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One of the critical issues in on-chip serial 
communications is increased power consumption. In 
general, serial communications tend to dissipate more 
energy than parallel communications due to bit 
multiplexing. This paper proposes a low-power bus 
serialization method. This encodes bus signals prior to 
serialization so that they are converted into signals that do 
not greatly increase in transition frequency when 
serialized. It significantly reduces the frequency by 
making the best use of word-to-word and bit-by-bit 
correlations presented in original parallel signals. The 
method is applied to the revision of an MPEG-4 processor, 
and the simulation results show that the proposed method 
surpasses the existing one. In addition, it is cost-effective 
when implemented as a hardware circuit since its 
algorithm is very simple. 
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I. Introduction 

Today, a fundamental shift is occurring in the system-on-chip 
(SoC) industry – a shift from parallel I/O schemes to serial I/O 
interconnect solutions. This change is being driven by many 
researchers as a means to reduce design costs, simplify system 
complexity, and provide the scalability needed to meet new 
bandwidth requirements [1]-[3]. This shift will not be without 
engineering challenges. One of the biggest challenges is the 
increased power consumption in on-chip serial 
communications. 

Most on-chip bus communication protocols [4]-[12] adopt a 
communication process that transmits destination address 
information of transmit/receive (TX/RX) data in the first bus 
cycle and transmits/receives the TX/RX data in the next bus 
cycle. This communication process is performed in a register 
pipeline manner. Figure 1 shows a diagram illustrating the 
process of transmitting data on a microprocessor bus. In 
general, an address bus transmits successive address 
information. Thus, there are many correlations between the 
addresses of respective cycles. The address information often 
increases (or decreases) simply as illustrated in Fig. 1. In the 
figure, ‘A’ denotes an overlap between the respective addresses. 
In this manner, the signals of an address bus are small in signal 
transition frequency (that is, the number of signal transitions). 
However, if the address bus signals are serialized prior to 
transmission, their correlations are very likely to be broken. If 
the address signals are serialized with their correlations broken, 
their signal transition increases dramatically. This means that 
serial communication dissipates significantly more energy than 
parallel communication. 

This is also true in the case of a data bus. Referring to Fig. 1, 
data bus signals, including data signals Data0, Data1, Data2,  
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Fig. 1. Diagram illustrating the process of transmitting data on a
microprocessor bus. 
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and Data3, which correspond respectively to address signals A, 
A+1, A+2, and A+3, generally have a correlation between 
them, just like address bus signals. For example, in the case of 
multimedia data, such as in an image, audio, or video, the 
adjacent data signals very often have little or no difference 
between them. In common multimedia applications, the most 
significant bits tend to have high spatial and temporal 
correlations because of the sign extension or the locality 
characteristics of multimedia streams [13]. However, like 
address signals, if multimedia data signals are serialized prior 
to transmission, their correlations are broken, and accordingly 
their signal transition increases significantly. 

What is therefore required when serializing the parallel bus 
signals prior to transmission is a method for preventing a 
sudden increase in the signal transition frequency in order to 
suppress an increase in power consumption. In response to this 
requirement, this paper proposes a low-power bus serialization 
method. This method significantly reduces the frequency by 
making the best use of the previously mentioned correlations, 
and employs just a few simple coding techniques to minimize 
an increase in cost. 

The remainder of this paper is structured as follows. Section 
II briefly reviews the previous work related to low-power bus 
coding. Section III illustrates the proposed method and 
describes in detail the complete encoding and decoding 
algorithms and their hardware implementation. Section IV 
evaluates the performance of the method by applying it to a 
MPEG-4 chip that was already implemented using the de-facto 
standard bus, Advanced High-performance Bus (AHB). Finally, 
section V concludes the paper. 

II. Related Work 

There have been many techniques used to reduce the activity 
factor on a multi-bit bus, that is, a parallel bus [14]-[20]. 
However, they are not applicable to serial interconnects since 
the principle of increasing the activity factor in serial 
communications is different from that in parallel 
communications as presented in the previous section. The 
authors in [21] proposed for the first time a low-energy 
transmission coding method for on-chip serial communications 
to reduce the activity factor of a serial wire. Currently, this 

paper is unique in its study of low-energy coding for on-chip 
serial communications. The technique proposed in [21] reduces 
the number of transitions on the serial data line in order to 
lower the energy consumption by saving the data correlation 
between successive data words. However, the technique misses 
some useful points and is therefore less optimized even though 
the activity factor can be further reduced. The next section 
illustrates that issue in detail and proposes the missing steps 
that are added to the algorithm used in the technique. 

III. On-Chip Bus Coding Method for Low-Power 
Serial Communications 

This section describes in detail the coding method of multi-
bit parallel bus signals for low power serial communications. 
The method encodes bus signals prior to serialization so that 
they are converted into signals that do not greatly increase in 
signal transition frequency when serialized. In addition, the 
conversion does not require communication delay. 

Figure 2 illustrates a serialization example for some bus 
signals. In the figure, ‘t’ to ‘t+4’ denote a sequence of one-byte 
words representing five addresses or data that are transmitted 
successively. In this example, the word size is of a byte, but it 
can be larger in other situations. Also in the figure, ‘b0’ to ‘b7’ 
denote the bit positions of each byte. Here, a numeral following 
‘b’ denotes the position of each bit. Starting from the first word 
at time t, hexadecimal data of 51h, 52h, 53h, 54h, and 55h are 
expressed as binary numbers, and they are supposed to be 
sequentially transmitted through an 8-bit bus. As can be seen 
on the left side of the figure, the total of signal transitions is 7 
(that is, 4 times at ‘b0’, 2 times at ‘b1’, and 1 time at ‘b2’) if the 
bus signals are transmitted without serialization, but the total of 
signal transitions is 31 if the bus signals are serialized and 
transmitted. 

With the exception of the first word at time t, Fig. 3 illustrates 
the same example after the other words t+1, t+2, t+3, and t+4 
are XOR-operated in a bitwise manner. The XOR operation is 
performed between the previous byte and the current byte in 

 

 

Fig. 2. Serialization example for parallel bus signals. 
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Fig. 3. Serialization example after an XOR-operation is performed.
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the original signal sequences. This method was proposed in 
[21]. As shown on the right side of the figure, the number of 
signal transitions decreases to 13 with this method. 

Although the XOR operation significantly reduces the 
number of transitions, there still remains a chance for the 
number to be reduced even more as the transition count in the 
first word is not controlled, and the correlation in word-to-word 
conjunctions is not considered. 

In general, gray encoding can reduce the number of bit-by-
bit transitions when it is applied to a bit-serial sequence which 
has many bit-by-bit transitions. Thus, if the transition count of 
the original bit sequence is bigger than that of the gray-coded 
sequence, it would be advantageous to select the latter. 
Theoretically, the maximum transition count is n–1 for an n-bit 
data word, but it can be reduced to ⎡ ⎤2/n  when the selection 
is made. Meanwhile, when the most significant bits remain the 
same while the least significant bits frequently change in a 
sequence of data words, the bitwise-XOR operation between 
two adjacent words is likely to make the most significant bits 
zeros and least significant bits ones. As a result, it significantly 
increases the probability that a transition takes place in a word-
to-word boundary when the words are serialized successively. 
In this case, the bit inversion of one word can be helpful to 
remove the transition. Thus, two additional steps are proposed 
as follows for a further reduction of the frequency of transition. 

Figure 4 illustrates the example of serialization after 
additionally performing gray encoding on the first word and 
inverting the even-numbered words (that is, t+1 and t+3). The 
gray encoding XOR-operates the corresponding bit of a binary  

 

Fig. 4. Serialization example after gray encoding and inverting 
are performed additionally. 
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value that is to be encoded and the previous bit in that bit 
sequence. The encoder works as follows: 

B[n–1] = b[n–1], 

B[i–1] = b[i]  b[i–1],  for i = n–1 ~1 .         (1) 

Here, b[n–1:0] represents an n-bit data word and B[n–1:0] 
represents an n-bit gray-encoded data word. Note that the first 
bit of the binary value is not operated and reflected into the first 
bit position of the gray code word as it is. As illustrated in Fig. 
4, the frequency of signal transition of the first word at time t 
decreases to 3. In addition, with the exception of the first word 
at time t, inversion of the even-numbered words makes each of 
the other byte sequences t+1, t+2, t+3, and t+4 have its 
transition count reduced by one. As a result, the total signal 
transition frequency decreases down to 7. This is because the 
additional steps of the operation make it possible to take 
advantage of the correlation in word-to-word conjunctions and 
includes the first word in the encoding process as well. Note 
that the transition count of 7 is the same as the transition count 
on the original parallel bus as shown in Fig. 2. 

1. Encoding Algorithm and Its Hardware Implementation 

Figure 5(a) shows a flow chart illustrating the complete 
algorithm of the bus signal encoding method. In step 1, the 
algorithm takes a stream of parallel bus signals, and in step 2, it 
XOR-operates all but the first word in the signal stream, word 
by word, in a bitwise manner as illustrated previously. Then, it 
inverts the even-numbered words in a bitwise manner (step 3).  
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In step 4, it performs an operation of gray-encoding on the first 
word, depending on the bit-by-bit transition count of the first 
word of the original signal (that is, only if the count is bigger 
than that of the gray-coded signal is this operation performed). 
Then, the bus signal encoding method serializes the modified 
parallel bus signals in step 5 and transmits the serial signals to a 
destination device in step 6. Note that the gray-encoding step 
can be placed anywhere between receiving the bus signals 
(step 1) and serialization (step 5) since it is orthogonal to the 
other steps of operation. 

Figure 5(b) shows a block diagram of a hardware encoder 
that implements the low-power bus serialization algorithm. It  

consists of an XOR operation block, an inverting operation 
block, a gray encoder, and a serializer. The XOR operation 
block latches each bit of a parallel bus signal and XOR-
operates the stored bit in the previous cycle and the current 
incoming bit. The inverting operation block inverts the XOR-
operated parallel bus signals except the first word in a bitwise 
manner. Here, the block inverts only the even-numbered words 
of the parallel bus signals in a bitwise manner. For the odd-
numbered words, it just bypasses them. The first word 
excluded from the XOR operation is gray-encoded in the gray 
encoder. Finally, the serializer transforms the modified parallel 
bus signals into serial wire signals. All the logic circuits 
perform their operations clock by clock in a pipeline manner. 

The gray encoder may be implemented by using a lookup 
table (LUT) storing the operation results, or by using a so-
called XOR chain that uses the first bit value as the operation 
result for the first bit, and XOR-operates the current bit with the 
previous bit from the second bit. 

2. Decoding Algorithm and Its Hardware Implementation 

Figure 6(a) shows a flow chart illustrating the complete 
algorithm of the serial wire signal decoding method. In step 1, 
the algorithm receives a stream of serial bit signals. In step 2, it 
deserializes the received serial bit signals into parallel bus 
signals. In step 3, the first word of the parallel signals is gray-
decoded or not, depending on the value of the indicator signal, 
which is a guard bit signal generally existing for the control of 
the serial address or data transmission [21] or a bit signal 
transmitted at the very beginning in front of the regular 
transmission of the serial information. The gray-decoding 
method is exactly the same as the gray-encoding method. It 
then inverts the even-numbered words of the deserialized 
parallel signals in a bitwise manner in step 4 and XOR-
operates all but the first word in a bitwise manner to restore the 
original bus signals in step 5. Finally, the restored parallel 
signals are consumed inside the receiving circuit (step 6). 

Figure 6(b) shows a block diagram of a hardware decoder 
that implements the decoding algorithm. Similar to the encoder, 
it consists of a deserializer, gray decoder, inverter operation 
block, and XOR operation block. However, the series of 
operations are performed in reverse order of that for the 
encoder. Except for the deserializer, each operation of the block 
is the same as in the encoder. 

In parallel bus communications, address and data 
information is transmitted in a unit of a certain size (for 
example, an 8-bit bus, 16-bit bus, 32-bit bus, and so on). Hence, 
the receiving circuit can detect the boundary of each word even 
between successive serial data (or address) transmissions as 
well as the first base signal value (that is, the first word) of each  
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Fig. 6. (a) Bus signal decoding algorithm and (b) its hardware
implementation. 
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transaction. As a result, there is no problem in performing those 
operations in the decoding process. In addition, the gray 
decoder can be implemented using an LUT or XOR chain 
because the gray decoder is exactly the same as the gray 
encoder. 

From Figs. 5(b), 6(b), and (1), it can be inferred that the 
increased logic area for the encoder and decoder circuits is very 
small (actually, only 1,769 gates are used on average when 
synthesized). Thus, the additional cost is ignorable in that gate 
counts of today’s ICs range from a few to a few tens of millions. 

Meanwhile, the algorithms introduced in this paper do not 
require any clock cycle delay as the implementation of their 

operations requires combinational logics only. In addition, all 
the operations are performed in parallel not serially. Only the 
serialization in the 5th stage of Fig. 5(a) and the deserialization 
in the 2nd stage of Fig. 6(a) require high speed clocks and they 
are implemented using designated serdes cells in a cell library. 
Thus, the circuits that implement the algorithms will not 
degrade the performance of the whole chip. 

IV. Performance Estimation 

The proposed bus serialization method is applied to the 
revision of an MPEG-4 processor [22] that was already 
implemented based on the existing on-chip bus, Advanced 
Microcontroller Bus Architecture (AMBA) AHB. Figure 7 
shows the communication architecture on the inside of the 
processor. Thirteen hardware modules are used to implement 
an MPEG-4 algorithm. Among these modules, the ARM7 core 
controls the entire chip and Direct Memory Access 
Controller/SDRAM Controller (DMAC/SDRAMC) interfaces 
with external SDRAM. Three hardware modules, input stream 
control (ISC), video input control (VIM), and video output 
control (VOM), also have interfaces with the outside of the 
chip. Other modules are designed for the acceleration of 
complex computation. The hardware acceleration modules are 
motion estimation coarse (ME-C), motion estimation 
fine/motion compensation (ME-F/MC), discrete cosine 
transform and quantization/inverse quantization and inverse 
discrete cosine transform (DCTQ/IQIDCT), variable length 
decoding (VLD), macro-block reconstruction (REC), image 
de-blocking (DB), variable length coding (VLC), and stream 
producer (SP) modules. All hardware modules are connected 
through the parallel signal lines of the 16-bit version of AHB as 
shown in the figure. Note that the 16-bit bus signals are 
processed in a unit of a byte on the coding stages for 
serialization in the revised version of the processor. The details 
of the original implementation of the processor are well 
presented in [22]. 

Wrappers are used to interface the hardware modules to the 
bus. Inside the wrappers, ‘Master’ and ‘Slave’ denote a master-
type interface and a slave-type interface, respectively. In the 
bottom of the figure, there are also several back-buses due to 
the insufficient bandwidth of the AHB. Wrappers denoted by 
‘I/F’ are used to interface the associated modules to the back-
buses. 

To apply the serialization method to this processor, all the 
wrappers are equipped with the encoder and decoder circuits 
presented in the previous section, and all the buses are replaced 
with full-duplex serial wires. Inside the wrappers, serial data 
transceiver cells are also included to handle the physical 
signaling. For the back-buses, the unidirectional serial wires are  
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Fig. 7. Communication architecture of MPEG-4 processor. 
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used instead of full-duplex wires since the associated modules 
have one-way traffic only. As most of the wrapper interface 
wires are bussed together with those of many other wrappers, a 
transition on a wrapper interface is very likely to propagate 
throughout the entire communication path. 

Figure 8 shows the simulation results of an MPEG-4 
compression for two sample video clips, Foreman QCIF and 
Tennis QCIF, that were successively processed. Each bar in the 
graph presents the relative transition count on serial wires 
attached to the corresponding module’s wrapper, as the 
transition counts associated with the AHB-based version 
(denoted by ‘Parallel’ in the figure) are used as a reference. 
Therefore, the bar values for the AHB-base version are all 
equal to one. Here, the relative value is used because an 
absolute value increases dramatically so that it is clumsy to 
present the absolute value with a number of digits. In the case 
of direct serialization of the AHB signals without any coding 
operations enabled, the bars denoted by ‘non-coding’ in the 
graph present the relative counts for the revised version of the 
processor. The bars denoted by ‘XOR’ represent the relative 
counts when only the XOR operation is enabled as in [21]. The 
bars denoted by ‘Complete’ represent them when all of the 
three operations in the algorithm are enabled. The results for 
the modules, ISC, VLD, and DB, are not shown in this graph 
because they are not used in the compression process. They are 
used only in the decompression process. 

As shown in the graph, the transition increase through the 
serialization without any coding operations (that is, non-
coding) reaches from about three to four times the transition 

counts of the parallel bus, (that is, AHB). However, the 
transition increase is significantly reduced with the coding 
operations. Among the modules, the VIM and VOM modules 
benefit the most from the bus coding because they mostly 
handle raw image data, and thus there are very large 
correlations between consecutive data in most cases. 
Meanwhile, for the VLC and SP modules, the benefit is 
minimal because they mainly handle entropy-coded words. On 
average, the XOR operation leads to about 30% energy saving 
as seen at the bottom of the graph. With all of the three 
operations enabled, the saving is about 20% higher than that of 
the XOR operation. The proposed coding method shows an 
enhanced performance for all of the modules. 

Although the results in the graph include the transitions to 
transmit address information as well, since most of the 
modules communicate with other modules in a unit of a macro 
block of image data through their internal buffers, the 
addressing patterns are merely a simple increment or simple 
decrement, and thus their effects on the transition counts are 
minimal. 

Figure 9 shows the simulation results of MPEG-4 
decompression for the two sample video clips. The graph 
conventions are identical to those for Fig. 8. The results for the 
modules, VIM, ME-C, VLC, and SP, are not shown in this 
graph because they are not used in the decompression process. 

The transition increase through the serialization is similar to 
that in the compression process. All of the modules benefit 
from the coding operations. Among the modules, the VOM 
and DB modules benefit the most from the bus coding because  



546  Jaesung Lee ETRI Journal, Volume 32, Number 4, August 2010 

 

Fig. 8. Simulation results of MPEG-4 compression. 
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they mostly handle raw image data. Meanwhile, for the ISC 
and VLD modules, the benefit is minimal because they mainly 
handle entropy-coded words. Likewise, enabling the three 
operations saves about 50% in energy compared with the direct 
serialization without any coding operations. 

A signal transmission path or a conductive line external to an 
on-chip core module has hundreds to thousands of times the 
capacitance of a conductive line on the inside of the core. 
Therefore, the former consume hundreds to thousands of times 
more power per signal transition than the latter [21]. In this 
evaluation, the transition count values in the graphs include 
those within the codec circuits, reflecting the conversion factor. 

The total gate count of the codec circuits, that is, the 
hardware encoders and decoders, is 23k. However, the 
additional cost is ignorable in that the total gate count of the 
chip is about 2M gates. 

To investigate the overall power consumption of the  MPEG-
4 processors, the power of the two processors is estimated using 

 

Fig. 9. Simulation results of MPEG-4 decompression. 
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Synopsys DesignPower. One processor includes the encoding 
and decoding scheme and one does not. Two sets of synthesized 
netlists, a power library (Samsung 0.13 μm) which contains 
power information of gates that compose the netlists, and 
switching activity interchange files that are obtained from the 
above RTL simulation. Then, DesignPower is run with them. 

As a result, the overall power consumption of the MPEG-4 
processor that does not include the encoding and decoding 
scheme is 673 mW. The overall power consumption of the 
MPEG-4 processor that adopts our encoding and decoding 
scheme is 602 mW. That is, 10.5% of the power is saved. 
Although the power saving in the total chip level is minimal 
considering the transition count reduction 50% in the bus level, 
the scheme is still meaningful. As the battery life of today’s 
hand-held devices becomes longer, the lifetimes of those 
devices will be extended by the saved power proportionally. 

V. Conclusion 

To address the low power issue in a serialized transmission 
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of on-chip bus signals, this paper proposes a method of 
suppressing the increase in signal transition counts by saving 
the word-to-word and bit-by-bit correlations as much as 
possible. The main contribution of this paper is to devise two 
steps of operations that are added to the existing algorithm and 
evaluate the performance of the algorithm by applying it to a 
revision of a commercial SoC MPEG-4 processor. From the 
simulation results, it is shown that the proposed method 
surpasses the existing one. In addition, a low cost 
implementation of the algorithm is possible without 
communication delay as the algorithm is very simple. 
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