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(57) ABSTRACT 
A mask-programmable logic device that includes program 
mable gate array sites is provided. The gate array sites 
contain circuit elements that may be programmed to perform 
certain logic functions that correct problems associated With 
implementing a preexisting circuit design in mask-program 
mable device. 
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MASK-PROGRAMMABLE LOGIC DEVICES WITH 
PROGRAMMABLE GATE ARRAY SITES 

[0001] This application is a continuation of application 
Ser. No. 10/113,324, ?led Mar. 29, 2002, Which is hereby 
incorporated by reference herein in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to mask program 
mable logic devices, and more particularly, to mask pro 
grammable logic devices that include gate array sites. 

[0003] Programmable logic devices are Well knoWn. Early 
programmable logic devices Were one-time con?gurable. 
For eXample, con?guration may have been achieved by 
“bloWing”—i.e., opening—fusible links. Alternatively, the 
con?guration may have been stored in a programmable 
read-only memory. These devices generally provided the 
user With the ability to con?gure the devices for “sum-of 
products” (or “P-TERM”) logic operations. Later, such 
programmable logic devices incorporating erasable pro 
grammable read-only memory (EPROM) for con?guration 
became available, alloWing the devices to be recon?gured. 

[0004] Still later, programmable logic devices incorporat 
ing static random access memory (SRAM) elements for 
con?guration became available. These devices, Which also 
can be recon?gured, store their con?guration information in 
a nonvolatile memory such as an EPROM, from Which the 
con?guration is loaded into the SRAM elements When the 
device is poWered up. These devices generally provide the 
user With the ability to con?gure the devices for look-up 
table-type logic operations. At some point, such devices 
began to be provided With embedded blocks of random 
access memory that could be con?gured by the user to act as 
random access memory, read-only memory, or logic (such as 
P-TERM logic). 

[0005] In all of the foregoing programmable logic devices, 
both the logic functions of particular logic elements in the 
device, and the interconnect for routing of signals betWeen 
the logic elements, Were programmable. Another variant is 
a mask-programmable logic device. With mask-program 
mable logic devices, instead of selling all users the same 
device, the manufacturer produces a partial device With a 
standardiZed arrangement of logic resources Whose func 
tions are not programmable by the user, and Which lacks any 
routing or interconnect resources. 

[0006] The user provides the manufacturer of the mask 
programmable logic device With the speci?cations of a 
desired device, Which may be the con?guration ?le for 
programming a comparable conventional programmable 
logic device. The manufacturer uses that information to add 
metalliZation layers to the partial device described above. 
Those additional layers program the logic elements by 
making certain connections Within those elements, and also 
add interconnect routing betWeen the logic elements. Mask 
programmable logic devices can also be provided With 
embedded random access memory blocks, as described 
above in connection With conventional programmable logic 
devices. In such mask-programmable logic devices, if the 
embedded memory is con?gured as read-only memory or 
P-TERM logic, that con?guration also is accomplished 
using the additional metalliZation layers. 

[0007] While conventional programmable logic devices 
alloW a user to easily design a device to perform a desired 
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function, a conventional programmable logic device invari 
ably includes resources that may not be used for a particular 
design. Moreover, in order to accommodate general purpose 
routing and interconnect resources, and the sWitching 
resources that alloW signals from any logic element to reach 
any desired routing and interconnect resource, conventional 
programmable logic devices groW ever larger as more func 
tionality is built into them, increasing the siZe and poWer 
consumption of such devices. The routing of signals through 
the various sWitching elements as they travel from one 
routing and interconnect resource to another also sloWs 
doWn signals. 

[0008] The advent of mask-programmable logic devices 
has alloWed users to prove a design in a conventional 
programmable logic device, but to commit the production 
version to a mask-programmable logic device Which, for the 
same functionality, can be signi?cantly smaller and use 
signi?cantly less poWer, because the only interconnect and 
routing resources are those actually needed for the particular 
design. In addition, there are no general purpose sWitching 
elements consuming space or poWer, or sloWing doWn 
signals. 

[0009] HoWever, mask-programmable logic devices do 
not contain prede?ned routing resources. Therefore, the task 
of creating the customiZed interconnect for each design falls 
to the manufacturer in migrating the user’s programmable 
device design to a mask-programmable device. This task is 
time consuming, and signi?cantly sloWs doWn the process of 
migrating the design. The migration process is further com 
plicated by the fact that certain implementation-related 
problems such as timing and testability violations and signal 
attenuation are not apparent until after an initial mask 
programmable device is fabricated and tested. Fixing such 
problems often requires redesign of the custom interconnect 
and/or reallocation of logic resources on the base device. 
This solution, hoWever, often requires the fabrication of 
multiple devices to prove a given design and is therefore 
costly and time consuming. 

[0010] Accordingly, it Would be desirable to provide a Way 
to quickly and effectively solve implementation problems by 
providing resources that alloW some modi?cations to be 
made to the original mask design that do not involve the 
costly or time consuming tasks of reallocating logic 
resources or redesigning the customiZed interconnect. 

SUMMARY OF THE INVENTION 

[0011] It is therefore an object of the present invention to 
provide a Way to quickly and effectively solve implemen 
tation problems by providing resources that alloW modi? 
cations to be made to the original mask design that do not 
involve the costly or time consuming tasks of reallocating 
logic resources or redesigning the customiZed interconnect. 

[0012] This and other objects of the invention are accom 
plished in accordance With the principles of the present 
invention by providing con?gurable gate array sites dis 
posed on an integrated circuit for correcting implementation 
problems. 

[0013] In one embodiment of the present invention, con 
?gurable gate array sites are disposed in various locations 
throughout the device to correct buffering and timing vio 
lations that may result from the streamlining of a device’s 
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interconnection and logic resources. Such gate array sites 
may be fabricated on a device substrate and each site may 
include a plurality of circuit elements (e.g., transistors) for 
forming fundamental logic gates. To correct a particular 
problem, a gate array cell that provides the desired function 
may be formed on a gate array site proXimal to the point in 
the device Where the violation manifests itself. This cell may 
be formed by interconnecting certain circuit elements found 
in the gate array site to obtain the desired logic function. 

[0014] In another aspect of the invention, each gate array 
site may have some or all of its interconnections and contact 
points coupled to the substrate in order to reduce the cost of 
adding an additional contact layer mask. 

[0015] Further features of the invention, its nature and 
various advantages Will be more apparent from the accom 
panying draWings and the folloWing detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a block diagram representation of the 
layout of a preferred embodiment of a mask-programmable 
logic device in accordance With the present invention; 

[0017] FIG. 2 is a cross-sectional vieW of the substrate 
and mask metalliZation layers of a mask-programmed device 
according to the present invention, incorporating the device 
of FIG. 1; 

[0018] FIG. 3 is a block diagram illustrating one possible 
gate array arrangement in accordance With the present 
invention; 

[0019] FIG. 4 is a block diagram illustrating another 
possible gate array arrangement in accordance With the 
present invention; 

[0020] FIG. 5 is a block diagram illustrating another 
possible gate array arrangement in accordance With the 
present invention; 

[0021] FIG. 6 is a block diagram illustrating one possible 
physical layout of a gate array site constructed in accordance 
With the principles of the present invention; 

[0022] FIG. 7 is a schematic diagram of the logic 
resources shoWn in FIG. 6; 

[0023] FIG. 8 is an interconnection diagram illustrating 
one Way of interconnecting the gate array site of FIG. 6 to 
obtain a tWo input NAND gate; 

[0024] FIG. 9 is a schematic diagram of the gate array site 
shoWn in FIG. 8; 

[0025] FIG. 10 is a logic symbol representation of the gate 
array site shoWn in FIGS. 8 and 9; 

[0026] FIG. 11 is an interconnection diagram illustrating 
one Way of interconnecting the gate array site of FIG. 6 to 
obtain a tWo input NOR gate; 

[0027] FIG. 12 is a schematic diagram of the gate array 
site shoWn in FIG. 11; 

[0028] FIG. 13 is a logic symbol representation of the gate 
array site shoWn in FIGS. 11 and 12; 

[0029] FIG. 14 is a simpli?ed block diagram of a mask 
programmable logic device in accordance With the present 
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invention illustrating programmed gate array sites inter 
posed betWeen certain logic resources on the mask-program 
mable logic device; and 

[0030] FIG. 15 is a simpli?ed block diagram of an illus 
trative system employing a programmable device in accor 
dance With the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0031] The present invention reduces the amount of time, 
cost, and effort required to produce a mask-programmable 
logic device by providing con?gurable gate array sites at 
various locations Within the device. The gate array sites may 
be used to correct various implementation problems that 
may arise during the migration of a circuit design previously 
implemented on another integrated circuit Which may have 
contained different interconnection and logic resources. 

[0032] As seen in FIG. 1, one embodiment of a mask 
programmable logic device 10 constructed in accordance 
With the present invention includes an array of logic regions 
similar to those found in the APEX ® family of program 
mable logic devices sold by Altera Corporation, of San Jose, 
Calif., the assignee hereof. Although an APEX® type archi 
tecture is shoWn, it Will be understood that any type of PLD, 
CPLD (complex programmable logic device) or similar 
device may serve as a model for the base portion of the 
mask-programmable device, if desired. 

[0033] As shown in FIG. 1, the logic regions include, at 
the most basic level, “logic elements” (LEs) 11, Which may 
be, for example, look-up table-based logic regions having 
four inputs and the ability to have registered or unregistered 
outputs. Logic elements 11 may be grouped into “logic array 
blocks” (LABs) 12. In the embodiment shoWn, each LAB 12 
includes ten LEs 11, although other numbers of LEs 11 could 
be grouped into each LAB 12. The LABs may further be 
grouped into “groups of LABs‘ (GOLs) 13. In the embodi 
ment shoWn, each GOL 13 includes seventeen LABs 12, 
although other numbers of LABs 12 could be grouped into 
each GOL 13. Each GOL 13 preferably also includes an 
embedded memory block (referred to in the embodiment 
shoWn as an “embedded system block” or ESB) 14. Each 
GOL 13 also includes a plurality of gate array sites 15, 
Which may be used, e.g., for buffering or routing particular 
signals (described in more detail beloW). 

[0034] As shoWn, GOLs 13 preferably are arranged in an 
orthogonal array, in roWs and columns. Input/output (“I/O”) 
elements preferably are located in regions 16 around the 
periphery of the array. Other auXiliary circuits, such as 
phase-locked loops (“PLLs”) for timing, etc., preferably are 
provided at convenient locations Within the array, such as in 
region 17, shoWn in about the center of the array. 

[0035] FIG. 2 shoWs a cross section of mask-program 
mable or “base” device 10 after programming i.e., after it 
has become a “mask-programmed” device 20, in Which the 
substrate and other layers that make up the unprogrammed 
base device 10 are shoWn collectively at 21 (one transistor 
25 is shoWn as representative). Additional layers of metal 
liZation 22 and dielectric 23 are used to program device 20 
and create the custom interconnection netWorks that connect 
the components included in base device 10. Commonly, an 
encapsulation layer 24 is provided to protect metalliZation 
and dielectric layers 22 and 23. 
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[0036] Gate array sites 15, Which are con?gurable to 
perform desired logic functions, may be disposed in a 
variety of Ways throughout a mask programmable logic 
device to correct implementation problems While minimiZ 
ing device siZe. FIG. 3 is a block diagram illustrating hoW 
a plurality of gate array sites 15 may be physically disposed 
throughout GOL 13 of device 10. As shoWn, gate array sites 
15 are disposed in tWo roWs running horiZontally along the 
loWer edge of GOL 13. It Will be appreciated that this 
arrangement is merely illustrative, and that many other 
arrangements are possible. For example, one or more col 
umns of gate array sites 15 may be placed along the 
periphery of GOL 13 if desired. As shoWn in FIG. 4, these 
columns may be disposed along the leftmost LAB of GOL 
13. 

[0037] In yet another possible embodiment, FIG. 5 illus 
trates gate array sites 15 being placed throughout GOL 13 in 
both roWs and columns. Gate array sites may also be placed 
betWeen the boudary of LABs 12 and ESB 14 and/or I/O 
blocks 16 (not shoWn). Gate array sites 15 may also be 
randomly or uniformly placed throughout GOL 13 in pat 
terns other than roWs and columns if desired, e.g., in a 
checkerboard pattern (not shoWn). 
[0038] The particular pattern of gate array sites used may 
be based on the type of interconnections needed to imple 
ment a speci?ed circuit design. For example, if the circuit 
implementation requires a considerable number of intercon 
nections betWeen adjacent GOLs, then the majority of gate 
array sites 15 may be placed along the boundaries betWeen 
the GOLs. In some embodiments, this may be done so that 
sites 15 favor a certain interconnection direction (e.g., tWo 
roWs of sites 15 in the vertical direction and only one in the 
horiZontal direction, etc.). On the other hand, if the speci?ed 
circuit design requires signi?cant amount of interconnec 
tions Within the GOLs, then the majority of gate array sites 
may be placed betWeen the LABs of that GOL With a 
reduced number around the periphery. Other embodiments 
may use a combination of these approaches to provide 
interconnection both betWeen and Within the GOLs on 
device 10. 

[0039] In FIG. 6, a diagram illustrating one possible 
layout of gate array site 15 is shoWn. This site may contain 
a plurality of circuit elements (e.g., N-Well and P-Well sites) 
suitable for constructing transistors. Gate array site 15 may 
also include poWer supply pins. It Will be understood that 
this embodiment is merely illustrative, and that many other 
arrangements With more or less circuit elements are possible. 
It Will also be appreciated that other gate array site arrange 
ments may have more, less, or no poWer supply pins at all, 
and that circuitry Within the site may be poWered by external 
sources. Gate array site 15 may be considered to be “pro 
grammable” to the extent that interconnection conductors 
may be coupled to contact pins connected to the circuit 
elements Within the site. Such programmability alloWs a 
generic gate array site 15 to form a gate array cell With a 
speci?c function. The actual contents of each individual gate 
array site may vary depending on the type of implementation 
problems it is intended to correct. Furthermore, it Will be 
understood that several different types of gate array sites 15 
(i.e., those With different contents) may be disposed through 
out base device 10 to provide optimal error correction. 

[0040] The equivalent circuitry that corresponds to the 
general layout of gate array site 15 in FIG. 6 is shoWn in 
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FIG. 7. As shoWn, tWo P-channel type ?eld effect transistors 
30 and 40, and tWo N-channel type ?eld effect transistors 50 
and 60 may be included in gate array site 15. Transistors 30 
and 40 each have drain terminals 32 and 42, source terminals 
34 and 44, and gate terminals 36 and 46, respectively. 
Transistors 50 and 60 each have drain terminals 52 and 62, 
source terminals 54 and 64, and gate terminals 56 and 66, 
respectively. These elements are marked in FIG. 6 to clearly 
illustrate hoW each gate array site 15 may be constructed. 

[0041] In FIG. 7, tWo poWer supplies, Vds and Vss are 
shoWn to have contact pins 70 and 80, respectively. These 
poWer supplies may be used to provide bias voltages to the 
circuitry Within the gate array site. It Will be appreciated that 
the orientation of each of these pins With respect to gate 
array site 15 and the other pins is merely illustrative, and that 
many other arrangements are possible. For example, tran 
sistors 30-60 may be oriented linearly, as opposed to the 
box-like shape shoWn. Furthermore, poWer supply pins 70 
and 80 need not necessarily be considered part of the gate 
array site. PoWer may be provided to gate array site 15 by 
external sources. 

[0042] The contact points of gate array site 15 may be 
interconnected to obtain a gate array cell With a desired 
function. Generally speaking, a gate array cell is a pro 
grammed (con?gured) gate array site. FIG. 8 shoWs a 
particular arrangement of interconnections suitable for 
forming a tWo-input NAND gate from a gate array site 15 
(illustrated as gate array cell 100). As depicted, gate array 
cell 100 has all of the same pins as gate array site 15. In this 
embodiment, tWo input pins 180 and 182 (designated as “I” 
pins) and an output pin 184 (designated as an “O” pin) are 
included. Input/Output (“I/O”) pins 180, 182, and 184 may 
provide and receive signals accordingly and may be indi 
vidually coupled to any number of the aforementioned 
interconnections of gate array site 15. These I/O pins are not 
shoWn in FIGS. 6 or 7, hoWever, because they are usually 
external from the site (i.e., the cell). The U0 pins are usually 
coupled to gate array site 15 When forming a gate array cell 
100 to perform a speci?c function using the signals supplied 
by the I/O pins. 

[0043] As shoWn in FIG. 8, interconnection segment 190 
provides bias voltage to the cell by connecting Vds pin 70 
to drain terminals 32 and 42. Interconnection segment 191 
connects Vss pin 80 to source terminal 64 thereby connect 
ing the drain of transistor 60 to the poWer plane (Vss may 
also be a ground plane in certain embodiments). Intercon 
nection segment 192 connects source terminals 34 and 44 to 
the drain terminal of transistor 50 (terminal 52). Source 
terminal 54 is connected to drain terminal 62 by intercon 
nection segment 193 to complete the circuit. Finally, inter 
connection segment 194 connects gate terminals 36 and 56, 
and interconnection segment 195 connects gate terminals 46 
and 66. This arrangement alloWs gate array site 15 to form 
gate array cell 100 With the desired function of a tWo-input 
NAND gate by coupling input pin 180 to interconnection 
segment 194, input pin 182 to interconnection segment 195, 
and output pin 184 to interconnection segment 192. 

[0044] FIG. 9 is a schematic representation of gate array 
cell 100 shoWn in FIG. 8. Interconnection segments 190 
195 are included in the schematic to clearly illustrate the 
interconnection of circuit elements Within gate array cell 
100. 
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[0045] FIG. 10 is a logic block representation of the 
tWo-input NAND gate shown in FIG. 9. Included are I/O 
pins 180, 182, and 184, and interconnections 192, 194, and 
195. 

[0046] It Will be appreciated that the interconnection 
arrangement shoWn in FIGS. 8 and 9 are merely illustrative, 
and that other arrangements, Which may produce many other 
fundamental logic gates, are possible. For example, gate 
array site 15 may be con?gured to form a Wide range of logic 
gates including, but not limited to, AND gates, OR gates, 
inverters, buffers, NOR gates, XOR gates, exclusive NOR 
gates, etc. Moreover it Will be understood that multiple logic 
array sites 15 (or cell sites 100) may be combined together 
to produce more advanced logic circuits such as ?ip-?ops, 
registers, counters, delay elements, adders, and the like. 

[0047] An example of another basic logic gate that may be 
constructed With gate array site 15 is shoWn in FIG. 11. The 
interconnection arrangement shoWn is suitable for making a 
tWo-input NOR gate array cell (cell 200). Different cells 
(i.e., cells 100 and 200) may vary from one another only 
With respect to the interconnections used and the I/O pins 
that are coupled to these interconnections. 

[0048] As shoWn in FIG. 11, interconnection segment 290 
provides bias voltage to the cell by connecting Vds pin 70 
to drain terminal 32. Interconnection segment 291 connects 
Vss pin 80 to source terminals 54 and 64 thereby connecting 
the drain of transistors 50 and 60 to the poWer plane (Vss 
may also be a ground plane in certain embodiments). Inter 
connection segment 292 connects drain terminals 52 and 62 
to the source terminal of transistor 40 (terminal 44). Source 
terminal 34 is connected to drain terminal 42 by intercon 
nection segment 293 to complete the circuit. Finally, inter 
connection segment 294 connects gate terminals 36 and 56, 
and interconnection segment 295 connects gate terminals 46 
and 66. This arrangement alloWs gate array site 15 to form 
gate array cell 200 With the desired function of a tWo-input 
NOR gate by coupling input pin 280 to interconnection 
segment 294, input pin 282 to interconnection segment 295, 
and output pin 284 to interconnection segment 292. 

[0049] FIG. 12 is a schematic representation of gate array 
cell 200 shoWn in FIG. 11. Interconnection segments 290 
295 are included in the schematic to clearly illustrate the 
interconnection of circuit elements Within gate array cell 
200. 

[0050] FIG. 13 is a logic block representation of the 
tWo-input NOR gate shoWn in FIG. 12. Included are I/O 
pins 280, 282, and 284, and interconnections 292, 294, and 
295. 

[0051] Another aspect of the present invention involves 
the physical interconnection of circuit elements Within gate 
array sites 15. Referring to FIG. 8, the drain, source, and 
gate contact points (i.e., pins) of transistors 30-60 are 
preferably ?xed (shoWn generally in FIG. 2 as transistor 25) 
and extend into the metal 1 layer directly above the gate 
array site. With this implementation, gate array sites 15 may 
be programmed by merely adding interconnect segments to 
the metal 1 layer to form a desired gate array cell. This 
approach is desirable because it eliminates the need to 
recreate multiple mask layers to interconnect the gate array 
sites. HoWever, in certain embodiments having complicated 
circuit designs, it may be desirable to use multiple mask 
layers to interconnect the gate array sites. 
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[0052] As mentioned above, gate array sites 15 may be 
used to correct a variety of problems including signal 
attenuation, routing errors, set up or hold time violations, 
testability violations, antenna violations etc. For example, 
gate array sites 15 may be programmed to function as buffers 
to amplify signals that have become attenuated due to long 
distance connections or excessive fanout. In this case, some 
gate array sites 15 are con?gured as buffers that are con 
nected to speci?c interconnection segments in the mask 
programmed interconnect to interpose buffers betWeen the 
desired portions of device 20. FIG. 14 shoWs gate array sites 
15 con?gured as buffers 90 interposed betWeen various logic 
elements 11. 

[0053] Gate array sites 15 may also be used to optimiZe 
interconnection paths to increase signal speed (a set-up time 
violation) or to act as delay elements in the case of a 
hold-time violation. To increase signal speed, gate array sites 
15 may be connected to various interconnection segments in 
the mask-programmed interconnect to optimiZe routing 
thereby increasing signal speed (buffers may also be used to 
increase signal speed, sleW rate, etc., if desired). In the case 
of hold time violations, gate array sites 15 con?gured as 
delay elements may be connected to speci?c interconnection 
segments in the mask-programmed interconnect to interpose 
the desired signal delay betWeen the desired portions of 
device 10. 

[0054] Gate array sites 15 may also be used to provide 
visibility into the circuit design for testing purposes. For 
example, gate array sites 15 may be con?gured so that 
during testing feedback loops are eliminated and synchro 
nous resets are disabled so that substantially all the nodes 
Within device 10 are both controllable and visible through 
I/O portions 16. This may be done for example, by con?g 
uring some gate array sites 15 to function as multiplexers 
and coupling them to certain dedicated I/O pins (not shoWn). 

[0055] Mask-programmed logic device 20 based on mask 
programmable device 10 described above may be used as 
part of a data processing system 300 shoWn in FIG. 15. Data 
processing system 300 may include one or more of the 
folloWing components: a processor 301; memory 302; I/O 
circuitry 303; and peripheral devices 304. These compo 
nents are coupled together by a system bus 305 and are 
populated on a circuit board 306 Which is contained in an 
end-user system 307. 

[0056] System 300 can be used in a Wide variety of 
applications, such as computer netWorking, data netWorking, 
instrumentation, video processing, digital signal processing, 
or any other application Where the advantage of using 
mask-programmable logic is desirable. Mask-programmed 
logic device 20 can be con?gured to perform a variety of 
different logic functions. For example, mask-programmed 
logic device 20 can be con?gured as a processor or control 
ler that Works in cooperation With processor 301. Mask 
programmed logic device 20 may also be used as an arbiter 
for arbitrating access to a shared resource in system 300. In 
yet another example, mask-programmed logic device 20 can 
be con?gured as an interface betWeen processor 301 and one 
of the other components in system 300. It should be noted 
that system 300 is only exemplary, and that the true scope 
and spirit of the invention should be indicated by the 
folloWing claims. 

[0057] Various technologies can be used to implement 
mask-programmable logic devices 10 as described above 
according to this invention. For example, although gate 




