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(57) ABSTRACT 

A method for error detection and correction (EDC) includes: 
generating a complete EDC code in response to a data packet; 
distributing the complete EDC code among the data packet to 
create a plurality of bytes, each including a data portion from 
the data packet and an EDC code portion from the complete 
EDC code; storing the bytes in a memory module; retrieving 
the bytes from the memory module; forwarding the data 
portions of the bytes retrieved from the memory module to a 
requesting device; providing the data portions of the bytes 
retrieved from the memory module to an EDC functional 
block; providing the EDC code portions of the bytes retrieved 
from the memory module to the EDC functional block; and 
performing error checking and correction in the EDC func 
tional block upon receiving the complete EDC code from the 
provided EDC code portions. 
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ERRORDETECTIONACORRECTION 
METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a divisional of U.S. patent appli 
cation Ser. No. 10/800,382 entitled “Error Detection/Correc 
tion Method (as amended) filed Mar. 11, 2004 by Leung et 
al.; 
0002 This application is a divisional of U.S. patent appli 
cation Ser. No. 10/273,442 (now U.S. Pat. No. 6,717,864) 
entitled “Latched Sense Amplifiers As High Speed Memory 
In A Memory System filed Oct. 15, 2002 by Leung et al.: 
0003 which is a continuation of U.S. patent application 
Ser. No. 09/903,094 (now U.S. Pat. No. 6,483,755) entitled 
“Memory Modules With High Speed Latched Sensed Ampli 
fiers' filed Jul. 10, 2001 by Leung et al.: 
0004 which is a continuation of U.S. patent application 
Ser. No. 08/820,297 (now U.S. Pat. No. 6,425,046) entitled 
“Method For Using A Latched Sense Amplifier In A Memory 
Module Asa High-Speed Cache Memory” filed 18 Mar. 1997 
by Leung et al.: 
0005 which is a divisional of U.S. patent application Ser. 
No. 08/.484,063 (now U.S. Pat. No. 5,666,480 entitled “Fault 
Tolerant Hierarchical Bus System And Method of Operating 
Same filed Jun. 8, 1995 by Leung et al.: 
0006 which is a divisional of U.S. patent application Ser. 
No. 08/307,496 (now U.S. Pat. No. 5,613,077) entitled “Cir 
cuit Module Redundancy Architecture.” filed Sep. 14, 1994 
by Leung et al.: 
0007 which is a continuation of U.S. patent application 
Ser. No. 07/927,564 (now abandoned) entitled “Fault-Toler 
ant, High-Speed Bus System And Bus Interface For Wafer 
Scale Integration.” filed Aug. 10, 1992 by Leung et al.: 
0008 which is a continuation-in-part of U.S. patent appli 
cation Ser. No. 07/865,410 (now abandoned) entitled “Circuit 
Module Redundancy Architecture.” filed Apr. 8, 1992 by 
Leung et al.: 
0009 which is a continuation-in-part of U.S. patent appli 
cation Ser. No. 07/787,984 (now abandoned) entitled “Wafer 
Scale Integration Architecture, Process, Circuit, Testing, And 
Configuration.” filed Nov. 5, 1991 by Leung et al.: 
0010 all of which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0011 1. Field of the Invention 
0012. The present invention generally relates to wafer 
scale circuit integration, in particular to a wafer-scale inte 
grated circuit system comprising data processing elements 
partitioned into modules, a parallel high-speed hierarchical 
bus, and one or more bus masters which control the bus 
operation, bus and a bus interface thereof. 
0013 2. Description of the Prior Art 
0014 Wafer-scale integration provides more transistors in 
a single large chip, which allows more functions to be inte 
grated in a small printed circuitboard area. Systems built with 
wafer-scale integration therefore have higher performance, 
higher reliability and lower cost. 
0015 The major barrier to a successful wafer-scale system 
has been defects inherent in the fabrication process which 
may render a substantial part of or the whole system nonfunc 
tional. Therefore, it is important to have an effective defect 
tolerant scheme which allows the overall system to function 
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despite failure of some of its functional blocks. One effective 
way to manage defects is to partition the wafer-scale system 
into identical small blocks so that defective blocks can be 
eliminated. The area of each block is usually made small so 
that the overall block yield is high. If the number of defective 
blocks is Small, the performance of the system as a whole is 
not substantially affected. The blocks are in general con 
nected together by an interconnect network which provides 
communication links between each block and the outside. 
Since the blocks are usually small, information processing 
within each block is relatively fast and the overall system 
performance is largely determined by the performance (band 
width and latency) of the network. Since the network may 
extend over the entire wafer, its total area is significant and it 
is highly susceptible to defects. Therefore, it is important for 
the network to be highly tolerant to defects. Traditionally, 
high communication performance and defect tolerance are 
conflicting requirements on the network. High communica 
tion performance. Such as short latency and high bandwidth, 
requires large numbers of parallel lines in the network which 
occupy a large area, making it more Susceptible to defects. 
0016. By limiting the direct connection to be between 
neighboring blocks only, a serial bus system offers high 
defect tolerance and simplicity in bus configuration. Systems 
using a serial bus are described, for instance, in R. W. Horst, 
“Task-Flow Architecture.” IEEE Computer Vol. 25, No. 4, 
April 1992, pp. 10-18; McDonald U.S. Pat. No. 4,847,615; 
and R. C. Aubusson et al. “Wafer-scale Integration-A Fault 
tolerant Procedure. IEEE ISCC, Vol. SC-13, No. 3, June 
1988, pp. 339-344. These systems have the capability of 
self-configuration and are highly tolerant to defects. How 
ever, they inherit the disadvantage of a serial bus and suffer 
from long access latency because the communication signals 
have to be relayed from one block to another down the serial 
bus. 

0017. A parallel bus system offers direct connections 
between all the communicating devices and provides the 
shortest communication latency. However, a parallel bus sys 
tem without reconfiguration capability offers the lowest 
defect tolerance since any defect on the bus can render a 
Substantial part of the system without communication link. 
Known systems implement parallel bus with limited Success. 
In U.S. Pat. No. 4,038,648 Chesley aparallel bus connected 
to all circuit module is used to transfer address and control 
information, no defect management is provided for the par 
allel bus. In U.S. Pat. No. 4,007,452 Hoff, Jr., a two-level 
hierarchical bus is used to transfer multiplexed data and 
address in a wafer-scale memory. Without redundancy and 
reconfiguration capability in the bus, harvest rate is relatively 
low, because defects in the main bus can still cause failure in 
a Substantial part of the system. In both these systems, a 
separate serial bus is used to set the communication address of 
each functional module. In each scheme, a defect manage 
ment different from that used in the parallel bus is required in 
the serial bus. This complicates the overall defect manage 
ment of the system as a whole and increases the total inter 
connect overhead. 

0018 Many known systems use a tree-structure in their 
bus. By reducing the number of blocks the bus signals have to 
travel through, buses with tree structures offer higher com 
munication speed than those with linear or serial structure. 
(0019. In K. N. Ganapathy, et al., “Yield Optimization in 
Large RAMs with Hierarchical Redundancy.” IEEE JSSC, 
Vol. 26, No. 9, 1991, pp. 1259-1264, a wafer-scale memory 
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using a binary-tree bus is described. The scheme uses separate 
bus lines for address and data. Address decoding is distributed 
among the tree nodes in the bus. The separation of address and 
data buses increases the bus overhead and complicates the 
defect management. 

SUMMARY OF THE INVENTION 

0020. Accordingly, one object of this invention is to pro 
vide a defect or fault tolerant bus for connecting multiple 
functional modules to one or more bus masters, so that per 
formance of the bus is not substantially affected by defects 
and faults in the bus nor in the modules. 
0021. Another object of this invention is to provide a high 
speed interface in the module so that large amounts of data 
can be transferred between the module and the bus masters. 
0022. Another object of this invention is to provide a 
method for disabling defective modules so that they have little 
effect on the rest of the system. 
0023. Another object of this invention is to provide a 
method for changing the communication address of a module 
when the system is in operation. The technique facilitates 
dynamic address mapping and provides run-time fault toler 
ance to the system. 
0024. Another object of this invention is to provide pro 
grammability in the bus transceivers so that the bus network 
can be dynamically reconfigured. 
0025. In accordance with the present invention, a fault 

tolerant, high-speed wafer scale system comprises a plurality 
of functional modules, a parallel hierarchical bus which is 
fault-tolerant to defects in an interconnect network, and one 
or more bus masters. This bus includes a plurality of bus lines 
segmented into sections and linked together by program 
mable bus Switches and bus transceivers or repeaters in an 
interconnect network. 
0026. In accordance with the present invention a high 
speed, fault-tolerant bus system is provided for communica 
tion between functional module and one or more bus control 
lers. Structured into a 3-level hierarchy, the bus allows high 
frequency operation (>500 MHz) while maintaining low 
communication latency (<30 ns), and high reconfiguration 
flexibility. Easy incorporation of redundant functional mod 
ule and bus masters in the bus allows highly fault-tolerant 
systems to be built making the bus highly suitable for wafer 
scale integrated systems. The bus employs a special source 
synchronous block or packet transfer scheme for data com 
munication and asynchronous handshakes for bus control and 
dynamic configuration. This source synchronous scheme 
allows modules to communicate at different frequencies and 
increases the overall yield of the system as it can accommo 
date both slow and fast memory devices without sacrificing 
the performance of the fast devices. It also frees the system of 
the burden of implementing a global clock synchronization 
which in general consumes a relatively large amount of power 
and is difficult to achieve high synchronization accuracy in a 
wafer-scale or large chip environment. 
0027. In one embodiment, the functional modules are 
memory modules and each module consists of DRAM arrays 
and their associated circuitry. The bus master is the memory 
controller which carries out memory access requested by 
other devices such as a CPU, a DMA controller and a graphics 
controller in a digital system. Such a memory Subsystem can 
be used in for instance, computers, image processing, and 
digital and high-definition television. 
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0028. According to the present invention, the memory 
module and a Substantial part of the bus are integrated in a 
wafer-scale or large chip environment. One variation is to 
integrate the whole memory Subsystem, including the 
memory modules, the bus and the memory controller, in a 
single integrated circuit device. Another variation is to inte 
grate the whole memory Subsystem into a few integrated 
circuit devices connected together using Substantially the 
same bus. The invention can also be used in a system where 
the circuit modules are each a processor with it's own 
memory and the bus master is an instruction controller which 
fetches and decodes program instruction from an external 
memory. The decoded instruction and data are then sent 
through the bus to the processors. Such a system can be used 
to perform high-speed, high through-put data processing. 
0029. By grouping the DRAM arrays into logically inde 
pendent modules of relatively small memory capacity (588 
Kbit), a large number of cachelines (128) is obtained at small 
main memory capacity (4 Mbyte). The large number of cache 
lines is necessary for maintaining a high cache hit rate 
(>90%). The small module size also makes high-speed access 
(<30 ns) possible. 
0030 High defect tolerance in the hierarchical bus is 
obtained using the following techniques: 1) Use of relatively 
small block size (512K bit or 588K bit with parity) for the 
memory modules; 2) Use of programmable identification 
register to facilitate dynamic address mapping and relatively 
easy incorporation of global redundancy; 3) Use of a grid 
structure for the bus to provide global redundancy for the 
interconnect network; 4) Use of a relatively narrow bus con 
sisting of 13 signal lines to keep the total area occupied by the 
bus small; 5) Use of segmented bus lines connected by pro 
grammable Switches and programmable bus transceivers to 
facilitate easy isolation of bus defects; 6) Use of special 
circuit for bus transceivers and asynchronous handshakes to 
facilitate dynamic bus configuration; 7) Use of program 
mable control register to facilitate run-time bus reconfigura 
tion; 8) Use of spare bus lines to provide local redundancy for 
the bus; and 9) Use of spare rows and columns in the memory 
module to provide local redundancy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031 FIG. 1 is a block diagram of a digital system in 
accordance with the present invention as a memory Sub 
system. 
0032 FIG. 2 is a diagram showing the hierarchical struc 
ture of the bus. 
0033 FIG. 3 is a diagram showing the structure of a cross 
bar switch used in the hierarchical bus. 
0034 FIG. 4 is a table defining the bus signals. 
0035 FIG. 5 is a truth table defining the bus states. 
0036 FIG. 6 is a diagram showing a bus configuration 
under point-to-point communication. 
0037 FIG. 7 shows the field definitions of a command 
packet. 
0038 FIG. 8 is a block diagram showing the bus topology 
for a prior art general purpose EDC system. 
0039 FIG. 9 shows the field definitions of a data packet 
with EDC code. 
0040 FIGS. 10A and 10B are block diagrams showing in 
FIG. 10A an implementation of EDC using bus-watch tech 
nique: FIG. 10B is an implementation of EDC using flow 
through technique. 
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0041 FIG. 11 is a block diagram of a memory module 
used in the present invention. 
0042 FIG. 12A is a schematic showing the circuit imple 
menting dual-edge transfer; it also shows the matching circuit 
for the clock buffer. 
0043 FIG.12B is the timing diagram of the circuit in (a). 
0044 FIG. 13 is a schematic showing the circuit of the 
programmable clock generator. 
0045 FIG. 14 is a block diagram showing the system 
configuration used for testing the wafer-scale memory using 
a relatively low speed tester. 
0046 FIG. 15 is a block diagram showing the functional 
blocks of a memory bus interface. 
0047 FIG. 16 shows the field definition of the configura 
tion register in the memory bus interface. 
0048 FIG. 17A is a block diagram: FIG. 17B is a bus 
transceiver consisting of two back-to-back bi-directional tri 
state drivers. 
0049 FIG. 17C is a circuit of the tri-state driver. 
0050 FIG. 17D is a circuit of the control unit. 
0051 FIG. 17E is a block diagram showing an identifica 
tion register and a control register included in the control unit. 
0052 FIG. 18A is a section of the bus network including 
grids of the global bus. 
0053 FIG. 18B is a Symbolic representation of the bus 
section in 18A. 
0054 FIG. 18C is a Bus section of FIG. 18A configured to 
tree Structure. 

0055 FIG. 18D is a Reconfiguration of the bus tree in FIG. 
18C to isolate defects. 
0056 FIG. 18.E is Reconfiguration of the bus section in 
FIG. 18D to switch the position of bus master. 
0057 FIG. 18F is the bus section in FIG. 18A when two 
transceivers are incorporated in each vertical link. 
0058 FIG. 18G is the bus section in FIG. 18A when two 
transceivers are incorporated in each bus link. 

DETAILED DESCRIPTION OF THE INVENTION 

0059. As illustrated in FIG. 1, a memory sub-system 
according to the present invention is used in a digital system, 
which consists of a wafer scale memory 5, hierarchical 
memory bus 6 and a memory controller 7. The memory con 
troller 7 controls memory access and comprises a memory 
bus interface 8 for communicating to the hierarchical bus 6, 
and a system bus interface 9 for communicating to the system 
bus 10. The system bus 10 connects the memory subsystem to 
the memory request devices which are CPU 3, DMA control 
ler 2 and graphics controller 1. 
0060. The bus has a hierarchical structure which can be 
distinguished into 3 levels. As illustrated in FIG. 2, the first 
level or the root level has a few branches (IOB) for connecting 
the memory controller to the second level. In most cases, only 
one branch is used for the connection, unless multiple con 
trollers are used, the other branches are used for spares. The 
root branches (IOB) are connected to the second level through 
the input-output transceivers (IOT). In the third level, the bus 
is arranged into quad trees with four memory modules con 
necting to one local bus transceiver (LT) through the local bus 
interconnect (LB). In the second level, the bus is divided into 
bus segments (GB) arranged into grids joined together by bus 
transceivers (GT) and bus switches (S). One of the bus grids 
is highlighted with thicker lines in FIG. 2. The second level 
bus or the global bus forms the backbone of the communica 
tion network. In a system with many memory modules, load 
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ing on the global bus can be relatively heavy. To facilitate high 
frequency communications, bus repeaters or transceivers are 
inserted periodically to restore signal quality. By structuring 
the bus into a hierarchy of three levels, loading on the global 
bus imposed by the memory modules is decreased, in this 
case, by four times. In addition, loading from the global bus is 
shielded from the controller by the input-output transceiver 
(IOT). The grid structure interlaced with bus repeaters allows 
flexible bus configuration for high defect-tolerance while 
maintaining high-frequency bus transfers and low communi 
cation latency. 
0061. The bus transceivers IOT, GT and LT, all use the 
same circuit structure. Each transceiver is incorporated with a 
control register which can be programmed to set the trans 
ceiver into the high impedance (Hiz) state in which the two 
bus segments connecting to the transceiver are electrically 
isolated from each other. Defective bus segments can be iso 
lated from the rest of the bus by setting the transceivers 
connecting to them to HiZ state. Fuses or programmable 
Switches (not shown for clarity) are used to connect the trans 
ceivers to the bus segments. The fuses or Switches can be used 
to isolate the transceivers from the bus in case of defects on 
the transceivers. 
0062. The bus switches provide another (optional) means 
for flexible bus configuration. As illustrated in FIG. 3, the 
cross-bar switch consists of an array of anti-fuses S11 to S44 
overlying four sets of bus segments 1 to 4. For clarity, only 
four bus signals are shown. When programmed, an anti-fuse 
provides a low resistance connection between the two lines it 
intersects. In its “virgin' or preprogrammed State, the cross 
bar Switch separates the four bus segments 1,2,3,4, from one 
another. When programmed, the cross-bar switch allows the 
bus segments to be selectively joined together. Detailed struc 
ture of a cross-bar Switch used in accordance with the present 
invention is described in a related patent application entitled 
“Circuit Module Redundancy Architecture filed Apr. 8, 
1992, U.S. patent application Ser. No. 07/865,410. Bus con 
figuration using cross-bar Switches can be carried out after the 
bus segments and the memory module are tested. Only good 
bus segments connecting to good memory modules are con 
nected to the bus. Hence, defective segments and defective 
modules are isolated and they do not impose additional load 
ing to the bus. Those skilled in the art will recognize that the 
anti-fuses can be replaced by other programmable Switches 
Such as EPROM or EEPROM. 
0063 Spare signal lines incorporated in the bus provide 
another level of defect management. Fifteen signal lines are 
used for the bus in all levels, however, only thirteen of them is 
actually required. The other two lines are used for spares. 
0064. The local redundancy scheme using spare lines and 
special cross-bar Switch are described in the co-pending 
patent application entitled “Circuit Module Redundancy 
Architecture.” filed Apr. 8, 1992, U.S. patent application Ser. 
No. 07/865,410. 
0065 Defect management in the memory modules is 
divided into two levels. At the local level, spare rows and 
columns are provided for repairing defective row and col 
umns. At the global level, identification registers and control 
registers are incorporated into the memory modules. These 
registers incorporate both nonvolatile memory elements, 
such as EPROM, fuses and anti-fuses, and ordinary logic 
circuit for both hard and Soft programming. By programming 
the registers a defective memory module can be disabled and 
replaced by any good module. The identification register 
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provides the communication address for the module. It also 
defines the base address of the memory cells in the module. 
Before the identification register is programmed, each 
memory module has the number 0 for its identification and 
they are all identical. A module is given a unique identifica 
tion number only after it passes the functional tests. Alterna 
tively, some or all of the bits in the identification code may be 
preprogrammed either during chip fabrication or before func 
tional test, so long as a unique identification number can be 
established for each functional module in the device. Run 
time replacement of defective modules can be carried out by 
setting the disable bit in the control register of the defective 
module and writing the identification number of the defective 
module to the identification register of a spare module. This 
also activates the spare module into a regular module. 
0066. In one embodiment, the memory controller occu 
pies a separate IC die so that defective controller can be easily 
replaced. In another embodiment, multiple copies of the 
memory controller are fabricated on the same wafer, and 
control registers incorporating one-time or non-volatile pro 
grammable elements are used for enabling and disabling the 
memory controller. Any controller that passes the functional 
tests can be activated by setting the enable bit in its control 
register. 
0067. The bus in all three levels comprises fifteen signal 
lines with thirteen regular lines and two spare lines. The 
thirteen regular signal lines are divided into 2 groups. As 
illustrated in FIG. 4, group one contains ten signals, Busdata 
0:8 and clk. Bus DataO:8 carries the multiplexed data, 
address and commands during block mode transfers while clk 
carries the control timing. Both Bus DataO:8 and clk are 
bi-directional signals which can be driven by either the 
memory controller or any one of the memory modules. Dur 
ing a block-mode transfer, the source device generates both 
the data and the timing signals, facilitating Source synchro 
nous transfer. A signal on the clk line is used by the destina 
tion device for latching the data into the data buffers. 
0068 Group two of the bus signals is responsible for set 
ting up the block-mode transfers and it has three members: 
BusP3usyi (BBit), Transmit/Receive (T/R), and TriStateCon 
trolii (TC#). They are asynchronous bus control signals. 
When referring to the module. BBH and T/R are input signals 
and TC# is a bi-directional signal. 
0069 BBH is active low. Its falling edge signals the begin 
ning of a block transfer while its rising edge indicates the end 
ofa transfer. The memory controller can also use this signal to 
abortablock transfer by driving this signal high in the middle 
of a transfer. TVR controls the direction of a transfer. When 
driven low, it sets the bus transceivers in the receive direction 
and the block transfer is initiated by the controller. When 
driven high, T/R sets the transceivers in the transmit direction 
and the block transfer is sourced by a preselected memory 
module. TCH is active low. When driven low, it sets the bus 
transceivers in the high impedance (HiZ) state. When driven 
high, it enables the bus transceivers to buffer bus signals in the 
direction set by the T/R signal. 
0070 The bus, in the perspective of the communicating 
devices (memory modules and the controller) has four states: 
idle, receiving, transmitting and HiZ. They are set by the 
states of the three control signals as illustrated in FIG.5. In the 
idle state, no bus transaction is carried out and no device 
participates in communication. In the receive state, the 
memory controller is the source device and the participating 
memory module is the destined device. One or more modules 
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can be designated to receive the information. For the non 
participating module, the bus sections to which they are con 
nected are set in the HiZ state. In the transmit state, the 
participating module is the source device while the controller 
is the destined device. The bus sections connecting to the 
non-participating device are set in the HiZ state. Therefore to 
the modules not participating in the communication, the bus 
is in the HiZ state when it is not in the idle state. When abus 
section is in the HiZ state, the bus transceivers connected to 
that section are set in the HiZ state and the memory module 
connected thereto is in standby with its bus drivers set in the 
HiZ state. The bus section is thus isolated from the portion of 
the bus connecting between the participating module and the 
controller. Since most of the bus transaction involves only one 
memory module, only a small part of the bus is in active most 
of time. This keeps the power consumption of and the noise 
level in the system low and hence the overall system reliabil 
ity high. 
0071. The bus uses asynchronous handshakes for commu 
nication control and a source-synchronous block or packet 
transfer for protocols. This is to simplify the clock distribu 
tion of the system and minimize the intelligence in the 
memory modules. Thereby, the amount of logic in the mod 
ules is minimized and the bit density of the wafer-scale 
memory is maximized. 
0072 Asynchronous handshakes are used to initiate and 
terminate a block transfer. The handshake sequences are car 
ried out using the bus control lines BBil, TVR, and TC#. Two 
kinds of block transfer are implemented, broadcasting and 
point-to-point. Broadcasting allows the controller to send 
command messages to all modules. Point-to-point allows 
only one module at a time to communicate with the controller. 
In point-to-point communication, only the part of the bus 
connecting between the controller and the participating mod 
ule is activated. The rest of the bus is in HiZ state. FIG. 6 
shows the configuration of the bus during a point-to-point 
communication. The activated path is highlighted by hash 
marks; only a small portion of the bus is activated. 
0073. The handshake sequence for setting up a broadcast 
ing transfer is carried out as follows: 
0074 (1) The controller sets all the bus transceivers to the 
receive direction by driving T/R low, TCi high and BBH low. 
0075 (2) The controller sends the broadcast message 
through the Busdata lines, and transfer timing through the clk 
line. 
(0076 (3) The controller sets the bus to the idle state by 
driving the BBH line high. 
0077. The handshake sequence for setting up point-to 
point communication is carried out as follows: 
0078 (1) The controller sets all the bus transceivers to the 
receive mode by driving T/R low, TC# high and BBH low. 
(0079 (2) The controller sets all the transceivers to HiZ, by 
driving TC# low. 
0080 (3) The controller turns around the direction of 
transfer on the bus by driving T/R high. All the bus transceiv 
ers remain in the HiZ state. 
I0081 (4) The participating memory module drives its TCit 
line high, and this activates the bus portion connecting 
between the module and the controller while leaving the other 
portions of the bus in HiZ. 
I0082 (5) In case the memory module is the communica 
tion source, block transfer commences. At the end of the 
transfer, the controller drives the BBH high, this causes all the 
modules to drive their TC# line high and set the bus in the idle 
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state. In case the controller is the communication source, the 
controller turns around the bus by driving T/R low before 
entering block-mode transfer. At the end of the transfer, the 
controller turns around the bus once more by driving T/R 
high, at the same time it drives the BBill line high, this causes 
the module to drive their TC# signal high and the bus enters 
the idle state. 

0083 Step (2) requires the setting of a series of transceiv 
ers to HiZ state without the use of a separate broadcasting 
signal. This is accomplished with a special transceiver which 
sends out the broadcasting information before going to its 
HiZ state. The design of the transceiver is discussed in the 
transceiver section below. FIG. 6 illustrates the sequence of 
events in step (4) after memory module Madrives its TC# line 
high. The arrows next to the transceivers indicate the direction 
which the transceivers are set. The high state of the TC# signal 
in module Maactivates local bus transceiver LTawhich drives 
the TC# signal in bus segment GBa high. This in turnactivates 
global bus transceiver GTa which subsequently drives the 
TC# signal in bus segment GBb high. Transceiver GTb is then 
activated and drives associated bus segment GBc. GBc con 
nects to the input-output transceiver IOT which is always 
active during bus transactions. IOT drives the first-level bus 
IOB which connects between the controller and the IOT. 
Non-participating modules keep their bus drivers in the HiZ 
state. This in turn keeps the portion of TC# line connecting to 
them in the low state and the bus transceivers connecting to 
them in the HiZ state. Consequently, the portion of the bus not 
connecting between Ma and the controller stays in the HiZ 
state protocol. 
0084. Once the bus network is set up by the handshake 
sequences, bus transactions can be carried out using block 
mode transfer in which information is transferred in blocks or 
packets. Two kinds of packets can be distinguished: com 
mand and data. In one embodiment, command packets are 
broadcasted by the controller to the whole memory sub 
system. Data packets are sent using point-to-point communi 
cation. To avoid the delay of using point-to-point handshake, 
short data packets sent from the controller to a module can be 
carried out using broadcasting, which uses a shorter hand 
shake sequence. 
0085. A command packet consists of three bytes of 9 bit 
each. As illustrated in FIG. 7, the first byte and the five least 
significant bits of the second byte contain the identification 
(ID) number of the addressed module. The fourteen bit num 
ber allows 16K active and 16K spare memory modules to be 
independently addressed. The address space between the 
active and spare modules are distinguished by the nature of 
the commands. Commands intended for the active module are 
meaningless to the spare module, except global commands 
which require both type of module to perform the same tasks. 
Examples of commands intended for active modules are 
Cache Read and Cache Write. Examples for commands 
intended for spare modules are Identification Number 
Change and Module Activation. Examples of global com 
mands are System Reset and Broadcast Write. Part of the 
address to the modules is therefore implicit in the command, 
and this implicit addressing allows more efficient use of the 
bits in the command packet. 
0.086 The command header, encoded in the four most 
significant bit of the second byte in a command packet, con 
tains the operation the designated module is instructed to 
perform. 
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I0087. The third byte of a command packet is optional. 
When used, it contains the additional information necessary 
for the module to complete the operation instructed by the 
command header. For instance, if the instruction is a cache 
read operation, then the detail information contains the 
address location from which the first data byte is read. 
I0088 A data packet contains data arranged in bytes of 9 
bits. During a block transfer, the data bytes are sent in con 
secutive order one at a time. The number of bytes in a packet 
can vary from one to 128 bytes with the upper limit imposed 
by the size of the cache line inside the memory module. 
I0089. The format of the data packet allows efficient imple 
mentation of error detection and correction (EDC). EDC 
schemes used in prior art systems suffer from inefficient 
coding and slow memory access. 
(0090 FIG. 8 shows the block diagram of a prior art EDC 
scheme. Each piece of data transferred in the system bus is 
accompanied by its EDC code transferred in the EDC bus. 
The EDC device inputs the data and its EDC code for error 
checking and correction. In this system, efficient EDC coding 
can be obtained at the expense of more costly large word 
width buses which is also less efficient in handling partial 
words (bytes or 16 bit words). 
0091. According to the present invention, the 9 bit format 
of the data packet allows efficient implementations of EDC. 
Eithera simple odd or even parity Scheme can be used. In Such 
scheme, 8 of the nine bits in a byte contain the data, while the 
other bit contains the parity. Parity encoding and decoding 
can be carried out in the memory controller during memory 
access and made transparent to the rest of the memory system. 
EDC can also be implemented in the system by restricting the 
number of bytes in the data packets to a few numbers, for 
example 8. In this scheme, 8 bits in each byte can be used to 
carry data. The other bit in each byte can be grouped together 
to carry the EDC code. As illustrated in FIG.9, for an 8-byte 
data packet, each byte can be used to carry 8 bits of data and 
1 bit of the 8 bit EDC code. The EDC code is then distributed 
among the 8 bytes of the packet. Those skilled in the art may 
recognize that the number of bits in a byte, the number of 
EDC bits in a byte and the number of bytes in a data packet 
can be chosen rather arbitrarily. For instance, a four byte 
packet with each byte containing 18 bits can be used. Then 
two bits in each byte can be used to carry a portion of the EDC 
code. 

0092. EDC operations are carried out in the memory con 
troller. FIG. 10A shows the block diagram of the memory 
system using a bus-watch EDC scheme. During a memory 
write operation, the memory controller 1007a assembles the 
data and encodes the EDC code in the data packet before 
sending it. The destined memory module stores both the EDC 
code and data indiscriminately, in other words it simply stores 
the whole packet in the cache or in the memory core without 
further data processing. During a memory read operation, the 
desired data packet which contains both the data and its EDC 
code is fetched from the memory module 1005a. After arriv 
ing at the memory controller 1007a, the EDC bit in each byte 
is stored away, the data portion is forwarded to the requesting 
device in the system. A copy of that data is sent to the EDC 
functional block 1008a where syndrome bits of the data are 
generated. Error checking and correction are carried out when 
the complete EDC code is obtained. In this way, EDC opera 
tions are carried out in parallel with data transfer. When no 
error is detected as is true most of the time, EDC operations 
has little effect on the memory accessing time. When an error 
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is detected, the memory controller 1008a sets a flag in its 
internal register, corrects the data, writes the correct data back 
to the memory module, and generates an interrupt to the 
requesting device to arrange for a data re-transmission. 
0093. In another embodiment, data received is not for 
warded to the requesting device until the whole packet is 
received and the packet is checked and corrected for error. In 
this way, EDC operations are completely transparent to the 
requesting device as no flags need to be set and no interrupt 
needs to be generated. A block diagram of this flow-through 
scheme is shown in FIG. 10B. 
0094 Partial word write can also be handled efficiently 
according to the present schemes. The partial word and its 
address from a requested device is buffered in the controller 
1008a or 1008b. The address is sent to the corresponding 
memory module to fetch the whole word from the memory 
module. The partial word is then used to replace the corre 
sponding data in the complete word. The modified word is 
then written back to the memory module. The whole opera 
tion is carried out in the memory Sub-system and is made 
transparent to the requesting devices. 
0095. The EDC scheme in accordance with the present 
invention is versatile as it can be fully tailored to optimize the 
performance of computer system with different word width 
and clock speed. Unlike the prior art Schemes, the present 
invention does not waste memory storage or addressing 
space. Furthermore, it generates Substantially less additional 
traffic on the system bus. 
0096. The memory subsystem in accordance with this 
invention consists of memory module connected in parallel to 
a hierarchical bus. As illustrated in FIG. 11, a module 1100 
consists four DRAM arrays 1101 and a bus interface 1102. 
One skilled in the art will recognize that the memory array can 
be DRAM, SRAM, ROM, EEPROM or flash EPROM, and 
the number of arrays can be chosen rather arbitrarily. In the 
present embodiment, each memory array contains 147K bits 
configured into 256 rows of 64 bytes (9 bit). The memory 
array 1101 also contains 576 (64x9) sense amplifiers 1103, 
the row select and the column select circuitry 1104,1105. The 
row select circuit 1104, when activated, enables one row of 
memory cells for data transfer. For memory read operation, 
data stored in the cells is transferred to the bit line. It is then 
amplified by and stored in the latched sense amplifiers 1103. 
Once the data is stored in the sense amplifiers 1103, subse 
quent access from that row can be made directly from the 
sense amplifiers 1103 without going through the row select 
circuit 1104. Data from the sense amplifiers 1103 is selec 
tively gated to the bus interface 1102 for output during a cache 
read operation. For write operation, data addressed to the row 
currently selected can be written directly to the sense ampli 
fiers 1103. Data in the sense amplifier 1103 can be transferred 
to the memory cells using two different modes of operation: 
write through and write back. In the write through mode, data 
written to the sense amplifiers 1103 is automatically trans 
ferred to the corresponding memory cells. In the write back 
mode, data written to the sense amplifiers 1103 is transferred 
to the memory cells only when it is instructed through a 
memory transfer command. Write through mode requires the 
word line selected by the row select circuit 1104 to be acti 
vated during a write operation while write back requires the 
word line to be activated only when the memory is instructed. 
0097. Since access to and from the sense amplifiers is 
much faster (5-10 ns) than access to and from the memory 
cells (40-100 ns), the sense amplifiers can be used as a cache 
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(sense-amp cache) for the memory block. Prior art systems 
attempted to use sense amplifiers in the DRAM as cache with 
limited success. Conventional DRAM, because of package 
limitations, usually has few data input-output pins. For 
example, the most popular DRAM today has a configuration 
of X1 or X4 in which only 1 or 4 data I/O are available. 
Memory systems using conventional DRAM require 4 to 32 
chips to form a computer word (32 bits). When 4 megabit 
chips are used, the resultant sense-amp caches have large 
cache line sizes of 8K to 64K bytes but very few lines (8 to 1 
lines for a 32 megabyte system). As a result, these caches have 
poor hit rates (50-80%). In general, a cache with over 90% hit 
rate requires over 100 lines irrespective of the size of the 
cache line. A. Agarwal, et al., “An Analytic Cache Model.” 
ACM Transactions on Computer Systems, May 1989, pp. 
184-215). 
0098. The scheme described in International Patent Appli 
cation No. PCT/US91/02590 Farmwald et al. managed to 
decrease the line size of the sense-amp cache to 1K byte when 
using a 4 Megabit chip. However, in order to achieve a hit rate 
of over 90% for the sense amp cache, over 50 DRAM chips 
are required. The resultant memory systems have capacities 
of over 24 megabyte which is much bigger than the memory 
capacity (4-8 megabyte) used in most computer systems 
today. 
0099. One embodiment of the present invention uses a 
small array size of 147K bit. The resultant sense-amp cache 
has a line size of 64 byte. To achieve a hit rate of over 90%, the 
memory system is required to have a capacity of less than two 
megabytes which is much less than those in the prior art 
systems. Another feature in accordance with the present 
invention not found in prior systems is that the cache line size 
is programmable. In systems with large memory capacity, the 
number of cache lines can be much more than 100. At this 
level, decreasing the number of cache lines has little effect on 
the hit rate but it can save memory storage for cache tags and 
speeds up the cache tag search. The number of cache lines in 
accordance with the present invention can be decreased by 
increasing the cache line size. It can be doubled from 64 byte 
to 128 byte by setting the cache-line-size bit in the configu 
ration register of the memory module. 
0100. The cache system in accordance with the present 
invention is more flexible for system optimization, and its 
performance is much less sensitive to the memory size than 
the prior art systems. 
0101 The present invention in one embodiment employs a 
Source synchronous scheme for timing control. The clock 
signal which provides the timing information of the block 
transfer is driven by the source device from which the packet 
is sent. The clock signal can be the same clock which governs 
the internal operations of the sending device. The clock signal 
sent along with the communication packet is used in the 
receiving device to latch in the bus data. As a result, global 
clock synchronization is not required and the communicating 
devices can use totally independent clocks. In fact, the clock 
frequency and phase of all the communicating devices can be 
completely different from one another. The source-synchro 
nous scheme avoids the problems such as phase locking and 
clock skew between communicating devices, which are asso 
ciated with global clock synchronization and distribution. 
Those problems are much more difficult to handle at high 
frequency operations in a wafer scale environment. Skew 
between clock and data which limits the frequency of bus 
operations is minimized by matching the propagation delay in 
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the clk and the Bus DataO:8 signals. This matching includes 
the matching of their physical dimensions, their routing envi 
ronment, their loads and their buffers. Good matching in line 
dimensions, signal buffers and loads is obtained by laying out 
the devices required to be matched identically and in close 
proximity of each other. The use of a relatively narrow bus 
(which with 10 lines needs to be critically matched) mini 
mizes the geographical spread of the bus elements such as bus 
lines, bus drivers, and bus transceivers and allows the critical 
elements to be laid-out close to each other. The use of a 
fully-parallel bus structure also allows relatively easy match 
ing of the loads on the bus lines. 
0102) To facilitate better matching between the clk and 
Busdata signal-path, dual-edge transfer, in which a piece of 
data is sent out every clock edge, is used. In dual-edge trans 
fer, the clock frequency is equal to the maximum frequency of 
the data signals. Bandwidth requirements in the clock signal 
path therefore equal those in the data path making the match 
ing of the signal delay in the clock and data relatively easy in 
the present invention. FIG. 12 illustrates the matching of the 
clock and data buffers in the bus interface. FIG. 12A shows a 
schematic of the circuit used to facilitate dual-edge transfer. 
Two bytes of data DB0 and DB1 are loaded to the inputs of the 
multiplexer M100 where, for simplicity only one bit of the 
data byte (bit n) is shown. The multiplexer M100 selects data 
byte 1 (DBO) on the positive cycle of data clock (dck) and data 
byte I (DB1) on the negative cycle for output. Tri-state buffer 
B100 buffers the data signal to the bus (Bus|Data). The trans 
mission clock (tck) is buffered by the multiplexer M101 and 
tri-state buffer B101. To match the delay in the clock and data 
delay, M101 and B101 have the same circuit structure as do 
M100 and B100 respectively. Both B100 and B101 are 
enabled by the signal En. To maximize the data setup and hold 
time for the data latches in the destined device, tck is gener 
ated so that its phase lags that of dck by 90 degrees. 
0103) In one embodiment clock generation is facilitated 
by incorporating a programmable ring oscillator in each of 
the communicating device. FIG. 13 shows a schematic dia 
gram of the frequency programmable ring oscillator. It con 
sists of two parts: a 3-stage ring oscillator and a frequency 
control unit. The frequency of the clock signal at output (Sck) 
is inversely proportional to the total delay in the three delay 
stages S100, S101 and S102. Delay in S100 and S101 is 
controlled by the control voltage Vcp and Vcn which deter 
mine the drive current in transistors P100-P101 and N100 
N101. Vcp and Vcn are generated by the current mirror M100 
consisting the transistors N10, N11 and P10. M100 uses the 
output current of the current multiplier 1100 as a reference to 
generate the control Voltages Vcp and Vcn. The binary 
weighted current multiplier 1100, consisting of transistors 
P1-P14, has a current output which is equal to a constant 
times the value of either Ick or Itest depending on the state of 
the select signal SO. SO has a state of Zero selecting Ick 
during normal operations, and a state of one selecting Itest 
during low speed tests. In the preferred embodiment, Itest has 
a value approximately equal to one-fiftieth of that of Ick. The 
magnitude of Ick is chosen so that the resultant clock fre 
quency has a period a little longer than the delay of the longest 
pipeline stage inside the module. The current multiplying 
factor of the current multiplier is determined by the five most 
significant bits S1-S5 of the clock register R100. The desired 
number for the multiplying constant can be loaded into the 
clock register through PDO:5 and by activating the parallel 
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load control signal P1. In a memory module, the loading 
occurs when the Clock-frequency-change command is 
executed. 

0104. The programmable current multiplier allows sixty 
four different clock frequencies to be selected in the clock 
generator to meet the requirements of testing and system 
optimizations. The sixty-four frequencies are divided into 
two groups of thirty-two. One group has much lower (50x) 
frequencies than the other. The lower frequencies are ingen 
eral used for functional or low-speed tests when the testing 
equipment is operating at relatively low speeds. The higher 
frequencies are used during normal operations and high speed 
tests. The fine adjustment of the clock frequency offers a 
relatively simple way for testing the device at speed. The 32 
high-frequency levels have an increment of one-twentieth of 
the base value. For a typical base frequency of 250 MHz 
which has a period of 4 ns, the frequency increment is 12.5 
MHz and the clock period increment is 0.2 ns. This fine 
adjustment capability matches that offered by the most 
expensive test equipment existing today. Testing of the device 
at speed can be carried out by increasing the clock frequency 
until it fails, then the safe operating speed of the device can be 
set at a frequency two levels below that. As illustrated in FIG. 
14, the tests can be carried out at a relatively low speed using 
a relatively inexpensive tester 1407 with the tester connected 
only to the system bus interface 1405 of the memory control 
ler 1403. The operating frequency of the system bus interface 
1405 can be set at a speed level comfortable to the tester 1407 
without compromising the operation speed at the hierarchical 
bus 1402. All the high-speed signals of the hierarchical bus 
1402 is shielded from the tester 1407. This test capability can 
Substantially decrease the testing cost of the memory system. 
0105. The receiving device uses the clock sent by the 
Source device to control the timing of the receiving process 
which is different from the internal clock that it uses for 
controlling its other functional blocks. Synchronization is 
required when data moves from the receiving unit to the other 
functional area inside the device. Since the read and write 
process do not happen simultaneously in a memory module, 
the receiving clock can be used to control the write process 
and the internal clock can be used to control the read process. 
In this way, no synchronization between the receiving and the 
internal clock is necessary. 
0106 The memory controller serves as a bridge between 
the memory modules and the memory requesting devices 
such as the CPU and DMA (Direct Memory Access) control 
ler. It has two bus interfaces: memory and system. The 
memory interface connects the controller to the hierarchical 
or memory bus and the system interface connects the control 
ler to the CPU and the memory requesting devices. In one 
embodiment, when the system bus does not use a fixed clock 
for communication, the method used in the memory modules 
for transfer synchronization is also used in the memory con 
troller. In another embodiment, when the system bus is syn 
chronized with a system clock, a frequency synthesizer Syn 
chronized to the system clock generates the internal clock 
signal of the memory controller. Synchronization between 
the receiving unit of the memory interface and the sending 
unit of the system interface uses a first-in-first-out (FIFO) 
memory in which the input port is controlled by the receiving 
clock but the output port is controlled by the system or inter 
nal clock. Flags such as FIFO empty, half-full, and full pro 
vide communications between the two bus interfaces and 
facilitate a more tightly coupled data transfer. 
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0107 The memory bus interface, connected directly to the 
hierarchical memory bus, is responsible for carrying out 
handshake sequences, encoding and decoding communica 
tion protocols, assembling and dissembling communication 
packets and the synchronization of data transfers. FIG. 15 
shows a block diagram of the interface. It consists of the bus 
drivers 1501, two FIFO's 1502,1503, eight address and con 
trol registers 1505-1512, and a sequencer 1504. This bus 
interface appears in the memory controller as well as in each 
of the memory blocks. 
0108. The bus drivers 1501 buffer the bus signals to and 
from the memory bus. Bi-directional tri-state drivers are used 
for the bi-directional signals while simple buffers are used for 
the unique directional asynchronous control signal. 
0109. The two FIFO's 1502, 1503 are used to match the 
communication bandwidth between the memory bus 1513 
and the internal bus of the memory module or the memory 
controller. In the memory module, the sense-amp cache has 
an access cycle time of 5 to 10 ns which is longer than the 
block-mode cycle time of the memory bus (1.5-3 ns). To keep 
up with the transfer bandwidth, four bytes (36 bits) of data are 
accessed from or to the cache at a time. This requires the 
internal bus connecting to the sense-amp cache to be 36 bits 
wide and the transfer frequency is one quarter of that in the 
memory bus. The serial-to-parallel FIFO 1503 converts the 
byte serial data from the bus to 36 bit words before sending it 
out to the internal bus. Similarly, the parallel-to-serial FIFO 
1502 serializes the data word from the sense-amp cache into 
data bytes before sending it out to the memory bus. In the 
memory controller, the word-width mismatch occurs 
between the memory bus and the system bus (32 to 64 bits) 
and the FIFO's are used to bridge it. For a synchronous system 
bus, the FIFOs are also used to synchronize the transfer of 
data between the memory bus and the system bus. To facilitate 
a more coherent synchronization, flags which indicate the 
status of the FIFO's such as empty and half-full are used. 
0110. Five address registers 1505-1509 and three control 
registers 1510-1512 are incorporated in the interface 1500 of 
a memory module. The four 8-bit row address registers 1505 
1508, one dedicated for each memory block, contains the 
addresses of the rows whose content is being cached by the 
sense amplifiers. The 7-bit column address register 1509 
holds the base address for the current cache access. The two 
identification registers 1510, 1511 holds the 12 most signifi 
cant bit of the communication address of each memory block. 
The two least-significant bits of the communication address 
received in a packet is used to select one of the four modules. 
One-time programmable (OTP) elements, such as fuses or 
anti-fuses, are used in the OTP register 1510 to hold the 
communication address of the module for system initializa 
tion. Any nonvolatile memory elements such as EPROM and 
EEPROM can also be used. The OTP register 1510 are pro 
grammed in the factory after the functional tests, and only 
registers associated with good modules need to be pro 
grammed. The number held in the OTP identification register 
1510 is transferred to the soft programmable (SP) identifica 
tion register 1511 during system reset. The communication 
address can Subsequently be changed by performing a write 
access to the SP identification register 1511. The identifica 
tion registers 1510, 1511 provide a special way for setting up 
communication address in the bus system which is different 
from those described in the prior systems such as those 
described in International Patent Application No. PCT/US91/ 
02590 Farmwald et al. and U.S. Pat. No. 4,007,452 Hoff, 
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Jr., where a separate serial bus is employed. The identifica 
tion registers 1510, 1511 also allow dynamic reconfiguration 
of the memory system in case of module failures. 
0111. The 8-bit configuration register 1512, as shown in 
FIG. 16, contains three fields. The six least significant bits 
contain the byte length of the data packet used in the commu 
nication. Bit 7 of the register 1512 contains the spare/active 
(S/A) bit which sets the module into the corresponding state. 
In the spare state, the module carries out only communication 
configuration commands such as identification change and 
module reset and it is not allowed to carry out any memory 
access. Memory access to a module is allowed only when the 
S/A hit is set to 0. The most significant bit of the configuration 
register 1512 selects short line size (64 byte) or long line size 
(128 byte) for the cache. In the long cache-line mode, the 
content of row address registers 0 and 2 is always duplicated 
in row address registers 1 and 3 respectively. Also, the least 
significant bit of the communication address in the packet is 
ignored. In the short cache-line mode, the most significant bit 
of the column address is ignored. 
0112. In the memory controller, for a single master sys 
tem, only the configuration register 1512 is incorporated in 
the memory interface 1500. However, in a multiple master 
system, both configuration register 1512 and identification 
registers 1510, 1511 are incorporated. 
0113. The sequencer 1504 is responsible for generating all 
the control signals for the operations in the interface. 
0114 Bus transceivers in all three levels of the bus hierar 
chy have the same basic circuit structure. FIG. 17A shows a 
block diagram of a bus transceiver. It consists of 15 bi-direc 
tional tri-state buffers 1701 for buffering signals in each bus 
line 0-14, and a control unit 1702 for enabling the outputs and 
controlling the direction of signal buffering 1701. All the 
bi-directional tri-state buffers in a transceiver have identical 
circuit and layout structure so that their signal propagation 
delay characteristics are well matched. This minimizes the 
timing skews on the bus signals and it allows the Substitution 
of a signal line by any other one for defect management. 
0115 FIG. 17B shows the circuit schematic of a bi-direc 
tional tri-state buffer 1701. It consists of two back-to-back 
tri-state drivers T1, T2. The drivers T1, T2 are connected to the 
bus segment in each end through an optional fuse (F1 and F2) 
which provides programmability for disconnecting the tri 
state buffer from the bus in case of functional failure in the 
buffer. The tri-state driver can also be constantly disabled 
(tri-stated) by blowing fuse F3 or enabled by blowing fuse F4 
as shown in FIG. 17C. By blowing fuse F3 in bus driver T1 
and fuse F4 in driver T2, the bi-directional buffer 1701 is set 
to buffer only signal from the TD (right) side to RD (left) side. 
By blowing fuse F3 in both drivers, the bi-directional buffer 
1701 is disabled and the bus segment TD is isolated from the 
segment RD. By disabling the transceivers attached to the two 
ends of a bus segment, a defective segment can be isolated 
from the rest of the bus network. Those skilled in the art 
recognize that any programmable Switches can readily be 
used to replace the fuse elements. 
0116. Under normal operations. the tri-state drivers are 
enabled by the control signals REN and TEN generated by the 
control unit. The transceiver control unit controls the direc 
tion of communication by enabling the bus driverpointing to 
that direction and disabling the one pointing in the Opposite 
direction. As illustrated in FIGS. 17A and 17D, the control 
unit 1702 has four control input signals T/RIr, TCilr, T/Rrl 
and TCirl connected to bus signals through anti-fuses. Dur 
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ing network configuration, the T/Rlr and T/Rrl are pro 
grammed to connect to the T/R bus signal, and the TCilr and 
TCirl are programmed to connect to the TC# signal using the 
corresponding anti-fuses. Programmable Switches can 
readily be used to replace the anti-fuses with little effect on 
the system performance. Outputs TEN and REN which con 
trol the bi-directional buffers 1701 are driven deactive low by 
transistor P2 which has a higher drive capability than transis 
tor N2. By blowing fuse F2, TEN and REN remains low all 
the time and the bi-directional buffers 1701 in the transceiver 
are disabled. When fuse F1 is blown, disabling signal D is 
driven deactive low by N2 and the output states at TEN and 
REN are dependent on the states of the two input pairs T/Rlr 
and TCilr, and T/Rrl and TCirl. Signal DirSel selects which 
input pair to assume the control of the TEN and REN. 
0117 The selection is based on the position of the memory 
controller relative to the transceiver. The selection can be 
carried out by programming these fuses F3 and F4 which 
control the state of DirSel. For example, if the memory con 
troller is located to the left of the transceiver, in order for the 
controller to have complete control of the transceiver, DirSel 
is set to a state of 1 by blowing fuse F4. This causes T/Rlrand 
TCilrto assume the control of the bi-directional buffers 1701. 
Similarly, if the controller is located to the right of the trans 
ceiver, T/Rrl and TCirl is given the control by blowing fuse 
F3 which sets DirSel to a State of O. Fuses F3 and F4 can be 
replaced by a programmable switch with little effect on the 
system performance. 
0118. As shown in FIG.17E, the control unit 1702 can also 
incorporate a control register 1703 for bus configuration and 
an identification register 1704 for communication with the 
memory controller. The identification register 1704 includes 
non-volatile programmable elements which can be used to 
store a unique communication address assigned during the 
manufacturing process. The communication address allows 
the control register 1703 in the transceiver to be accessed by 
the memory controller during system initialization or system 
reconfiguration for enabling and disabling the transceiver. 
The control register 1703 contains four bits C0-C3. When C0 
is set, it enables the control of the DirSel signal by C1. When 
C0 is set, C1 overrides the effects of the fuses F3 and F4. C1 
drives DirSel to the low state when it is set and to the high state 
when it is reset. When C2 is set, TEN is driven to the low state 
and the transceiver is disabled in the transmission direction. 
Similarly, when C3 is set, REN is driven low and the trans 
ceiver is disabled in the receiving direction. The control reg 
ister 1703 is reset at power-on. To program the control register 
1703, the memory controller drives the bus control signals 
BBH high, TVR low, and TCi high. This enables the compara 
tor 1705 which compares the content of the Bus DataO:8 in 
the bus with its communication address in the identification 
register 1704. In case of a match, the new control word from 
Bus DataO:3 is loaded to the control register 1703 at the next 
clock edge. 
0119 The design of the tri-state bi-directional repeater 
allows the communicating devices (memory control and 
module) to set a series of transceivers to HiZ state without the 
use of a separate broadcasting signal during bus configura 
tion. This is accomplished in the design by having the propa 
gation delay in the tri-state buffer shorter than the input-to 
output delay in the control unit. As a result, T/R and TC# 
signals at the inputs of the repeater are forwarded to the next 
transceiver before their effect on the outputs of the control 
unit REN and TEN is asserted. 
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0.120. The tri-state bi-directional repeater configuration as 
shown in FIGS. 17A-17E allows the flexible implementation 
of communication networks that can be dynamically (or stati 
cally) re-configured or remapped for defect isolation or for 
passing the control of the network among several bus masters. 
I0121. An exemplary network 1800 in accordance with the 
present invention with 9 nodes is shown in FIG. 18A where 
each node 1-9 represents a section of the second level of the 
bus (GB) architecture. For simplicity, the third level (local 
bus) and the circuit modules attached to it are not shown. Bus 
transceivers (GT) establish the link between neighboring 
nodes. When the bus transceivers (GTij) are physically clus 
tered near the vertices of the network grid, it can be repre 
sented as in FIG. 18B. Symbolically, the network 1800 can 
also be represented as in FIG. 18C where each directional link 
Li represents a bus transceiver group (GT). Not all links are 
used to establish a tree hierarchy; this means that the network 
has inherent redundancy in linking the nodes in the presence 
of defects. An example is shown in FIG. 18D, where a tree bus 
hierarchy is established in the presence of multiple node and 
link defects 2,L78.L89. 
I0122. In a network with multiple masters, the network can 
be remapped into many different configurations in which any 
of the masters can be at the root of a hierarchical tree bus 
structure. This capability is useful in replacing a defective 
master or when control of the network is passed from one 
master to another master. FIG. 18.E shows an example of the 
bus mapping when the root of the hierarchical tree is at node 
5 (vs. node 4 in FIG. 18D). In this configuration the master 
node 5 is in control of the network instead of the master 
attached to node 4 as in FIG. 18D. Furthermore, the network 
can be partitioned into many disjoint Sub-networks with one 
master at the root of each Sub-network tree. This configura 
tion is useful for certain parallel processing applications in a 
multiple master environment. 
I0123. The network topology in accordance with the 
present invention as shown in FIG. 18.E is simple but power 
ful. The physical implementations of it maybe variations 
from that of FIGS. 18A and 18B. For example, FIG. 18F 
shows an implementation with each vertical link consists of 
two bus transceivers (1GTij) (2GTij) and FIG. 18G shows an 
implementation with each vertical and horizontal link con 
sists of two bus transceivers 1 VGTi, 1VGTij, 1HGTmn, 
2HGTmn. Those skilled in the art may recognize that many 
combinations exist as to the number of bus transceivers per 
link in either of the two directions. 
0.124. This disclosure is illustrative and not limiting; fur 
ther modifications and variations will be apparent to those 
skilled in the art in light of this disclosure and the appended 
claims. 

We claim: 
1. A method for error detection and correction (EDC) com 

prising: 
generating a complete EDC code in response to a data 

packet; 
distributing the complete EDC code among the data packet 

to create a plurality of bytes, each including a data por 
tion from the data packet and an EDC code portion from 
the complete EDC code: 

storing the bytes in a memory module: 
retrieving the bytes from the memory module: 
forwarding the data portions of the bytes retrieved from the 
memory module to a requesting device; 
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providing the data portions of the bytes retrieved from the 
memory module to an EDC functional block; 

providing the EDC code portions of the bytes retrieved 
from the memory module to the EDC functional block; 
and 

performing error checking and correction in the EDC func 
tional block upon receiving the complete EDC code 
from the provided EDC code portions. 

2. The method of claim 1, further comprising generating 
syndrome bits in response to the data portions provided to the 
EDC functional block. 

3. The method of claim 1, wherein the step of forwarding 
the data portions is performed in parallel with the steps of: 
providing the data portions to the EDC functional block, 
providing the EDC code portions to the EDC functional 
block, and performing error checking and correction in the 
EDC functional block. 

4. The method of claim 3, further comprising performing 
the following steps if the EDC functional block detects an 
eO. 

correcting the data portions of the bytes retrieved from the 
memory module; 
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writing the corrected data portions to the memory module: 
and 

generating an interrupt to the requesting device to arrange 
for a data retransmission. 

5. The method of claim 1, further comprising storing the 
EDC code portions of the bytes retrieved from the memory 
module to create the complete EDC code. 

6. The method of claim 1, further comprising only forward 
ing the data portions of the bytes retrieved from the memory 
module to the requesting device if the EDC functional block 
determines there are no errors in the data portions retrieved 
from the memory module. 

7. The method of claim 6, further comprising performing 
the following steps if the EDC functional block determines 
there is an error in the data portions retrieved from the 
memory module: 

correcting the data portions of the bytes retrieved from the 
memory module, thereby creating corrected data por 
tions; and then, 

forwarding the corrected data portions to the requesting 
device; and 

writing the corrected data portions to the memory module. 
c c c c c 


