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SYSTEM ON A CHIP HAVING SYSTEM BUS, 
EXTERNAL BUS, AND BUS ARBITER WITH 
PROGRAMMABLE PRIORITIES FOR BOTH 
BUSES. SOFTWARE, AND METHOD FOR 

ASSIGNING PROGRAMMABLE PRIORITIES 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention is related to the field of 
Systems integrated on a Semiconductor chip, and more 
Specifically to Systems having a System bus, an external bus, 
and a bus arbiter with programmable priorities for both 
buses, Software, and methods for assigning Such priorities. 

0003 2. Description of the Related Art 
0004 Information computing systems, such as computer 
type Systems, are increasingly provided on a single Semi 
conductor chip. When they are So provided, the are called 
System On a Chip (SOC). 
0005. In SOC systems, various functional blocks (that are 
also called blocks or “IP blocks from “Intellectual Prop 
erty”) are integrated on the chip. They exchange data by a 
device called a bus, which is connected to all of them as a 
System. 

0006 Referring now to FIG. 1, an example of a typical 
bus system 100 is shown. Bus system 100 includes a bus 
110, bus masters 120, bus slaves 160, and a bus arbiter 190. 
It will be observed that the functional blocks of system 100 
are classified either as bus masters 120 or bus slaves 160. 

0007 Bus masters 120 need to use bus 110 to read data 
from or write data to one of the bus slaves 160. For Such an 
operation, bus masters 120 need exclusive ownership of bus 
110. (Bus slaves 160 cannot be granted bus ownership 
they simply prepare and transmit data in response to a read 
or write request of a bus master 120.) 
0008. Only one master 120 can use the bus at a time. 
Conflicting needs between different masters 120 are 
resolved by bus arbiter 190. The resolution takes place as 
follows. 

0009. Each bus master 120 first issues a request signal 
REQ to bus arbiter 190, which contains a request to use bus 
110 (also called ownership request). Bus arbiter 190 receives 
all the requests, and resolves in what order masters 120 will 
be granted ownership of bus 110. Then bus arbiter transmits 
bus grant signals GNT to the various masters 120, which 
contain bus grants. 

0.010 Arbiter 190 resolves the order by assigning priori 
ties to each of masters 120. Each time the bus ownership is 
granted to the bus master 120 having the highest priority, 
among those bus masters 120 issuing bus requests. 

0.011 Various schemes are used for assigning priorities to 
bus masters, by making Some decisions in advance. One 
Such Scheme is a fixed priority Scheme, where the masters 
120 are ranked in a fixed way. Another Such Scheme is a 
round-robin Scheme, where the masters 120 receive rotating 
priorities depending on which one waited the longest-and 
once their request becomes the highest and is granted, they 
drop again to the bottom. 
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0012 A problem specific to the SOC design is that, in 
addition to a System bus for the on-chip blocks, an external 
buS may also be used, in addition to a System bus that deals 
with the on-chip master blockS. An external bus is defined as 
a bus for accessing a read only memory (ROM), a static 
random access memory (SRAM), a flash memory, a 
dynamic RAM (DRAM), an external input/output (I/O) 
device and the like, which are positioned outside the chip. 

0013 This means that, for SOC design, there can be at 
least two buses (system bus and external bus), with respec 
tive ownerships that need to be arbitrated. This is a difficult 
problem, because the external devices are not part of the 
chip, and thus not fully known in advance. 

0014. Two main arbitration schemes have been devel 
oped for SOC designs, the exclusive arbitration Scheme and 
the hierarchical Scheme. These are described immediately 
below. 

0015 Referring now to FIG. 2A, a prior art system-on 
a-chip 200 is shown that uses an exclusive arbitration 
Scheme. It will be appreciated that advantages of this type of 
System are that the arbiter circuit is simple, and that the 
operational priorities of the functional blockS can be pro 
grammed. 

0016 System 200 is provided on a chip 205, which can 
be a semiconductor chip. System 200 includes a system bus 
210 on chip 205, and an external bus 215. Each bus has its 
master and Slave operational blockS. 

0017 Masters for the system bus 210 are the following 
functional blocks: a Central Processing Unit (CPU) 222, 
Dedicated Direct Memory Access (DDMA) blocks 224, 226, 
and a multi-channel General Direct Memory Access 
(GDMA) block 228. GDMA 228 can have four channels 
(e.g. numbered 0, 1, 2, and 3), that can only operate through 
the system bus 210 one at a time. DDMA blocks 224, 226 
communicate with other IP blocks 234, 236 respectively. 

0018 Slaves for the system bus 210 are the following 
functional blockS: an internal memory controller 262, and an 
external memory controller 244. Internal memory controller 
262 controls internal memory 272. 

0019 Masters for the external bus 215 are the external 
memory controller 244, and a Dynamic Random Access 
Memory (DRAM) Refresh Controller 264, that operates 
through controller 244. In other words, external bus 215 is 
subordinated to system bus 210. 

0020 Masters for the external bus 215 can also be blocks 
outside chip 205, which is a peculiar and different feature of 
the external bus. Such blocks are provided on other devices, 
and are also called off-chip devices. One Such block can be 
an external device 273. External device 273 operates as an 
external bus master to drive the external bus 215 when it is 
not used by the functional blocks within the SOC chip 205, 
thereby effectuating a direct access to a memory 282 or 
external I/O devices 274 outside chip 205. 

0021 Additionally, slaves for the external bus 215 can 
also be off-chip blocks. In the example of FIG. 2A, slaves 
for bus 215 are the following functional blocks: a Read Only 
Memory (ROM) 282, a DRAM 284, and an external Input/ 
Output (I/O) block 274. 
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0022 System 200 includes a bus arbiter 292, which 
implements an exclusive arbitration Scheme or method. 
According to the exclusive conventional bus arbitration 
method, each master operates as a System bus master, and 
only one functional block operates at any one time. The 
external bus is considered a slave, and external memory 
controller 244 serves as a hierarchical bus bridge. In this 
case, a Selected functional block has ownership of both the 
System bus and the external bus. This means that the System 
bus and the external bus cannot be owned by different 
functional blocks at the same time. 

0023. In its best implementation, the exclusive arbitration 
scheme implemented by arbiter 292 uses a hybrid arbitration 
method that is described below. 

0024) Referring now to FIG. 2B, the hybrid arbitration 
method is described in more detail. It will be appreciated 
that the hybrid arbitration method is a combination of a fixed 
ranking Scheme and a round robin arbitration Scheme. 
0.025 According to the hybrid arbitration method, 
requests 222-1, 224-1, 226-1, 228-1, 228-2, 228-3, 228-4, 
264-1 are first bundled in groups according to the master 
blocks that originate them. Each group contains requests of 
equivalent importance. Request 264-1 from DRAM 264 is 
placed in Group A by itself. Requests 224-1, 226-1, 228-1, 
228-2, 228-3, 228-4 are bundled in Group B. And request 
222-1 from CPU 222 is placed in Group C by itself. 
0026. Then the groups are ranked according to their 
importance. Group A (request to refresh DRAM) is ranked 
as the most important, and Group B and Group C are 
bundled in a composite Group D as being equivalent. 
0027. In the example of FIG. 2B, priorities are assigned 
as follows. The members of Group A (i.e. requests 264-1 
from DRAM 264) have a fixed priority over the members of 
Group D. Within Group D, there is a round robin scheme 
between Group B and Group C. In other words, priority 
alternates between the member of Group B that has the 
highest priority, and the member of Group C that has the 
highest priority (which is always a request 222-1 from the 
CPU 222). And within Group B, there is a round robin 
Scheme of the members, as shown. 
0028. It should be remembered that the scheme of 2B is 
implemented from the point of view of arbiter 292, which is 
an arbiter that decides priorities between master blocks of 
only system bus 210. 
0029 Referring now to FIG.2C, an example is described 
of the performance of system 200 of FIG. 2A. FIG. 2A 
ShowS Snapshots of bus request Signals REQ in association 
with operation of the functional blocks, and changes in the 
priority order of the functional blockS through eight Steps of 
operations, labeled Step 1, Step 2, . . . , Step 8. Each Step 
denotes a one-time operation of each functional block Sub 
jected to arbitration by bus arbiter 292. Even though steps 
are shown as Similar, the absolute time required for execut 
ing each Step may vary, depending on its nature. 
0.030. For the steps of FIG. 2C, some operating assump 
tions have been made. These assumptions have been made 
only for future ease of comparison, as will be appreciated 
from the below. 

0031. These assumptions are first that the hybrid scheme 
of FIG. 2B is used. Second, that the DRAM refresh con 
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troller does not make an operation request in StepS 5, 6, and 
7, and that the CPU 422 makes an operation request in the 
Step 1, while the remaining functional blockS make continu 
ouS operation requests. 

0032. As can be seen from FIG. 2C, one functional block 
is Selected at any one time, regardless of requests for a 
System bus and an external bus. The Selected functional 
block will have ownership of both the system bus and 
external bus. The shadowed functional block denotes one 
that is granted ownership to perform actual operation. How 
ever, in Steps 4, 5, 6, and 7, although the Selected functional 
block uses either only the System bus or only the external 
buS during its actual operation, the functional block has 
ownership of both buses, which degrades bus utilization. 
0033 Referring now to FIG. 3A, a prior art system-on 
a-chip 300 is shown that uses a hierarchical arbitration 
Scheme. It will be appreciated that this Scheme achieves 
higher bus utilization over the exclusive Scheme described 
above. This comes at a cost of having twice the number of 
arbiters, and that the operational priorities of all functional 
blocks can not be programmed as well as in the above. 
0034) System 300 is provided on a chip 305, which can 
be a semiconductor chip. Many components of system 300, 
such as the system bus 210 and functional blocks 222, 224, 
234, 226, 236, 228, 244, 262,272, and 264 are provided on 
chip 305, and can be identical to similarly numbered blocks 
in system 200, and therefore a more detailed description will 
not be repeated. 
0035. In addition, system-on-a-chip 300 is for connection 
to off-chip functional blocks 273, 274, 282, 284, similar to 
what was described with reference to FIG. 2A. Connection 
to such blocks is through an external bus 315. 
0036 Furthermore, system-on-a-chip 300 includes two 
arbiters 394, 396. As will be seen, progress in the prior art 
was made by including the Second arbiter. 
0037) System bus arbiter 394 is for arbitrating requests 
regarding the system bus 210, and external bus arbiter 396 
is for arbitrating requests regarding the external bus 315. 
The two arbiters 394, 396 perform what is known as 
hierarchical arbitration relative to each other. System bus 
arbiter 394 is classified as being in a higher hierarchy than 
external bus master 396. In other words, the operation of 
system bus arbiter 394 is independent, while the operation of 
external bus arbiter 396 is a subordinate of system bus 394. 
(And external memory controller 244 serves as a hierarchi 
cal bus bridge.) This is illustrated below. 
0038) Referring now to FIG. 3B and FIG. 3C, these 
operations are illustrated. It should be noted that each one of 
arbiters 394, 396 requires its own separate diagram for 
addressing requests only of its own bus. In addition (not 
depicted) is the fact that requests for arbiter 396 are subor 
dinated to requests for arbiter 394. 
0039. This achieves higher bus utilization than the exclu 
sive arbitration Scheme described above. The better utiliza 
tion is illustrated by the below. 
0040. Referring now to FIG. 3D, an example is described 
of the performance of system 300 of FIG. 3A. It will be 
appreciated that FIG. 3D is analogous to FIG. 2C. In 
addition, the same operating assumptions have been made in 
FIG. 3D as for the evolution of priorities of FIG. 2C. 
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0041 FIG. 3D shows snapshots of bus request signals 
REQ in association with operation of the functional blocks 
for the system bus arbiter 394 and the external bus arbiter 
396. AS the Snapshots progreSS, changes are Seen in the 
priority order of the functional blockS through eight Steps of 
operations, labeled Step 1, Step 2, . . . , Step 8. Each Step 
denotes a one-time operation of each functional block Sub 
jected to arbitration by bus arbiters 394, 396, 
0042. There are advantages in the hierarchical scheme. 
AS Seen in Steps 6 and 7, different functional blocks having 
ownership of both buses can complete their operation, 
thereby offering higher bus utilization compared to the 
conventional eXclusive bus arbitration Scheme. 

0043. It will now be explained why the priority order of 
the functional blockScannot be programmed as one wishes. 
As an example, in step 1 when the system bus arbiter 394 
selects the CPU, the external bus arbiter 396 may intend to 
Select GDMA channel if2. Arbiter 396 however is forced to 
Select the CPU instead of the GDMA channel #2, since the 
functional block selected by the system bus arbiter 394 has 
a hierarchical priority over that Selected by the external bus 
arbiter 396. 

0044) In other instances, operations are inefficient. For 
example, in step 2, although the system bus arbiter 394 
selects DDMA block #0, the external bus arbiter 396 
attempts to select the GDMA channel #2. In this case the 
GDMA channel #2 actually takes control of the external bus 
315, since the functional block selected by the external bus 
arbiter 396 has a priority over that selected by the system bus 
arbiter 394. In this case, since the DDMA block #0 has 
ownership of the system bus 210, while the GDMA channel 
#2 has ownership of the external bus 315, the DDMA block 
#0 simply cannot complete its operation in the Step 2. AS also 
shown in StepS 4 and 8, there are functional blocks that do 
not complete their operation properly during their allocated 
Step, due to the absence of ownership of the external bus 
315. When they do not, they have to wait for another step, 
while the external bus 315. 

0045. In both of the schemes of FIG. 2A and FIG. 3A, 
it will be observed that there are inefficiencies. In some 
instances, one of the buses is occasionally idle. Such 
degrades the Speed for the Overall System on a chip. 

BRIEF SUMMARY OF THE INVENTION 

0046) The present invention overcomes these problems 
and limitations of the prior art. 
0047 Generally, the present invention provides a system 
on a chip that has functional blockS accommodated by at 
least one System bus, and an external bus for communicating 
with external blocks. The invention also provides a chip 
multi-jurisdictional bus arbiter with programmable rankings 
for assigning priorities to requests from blocks that are 
masters for either one of both buses. The invention also 
provides Software and methods for assigning the program 
mable priorities. The priorities are assigned considering 
requests from the point of view of which bus they require. 
0.048. Even with a full request schedule, both buses can 
be used Simultaneously, either for a single data transfer 
through both, or Separate data transferS for each. This may 
achieve full utilization of the buses, with increased speed for 
a System on a chip. 
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0049. The invention offers an additional advantage that 
priorities can be programmed without Subordination even 
for off-chip blocks, while full utilization can be attained for 
both buses at the same time. In addition, the circuit for the 
arbiter is simpler, and only one need be used. 
0050 Moreover, the invention provides a multi-jurisdic 
tional multi-channel direct memory access block that can be 
a master block for the system bus or the external bus. This 
accelerates transfer of data, and overall Speed of a System on 
a chip. 
0051. The invention will become more readily apparent 
from the following Detailed Description, which proceeds 
with reference to the drawings, in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

0052 FIG. 1 is a block diagram of a bus system of a 
memory in the prior art. 
0053 FIG. 2A is a block diagram of a system-on-a-chip 
(SOC), using a single arbiter in an exclusive type design in 
the prior art. 
0054 FIG. 2B is a diagram illustrating an example of 
rankings for a hybrid arbitration method in the prior art used 
for assigning operation priorities to functional blocks by a 
single arbiter in FIG. 2A that uses an exclusive scheme. 
0055 FIG. 2C shows snapshots resulting in the system 
of FIG. 2A from bus arbitration according to the exclusive 
bus arbitration scheme, which uses the hybrid scheme of 
FIG. 2B. 

0056 FIG. 3A is a block diagram of a system-on-a-chip 
(SOC), using a single arbiter in a hierarchical type design in 
the prior art. 
0057 FIG. 3B is a diagram illustrating an example of 
rankings in the prior art used for assigning operation priori 
ties to functional blocks by one of the two arbiters in FIG. 
3A. 

0058 FIG. 3C is a diagram illustrating an example of 
rankings in the prior art used for assigning operation priori 
ties to functional blocks by the other one of the two arbiters 
in FIG. 3A, which is in a hierarchical Scheme with the 
rankings of FIG. 3B. 
0059 FIG. 3D shows snapshots resulting in the system 
of FIG. 3A from bus arbitration according to a conventional 
hierarchical combination of the Schemes of FIG. 3B and 
FIG. 3C. 

0060 FIG. 4 is a block diagram of a system-on-a-chip 
(SOC) according to an embodiment of the invention that has 
integrated functional blocks and uses a chip multi-jurisdic 
tional bus arbiter to accommodate an external bus and a 
system bus between the blocks. 
0061 FIG. 5 is a block diagram of a system-on-a-chip 
(SOC) according to another embodiment of the present 
invention that has integrated blocks and uses a chip multi 
jurisdictional bus arbiter to accommodate an external bus 
and two system buses between the blocks. 
0062 FIG. 6 is a block diagram of system on a chip 
(SOC) according to yet another embodiment of the invention 
that has integrated blockS and uses a chip multi-jurisdic 
tional bus arbiter to accommodate an external bus and three 
system buses between the blocks. 
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0.063 FIG. 7 is a block diagram of a multi-jurisdictional 
bus arbiter according to an embodiment of the present 
invention. 

0.064 FIG. 8 is an internal block diagram of a multi-input 
external memory controller that may be used with the bus 
arbiter of FIG. 7, along with a possible layout of other 
components. 

0065 FIG. 9 illustrates a Table used for tabulating types 
of bus requests of functional blocks according to an embodi 
ment of the invention. 

0.066 FIG. 10 is a diagram showing a relationship 
between sets of requests tabulated in Table 1 of FIG. 9. 

0067 FIG. 11 illustrates a Table used for classifying the 
requests of FIG. 9 according to the sets of FIG. 10. 
0068 FIG. 12 is a diagram illustrating an example of 
rankings for a hybrid arbitration method used for assigning 
operation priorities to functional blockS according to an 
embodiment of the present invention. 
0069 FIG. 13 is a flowchart illustrating a general method 
according to an embodiment of the invention. 

0070 FIG. 14 is a flowchart illustrating a general method 
according to another embodiment of the invention. 

0071 FIG. 15 is a flowchart illustrating an operation of 
a bus arbiter according to an embodiment of the present 
invention. 

0.072 FIG. 16 shows snapshots resulting from bus arbi 
tration according to a bus arbitration Scheme according to an 
embodiment of the present invention. 

0073 FIG. 17 illustrates a Table for comparing perfor 
mance of a Scheme of the invention compared to those in the 
prior art. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT(S) 

0.074 AS has been mentioned, the present invention pro 
vides a System on a chip. Various embodiments of the 
invention are now described with reference to FIG. 4, FIG. 
5, FIG. 6. It will be appreciated that aspects of these 
embodiments may be rather similar to each other, Sharing 
many Similar blocks that are Similarly numbered. 

0075) Referring now particularly to FIG. 4 a system 400 
is provided on a chip 405, according to an embodiment of 
the invention. System 400 includes a system bus 410, that 
can be an advanced microcontroller bus architecture 
(AMBA) bus developed, for example, by Advanced RISC 
Machines (ARM) Co. System bus 410 can be made by a 
advanced high performance bus (AHB). 
0076 System-on-a-chip 400 includes a CPU 422, that is 
a master of system bus 410. CPU 422 may be an ARM 
reduced instruction set computer (RISC) CPU with a cache. 
Exemplary blocks for CPU 422 may be parts designated by 
ARM Co. as ARM92OT and ARM940T. 

0077 System-on-a-chip 400 also includes DDMA blocks 
424, 426, directly connected to respective IP blocks 434, 
436. Each of IP blocks 434, 436 may be an Ethernet medium 
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access control (MAC), or a peripheral component intercon 
nect (PCI) bridge. System 400 moreover includes an internal 
memory controller 462 for accessing an internal memory 
472. 

0078. Another block of system 400 is a special GDMA 
block 430, that is also called a multi-jurisdictional multi 
channel General DMA (mJnCGDMA) block 430 according 
to the invention, which is also known as simply GDMA 430. 
It can be for n-channels, as indicated by the overall design. 

0079 Moreover, a special multi-input external memory 
controller 440 is provided according to an embodiment of 
the invention for the SOC 400. 

0080 System 400 additionally includes an external bus 
415, which is for accessing off-chip blocks. External bus 415 
is coupled with the multi-input external memory controller 
440. 

0081. In other words, multi-input external memory con 
troller 440 is a block that is coupled to both the system bus 
410 and to external bus 415. For purposes of this document, 
that renders block 440 a “dual' block. 

0082 Another aspect of controller 440 is that receives 
inputs from the above described block 430 directly, through 
a so-called third path 431, as will be described in more detail 
below. Third path 431 is distinct from the system bus 410 
and the external bus 415. 

0083) System 400 further includes a DRAM Refresh 
Controller 464, which is coupled with the multi-input exter 
nal memory controller 440. 

0084) Off-chip blocks for use with system 400 can be an 
external device 473, an external Input/Output device 474, a 
ROM 482, a DRAM 484, a static RAM (SRAM) (not 
shown), a flash memory (not shown), etc. External device 
473 uses external bus 415 when it is not used by the 
functional blocks within the SOC 400. (For the functional 
blocks within the SOC 400 to use external bus 415, a control 
by the multi-input external memory controller 440 is nec 
essarily required.) System 400 importantly includes a spe 
cial multi-jurisdictional arbiter 495 for managing requests 
affecting both the system bus 410 and the external bus 415. 
Software, methods and schemes for arbiter 495 are presented 
below in more detail. At this point it is sufficient to note that 
the present invention's mimCGDMA block 430 can be a 
master for both the system bus 410 and the external bus 415. 
This is accomplished with the cooperation of the present 
invention's multi-input external memory controller 440, 
which receives inputs also from mimCGDMA 430 to that 
effect. 

0085) Referring now particularly to FIG. 5 a system 500 
is provided on a chip 505, according to another embodiment 
of the invention. The discussion is the same as with FIG. 4 
for system bus 410, external bus 415, CPU 422, DDMA#0 
424, DDMA#N 426, IP#0 434, IP#N 436, mJmCGDMA 
430, multi-input external memory controller 440, internal 
memory controller 462 and internal memory 472, all of 
which are provided on chip 505. In addition, system 500 is 
adapted for working, through external bus 415, with off-chip 
blocks Such as external device 473, External I/O 474, ROM 
482, DRAM 484, etc., similarly as discussed above in 
connection with FIG. 4. 
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0086). In the embodiment of FIG. 5, more components 
are provided on chip 505 than on chip 405 of FIG. 4. An 
additional, auxiliary system bus APB 516, such as an 
advanced peripheral bus, is connected to main System bus 
410 through a main bridge block 518, such as an APB 
Bridge. Auxiliary system bus APB 516 is for accessing 
additional functional blocks, configured as its slaves. Main 
bridge 518 may be configured as a slave to main system bus 
410, for accessing additional functional blocks coupled with 
auxiliary system bus APB 516. 
0.087 Additional functional blocks accessible through 
auxiliary system bus APB 516 may include a universal 
asynchronous receiver-transmitter (UART) 552, a universal 
serial bus (USB) 554, a timer 556, and an interrupt controller 
558. 

0088 System 500 moreover includes a multi-jurisdic 
tional arbiter 595 for managing requests affecting both the 
system bus 410 and the external bus 415. Arbiter 595 is 
optionally adapted to manage requests also from blockS 
connected through auxiliary system bus APB 516. 
0089 Referring now particularly to FIG. 6 a system 600 

is provided on a chip 605, according to yet another embodi 
ment of the invention. The discussion is the same as with 
FIG. 5 for external bus 415, CPU 422, DDMA#0 424, 
DDMAFN 426, IP#0 434, IP#N 436, mJmCGDMA 430, 
multi-input external memory controller 440, internal 
memory controller 462 and internal memory 472, auxiliary 
system bus APB 516, main bridge block 518, UART 552, 
USB 554, timer 556, and interrupt controller 558, all of 
which are provided on chip 605. In addition, system 600 is 
adapted for working, through external bus 415, with off-chip 
blocks Such as external device 473, External I/O 474, ROM 
482, DRAM 484, etc., similarly as discussed above. 
0090 An important difference is that a main system bus 
is implemented by two buses, a left system bus AHBL 610-L 
and a right system bus AHBR 610-R. These are divided by 
a bus Switch 612, implemented by a suitable bridge. 
0.091 System 600 moreover includes a multi-jurisdic 
tional arbiter 695 for managing requests affecting both the 
left system bus 610-L and the right system bus 610-R, along 
with the external bus 415. This is accomplished also by 
arbiter 695 having a direct line to bus switch 612. Arbiter 
695 is optionally adapted to also manage requests from 
blocks connected through auxiliary system bus APB 516. 

0092. In all three shown embodiments, the arbiter can 
handle, as may be desired, the master blocks of all buses on 
a non-hierarchical form. Alternately, it may treat Some of 
them hierarchically with respect to others. 
0.093 Referring now to FIG. 7, a block diagram is shown 
for a multi-jurisdictional bus arbiter 495 according to an 
embodiment of the present invention. It will be appreciated 
that, although the description is that for arbiter 495 of FIG. 
4, the description is applicable also to arbiter 595 and 695, 
with minimal adjustments. It will also be observed that, 
given the level of detail of FIG. 7, system bus 410 is shown 
split into its two components of address and control 410-C 
and data 410-D. 

0094) Arbiter 495 includes a request decoder 710. 
Request decoder 710 is adapted to receive request signals 
REQ from the on-chip blocks that operate as masters of 
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system bus 410, and also from the off-chip blocks that 
operate as masters of external buS 415. The request signals 
REQ are received as digital Signals, and decoded by request 
decoder 710, which in turn produces a pertinent output. 
Sometimes the request Signals from the masters of System 
buS 410 are designated as SREQ, and the request Signals 
from the masters of external bus 415 are designated as 
EREO. 

0.095 Arbiter 495 also includes a priority scheduler 720. 
Priority scheduler 720 is adapted to receive the output of 
request decoder 710. Priority scheduler 720 then decides the 
relative priorities of the all the master block(s), as is 
described below. It should be remembered that priority 
scheduler 720 of the invention is optionally capable of being 
programmed with different programs, which would imple 
ment different Schedules. It is advantageous, but not neces 
Sary, that the program for Selecting priorities reside in 
priority scheduler 720. 
0096. Once the priorities have been decided, priority 
scheduler 720 outputs signals indicating which master block 
has the top priority. A key part of the invention is that a top 
priority can be determined to be for an off-chip block at the 
Same time as for an on-chip block. 
0097. The output of priority scheduler may optionally be 
fed back into request decoder 710, if the requests are stored 
there. Equivalently, the requests can be Stored into priority 
Scheduler 720, and be read from it. 

0.098 Arbiter 495 additionally includes a system bus 
master selector 730. Master selector 730 is adapted to 
receive an output of priority scheduler 720 (or equivalently, 
of request decoder 710, if the requests are stored there). 
Master selector 730 is further adapted to transmit a grant 
signal GNT to the system bus master block that has the top 
priority, responsive to the received output of the priority 
Scheduler. Since this grant Signal is for a master block of 
system bus 410, it is also designated as SGNT. 

0099 Arbiter 495 moreover includes a system bus slave 
selector 740. System bus slave selector 740 is adapted to 
receive a corresponding Signal CRS from System bus master 
selector 730, the content of which has originated from 
priority scheduler 720 (or equivalently, of request decoder 
710, if the requests are stored there). Equivalently, corre 
sponding Signal CRS could be received directly from pri 
ority scheduler 720. In addition, system bus slave selector 
740 is optionally adapted to receive an output of the system 
bus 410. System bus slave selector 740 is adapted to transmit 
a Select Signal SEL to one of the System bus Slaves. In Some 
embodiments, external memory controller 440 is such a 
System bus slave. 

0100 Arbiter 495 further includes an external bus master 
selector 750. External bus master selector 750 is adapted to 
receive another output of priority scheduler 720 (or equiva 
lently, of request decoder 710, if the requests are stored 
there). External bus master selector 750 is further adapted to 
transmit another grant Signal GNT to the external bus master 
block that has the top priority, responsive to the received 
output of the priority Scheduler. Since this grant Signal is for 
a master block of external bus 415, it is also designated as 
EGNT. External bus master selector 750 is further adapted 
to transmit a drive signal EDR to external memory controller 
440. 
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0101 Referring now to FIG. 8, a multi-input external 
memory controller 440 is described. It will become apparent 
that controller 440 may be used with the bus arbiter of FIG. 
7, and any of its variations Suggested above. It will also be 
observed that, given the level of detail of FIG. 7, external 
bus 415 is shown split into its two components of address 
and control 415-C and data 415-D. 

0102 Multi-input external memory controller 440 
includes an external bus controller 810. External bus con 
troller 810 is adapted to control the external bus 415. 
0103 Optionally and preferably, external bus controller 
810 is adapted to receive inputs directly from the arbiter 495. 
More specifically, it can receive a Select Signal SEL from 
system bus slave selector 740. Alternately, it can receive an 
external bus grant signal EGNT from external bus master 
Selector 750. 

0104 External memory controller 440 also includes an 
address and control multiplexer 820. Address and control 
multiplexer 820 is adapted to receive address and control 
inputs from both system bus 410 and the multi-jurisdictional 
multi-channel general direct memory access (mJmCGDMA) 
block 430. Address and control multiplexer 820 is further 
adapted to transfer one of the received address and control 
inputs to external bus controller 810. 
0105 External memory controller 440 additionally 
includes a write data multiplexer 830. Write data multiplexer 
830 is adapted to receive data inputs from both the system 
bus 410 and the mm CGDMA block 430. Write data mul 
tiplexer 830 is further adapted to transfer one of the received 
data inputs to the external bus controller 810. 
0106 External memory controller 440 moreover includes 
a read data demultiplexer 840. Read data demultiplexer 840 
is adapted to receive data inputs from the external bus 
controller 810. Read data demultiplexer 840 is further 
adapted to transfer the received data inputs to one of the 
system bus 410 and the mJmCGDMA block 430. 
0107. In the preferred embodiment, all of the address and 
control multiplexer 820, write data multiplexer 830, and 
read data demultiplexer 840 are controlled by inputs from 
external bus controller 810. 

0108 External memory controller 440 optionally addi 
tionally includes three tri-state buffers 852,854,856 coupled 
between external bus controller 810 and external bus 415. 
These may be controlled by external bus controller 810. 
0109 Referring now to FIG. 5 operations of system 500 
are described. A person skilled in the art will discern how the 
following descriptions are adaptable also for systems 400 
and 600 of FIG. 4 and FIG. 6, respectively. 
0110 First operations of CPU 422 are described. The 
perSon Skilled in the art will discern that explanations for 
remaining ones of the components may be derived from the 
accompanying drawings. 

0111 When CPU 422 issues a system bus request to 
obtain a grant of system bus 410 ownership, CPU 422 can 
read data from, or write data to, registers of the blockS 
coupled with system bus 410. Furthermore, after having 
been granted ownership of system bus 410 and the auxiliary 
main bus 516, CPU 422 can read data from, or write data to, 
registers of the blocks connected through main bridge 518. 
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For access to external DRAM 484, CPU 422 needs to obtain 
ownership of both system bus 410 and external bus 415. To 
accomplish this, CPU 422 first accesses the multi-input 
external memory controller 440 through the system bus 410, 
and then controller 440 can read and write data between the 
CPU and the DRAM 484 through also the external bus 415. 
Thus, CPU 422 operates as a system bus master. Same for 
CPU 422 accessing ROM 482. 
0112 DDMA blocks 424, 426 perform read and write 
operations on data Stored in the internal memory 472 or the 
external memory 482. The first operation requires ownership 
of only system bus 410, while the latter operation requires 
ownership of both system bus 410 and external bus 415. 
Thus, DDMA blocks 424, 426 operate as system bus mas 
terS. 

0113 Multi-jurisdiction, multi-channel GDMA block 
430 performs read and write operations on data stored in 
internal memory 472 or external memory 484. Operations of 
the GDMA block 430 are classified into data communication 
of four types: 

0114) a) between a programmed arbitrary IP block and 
internal memory 472, 

0115 b) between an arbitrary IP block and external 
memory 484, 

0116 c) between internal memory 472 and external 
memory 484, and 

0117 d) between the external memories 482 and 484. 
0118. The multiple channels can program each of all four 
types of data communication within the GDMA block 430. 
Even during programming of multiple channels, the GDMA 
block 430 performs a control such that only one channel 
operates at one time. The exemplary arbitrary IP blocks to be 
programmed in each of the GDMA multiple channels may 
include UART 442, USB 554, interrupt controller 558, etc. 
0119. Of the above described types of data communica 
tion, a) requires bus ownership of only system bus 410, b) 
and c) require ownership of both system bus 410 and 
external bus 415, and d) one require bus ownership of only 
external bus 415. Thus, multi-jurisdiction, multi-channel 
GDMA 430 may operate either as an external bus master 
during the fourth type of operation, or as a System bus master 
during the remaining types of operations. 

0120 DRAM refresh controller 464, which is one of the 
masters of external bus 415, does not need system bus 
ownership. It uses only external buS 415 in order to generate 
periodically a signal for refreshing external DRAM 484. In 
order for DRAM refresh controller 464 to use external bus 
415, external memory controller 440 is used to transmit a 
signal to the outside of the chip through external bus 415, in 
which case the System bus masters cannot use external 
memory controller 440 or external bus 415. In the same 
manner, for use of external bus 415 by a system bus master, 
a signal is transmitted to the outside of the chip by a control 
of external memory controller 440, while the external bus 
masters cannot use external bus 415 during that time. 
0121 The above type of description can be extended to 
any on-chip block or off chip block, depending on known 
and anticipated operation characteristics of each functional 
block. After Such descriptions are complete, it is found 
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advantageous to discuss what type of Signals would be used 
for implementation of a device according to the invention. 
0122) The type of bus ownership requests may be repre 
sented by four two-bit bus request signals REQ1:0= 
{EREQ, SREQ} using a 1-bit system bus request signal 
SREQ and a 1-bit external bus request signal EREQ. That is, 
if REQ1:0=2b00, no request for a bus is made (no 
request), and if REQ1:0=2b01, a request for system bus 
410 only is made (system bus only request). If REQ1:0= 
2"b10, a request for external bus 415 only is made (external 
bus only request), and if REQ1:0=2"b11, a request for both 
buses is made (both bus request). 
0123. Similarly, a bus ownership grant may be repre 
sented by a bus ownership grant signal GNT1:0={EGNT, 
SGNT. That is, if GNT1:0=2b00, no bus is granted (no 
grant), and if GNT1:0=2b01, system bus 410 only is 
granted (system bus only grant). If GNT1:0=2"b10, exter 
nal bus 415 only is granted (external bus only grant), and if 
GNT1:0=2'b11, ownership of both buses concurrently is 
granted (both bus grant). 
0.124. An important aspect of the invention is to classify 
requests with reference to which bus they would use, and 
which they would leave idle. Classification may advanta 
geously be implemented in the coding of the above 
described Signals. 

0125 Referring now to FIG. 9, a Table 1 is shown that 
classifies the possible type of bus requests by each func 
tional block. AS shown in Table 1, external bus masters are 
DRAM refresh controller 464, a channel of mJimCGDMA 
block 430, and external device 473. These Submit a bus 
request signal REQ=2"b10. System bus masters are CPU 
422, DDMA blocks 424, 426, and the channel of GDMA 430 
submitting a bus request signal REQ=2b01 or REQ=2"b11. 
0.126 Referring now to FIG. 10, a diagram is shown for 
further conceptualizing the characteristics of the requests. 
This type of diagram is also known as a Venn diagram. Set 
S is for grouping together, bundling or classifying the 
requests of system bus 410. Set E is for the requests of 
external bus 415. Their section (subset ES) is for those 
requests that require both buses. Subset ES leaves, in set S, 
a subset SO for System bus Only requests, and in set E a 
Subset EO for External bus Only requests. The union of E 
and S (EO+ES+SO) is given by A, and contains All the 
requests. In more rigorous mathematical notation, assuming 
that Function n(X) is defined as the number of elements of 
set X, the relationship is that n(A)=n(EUS)=n(EO)+n(ES)+ 
n(SO) and n(ES)=n(EnS)=n(EnS)=n(SnS). 
0127. Referring now to FIG. 11, it is further advanta 
geous to show the requests of FIG. 9 in the sets indicated by 
FIG. 10. First, the set of functional blocks making a system 
bus request by a bus request signal REQ1:0 equal to 2b01 
or 2b11, is defined as set S which is the same as the set of 
System bus masters. Second, the Set of functional blockS 
making an external bus request by a bus request Signal 
REQ1:0 equal to 2"b10 or 2b11 is defined as set E. Third, 
the Set of functional blocks making only a System bus 
request through a bus request signal REQ1:0 equal to 2b01 
is defined as set SO. Fourth, the set of functional blocks 
making only an external bus request through a bus request 
signal REQ1:0 equal to 2"b10 is defined as set EO which 
is the same as the Set of external bus masters. Fifth, the Set 
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of functional blockS making a request for both System bus 
and external bus through a bus request signal REQ1:0 
equal to 2'b11 is defined as set ES. Sixth, the set of 
functional blocks making a request for a System buS or an 
external bus through a bus request signal REQ1:0 equal to 
2b'01, 2b10 or 2b.11 is defined as set A. 

0128. The above discussion facilitates description of the 
operation of Special components of the invention. 
0129 Referring again to FIG. 7 operations of arbiter 495 
are described for enabling the above types of requests. The 
operations are described according to the classifications of 
FIG. 11. The methods of arbiter 495 for assigning priorities, 
however, is described later. 

0.130 First, if the selected functional block is the element 
of set ES (a bus request signal REQ is 2'b11), only system 
bus master selector 730 is driven. It grants a system bus 
grant signal SGNT 11 to the selected functional block. The 
system bus master selector 730 also drives the system bus 
slave selector 740. The system bus slave selector 740 
optionally also drives external memory controller 440, so 
that the System bus master functional block that is being 
granted the bus ownership request may be granted usage of 
external bus 415 as well. In this case, external memory 
controller 440 receives system bus address and control 
signal S16 via address and control portion 410-C of system 
bus 410 from the selected master block. External memory 
controller 440 also receives system bus data S17 via data 
portion 410-D of the system bus 410 from the selected 
master block. The received address & control signal S16, 
and data S17 are for connecting to an external bus. 
0131 On the other hand, if the bus request signal is 2b01 
or 2b10, the system bus master selector 730 and the external 
bus master selector 750, respectively, select different func 
tional blocks that are granted bus grant Signals. 

0.132. In other words, if the selected functional block is an 
element of set EO (the bus request signal REQ is 2b 10), 
then the system bus master selector 730 may further select 
a functional block which is one of the elements of set SO. 
That is, if there are functional blocks that have made 
requests which belong to the Set SO among the remaining 
functional blocks (excluding the firstly selected functional 
block), the functional block having the highest priority 
among those functional blockS is then Selected. The external 
bus master selector 750 is driven so that an external bus 
grant signal EGNT is transmitted to the firstly selected 
functional block, while the system bus master selector 730 
is driven So that a System bus grant Signal SGNT is trans 
mitted to the secondly selected functional block. The exter 
nal bus master selector 750 transmits a drive signal EDR to 
drive the external memory controller 440, so that the 
selected external bus master may use the external bus 415. 
The system bus master selector 730 drives the system bus 
slave selector 740 to select a system bus slave depending on 
the operation of the Selected System bus master. The System 
bus slave selector 740 determines which bus slave can be 
used from the system bus address and control signal S18, to 
transmit a Selection signal to the Selected bus Slave. 
0133. Third, if the selected functional block is the ele 
ment of set SO, request decoder 710 may further select one 
functional block in set EO. That is, if there are functional 
blocks that belong to the Set EO among the remaining 
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functional blocks (excluding the firstly selected functional 
block), the functional block having the highest priority 
among those functional blockS is then Selected. System bus 
master selector 730 is driven so that the system bus grant 
signal SGNT is transmitted to the firstly selected functional 
block, while the external bus master selector 750 is driven 
so that the external bus grant signal EGNT is transmitted to 
the secondly selected functional block. The external bus 
master selector 750 drives the external memory controller 
440 so that the selected external bus master may use the 
external bus 415. 

0134) Referring again to FIG. 8, operations of multi 
input external memory controller 440 are described for 
enabling the above types of requests. The operations are 
described according to the classifications of FIG. 11. 
0135 When the external memory controller 440 operates 
as a System bus slave, a System bus master operates as the 
element of set ES Such that it may use system bus 410 and 
external bus 415 at the same time. In this case, the system 
bus slave selector 740 sends a signal SEL driving external 
memory controller 440 to operate as a System bus slave, 
while the external bus master selector 750 does not drive the 
external memory controller. Then, the external bus control 
ler 810 sends a control signal S38 to the address and control 
multiplexer 820, the write data multiplexer 830, and the read 
data demultiplexer 840. After that, the external bus control 
ler 810 receives address and control signal S16 and data S17 
via system bus 410 from the system bus master functional 
block, and decodes them to drive external bus 415 so as to 
access a memory or an I/O device outside the chip. For this 
purpose, the external bus controller 810 sends a control 
signal S39 to drive the tri-state buffers 852,854 and 856 into 
an active state. That is, when CPU 422 or DDMA block 424 
makes requests for both system bus 410 and external bus 
415, the external memory controller 440 receives the address 
and control S16 and the data S17 from the system bus 410 
and drives external bus 415. 

0136. On the other hand, when the external memory 
controller 440 does not operate as a system bus slave, but is 
driven by the external bus master selector 750 by a drive 
signal EDR, external memory controller 440 controls exter 
nal buS 415 So that an external bus master may use external 
bus 415. The external bus master may be DRAM refresh 
controller 464, a channel of mimCGDMA 430, or external 
device 473. External bus master selector 750 informs the 
external bus controller 810 of this by the drive signal EDR. 

0.137 If the DRAM refresh controller is selected among 
external bus masters, external bus controller 810 cuts off 
signals from address and control multiplexer 820, write data 
multiplexer 830, and read data demultiplexer 840, and 
instead generates and Sends a control Signal for refreshing 
DRAM 484. If external device 473 is selected, external bus 
controller 810 cuts off signals from address and control 
multiplexer 820, write data multiplexer 830, and read data 
demultiplexer 840, and sends control signal S39 to tri-state 
buffers 852, 854, and 856 to place them in a high-impedance 
state, so that external device 473 can drive external bus 415. 
After the channel of GDMA 430 is granted external bus 
ownership for data communication between external memo 
ries (bus request signal REQ=2"b10), the external memory 
controller 440 receives address, control signal, and data S15 
directly from the GDMA channel, to thereby drive external 
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bus 415, instead of receiving address and control signal S16 
and data S17 from system bus 410. To this end, the external 
bus controller 810 may be in direct communication with the 
GDMA channel through the control signal S38 from address 
and control multiplexer 820, write data multiplexer 830, and 
read data demultiplexer 840. 
0138. The signals exchanged between GDMA 430 and 
address and control multiplexer 820, write data multiplexer 
830, and read data demultiplexer 840 are through lines of the 
third path 431 shown in FIG. 4. 
0.139. The invention additionally provides methods, 
which are described below. Moreover, the invention pro 
vides apparatus that performs, or assists in performing the 
methods of the invention. This apparatus may be specially 
constructed for the required purposes, or it may comprise a 
general-purpose computer Selectively activated or reconfig 
ured by a computer program Stored in the computer. The 
methods and algorithms presented herein are not necessarily 
inherently related to any particular computer or other appa 
ratus. In particular, various general-purpose machines may 
be used with programs in accordance with the teachings 
herein, or it may prove more convenient to construct more 
Specialized apparatus to perform the required method StepS. 
The required structure for a variety of these machines will 
appear from this description. 
0140 Useful machines or articles for performing the 
operations of the present invention include general-purpose 
digital computers or other Similar devices. In all cases, there 
should be borne in mind the distinction between the method 
of operating a computer and the method of computation 
itself. The present invention relates also to method steps for 
operating a computer and for processing electrical or other 
physical signals to generate other desired physical Signals. 
0.141. The invention additionally provides a program, and 
a method of operation of the program. The program is most 
advantageously implemented as a program for a computing 
machine, Such as a general purpose computer, a Special 
purpose computer, a microprocessor, etc. 
0142. The invention also provides a storage medium that 
has the program of the invention Stored thereon. The Storage 
medium is a computer-readable medium, Such as a memory, 
and is read by the computing machine mentioned above. 
0.143 A program is generally defined as a sequence of 
Steps leading to a desired result. These Steps, also known as 
instructions, are those requiring physical manipulations of 
physical quantities. Usually, though not necessarily, these 
quantities take the form of electrical or magnetic signals 
capable of being Stored, transferred, combined, compared, 
and otherwise manipulated or processed. When Stored, they 
can be Stored in any computer-readable medium. It is 
convenient at times, principally for reasons of common 
usage, to refer to these signals as bits, data bits, Samples, 
values, elements, Symbols, characters, images, terms, num 
bers, or the like. It should be borne in mind, however, that 
all of these and Similar terms are associated with the 
appropriate physical quantities, and that these terms are 
merely convenient labels applied to these physical quanti 
ties. 

0144. This detailed description is presented largely in 
terms of flowcharts, display images, algorithms, and Sym 
bolic representations of operations of data bits within a 
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computer readable medium, Such as a memory. Such 
descriptions and representations are the type of convenient 
labels used by those skilled in programming and/or the data 
processing arts to effectively convey the Substance of their 
work to others skilled in the art. A person skilled in the art 
of programming can use this description to readily generate 
Specific instructions for implementing a program according 
to the present invention. For the Sake of economy, however, 
flowcharts used to describe methods of the invention are not 
repeated in this document for describing Software according 
to the invention. 

0145. Often, for the sake of convenience only, it is 
preferred to implement and describe a program as various 
interconnected distinct Software modules or features, col 
lectively also known as Software. This is not necessary, 
however, and there may be cases where modules are equiva 
lently aggregated into a single program with unclear bound 
aries. In any event, the Software modules or features of the 
present invention can be implemented by themselves, or in 
combination with others. Even though it is said that the 
program can be Stored in a computer-readable medium, it 
should be clear to a perSon Skilled in the art that it need not 
be a single memory, or even a Single machine. Various 
portions, modules or features of it can reside in Separate 
memories, or even Separate machines. The Separate 
machines may be connected directly, or through a network, 
Such as a local access network (LAN), or a global network, 
Such as the Internet. 

0146 In the present case, methods of the invention are 
implemented by machine operations. In other words, 
embodiments of the program of the invention are made Such 
that they perform methods of the invention that are 
described in this document. These can be optionally per 
formed in conjunction with one or more human operators 
performing Some, but not all of them. AS per the above, the 
users need not be collocated with each other, but each only 
with a machine that houses a portion of the program. 
Alternately, Some of these machines can operate automati 
cally, without users and/or independently from each other. 
0147 Referring now to FIG. 12, a diagram is first 
provided for Visualizing in part rankings for methods that are 
Subsequently described according to an embodiment of the 
invention. It should be remembered that the rankings of 
FIG. 12 are only one example, and other rankings are 
possible according to the invention. 
0.148. According to the hybrid arbitration method, 
requests 422-1, 424-1, 426-1, 428-1, 428-2, 428-3, 428-4, 
464-1 are first bundled in groupS according to the master 
blocks that originate them. Each group contains requests of 
equivalent importance. Request 464-1 from DRAM 464 is 
placed in Group E by itself. Requests 424-1, 426-1, 428-1, 
428-2, 428-3, 428-4 are bundled in Group G, from the 
DDMA blocks 424, 426, and four channels of GDMA 430, 
respectively. And request 422-1 from CPU 422 is placed in 
Group H by itself. to Then the groups are ranked according 
to their importance. Group E (request to refresh DRAM) is 
ranked as the most important, and Group G and Group H are 
bundled in a composite Group F as being equivalent. 
0149. It should be noted that in the scheme of FIG. 12 
there is only one diagram, for addressing requests of both the 
internal bus and the external bus for a single arbiter 495. In 
addition (not depicted) is the fact that requests are also 
classified based on which of the two buses they would use. 
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0150 Methods of the invention are now described. 
0151 Referring now to FIG. 13, a flowchart 1300 is used 
to illustrate a general method according to an embodiment of 
the invention. 

0152. According to a step 1310, any additional requests 
are input in arbiter 495. This usually happens once for every 
cycle of operation. 
0153. According to a next step 1320, the inputted 
requests are characterized according to the buses they 
require. In other words, whether they would require an 
on-chip System bus, an external bus of the chip, or both. By 
way of example, Such a characterization was done in FIG. 
11 above, at the conceptual level. The characterization can 
be done by Special coding of the request signals, as 
described above. 

0154 According to a next step 1330, one of the inputted 
requests is identified that would use only available ones of 
the buses. If this step is repeated, a second (and a third) 
request could be identified concurrently by this step 1330. 
O155 According to an optional next step 1340, the pre 
vious step 1330 can be performed by considering also 
rankings of the requests. The rankings (such as those of FIG. 
12) can be preset, and given in the form of absolute rankings 
or relative rankings. The rankings may also consider the 
waiting history of a request, favoring one that has waited 
longer among equals. 
0156 According to a next step 1350, it is inquired 
whether granting the above identified request would leave 
any of the buses available. If yes, execution reverts to Step 
1330, and another request is identified. 
O157) If not, then according to a next step 1360, all 
requests identified So far are performed concurrently. This is 
accomplished by granting all the identified requests, pref 
erably concurrently. Execution then may return to step 1310. 
0158 Referring now to FIG. 14, a flowchart 1400 is used 
to illustrate a general method according to an embodiment of 
the invention. 

0159. According to a step 1410, any additional requests 
are input, similarly to step 1310 above. 
0160 According to a next step 1420, the inputted 
requests are characterized according to the buses they 
require, similarly to step 1320 above. 
0.161 According to a next step 1430, the requests are 
ranked, as discussed above. 
0162 According to a next step 1440, the request with the 
highest priority is identified. 
0163 According to a next step 1450, it is determined 
which buses would be idle if all the identified requests were 
granted. If none, then according to a neXt Step 1460, the 
identified requests are granted, and execution may revert to 
step 1410. 
0164. If not, then according to a next step 1470, the 
request with the next highest priority is identified. 
0.165 According to a next step 1480, it is inquired 
whether the last identified request is performable (if it were 
granted) only by would-be idle buses. If yes, then execution 
continues back to step 1450. 
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0166 If not, then according to a next step 1490 it is 
determined whether the last identified request was the last 
one of the inputted requests. If not, then execution continues 
with step 1470, to examine another request. If yes, then 
execution continues with step 1460. 

0167 Referring now to FIG. 15, a flowchart 1500 is used 
to illustrate a particular method according to the invention. 
It will be appreciated that the steps of FIG. 15 show the 
operation of each functional block in the bus arbiter of FIG. 
7 and FIG. 8. 

0168 Step 1510: The request decoder 710 checks 
whether a bus request signal (REQ) has been input. If there 
is a bus request, a proceSS flow goes to Step 1520, while if 
there is no bus request, the request decoder 710 waits for a 
bus request in the step 1510. 

0169 Step 1520: The request decoder 710 selects the 
functional block having the highest priority among one or 
those functional blockS Submitting bus requests based on a 
pre-programmed priority algorithm, referring to the priority 
scheduler 720. The process flow goes to step 1530. 

0170 Step 1530: A check is made as to whether the bus 
request Signal of the functional block Selected in the Step 
1520 is 2b 11 corresponding to set ES. If the bus request 
signal is 2b 11, the process flow goes to step 1540, while if 
not the process flow goes to step 1550. 

0171 Step 1540: The request decoder 710 drives the 
system bus master selector 730 so that the functional block 
Selected in the Step 1520 may be granted System bus grant 
signal SGNT to use a system bus. The process flow goes to 
step 1620. 

0172 Step 1550. It is checked that the bus request signal 
of the functional block selected in the step 1520 is 2b01 
corresponding to Set SO. If the bus request Signal is 2b01, 
the process flow goes to step 1560, while if not, the process 
flow goes to step 1590. 

0173 Step 1560: A check is made as to whether there are 
functional blockS Submitting bus request Signals 2"b10 cor 
responding to Set EO among the remaining functional blockS 
except the functional block selected in the step 1520. If those 
functional blockS exist, the process flow goes to the Step 
1570, while if they do not exist, the process flow goes to the 
step 1580. 

0174 Step 1570: The request decoder 710 selects the 
functional block having the highest priority among the 
functional blocks in set EO. Then, the request decoder 710 
drives the system bus master selector 730 so that a system 
bus grant signal SGNT is given to the functional block 
selected in the step 1520, while the request decoder 710 
drives the external bus master selector 750 so that an 
external bus grant Signal EGNT is given to the functional 
block selected in the step 1570. The process flow goes to 
step 1620. 
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0175 Step 1580: The request decoder 710 drives only the 
system bus master selector 730 so that the system bus grant 
signal SGNT is given to the functional block selected in the 
step 1520. The process flow goes to the step 1620. 
0176) Step 1590: A check is made as to whether there are 
functional Submitting bus request signals 2b01 correspond 
ing to Set SO among the remaining functional blockS except 
the functional block selected in the step 1520. If those 
functional blocks exist, the process flow goes to step 1600, 
while if they do not exist, the process flow goes to step 1610. 
0177 Step 1600: The request decoder 710 selects the 
functional block having the highest priority among the 
functional blocks in set SO. Then, the request decoder 710 
drives the external bus master selector 750 So that an 
external bus grant Signal EGNT is given to the functional 
block selected in the step 1520, while it drives the system 
bus master selector 730 so that the system bus grant signal 
SGNT is given to the functional block selected in the step 
1520. The process flow goes to the step 1620. 
0178 Step 1610: The request decoder 710 drives only the 
external bus master selector 750 so that the external bus 
grant Signal EGNT is given to the functional block Selected 
in the step 1520. The process flow goes to the step 1620. 
0179 Step 1620: If the system bus master selector 730 
Selects one System bus master, the System bus master Selec 
tor 730 drives the system bus slave selector 740 so that an 
appropriate System bus Slave may be Selected depending on 
the operation of the Selected System master. In particular, if 
the selected system bus master is the element of set ES, the 
system bus slave selector 740 drives the external memory 
controller 440, which is a system bus slave, so that the 
functional block selected in the step 1520 simultaneously 
uses the system bus and the external bus. If the external bus 
master selector 750 selects one external bus master, the 
external bus master Selector 32 drives the external memory 
controller 440 to control the external bus. The priority 
scheduler 720 readjusts the priority of each functional block 
according to a program. The process flow then goes to Step 
1630. 

0180. It should be clarified that step 1620 is optional. In 
another embodiment of the invention, step 1620 is not 
included, and the process flow goes directly to step 1630. 
0181 Step 1630: A check is made as to whether the 
operation of the Selected functional blockS has been com 
pleted. If the operation is complete, the process flow returns 
to the step 1510, while if not, the process flow continues to 
wait for the completion in the step 1630. 
0182 Referring now to FIG. 16, Snapshots are shown 
resulting from bus arbitration according to a bus arbitration 
Scheme according to an embodiment of the present inven 
tion. It will be appreciated that relevant Signals are shown 
next to requests, for characterizing the requests in terms of 
which buses they would use. 
0183) One of the important aspects of the invention is that 
requests are treated non-hierarchically for use by masters of 
the chip's System bus and external bus, whether the latter are 
on the chip or off the chip. That is, blocks of set A are 
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addressed, not just S. Another aspect to note is that in Some 
instances, disparate requests are performed Simultaneously. 
Moreover, the priority of all functional blocks, on chip and 
off-chip can be programmed using a single arbiter 495. 

0184 FIG. 17 illustrates a Table 3 for comparing per 
formance of a Scheme of the invention compared to those in 
the prior art. Table 3 works in terms of probabilities. 
0185. For Table 3, the following assumptions have been 
made. First, that the rate at which each functional block 
performs its operation is made equal if the functional blockS 
having the same priority performs their operations for a 
sufficient period of time. Second, that the sets of functional 
blocks, i.e., sets EO, ES, and SO, all have one or more 
elements. In Table 3, the probability of performing an 
operation is determined per Set. 

0186 For Table 3, bus utilization is defined as the utili 
Zation rate of each bus during actual operation of each 
functional block having bus ownership. The case in which 

''' ().to). ( as to X (EO)x 5 

the functional block having System bus ownership cannot 
perform its operation due to the absence of external bus 
ownership (as shown in FIG. 3D) is excluded from the bus 
utilization of the conventional hierarchical bus arbitration 
Scheme in Table 3. 

0187 AS is evident from Table 3, according to the exclu 
Sive bus arbitration Scheme, the probability of performing 
operation by all elements is the Same. However, according to 
the conventional hierarchical bus arbitration Scheme and the 
present invention, each Set has a different value in the 
probability thereof. In the conventional exclusive bus arbi 
tration scheme, the probability that the elements of sets EO, 
ES, and SO having bus ownership will perform their opera 
tions may be obtained from Equations (1), (2), and (3): 

n(EO) 1 1 (1) 
n(A)n EO) n(A) 
n(ES) 1 1 (2) 
n(A) *nt ES5 n(A) 
n(SO) 1 1 (3) 
n(A) *n(SO) nA) 

0188 Furthermore, the bus utilization when performing 
an operation by the elements of set EO, ES and SO accord 
ing to the conventional eXclusive bus arbitration Scheme 
may be obtained from Equation (4): 
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0189 In the conventional hierarchical bus arbitration 
scheme, the probability that the elements of sets EO, ES, and 
SO having bus ownership will perform their operations may 
be obtained from Equations (5), (6), and (7): 

n(SO) 1 n(ES) 1 1Y n(ES) + 2n(SO) (5) 
X -- X X ( n(S) info.) ( n(S) n(EO) i) 2n(S)n (EO) 

n(ES) 1 1 1 (6) 
n(s) * (ES)* 22n(s) 
n(SO) 1 1 (7) 

X 
n(S) n(SO) n(S) 

0190. Furthermore, the bus utilization according to the 
conventional hierarchical bus arbitration Scheme may be 
obtained from Equation (8): 

1Y 4n (SO) + 3n(ES) (8) 
4n (S) 

0191) 
elements of sets EO, ES, and SO having bus ownership will 

In the present invention, the probability that the 

perform their operations may be obtained from Equations 
(9), (10), and (11): 

n(EO) 1 n(SO) 1 n(EO) + n(SO) (9) 
X -- X ( n(A) info.) ( n(A) info.) n(A)n (EO) 

n(ES) 1 1 (10) 
n(A) X n(ES) n(A) 

n(SO) 1 n(EO) 1 n(SO) + n (EO) (11) 
X -- X ( n(A) isol) ( n(A) no) n(A)n (SO) 

0.192 Furthermore, the bus utilization according to the 
present invention may be obtained from Equation (12): 

n(EO) + 2n(ES) + n(SO) (4) 
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0193 As described above, the conventional hierarchical 
arbitration Scheme and the bus arbitration Scheme according 
to the present invention offer high probability that each 
functional block having bus ownership can perform its 
operation compared to the conventional eXclusive bus arbi 
tration Scheme. 

0194 Furthermore, the bus arbitration scheme according 
to the present invention, the conventional hierarchical bus 
arbitration Scheme, and the conventional exclusive bus 
arbitration Scheme are in order of the size for a bus utiliza 
tion (Equation(12)>Equation(8)>Equation(4) ). Accord 
ingly, the bus arbitration Scheme according to the present 
invention allows for the programming of the priority of all 
functional blocks and a resulting high bus utilization. 
0.195 A person skilled in the art will be able to practice 
the present invention in View of the description present in 
this document, which is to be taken as a whole. Numerous 
details have been set forth in order to provide a more 
thorough understanding of the invention. In other instances, 
well-known features have not been described in detail in 
order not to obscure unnecessarily the invention. 
0196. While the invention has been disclosed in its pre 
ferred form, the specific embodiments thereof as disclosed 
and illustrated herein are not to be considered in a limiting 
Sense. Indeed, it should be readily apparent to those skilled 
in the art in View of the present description that the invention 
can be modified in numerous ways. The inventor regards the 
Subject matter of the invention to include all combinations 
and Subcombinations of the various elements, features, 
functions and/or properties disclosed herein. 
0197) The following claims define certain combinations 
and Subcombinations, which are regarded as novel and 
non-obvious. Additional claims for other combinations and 
Subcombinations of features, functions, elements and/or 
properties may be presented in this or a related document. 

The invention claimed is: 
1. A Semiconductor device comprising: 
a chip; 

a plurality of first blocks on the chip; 

a System bus on the chip coupled with the first blocks, 

an external bus for coupling a dual one of the first blockS 
to a plurality of Second blocks external to the chip; and 

a Single on-chip multi-jurisdictional arbiter adapted to 
receive requests for ownership of the System bus and of 
the external bus, to rank all the received requests 
according to a programmable priority Schedule, to 
transmit a first grant Signal to the dual first block 
regarding a first ownership of the external bus, and to 
transmit a Second grant Signal regarding a Second 
ownership of the system bus to another one of the first 
blocks that is concurrent with the first ownership. 

12 

1 
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2. The device of claim 1, wherein the arbiter includes 
a request decoder adapted to receive a request signal from 

the dual first block operating as a master of the external 
bus and another request Signal from another one of the 
first blockS operating as a master of the System bus, 

a priority Scheduler to receive an output of the request 
decoder; 

a System bus master Selector to receive an output of the 
priority Scheduler containing data about a first top 
priority and further adapted to transmit the first grant 
Signal responsive to the first top priority; and 

an external bus master Selector to receive an output of the 
priority Scheduler containing data about a Second top 
priority and further adapted to transmit the Second grant 
Signal responsive to the Second top priority. 

3. The device of claim 1, further comprising: 
a first bus Switch on the chip; 
an auxiliary System bus on the chip coupled to the System 
bus through the first bus switch; and 

a plurality of third blocks on the chip coupled with the 
auxiliary system bus, 

wherein the arbiter is adapted to transmit a third grant 
Signal to one of the third blockS regarding a third 
ownership of the auxiliary system bus that is to be 
concurrent with the first ownership. 

4. The device of claim 1, wherein 
the System bus is split into a left portion and a right 

portion Separated by a Second bus Switch, and 
the arbiter is adapted to transmit a control Signal to the 

Second bus Switch. 
5. A device comprising: 
a Semiconductor chip; 
a System buS on the chip; 
an external bus, 
a third path distinct from the system bus and the external 

bus, and 
a plurality of first blocks on the chip coupled directly with 

the System bus, wherein 
at least one of the first blockS is an external memory 

controller coupled to the external bus and adapted to 
control at least one memory device that is external to 
the chip, and 

another one of the first blockS is a multi-jurisdictional 
multi-channel general direct memory access block 
that is coupled with the external memory controller 
via the third path. 

6. The device of claim 5, wherein the external memory 
controller includes: 

an external bus controller to control the external bus, 
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an address and control multiplexer adapted to receive 
address and control inputs from both the System bus 
and the multi-jurisdictional multi-channel general 
direct memory acceSS block, and adapted to transfer 
one of the received address and control inputs to the 
external bus controller; 

a write data multiplexer adapted to receive data inputs 
from both the system bus and the multi-jurisdictional 
multi-channel general direct memory access block, and 
adapted to transfer one of the received data inputs to the 
external bus controller; and 

a read data demultiplexer adapted to receive data inputs 
from the external bus controller, and adapted to transfer 
the received data inputs to one of the System bus and 
the chip multi-jurisdictional multi-channel general 
direct memory acceSS block. 

7. The device of claim 6, wherein 

the address and control multiplexer, the write data mul 
tiplexer, and the read data demultiplexer are controlled 
by inputs from the external bus controller. 

8. The device of claim 6, further comprising: 
at least one buffer coupled between the external bus 

controller and the external bus. 
9. The device of claim 5, further comprising: 
an on-chip multi-jurisdictional arbiter to transmit a first 

grant Signal to one of the first blockS regarding a first 
ownership of the System bus and to transmit a Second 
grant signal to the external memory device regarding a 
Second ownership of the external bus that is concurrent 
with the first ownership. 

10. The device of claim 9, wherein the arbiter includes 
a request decoder to receive a request Signal from one of 

the external memory device and one of the first blocks, 
a priority Scheduler to receive an output of the request 

decoder; 
a System bus master Selector to receive a first output of the 

priority Scheduler containing data about a first top 
priority and further adapted to transmit the first grant 
Signal responsive to the first top priority; and 

an external bus master Selector to receive a Second output 
of the priority Scheduler containing data about a Second 
top priority and further adapted to transmit the Second 
grant Signal responsive to the Second top priority. 

11. The device of claim 10, wherein the arbiter further 
includes 

a System bus slave Selector to transmit a Select Signal to 
one of the first blocks responsive to a third output 
originating from the priority Scheduler. 

12. The device of claim 11, wherein 

the third output is first received and decoded by the 
System bus master Selector, and 

the System bus Slave Selector is adapted to receive from 
the System bus master Selector a corresponding Signal 
responsive to the third output. 

13. The device of claim 9, wherein the external memory 
controller includes: 

an external bus controller to control the external bus, 
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an address and control multiplexer adapted to receive 
address and control inputs from both the System bus 
and the multi-jurisdictional multi-channel general 
direct memory acceSS block according to the first 
Ownership, and adapted to transfer one of the received 
address and control inputs to the external bus controller 
according to the Second ownership; 

a write data multiplexer adapted to receive data inputs 
from both the system bus and the multi-jurisdictional 
multi-channel general direct memory access block, and 
adapted to transfer one of the received data inputs to the 
external bus controller; and 

a read data demultiplexer adapted to receive data inputs 
from the external bus controller, and adapted to transfer 
the received data inputs to one of the System bus and 
the multi-jurisdictional multi-channel general direct 
memory acceSS block. 

14. The device of claim 13, wherein 

the address and control multiplexer, the write data mul 
tiplexer, and the read data demultiplexer are controlled 
by inputs from the external bus controller. 

15. The device of claim 13, further comprising: 

at least one buffer coupled between the external bus 
controller and the external bus. 

16. The device of claim 13, wherein 

the external bus controller is adapted to receive an exter 
nal bus grant Signal from the arbiter for controlling the 
external bus as a master. 

17. The device of claim 13, wherein 

the external bus controller is adapted to receive a Select 
Signal from the arbiter for being controlled as a slave. 

18. An article comprising: a storage medium, Said Storage 
medium having Stored thereon instructions, that, when 
executed by at least one device, result in: 

receiving a plurality of requests, 

characterizing the received requests in terms of whether 
they would use one of a System bus of an on-chip 
System, an external bus of the System, and both the 
buses, 

assigning priorities to the requests according to preset 
rankings; 

Selecting a first one of the requests having a top one of the 
priorities, 

determining whether at least one of the System buS and the 
external bus that would be idle if the first request were 
granted; and 

if So, Selecting a Second one of the requests that can be 
performed by at least one of the would-be idle buses, 
and then granting concurrently the first request and the 
Second request. 

19. The article of claim 18, wherein the instructions 
further result in: 

determining whether a request having a Second one of the 
priorities can be the Second request. 
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20. The article of claim 18, wherein the instructions 
further result in: 

if the request having the Second one of the priorities can 
not be the Second request, determining whether a 
request having a third one of the priorities can be the 
Second request. 

21. An article comprising: a Storage medium, Said Storage 
medium having Stored thereon instructions, that, when 
executed by at least one device, result in: 

granting a request by an on-chip multi-jurisdictional 
multi-channel general direct memory access (mJm 
CGDMA) block to control only a system bus in an 
on-chip System; and 

then granting a request by the mimCGDMA block to 
control only an external bus in an off-chip System. 

22. The article of claim 21, wherein the instructions 
further result in: 

then granting a request by the mimCGDMA block to 
control both the system bus and the external bus 
concurrently. 

23. A method for a Semiconductor chip having a plurality 
of on-chip functional blocks, at least one on-chip System bus 
for connecting at least Some of the blocks, and an external 
bus for at least one of the functional blocks to exchange data 
with off-chip devices, the method comprising: 

receiving a plurality of requests, 
characterizing the received requests in terms of whether 

they would use one of the System bus, the external bus, 
and both the buses; 

Selecting a first one of the requests, 
identifying the buses that would be idle if the first request 

were performed; 
Selecting a Second one of the requests that can be per 

formed by at least one of the system bus and the 
external bus that would be idle if the first request were 
performed; and 

granting the Second request concurrently with granting the 
first request. 

24. The method of claim 23, further comprising: 
assigning respective non-hierarchical priorities to all the 

requests by a single chip multi-jurisdictional arbiter, 

wherein the first request is the one with a top one of the 
priorities. 

25. The method of claim 23, further comprising: 
identifying all buses on the chip that would be idle if the 

first request and the Second request were performed 
concurrently, 

Selecting a third one of the requests that can be performed 
by an auxiliary system bus on the chip which would be 
idle if the first request and the Second request were 
performed concurrently, and 

granting the third request concurrently with granting the 
first request. 

26. The method of claim 23, further comprising: 
transferring a first Set of data through the System bus 

pursuant to the granted first request; 
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transferring a Second set of data through the external bus 
pursuant to the granted Second request concurrently 
with transferring the first Set of data; and 

transferring a third set of data through the auxiliary 
System bus pursuant to the granted third request con 
currently with transferring the first Set of data. 

27. The method of claim 23, further comprising: 
transferring a single set of data through the auxiliary 

System bus, the System bus, and the external bus 
pursuant to the granted first, Second and third requests. 

28. A method for a Semiconductor chip having an on-chip 
CPU block, a second on-chip functional block, at least one 
on-chip System bus for connecting the on-chip blocks, a 
on-chip DRAM refresh controller and an external bus, the 
method comprising: 

receiving a plurality of requests, a first one of which being 
from the DRAM refresh controller; 

examining whether a Second one of the remaining 
requests is for using only the System bus, and 

if So, granting the first and Second requests to be per 
formed concurrently. 

29. The method of claim 28, further comprising: 
assigning priorities to the requests, 
Selecting a request having a Second one of the priorities, 

and 

determining Whether the Selected request can be the 
Second request. 

30. The method of claim 28, further comprising: 
if the request having the Second one of the priorities can 

not be the Second request, determining whether a 
request having a third one of the priorities can be the 
Second request. 

31. A method for a Semiconductor chip having a plurality 
of on-chip functional blocks, at least one on-chip System bus 
for connecting at least Some of the blocks, and an external 
buS for at least one of the functional blocks to exchange data 
with off-chip devices, the method comprising: 

receiving a plurality of requests, 

characterizing the received requests in terms of whether 
they would use one of the System bus, the external bus, 
and both the buses; 

assigning priorities to the requests according to preset 
rankings; 

Selecting a first one of the requests having a top on e of 
the priorities, 

determining whether at least one of the System buS and the 
external bus that would be idle if the first request were 
granted; and 

if So, Selecting a Second one of the requests that can be 
performed by at least one of the would-be idle buses, 
and then granting concurrently the first request and the 
Second request. 

32. The method of claim 31, further comprising: 
determining whether a request having a Second one of the 

priorities can be the Second request. 
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33. The method of claim 32, further comprising: granting a request by the mimCGDMA block to control 
if the request having the Second one of the priorities can only the System buS in a first cycle; and 

not be the Second request, determining whether a then granting a request by the mJmCGDMA block to 
request having a third one of the priorities can be the control the only external bus in a Second cycle Subse 
Second request. quent to the first cycle. 

34. A method for a Semiconductor chip having an on-chip 35. The method of claim 34, further comprising: 
multi-jurisdictional multi-channel general direct memory 
access (mJmCGDMA) block, a second on-chip functional then granting a request by the mJmCGDMA block to 
block, at least one on-chip System bus for connecting the control the System bus and the external bus concur 
on-chip blocks, and an external bus for the mimCGDMA rently in a third cycle Subsequent to the Second cycle. 
block to exchange data with an off-chip device, the method 
comprising: k . . . . 
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