.

7. Results:

In this section, we show the reduction in transition activity obtained by applying the techniques discussed in previous sections on address streams of several programs. We then compare these results with those obtained with existing techniques. We also compare the delay overheads of these techniques. The address bus traces of the programs were obtained by running them on an instruction-level simulator, SHADE [15] on a SUN Ultra-5 workstation.  The comparison is made in terms of the total number of toggles on the bus before and after the encoding is applied. The programs used for the experiments are the UNIX compression/decompression executables – gzip and gunzip, commonly used UNIX commands - ls, who, and date, and standard C programs - factorial and sort. 

Table 2: Transition activity reduction on instruction address bus using ENC1

	
	Total

Instr_Cnt
	%seq
	Actual
	Stg1_enc

(W=1)
	Stg2_enc

(W=2)
	Stg3_enc

(W=3)

	gzip
	3452596
	96%
	7296213  
	4007692(45%)   
	2603175(64%)  
	2248409(69%)

	gunzip
	729311
	93%  
	1588855   
	924406(42%)    
	642205(60%)   
	628903(60%)

	ls
	444837
	84%
	621320   
	436746(30%)    
	394282(37%)  
	419769(32%)

	who
	754326
	84%
	1834364  
	1229043(33%)   
	1043443(43%)  
	1120362(39%) 

	date
	141593
	84%
	349321   
	238155(32%)    
	204405(41%)   
	217874(38%)

	factorial
	27530
	84%
	67163    
	45812(32%)     
	38685(42%)    
	41072(39%)

	Sort
	171067
	83%
	420087   
	288916(31%)    
	249829(41%)   
	266300(37%)


Table 2 shows the total number of transitions on the instruction address bus with various configurations of ENC1 applied on the least significant bits of the instruction address bus. The value W indicates the width of least significant bits over which the encoding is applied. For example, in the last column in Table 2, W=3 implies that the encoding is applied on the 3 least significant bits. Note that the encoding function on the lines are different from each other and depend on the recurring pattern length on the corresponding bit line. 

 “Total Instr_Cnt” indicates the total number of instructions executed in that program. “%seq” indicates the percentage of instruction addresses which are sequential during the execution of the program. “Actual” indicates the total number of toggles occurring on the address bus without any encoding. The value in the parentheses at each stage indicates the percentage reduction in toggles.  Note that, in Table 2, the reduction in transitions by Stg3_enc is better than Stg2_enc only if the percentage of the sequential addresses is very significant. This is expected because when the percentage of sequential addresses is high, it is very likely that the encoding function on longer recurring pattern lengths minimizes the total number of toggles on that bit line.

Table 3: Transition activity reduction on instruction address bus using ENC2

	
	Total

Instr_Cnt
	%seq
	Actual
	Stg1_enc

(W=1)
	Stg2_enc

(W=2)
	Stg3_enc

(W=3)

	gzip
	3452596
	96%
	7296213  
	4007692(45%)   
	2488646(66%)  
	1878287(74%) 

	gunzip
	729311
	93%  
	1588855   
	924406(42%)    
	617586 (61%)   
	514293(68%)

	ls
	243940
	84%
	632704
	444982(30%)    
	382749(40%)   
	379123(40%) 

	who
	518249  
	84%
	1288125   
	861987(33%)   
	707630(45%)   
	694274(46%) 

	date
	141675  
	84%
	349505   
	238287(32%)   
	197400(44%)   
	195232(44%) 

	factorial
	27530  
	84%
	67163    
	45812(32%)    
	37474(44%)    
	36196(46%)  

	Sort
	171067  
	83%
	420085   
	288914(31%)   
	240848(43%)   
	237098(44%)  


Table 4: Transition activity reduction on instruction address bus using SWAP based encoding

	
	%seq
	Actual
	Stg1_enc

  (W=1)
	Stg2_enc

 (W=2)
	Stg3_enc

 (W=3)
	Stg4_enc

  (W=4)

	gzip
	96%
	7296213  
	3948849(46%)  
	2306227(68%)  
	1466278(80%)  
	1053451(86%)

	gunzip
	93%
	1588855   
	890618(43%)   
	542859(66%)   
	378590(76%)   
	286608(82%)  

	ls
	84%
	785036   
	527393(33%)   
	400450(49%)   
	332272(58%)   
	300964(62%)  

	who
	84%
	2983357  
	1991094(33%)  
	1519941(49%)  
	1263332(58%)  
	1139574(62%)

	date
	84%
	345259   
	228730(34%)   
	170047(51%)   
	138323(60%)   
	122695(64%)  

	factorial
	84%
	65379    
	42586(35%)    
	30873(53%)    
	24564(62%)    
	21698(67%)

	sort
	83%
	398077   
	261048(34%)   
	191337(52%)   
	153355(61%)   
	134961(66%)


Similarly, Table 3 shows the total transition counts on the instruction address bus when various configurations of ENC2 is applied on least significant bits. It can be noted that the percentage reduction with W=3 is significant compared to W=2 only when the %seq is significant. So, for all practical purposes, W=2 is more appropriate as the implementation for W=2 would need less logic than that needed for W=3. Note that the delay overhead in the critical path using ENC2 is irrespective of the value of W.
Table 4 shows the percentage reduction in transition activity on the instruction address bus obtained by using the SWAP based adaptive encoding technique for various configurations. Results have been shown for configurations, where SWAP based encoding is applied on least 1, 2, 3, and 4 significant bits. It should be noted that although the reduction in transition activity is maximum with W=4, the delay induced in this configuration also would be more than the other cases.

Table 5 shows the comparison of the techniques discussed in this paper with the best existing technique, INC-XOR. The comparison is made in terms of the percentage reduction in toggles on the instruction address bus using each of these techniques. The width (W) for the encoding methods is the width on which the encoding gives maximum reduction in transition activity. For example, for swap based encoding the results have been shown for W=4, as this configuration of SWAP based encoding gives best reduction. 

Table 5: Comparison of transition activity on instruction addr. bus for various encoding techniques

	
	Seq/total
	ENC1

(W=2)
	ENC2

(W=3)
	SWAP

(W=4)
	Gray

 
	INC-XOR

	gzip
	0.96
	64%
	74%
	86%
	46%
	91%

	gunzip
	0.93
	60%
	68%
	82%
	45%
	85%

	ls
	0.84
	37%
	40%
	62%
	37%
	65%

	who
	0.84
	43%
	46%
	62%
	39%
	70%

	date
	0.84
	41%
	44%
	64%
	39%
	70%

	factorial
	0.84
	42%
	46%
	67%
	38%
	71%

	sort
	0.83
	41%
	44%
	66%
	38%
	69%


Figure 8: Graphical view of transition activity reduction for various encoding techniques on instruction address bus
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As can be seen from Table 5, among the proposed encoding techniques, the SWAP based encoding gives the best reduction in transition activity on the instruction address bus. All the proposed techniques are superior to Gray encoding for reducing the transitions. Also the reduction obtained with the best configuration in SWAP based encoding is comparable to that of the INC-XOR technique. The histogram in Figure 8 presents a graphical view of the comparison of reduction in transition activity for various proposed configurations with the best existing method. P1, P2, P3, P4, P5, P6 and P7 indicate the programs gzip, gunzip, ls, date, who, factorial, and sort respectively. The values in the parentheses below the programs indicate the percentage of sequential addresses on the instruction address bus for the corresponding program.

Figure 8 shows the reduction in transition activity on instruction address bus using different proposed configurations. For each program, the reductions for the proposed configurations are plotted in the decreasing order of their delay overheads. It is to be noted that the proposed configurations are applied only on few least significant bits, while still achieving reduction in transition activity comparable to that of INC-XOR technique. Also, this enables the use of these configurations in encodings for multiplexed address bus along with the techniques proposed for data address buses. 

A configuration could be selected for encoding based on the desired transition activity reduction and tolerable delay overhead.  For applications with tight delay constraints, the configuration with lesser delay overhead could be used. As can be noted, the configuration, ENC2 with W=3 has the least delay overhead (only one 2-input XOR). 

Table 6: Transition activity reduction using MTF technique on data address bus

	
	Total

Instr_Cnt
	%seq
	Actual
	2-bit MTF

( + TS)
	3-bit MTF

(+ TS)
	4-bit MTF

( + TS)

	Gunzip
	206263  
	0.2%
	1742330   
	1325974(24%) 

1210270(31%)     
	1136868(35%)

1001529(43%)     
	1000082(43%)

845887(51%)

	gzip
	905338  
	0.4%
	9082038   
	6994836(23%)

6225727(31%)   
	5959844(34%)

5053549(44%)    
	5428814(40%)

4476402(51%)   

	ls
	40704  
	4%
	338871
	276172(19%)    

275252(19%)    
	252073(26%)

237768(30%)      
	229855(32%)

212615(37%)  

	who
	71443  
	8%
	638217    
	482423(24%)    

525464(18%)    
	427658(33%) 

440246(31%)     
	406921(36%)

401161(37%)

	date
	21032  
	8%
	205211    
	161686(21%)

168339(18%)    
	142140(31%)

139863(32%)      
	132153(36%)

127865(38%)   

	factorial
	3783  
	5%
	35849     
	28229(21%)  

31008(14%)        
	26337(27%)

26226(27%)        
	24375(32%)  

23861(33%)

	sort
	23390  
	4%
	232988    
	185949(20%)   

195377(16%)     
	167961(28%)

164415(29%)      
	156363(33%)  

150951(35%)


Tables 6 and 7 show the results for various configurations of MTF and TRANSPOSE based adaptive encoding techniques on the data address bus as discussed in Section 5. In each configuration, the address bus is split into groups on which encoding is applied separately. In Column 5 of Table 6, the configuration, 2-bit MTF means that address bus is split into 16 2-bit groups and encoding is applied on each 2-bit group. Similarly results have been presented for 3-bit groupings and 4-bit groupings. We observed that when Transition Signaling (Yi = Yi-1 ( Xi, where Y is outgoing bit stream and X is the incoming bit stream) is applied on top of this encoding, a greater reduction in transitions is obtained. The values in the lower portion of the cells in Tables 6 and 7 indicate the number of transitions when Transition Signaling(TS) is applied on top of the MTF/TR encoding. As can be seen, a greater reduction in transition activity is often achieved when the encoding is applied on the groupings with greater number of bits. However, the delay overhead for the configuration with larger bit grouping is also higher. So a trade-off could be reached between the desired transition activity reduction and the tolerable delay overhead.

In Table 8, we compare the reduction in transition activity on the data address bus of these techniques with the existing techniques. As can be seen from Table 8, while Gray coding gives significant reduction in transition activity only on few data address bus streams, the proposed techniques consistently yield at least 33% and up to a 51% reduction in transition activity using 4-bit MTF (+TS). Moreover, the delay overhead in the critical path due to the Gray decoding is huge. For decoding a 32-bit Gray coded address, delay overhead involved is 5*delay (2-input XOR). Figure 9 shows the comparison of transition activity for various configurations of MTF with different delay overheads. 

Table 7: Transition activity reduction using TRANSPOSE technique on data address bus

	
	Total

Instr_Cnt
	%seq
	Actual
	2-bit TR

( + TS)
	3-bit TR

( + TS)
	4-bit TR

( + TS)

	gunzip
	206263  
	0.2%
	1742330   
	1357574(22%)

1200065(31%)       
	1184607(32%)   

979641(44%)    
	1047930(40%)

838151(52%)

	gzip
	905338  
	0.4%
	9082038   
	6800116(25%)   

6036238(34%)   
	5773489(36%)   

4776311(47%)   
	5265288(42%)  

4193125(54%)

	ls
	38214  
	4%
	318921    
	266092(17%)  

  253651(20%)    
	247676(22%)

225381(29%)        
	233687(27%)

206446(35%)

	who
	71441  
	8%
	638213    
	482010(24%)    

504939(21%)    
	437210(31%)  

429512(33%)      
	424601(33%)

391638(39%) 

	date
	21032  
	8%
	205225    
	166057(19%) 

163120(21%)       
	149376(27%)    

140904(31%)    
	142012(31%) 

127023(38%)

	factorial
	3783  
	5%
	35849     
	29345(18%)     

30691(14%)     
	28332(21%)     

26997(25%)     
	26503(26%)

25231(30%)

	sort
	23390  
	4%
	233008    
	192893(17%) 

191558(18%)       
	182481(22%)    

167832(28%)    
	172149(26%)

156842(33%)


As can be noted from Figure 9, a higher reduction in transition activity could be obtained with higher delay overhead. In applications with tight delay constraints, a 2-bit MTF can be used since the delay overhead of this configuration is just one 4-1 MUX. P1, P2, P3, P4, and P5 in Figure 9 correspond to programs gzip, gunzip, ls, who, and date respectively.

Table 8: Comparison of transition activity on data address bus for various encoding techniques

	
	%seq
	4-bit MTF

   + TS
	4-bit TR

   + TS
	Gray
	Inc-Xor

	gzip
	0.2%
	51%
	54%
	42%
	-8%

	gunzip
	0.4%
	51%
	52%
	39%
	-9%

	ls
	4%
	37%
	35%
	15%
	-9%

	who
	8%
	37%
	39%
	15%
	-6%

	date
	8%
	38%
	38%
	14%
	-6%

	factorial
	5%
	33%
	30%
	3%
	-9%

	sort
	4%
	35%
	33%
	10%
	-8%

	Average
	
	40.3%
	40.1%
	20%
	-8%
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Figure 9: Transition activity reduction for various configurations of MTF on data address bus
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Table 9 shows the reduction of transition activity on multiplexed address bus when various combinations of encoding techniques for instruction and data address bus are applied. Although several different combinations are possible, the table shows only the configurations that gave best results. Note that, we split the address bus into groups of smaller widths, and encoding techniques are applied on each group independently. The first term in each combination represents the number of bits in each group, the second term gives the encoding related to instruction address bus which is applied on least significant bit group, and the last term indicates the encoding related to data address bus applied over rest of the groups. 
From Table 9, it can be seen that, on various address streams, the proposed encoding techniques give greater reduction in transition activity than any other existing scheme.  The 4-bit SWAP+MTF over various multiplexed address streams gives a consistent reduction of at least 33% and up to 61% in transition activity. On an average, the 4-bit SWAP+MTF achieves reduction of 42% while the best exiting technique achieves only 27%.

Table 9: Transition activity reduction on multiplexed bus for various encoding techniques

	
	 %seq
	  Actual
	 3-bit SWAP

   + MTF
	4-bit SWAP

   + MTF
	Gray
	INC-XOR

	gzip
	57%
	  8938999
	    52%
	   55%
	47%
	   14%

	gunzip
	54%
	35224449
	    58%
	   61%
	53%
	   11%

	ls
	57%
	  2451780
	    27%
	   34%
	19%
	   21%

	who
	58%
	  3534531
	    34%
	   35%
	18%
	   23%

	date
	60%
	    823653
	    30%
	   33%
	19%
	   24%

	factorial
	62%
	    142857
	    26%
	   38%
	17%
	   27%

	sort
	60%
	  1549931
	    34%
	   36%
	17%
	   24%

	Average
	
	
	    38%
	   42%
	27%
	   20%


8. Conclusions and Future Work:

We have proposed several encoding techniques for the address buses. For instruction address buses, two encoding functions ENC1 and ENC2 and an adaptive encoding technique, SWAP is proposed. For data address buses, MTF and TRANSPOSE, adaptive encoding techniques based on self-organizing lists, have been proposed. For multiplexed address bus, a combination of encoding techniques has been proposed. The techniques proposed for instruction address bus are applied only on few least significant bits. This enables the usage of these techniques in the multiplexed address bus along with the techniques proposed for data address bus. 


While the INC-XOR could be used for encoding on instruction address bus, our techniques could be used for data and multiplexed address bus. The techniques proposed for data address bus and multiplexed address bus, outperform the existing techniques. Results show that 4-bit MTF with transition signaling applied on various data address streams gives up to 51% reduction in transition activity. On multiplexed address bus, the 4-bit SWAP + MTF on various address streams yields a reduction of up to 61%. We also showed the configurations that have very little delay overhead but still give significant reduction in transition activity.


None of the proposed techniques add redundancy in space or time. In some applications, redundancy in space in time might be tolerable. We are trying to develop techniques, which give better reduction in transition activity for such applications, by adding some redundancy in space or time. Also, we are looking at how the proposed techniques could be applied on data of the data buses if the characteristics of the data are known a priori.
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