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programmable logic, Which accounts for the single largest 
overhead and cost associated With programmable logic. 
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PROGRAMMABLE LOGIC DEVICES 
COMPRISING TIME MULTIPLEXED 
PROGRAMMABLE INTERCONNECT 

[0001] This application is a division of application Ser. No. 
12/245,753 ?led on Oct. 5, 2008, Which is a division of 
application Ser. No. 11/369,541 ?led on Mar. 8, 2006 (now 
US. Pat. No. 7,486,111), both ofWhich have as inventor Mr. 
R. U. MaduraWe, the contents of Which are incorporated 
herein by reference. 

BACKGROUND 

[0002] The present invention relates to programmable logic 
devices. Speci?cally it relates to programmable interconnect 
that can carry a plurality of input and output signals in a single 
Wire, thus providing a signi?cant reduction of interconnect 
required for programmable logic devices. 
[0003] Traditionally, integrated circuit (IC) devices such as 
custom, semi-custom, or application speci?c integrated cir 
cuit (ASIC) devices have been used in electronic products to 
reduce cost, enhance performance or meet space constraints. 
HoWever, the design and fabrication of custom or semi-cus 
tom ICs can be time consuming and expensive. The customi 
Zation involves a lengthy design cycle during the product 
de?nition phase and high Non Recurring Engineering (N RE) 
costs during manufacturing phase. In the event of ?nding a 
logic error in the custom or semi-custom IC during ?nal test 
phase, the design and fabrication cycle has to be repeated. 
Such lengthy correction cycles further aggravate the time to 
market and engineering cost. As a result, ASICs serve only 
speci?c applications and are custom built for high volume and 
loW cost. 
[0004] Another type of semi custom device called a Gate 
Array customiZes modular blocks at a reduced NRE cost by 
synthesiZing the design using a softWare model similar to the 
ASIC. Structured ASICs provide a larger modular block com 
pared to Gate Arrays, and may or may not provide pre insti 
tuted clock netWorks to simplify the design effort. In both, a 
softWare tool has to undergo a tedious iteration betWeen a trial 
placement and ensuing Wire “RC” extraction for timing clo 
sure. The missing silicon level design veri?cation in both 
results in multiple spins and lengthy design iterations, further 
exacerbating a quick design solution. 
[0005] In recent years there has been a move aWay from 
custom or semi-custom ICs toWard ?eld programmable com 
ponents Whose function is determined not When the inte 
grated circuit is fabricated, but by an end user “in the ?eld” 
prior to use. Off the shelf, generic Programmable Logic 
Device (PLD) or Field Programmable Gate Array (FPGA) 
products greatly simplify the design cycle. These products 
offer user-friendly softWare to ?t custom logic into the device 
through programmability, and the capability to tWeak and 
optimiZe designs to improve silicon performance. The ?ex 
ibility of this programmability is expensive in terms of silicon 
real estate, but reduces design cycle and upfront NRE cost to 
the designer. 
[0006] FPGAs offer the advantages of loW non-recurring 
engineering costs, fast turnaround (designs can be placed and 
routed on an FPGA in typically a feW minutes), and loW risk 
since designs can be easily amended late in the product design 
cycle. It is only for high volume production runs that there is 
a cost bene?t in using the more traditional approaches. Com 
pared to PLD and FPGA, an ASIC has hard-Wired logic 

Aug. 19, 2010 

connections, identi?ed during the chip design phase. ASIC 
has no multiple logic choices, no multiple routing choices and 
no con?guration memory to customiZe logic and routing. 
This is a large chip area and cost saving for the ASIC. Smaller 
ASIC die siZes lead to better performance. A full custom 
ASIC also has customiZed logic functions Which can take less 
gate counts compared to PLD and FPGA implementations of 
the same functions. Thus, an ASIC is signi?cantly smaller, 
faster, cheaper and more reliable than an equivalent gate 
count PLD or FPGA. The trade-off is betWeen time-to -market 
(PLD and FPGA advantage) versus loW cost and better reli 
ability (ASIC advantage). The cost of Silicon real estate for 
programmability provided by the PLD and FPGA compared 
to ASIC determines the extra cost the user has to bear for 
customer re-con?gurability of logic functions. 
[0007] The ratio of FPGA to ASIC logic gate Silicon area 
can result as much as 30 to 40 times to implement identical 
content. Such a large Silicon area disadvantage lead to sig 
ni?cant cost and performance disparity betWeen the ASIC 
and the FPGA. A signi?cant FPGA logic gate Silicon density 
improvement has been disclosed in the incorporated-by-ref 
erence application Ser. Nos. 10/267,483, 10/267,484 and 
10/267,51 1. Such techniques can reduce the ratio of FPGA to 
ASIC logic gate Silicon area to 3 to 6 times. The most sig 
ni?cant portion of Silicon real estate overhead is consumed 
by programmable interconnects in an FPGA. In a conven 
tional FPGA, over 90% of the con?guration memory is dedi 
cated to customiZe routing for the user, While only under 10% 
of the con?guration memory is utiliZed to customiZe logic. 
Reducing the FPGA logic area penalty to less than 2>< Would 
eliminate the need for ASIC designs, and the FPGA design 
Will become the neW standard for system design. 

[0008] In an exact analogy betWeen an FPGA and a City; 
the Houses in the City are equivalent to Logic in the FPGA, 
and the Roads in the City are equivalent to Routing Wires in 
the FPGA. Each Input and Output signal of a Logic Block in 
the FPGA is a dedicated Incoming and Outgoing Road to the 
House. Any netWork of Roads to customiZe a generic City 
With speci?c travel needs Would be enormous: ?rst all Houses 
have to be identi?ed With the correct Incoming & Outgoing 
Roads, then the required Roads must be found Within the 
netWork of Roads, and ?nally the travel times have to be 
computed to ensure that all meet the Travel Time budget. Not 
having enough Roads mandate taking detours that affect criti 
cal time budgets. Not having enough Red/Green lights and 
intersections in the netWork of Road affects the Road utiliZa 
tion e?iciency & navigation. The challenge of an FPGA is 
similar: to provide a netWork of Roads that do not take up 
most of the City area, or to keep the FPGA area close to ASIC 
area. 

[0009] In a PLD and an FPGA, a complex logic design is 
broken doWn to smaller logic blocks and programmed into 
logic blocks provided in the FPGA. Smaller logic elements 
alloW sequential and combinational logic design implemen 
tations. Combinational logic has no memory and outputs 
re?ect a function solely of present inputs. Sequential logic is 
implemented by inserting memory into the logic path to store 
past history. Current PLD and FPGA architectures include 
transistor pairs, NAND or OR gates, multiplexers, look-up 
tables (LUTs) and AND-OR structures in a basic logic ele 
ment. In a PLD the basic logic element is labeled as macro 
cell. Hereafter the terminology FPGA Will include both 
FPGAs and PLDs, and the terminology logic element Will 
include both logic elements and macro-cells. Granularity of a 
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FPGA refers to logic content of a basic logic element. Smaller 
blocks of a complex logic design are customized to ?t into 
FPGA grain. In ?ne-grain architectures, a small basic logic 
element is enclosed in a routing matrix and replicated. This is 
like building one room track Houses in the City. These offer 
easy logic ?tting at the expense of complex routing. In course 
grain architectures, many basic logic elements are combined 
With local routing and Wrapped in a routing matrix to form a 
logic block. This is like building repeating programmable 
neighborhoods in the City, each neighborhood providing 
some customization capability. The logic block is then repli 
cated With global routing. Larger logic blocks make the logic 
?tting di?icult and the routing easier. A challenge for FPGA 
architectures is to provide easy logic ?tting (like ?ne-grain) 
and maintain easy routing (like course-grain). It’s balancing 
the neighborhood size With the netWork of roads required. 
[0010] Inputs and outputs for the Logic Element or Logic 
Block are selected from the programmable Routing Matrix. A 
routing Wire is dedicated to each. An exemplary routing 
matrix containing logic elements described in Ref-l (Seals & 
Whapshott) is shoWn in FIG. 1. In that example, the inputs 
and outputs from Logic Element 101-104 are routed to 22 
horizontal and 12 vertical interconnect Wires With program 
mable via connections. These connections may be anti-fuses 
or pass-gate transistors controlled by SRAM memory ele 
ments. These are the Red/ Green control lights in the netWork 
of Roads comprising a Connect state and a Disconnect state. 
One output of element 101 is shoWn coupled to one of the 
inputs to element 104 in darker lines: in that vertical Wire #3 
is used to complete the coupling. One output of element 103 
is also shoWn coupled to one of the inputs to element 104 in 
darker lines: in that vertical Wire #8 is used to complete the 
coupling. Thus every input and every output occupies one or 
more dedicated Wires to complete the coupling. Thus the 
number Wires, Wire segments, programmable connection, 
and Si area required for the connectivity groWs rapidly With 
the number of logic elements N Within the fabric. 
[0011] The logic element having a built in D-?ip-?op used 
With FIG. 1 routing as described in Ref-l is shoWn in FIG. 2. 
In that, elements 201, 202 and 203 are 2:1 MUXs controlled 
by one input signal each. Element 204 is an OR gate While 205 
is a D-Flip-Flop. Without global Preset & Clear signals, eight 
inputs feed the logic block, and one output leaves the logic 
block. These 9 Wires are shoWn in FIG. 1 With programmable 
connectivity. Thus 9 Wires must be assigned to connect the 
logic element shoWn in FIG. 2. All tWo-input, most 2-input 
and some 3-input variable functions are realized in the logic 
block and latched to the D-Flip-Flop. FPGA architectures for 
various commercially available devices are discussed in 
Ref-l (Seals & Whapshott) as Well as Ref-2 (Sharma). A 
comprehensive thesis on FPGA routing architecture is pro 
vides in Ref-3 (Betz, Rose & Marquardt) and Ref-4 (Lemieux 
& LeWis). 
[0012] Routing block Wire structure de?nes hoW logic 
blocks are connected to each other. Neighboring logic ele 
ments have short Wire connections, While die opposite corner 
logic blocks have long Wire connections, or a multiple of 
shorter Wires connected to make a long Wire. All Wires are 
driven by a ?xed pre-designed logic element output buffer 
and the drive strength does not change on account of Wire 
length. Longer Wires may have repeaters to rejuvenate the 
signals periodically. Buffers consume a large Si area and very 
expensive. The Wire delays become unpredictable as the Wire 
lengths are randomly chosen during the Logic Optimization 
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to best ?t the design into a given FPGA. FPGAs also incur 
lengthy run times during timing driven optimization of parti 
tioned logic. As FPGAs groW bigger in die size, the number of 
Wire segments and Wire lengths to connect logic increase. 
Wire delays dominate chip performance. Wire delays groW 
proportional to square of the Wire length, and inverse distance 
to neighboring Wires. Maximum chip sizes remain constant at 
mask dimension of about 2 cm per side, While metal Wire 
spacing is reduced With technology scaling. A good timing 
optimization requires in depth knoWledge of the speci?c 
FPGA ?tter, the length of Wires segments, and relevant pro 
cess parameters; a skill not found Within the design house 
doing the ?tting. In segmented Wire architectures, expensive 
?xed buffers are provided to drive global signals on selected 
lines. These buffers are too feW as they are too expensive, and 
only offer unidirectional data ?oW. Predictable timing is 
another challenge for FPGAs. This Would enhance place and 
route tool capability in FPGAs to better ?t and optimize 
timing critical logic designs. More Wires exacerbate the prob 
lem, While feWer Wires keep the problem tractable, reducing 
FPGA cost. 

[0013] FPGA architectures are discussed in detail in the 
referenced US Patents incorporated herein by reference. 
These patents disclose specialized routing blocks to connect 
logic elements in FPGAs and macro-cells in PLDs. In all 
cases a ?xed routing block is programmed to de?ne inputs 
and outputs for the logic blocks, While the logic block per 
forms a speci?c logic function. Such dedicated interconnect 
Wires drive the cost of FPGAs over equivalent functionality 
ASICs. 

[0014] Four methods of programmable point to point con 
nections, synonymous With programmable sWitches, 
betWeen A and B are shoWn in FIG. 3. These are the equiva 
lence of Red/Green signal lights in FPGAs. A con?guration 
circuit (the method to decide and change Red vs. Green) to 
program the connection is not shoWn. All the patents listed 
above use one or more of these basic connections to con?gure 
logic elements and programmable interconnect. The user 
implements the decision by programming memory. In FIG. 
3A, a conductive fuse link 310 connectsA to B. It is normally 
connected, and passage of a high current or a laser beam Will 
bloW the conductor open. In FIG. 3B, a capacitive anti-fuse 
element 320 disconnects A to B. It is normally open, and 
passage of a high current Will pop the insulator to short the 
terminals. Fuse and anti-fuse are both one time program 
mable due to the non-reversible nature of the change. In FIG. 
3C, a pass-gate device 330 connects A to B. The gate signal SO 
determines the nature of the connection, on or off. This is a 
non destructive change. The gate signal is generated by 
manipulating logic signals, or by con?guration circuits that 
include memory. The choice of memory varies from user to 
user. In FIG. 3D, a ?oating-pass-gate device 340 connects A 
to B. Control gate signal SO couples a portion of that to 
?oating gate. Electrons trapped in the ?oating gate deter 
mines on or off state of the connection. Hot-electrons and 
FoWler-Nordheim tunneling are tWo mechanisms to inject 
charge onto ?oating-gates. When high quality insulators 
encapsulate the ?oating gate, trapped charge stays for over 10 
years. These provide non-volatile memory. EPROM, 
EEPROM and Flash memory employ ?oating-gates and are 
non-volatile. Anti-fuse and SRAM based architectures are 
Widely used in commercial FPGAs, While EPROM, 
EEPROM, anti-fuse and fuse links are Widely used in com 
mercial PLDs. Volatile SRAM memory needs no high pro 
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gramming voltages, is freely available in every logic process, 
is compatible With standard CMOS SRAM memory, lends to 
process and voltage scaling and has become the de-facto 
choice for modern very large FPGA devices. 

[0015] A volatile six transistor SRAM based con?guration 
circuit is shoWn in FIG. 4A. The SRAM memory element can 
be any one of 6-transistor, 5-transistor, full CMOS, R-load or 
TFT PMOS load based cells to name a feW. TWo inverters 403 
and 404 connected back to back forms the memory element. 
This memory element is a latch. The latch can be full CMOS, 
R-load, PMOS load or any other. PoWer and ground terminals 
for the inverters are not shoWn in FIG. 4A. Access NMOS 
transistors 401 and 402, and access Wires GA, GB, BL and BS 
provide the means to con?gure the memory element. Apply 
ing Zero and one on BL and BS respectively, and raising GA 
and GB high enables Writing Zero into device 401 and one into 
device 402. The output SO delivers a logic one. Applying one 
and Zero on BL and BS respectively, and raising GA and GB 
high enables Writing one into device 401 and Zero into device 
402. The output SO delivers a logic Zero. The SRAM construc 
tion may alloW applying only a Zero signal at BL or BS to 
Write data into the latch. The SRAM cell may have only one 
access transistor 401 or 402. The SRAM latch Will hold the 
data state as long as poWer is on. When the poWer is turned off, 
the SRAM bit needs to be restored to its previous state from an 
outside permanent memory. In the literature for pro gram 
mable logic, this second non-volatile memory is also called 
con?guration memory. The SRAM con?guration circuit in 
FIG. 4A controlling logic pass-gate as shoWn in FIG. 3C is 
illustrated in FIG. 4Ba. Element 450 represents the con?gu 
ration circuit. The S0 output directly driven by the memory 
element in FIG. 4A drives the pass-gate gate electrode. In 
addition to S0 output and the latch, poWer, ground, data in and 
Write enable signals in 450 constitutes the SRAM con?gura 
tion circuit. Write enable circuitry includes GA, GB, BL, BS 
signals shoWn in FIG. 4A. The symbol used for the program 
mable sWitch comprising the SRAM device and the pass-gate 
is shoWn in FIG. 4Bb as the cross-hatched circle 460. SRAM 
memory data can be changed anytime in the operation of the 
device, altering an application and routing on the ?y, thus 
giving rise to the concept of recon?gurable computing in 
FPFA devices. 

[0016] A programmable MUX utiliZes a plurality of point 
to point sWitches. FIG. 5 shoWs three different MUX based 
programmable logic constructions. FIG. 5A shoWs a pro 
grammable 2:1 MUX. In the MUX, tWo pass-gates 511 and 
512 alloW tWo inputs IO and I 1 to be connected to output 0. A 
con?guration circuit 550 having tWo complementary output 
control signals SO and SO‘ provides the programmability. 
When SOII, SO':0; I0 is coupled to 0. When SOIO, SO':1; I1 is 
coupled to 0. With one memory element inside 550, one input 
is alWays coupled to the output. If tWo bits Were provided 
inside 550, tWo mutually exclusive outputs SO and S 1 could be 
generated. That Would alloW neither IO nor I 1 to be coupled to 
0, if such a requirement exists in the logic design. FIG. 5B 
shoWs a programmable 4:1 MUX controlled by 2 memory 
elements. A similar construction When the 4 inputs IO to I3 are 
replaced by 4 memory element outputs S0 to S3, and the 
pass-gates are controlled by tWo inputs IO & I1 is called a 
4-input look up table (LUT). The 4:1 MUX in FIG. 5B oper 
ate With tWo memory elements 561 and 562 contained in the 
con?guration circuit 560 (not shoWn). Similar to FIG. 5A, 
one of IO, I1, I2 or I3 is connected to 0 depending on the SO and 
S1 states. For example, When SO:1, Sl:1, I0 is coupled to 0. 
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Similarly, When SOIO and SIIO, I3 is coupled to O. A 3 bit 
programmable 3:1 MUX is shoWn in FIG. 5C. Point D can be 
connected to A, B or C via pass-gates 531, 533 or 532 respec 
tively. Memory elements 571, 572 and 573 contained in a 
con?guration circuit 570 (not shoWn) control these pass-gate 
input signals. Three memory elements are required to connect 
D to just one, any tWo or all three points. In recon?gurable 
computing, data in memory elements 571, 572 and 573 can be 
changed on the ?y to alter connectivity betWeen A, B, C and 
D as desired. 

[0017] In FPGAs the con?guration memory content is very 
high. It is typically loaded When the device is poWered up, and 
takes up a considerable time to fully load all the data. On the 
?y alteration of memory is extremely cumbersome. Refer 
ences US. Pat. No. 5,629,637 and US. Pat. No. 6,480,954 
disclose some methods to make the task manageable. The 
problem has noW groWn three fold: (i) Dedicated Wires Were 
needed to connect the inputs and outputs leading to a large 
chip area, (ii) Extra circuitry is inserted to identify Which 
portion of the memory data is refreshed further adding to the 
cost of the device, and (iii) The operation must be halted to 
upgrade the memory With neW data leading to signi?cant 
sWitch-over dead time. E?icient softWare tools that can syn 
thesiZe designs into a multitude of variable designs do not 
exist even in these modern days. Recon?gurable computing 
does not resolve the high cost of FPGAs over ASICs. 
[0018] What is desirable is to reduce the Silicon overhead 
required to support routing Wires Within a programmable 
logic device. The routing must provide timing predictability 
and easily integrated into a softWare tool. These routing con 
nections need to facilitate short Wire connections and long 
Wire connections and then preserve timing in a predictable 
and calculable manner. One method to reduce the Wire over 
head is to provide a programmable time multiplexing scheme 
to share one Wire With a plurality of inputs/outputs, thus 
reducing the overall Wires needed Within the FPGA. It is also 
bene?cial to have the ability to program the data ?oW direc 
tion, and have the entire con?gurability integrated into verti 
cal con?guration circuits. Vertically integrated con?guration 
circuits in 3D FPGAs, previously presented and incorporated 
herein, provide signi?cant cost reductions and performance 
improvement to FPGAs. Previously presented techniques 
incorporated herein to use bi-directional buffers and highly 
e?icient bridge structures all consume less Si real estate to 
further reduce the cost of FPGAs. The neW interconnect struc 
ture must reach reasonable cost parity to ASICs (Within 2>< of 
ASIC cost) and also lend to an easy application speci?c 
design conversion to the user, preserving the original timing 
characteristics of the circuit during the conversion. 

SUMMARY 

[0019] In one aspect, a programmable logic device, 
Wherein a plurality of outputs from logic blocks is coupled to 
a plurality of inputs to logic blocks by a single Wire segment 
comprising a programmable time multiplexing method. 
[0020] Implementations of the above aspect may include 
one or more of the folloWing. A programmable logic device 
comprises an array of structured programmable logic cells or 
logic modules. These modules may use one or more metal 
layers to partially connect them. These modules may be cus 
tomiZed by the user for speci?c logic functions. A program 
mable interconnect structure may be used to fully customiZe 
a speci?c interconnect pattern by the user to interconnect the 
customiZed logic modules. Said interconnect structure is 
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formed above said structured cell array. The programmable 
structure may include one or more upper metal layers. These 
metal layers provide the interconnect structure to complete 
the functionality of the integrated circuit and form connec 
tions to input and output pads. Said interconnect structure 
comprises a programmable sWitch. Most common sWitch is a 
pass-gate device. A pass-gate is an NMOS transistor, a PMOS 
transistor or a CMOS transistor pair that can electrically 
connect tWo points. A pass-gate is a conductivity modulating 
element that comprises a connect state and a disconnect state. 
Other methods of connecting tWo points include fuse links 
and anti-fuse capacitors. Yet other methods to connect tWo 
points may include an electrochemical or ferroelectric or 
other cell. Programming these devices include forming one of 
either a conducting path or a non-conducting path. 

[0021] The gate electrode signal on said pass-gates alloWs a 
programmable method of controlling an on and off connec 
tion. A plurality of pass-gate logic is included in said pro 
grammable logic blocks and programmable Wire structure. 
The structure may include circuits consisting of CMOS tran 
sistors comprising AND, NAND, INVERT, OR, NOR, Look 
Up-Table, Truth-Table, MUX, Arithmetic-Logic-Unit, Cen 
tral-Processor-Unit, Programmable-Memory and Pass-Gate 
type logic circuits. Multiple logic circuits may be combined 
into a larger logic block. Con?guration circuits are used to 
offer programmability. Con?guration circuits have memory 
elements and access circuitry to change memory data. Each 
memory element can be a transistor or a diode or a group of 

electronic devices. The memory elements can be made of 
CMOS devices, capacitors, diodes, resistors and other elec 
tronic components. The memory elements can be made of 
thin ?lm devices such as thin ?lm transistors (TFT), thin-?lm 
capacitors and thin-?lm diodes. The memory element can be 
selected from the group consisting of volatile and non volatile 
memory elements. The memory element can also be selected 
from the group comprising fuses, antifuses, SRAM cells, 
DRAM cells, optical cells, metal optional links, EPROMs, 
EEPROMs, ?ash, magnetic and ferro-electric elements. 
Memory element can be a conductivity modulating element. 
One or more redundant memory elements can be provided for 
controlling the same circuit block. The memory element can 
generate an output signal to control pass-gate logic. Memory 
element can generate a signal that is used to derive a control 
signal. The control signal is coupled to pass-gate logic ele 
ment, AND array, NOR array, a MUX or a Look-Up-Table 

(LUT) logic. 
[0022] Logic blocks comprise outputs and inputs. Logic 
functions perform logical operations. Logic functions 
manipulate input signals to provide a required response at one 
or more outputs. The input signals may be stored in storage 
elements. The output signals may be stored in storage ele 
ments. The input and output signals may be synchronous or 
asynchronous signals. The inputs of logic functions may be 
received from memory, or from input pins on the device, or 
from outputs of other logic blocks in the device. The outputs 
of logic blocks may be coupled to other inputs, or storage 
devices, or to output pads in the device, or used as control 
logic. 
[0023] Structured cells are fabricated using a basic logic 
process capable of making CMOS transistors. These transis 
tors are formed on P-type, N-type, epi or SOI substrate Wafer. 
Con?guration circuits, including con?guration memory, con 
structed on same silicon substrate take up a large Silicon foot 
print. That adds to the cost of programmable Wire structure 

Aug. 19,2010 

compared to a similar functionality custom Wire structure. A 
3-dimensional integration of pass-gate and con?guration cir 
cuits to connect Wires provides a signi?cant cost reduction in 
the incorporated-by-reference applications. The pass-gates 
and con?guration circuits may be constructed above one or 
more metal layers. Said metal layers may be used for intra and 
inter connection of structured cells. The programmable Wire 
circuits may be formed above the structured cell circuits by 
inserting a thin-?lm transistor (TFT) module or a laser-fuse 
model, or any other vertical memory structure. Said memory 
module may be inserted at any via layer, in-betWeen tWo 
metal layers or at the top of top metal layer of a logic process. 
The memory element can generate an output signal to control 
logic gates. Memory element can generate a signal that is 
used to derive a control signal. 

[0024] The programmable interconnect comprises a sig 
ni?cant overhead in a FPGA/PLD. In generic FPGA devices 
commercialized today, over 90% of the con?gurability is 
toWards programming interconnect While 10% is to con?gure 
logic. Unidirectional Wires With periodic repeaters are a com 
mon practice. In incorporated-by-reference applications bi 
directional Wires Were disclosed to provide signi?cant over 
head reduction to interconnect. All interconnect in FPGAs are 
dedicated betWeen one output and one input. In one embodi 
ment, a plurality of outputs and a plurality of inputs may share 
one Wire. Control signals may provide a time-multiplexing 
arrangement to regulate time slots betWeen the outputs and 
the inputs. The control signals may be non-overlapping 
clocks, each clock directing one output to couple to one input. 
To time-multiplex signals, output Wire structures may require 
special construction. In a ?rst embodiment a time multiplexed 
Wire structure in an integrated circuit, comprising: a ?rst Wire 
and a second Wire; and tWo or more paths to couple the ?rst 
Wire to the second Wire, Wherein each coupling path is further 
comprised of: a programmable means to select or deselect the 
path; and a pass-gate activated by a control signal to couple or 
decouple the ?rst Wire to said second Wire; Wherein, a 
selected path couples the ?rst Wire to the second Wire during 
a time period When the control signal to the pass-gate in said 
path is asserted to a ?rst state. In a second embodiment a time 
multiplexed Wire structure in an integrated circuit, compris 
ing: a ?rst set of Wires and a second Wire, Wherein each of the 
?rst set of Wires comprises tWo or more paths to couple said 
set Wire to the second Wire, Wherein each coupling path is 
further comprised of: a programmable means to select or 
deselect the path; and a pass-gate activated by a control signal 
to couple or decouple the set Wire to said second Wire; 
Wherein, a selected path couples the set Wire to the second 
Wire during a time period When the control signal to the 
pass-gate in said path is asserted to a ?rst state; and Wherein, 
each of the control signals is common to the pass-gate in one 
pathbetWeen each of the ?rst set of Wires and the second Wire. 

[0025] Inputs may also be modi?ed to time multiplex Wires. 
In one embodiment a time multiplexed Wire structure in an 
integrated circuit, comprising: a ?rst Wire and a set of Wires, 
said ?rst Wire comprising a signal state; and a plurality of 
paths, each path coupling the ?rst Wire to tWo of the set of 
Wires, each said path further comprising: a pass-gate coupled 
to the ?rst Wire, said pass-gate activated by a control signal to 
select or deselect the path; and a storage device coupled to the 
pass-gate, Wherein When the pass-gate is activated, the stor 
age device couples to the ?rst Wire and stores the signal state 
of the ?rst Wire, said storage device further coupled to said 
tWo set Wires providing the stored signal state and the comple 
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ment of the signal state to said two set wires; wherein, each 
path couples the ?rst wire to the data storage device in the path 
during a time period when the control signal to the pass-gate 
in said path is asserted to a ?rst state; and wherein, the data 
storage unit provides the stored signal level and the compli 
ment of the signal level to the two of the set of wires. Such 
inputs and outputs signi?cantly reduce the overall wires 
requires in an FPGA interconnect structure. 
[0026] In a second aspect, a software placement and route 
tool, wherein a plurality of routes is assigned to a single route, 
wherein the plurality of routs is routed in the single route by 
a time multiplexed method. 
[0027] Implementations of the above aspect may include 
one or more of the following. A typical placement and route 
(P&R) tool assigns a single route from an output to input. 
These routes handle a dedicated coupling between the two 
nodes. In a ?rst embodiment, the software tool may group all 
the inputs of a logic block in one location. The tool then 
identi?es all outputs in preceding logic blocks that generate 
the inputs, and assign a single route to couple the plurality of 
outputs to the plurality of inputs. The tool may then identify 
the set of common non-overlapping control clock signals and 
select matching time slots to couple the required outputs to 
required inputs in a sequential manner. The software tool may 
further optimiZe the performance by adjusting the critical 
signal coupling to the global system clock to achieve the best 
performance. In another embodiment, a pair of wires may be 
assigned to couple a plurality of outputs to a plurality of 
inputs. A differential signal level may couple the outputs to 
inputs at a clock rate far exceeding the system clock. In one 
example the internal time-multiplexing rate may be 10 GHZ, 
while the system clock is only 1 GHZ. The differential time 
multiplexing may also save a considerable power in the 
device due to the very low voltage swings encountered by the 
wires. 
[0028] In a third aspect, a critical signal propagation path in 
a programmable logic device comprising global non-overlap 
ping control signals and time multiplexed wires, wherein 
each control signal assigns a programmable time slot for 
multiple signals within one of said wires, further comprising 
one or more critical signals assigned to the last multiplexed 
time slot. 
[0029] Implementations of the above aspect may further 
include one or more of the following. A time multiplexing 
hurts timing as all signals have to stabiliZe before a valid 
result is achieved. In a multi-input function, some inputs may 
be more critical than others. In one embodiment, the outputs 
and the inputs both have many non-overlapping control sig 
nals to pick a matching time slot. The most critical signal may 
be assigned the time slot that provides the optimal time to the 
system clock that determines the critical path delay. In one 
case, this may be the last time slot in the relay cycle. In 
another case, this may be related to the availability of the 
outputs: the early output is given the ?rst time slot, while the 
last ready output is assigned the last time slot. In yet another 
case, the control signals may comprise a programmable delay 
element at the input sites. The outputs may relay data prior to 
the inputs receiving the data. Said inputs may react to a 
delayed control signal from the transmitting control signal. 
This delay may vary to account for the wire delay between the 
two nodes. 

[0030] Implementations of the above aspects may include 
one or more of the following. A routing structure may com 
prise a signi?cant reduction in the bi-directional segmented 
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wires in a PLD/FPGA. Bundles of wires terminating at a 
switch block may have more e?icient and less area consum 
ing bridges structures. Special bridge structures for FPGAs 
were disclosed in incorporated-by-reference applications. 
Such time-multiplexed interconnect constitutes low cost fab 
rication of a VLSI IC product. The IC product is re-program 
mable in its initial stage with turnkey conversion to an ASIC. 
The IC has the end ASIC cost structure and FPGA re-pro 
grammability. The IC product offering occurs in two phases: 
the ?rst stage is a generic FPGA that has re-programmability 
containing a programmable module, and the second stage is 
an ASIC with the entire programmable module replaced by 1 
to 2 customiZed hard-wire masks. 
[0031] A series product families can be provided with a 
modulariZed programmable element in an FPGA version fol 
lowed by a turnkey custom ASIC with the same base die with 
1-2 custom masks. The vertically integrated programmable 
module does not consume valuable silicon real estate of a 
base die. Furthermore, the design and layout of these product 
families adhere to removable module concept: ensuring the 
functionality and timing of the product in its FPGA andASIC 
canonicals. These IC products can replace existing PLD and 
FPGA products and compete with existing Gate Arrays and 
ASICs in cost and performance. 
[0032] An easy turnkey customiZation of an ASIC from an 
original smaller cheaper and faster PLD or FPGA would 
greatly enhance time to market, performance, and product 
reliability. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] FIG. 1 shows an exemplary interconnect structure 
utiliZing a logic element. 
[0034] FIG. 2 shows an exemplary logic element. 
[0035] FIG. 3A shows an exemplary fuse link point to point 
connection. 
[0036] FIG. 3B shows an exemplary anti-fuse point to point 
connection. 
[0037] FIG. 3C shows an exemplary pass-gate point to 
point connection. 
[0038] FIG. 3D shows an exemplary ?oating-pass-gate 
point to point connection. 
[0039] FIG. 4A shows an exemplary con?guration circuit 
for a 6 T SRAM element. 

[0040] FIG. 4Ba shows an exemplary programmable pass 
gate switch with SRAM memory. 
[0041] FIG. 4Bb shows the symbol used for switch in FIG. 
4Ba. 
[0042] FIG. 5A shows an exemplary 2:1 MUX controlled 
by one bit. 
[0043] FIG. 5B shows an exemplary 4:1 MUX controlled 
by 2 bits. 
[0044] FIG. 5C shows an exemplary 3:1 MUX controlled 
by 3 bits. 
[0045] FIG. 6 shows a con?guration circuit utiliZing anti 
fuse memory elements. 
[0046] FIG. 7 shows a ?rst embodiment of a con?guration 
circuit utiliZing a ?oating-gate. 
[0047] FIG. 8 shows a second embodiment of a con?gura 
tion circuit utiliZing a ?oating-gate. 
[0048] FIG. 9 shows a programmable AND array realiZa 
tion of ?oating-gate based memory elements. 
[0049] FIG. 10 shows a 3-dimensional construction of a 
programmable device. 
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[0050] FIG. 11A shows a hard-wire mapping for a pro 
grammable pass-gate. 
[0051] FIG. 11B shows a hard-wire mapping for a pro 
grammable 2:1 MUX. 
[0052] FIG. 12 shows constructional process cross sections 
ofa TFT process. 
[0053] FIG. 13A shows a programmable pass-gate with 
TFT SRAM memory element. 
[0054] FIG. 13B shows the symbol for a TFT memory 
based programmable pass-gate. 
[0055] FIG. 13C shows a 4x4 array ofTFT memory based 
programmable pass- gate matrix. 
[0056] FIG. 14 shows a 4x4 array of TFT memory based 
programmable pass- gate matrix. 
[0057] FIG. 15A shows a ?rst construction of a 4-time slot 
time-multiplexing wire structure. 
[0058] FIG. 15B shows a second construction of a 4-time 
slot time-multiplexing wire structure. 
[0059] FIG. 15C shows a non-overlapping control signal 
timing diagram for time-multiplexing. 
[0060] FIG. 16 shows a ?rst embodiment of an input wire 
structure comprising time-multiplexed input signals. 
[0061] FIG. 17 shows a second embodiment of an input 
wire structure comprising time-multiplexed input signals. 
[0062] FIG. 18 shows four outputs connected to four inputs 
by a time multiplexed single wire route, and an FPGA ?oor 
plan according to time-multiplexed wire structures. 

DESCRIPTION 

[0063] In the following detailed description of the inven 
tion, reference is made to the accompanying drawings which 
form a part hereof, and in which is shown, by way of illustra 
tion, speci?c embodiments in which the invention may be 
practiced. These embodiments are described in su?icient 
detail to enable those skilled in the art to practice the inven 
tion. Other embodiments may be utiliZed and structural, logi 
cal, and electrical changes may be made without departing 
from the scope of the present invention. 
[0064] De?nitions: The terms wafer and substrate used in 
the following description include any structure having an 
exposed surface with which to form the integrated circuit (IC) 
structure of the invention. The term substrate is understood to 
include semiconductor wafers. The term substrate is also used 
to refer to semiconductor structures during processing, and 
may include other layers that have been fabricated thereupon. 
Both wafer and substrate include doped and undoped semi 
conductors, epitaxial semiconductor layers supported by a 
base semiconductor or insulator, SOI material as well as other 
semiconductor structures well known to one skilled in the art. 
The term conductor is understood to include semiconductors, 
and the term insulator is de?ned to include any material that 
is less electrically conductive than the materials referred to as 
conductors. 
[0065] The term module layer includes a structure that is 
fabricated using a series of predetermined process steps. The 
boundary of the structure is de?ned by a ?rst step, one or more 
intermediate steps, and a ?nal step. The resulting structure is 
formed on a substrate. 

[0066] The term pass-gate and switch refers to a structure 
that canpass a signal when on, and block signal passage when 
off. A pass-gate connects two points when on, and discon 
nects two points when off. A pass-gate can be a ?oating-gate 
transistor, an NMOS transistor, a PMOS transistor or a 
CMOS transistor pair. The gate electrode of transistors deter 
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mines the state of the connection. A CMOS pass-gate requires 
complementary signals coupled to NMOS and PMOS gate 
electrodes. A control logic signal is connected to gate elec 
trode of a transistor for programmable logic. A pass-gate can 
be a conductivity modulating element. The conductivity may 
be made to change between a suf?ciently conductive state to 
a suf?ciently nonconductive state by a con?guration means. 
The con?gurable element may comprise a chemical, mag 
netic, electrical, optical, ferro-electric or any other property 
that allow the element to change its conductivity between said 
two states. 

[0067] The term buffer includes a structure that receives a 
weak incoming signal and transmits a strong output signal. 
Buffers provide high drive current to maintain signal integ 
rity. Buffer includes repeaters that rejuvenate signal integrity 
in long wires. Buffer further includes a single inverter, and a 
series of connected inverters wherein each inverter in the 
series is siZed larger to provide a higher drive current. 
[0068] The term bridge includes a structure that manages 
routing within a set or a cluster of wires. Signals arriving at 
the bridge on a wire may be transmitted to one or more other 

wires in that bridge. A bridge includes simple transmission, 
buffered transmission, uni-directional or multi-directional 
routing on the wire cluster. A bridge includes switch blocks. 
[0069] The term con?guration circuit includes one or more 
con?gurable elements and connections that can be pro 
grammed for controlling one or more circuit blocks in accor 
dance with a predetermined user-desired functionality. The 
con?guration circuit includes the memory element and the 
access circuitry, herewith called memory circuitry, to modify 
said memory element. Con?guration circuit does not include 
the logic pass-gate controlled by saidmemory element. In one 
embodiment, the con?guration circuit includes a plurality of 
memory circuits to store instructions to con?gure an FPGA. 
In another embodiment, the con?guration circuit includes a 
?rst selectable con?guration where a plurality of memory 
circuits is formed to store instructions to control one or more 
circuit blocks. The con?guration circuits include a second 
selectable con?guration with a predetermined conductive 
pattern formed in lieu of the memory circuit to control sub 
stantially the same circuit blocks. The memory circuit 
includes elements such as diode, transistor, resistor, capaci 
tor, metal link, among others. The memory circuit also 
includes thin ?lm elements. In yet another embodiment, the 
con?guration circuits include a predetermined conductive 
pattern, via, resistor, capacitor or other suitable circuits 
formed in lieu of the memory circuit to control substantially 
the same circuit blocks. 

[0070] The term time-multiplexing includes the ability to 
differentiate a value in time domain. The value may be a 
voltage, a signal or any electrical property in an IC. A plurality 
of time intervals make a valid time period. Inside the time 
period, a value comprises a plurality of valid states: each state 
attributed to each time interval within the period. Thus time 
multiplexing provides a means to identify a plurality of valid 
values within a time period. 

[0071] The term “horizontal” as used in this application is 
de?ned as a plane parallel to the conventional plane or surface 
of a wafer or substrate, regardless of the orientation of the 
wafer or substrate. The term “vertical” refers to a direction 
perpendicular to the horiZontal direction as de?ned above. 
Prepositions, such as “on”, “side”, “higher”, “lower”, “over” 
and “under” are de?ned with respect to the conventional 
plane or surface being on the top surface of the wafer or 
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substrate, regardless of the orientation of the Wafer or sub 
strate. The following detailed description is, therefore, not to 
be taken in a limiting sense. 

[0072] A point to point connection can be made utilizing 
programmable pass-gate logic as shoWn in FIG. 3C and FIG. 
3D. Multiple inputs (node A) can be connected to multiple 
outputs (node B) With a plurality of pass-gate logic elements. 
An SRAM base connection is shoWn in FIG. 4, Where pass 
gate 430 can be a PMOS or an NMOS transistor. NMOS is 
preferred due to its higher conduction. The gate voltage SO on 
NMOS transistor 410 gate electrode determines an ON or 
OFF connection. That logic level is generated by a con?gu 
ration circuit 450 coupled to the gate of NMOS transistor 410. 
The pass-gate logic connection requires the con?guration 
circuitry to generate signal S0 with su?icient voltage levels to 
ensure off and on conditions. For an NMOS pass-gate, SO 
having a logic level one completes the point to point connec 
tion, While a logic level Zero keeps them disconnected. In 
addition to using only an NMOS gate, a PMOS gate could 
also be used in parallel to make the connection. The con?gu 
ration circuit 450 needs to then provide complementary out 
puts (SO and S0‘) to drive NMOS and PMOS gates in the 
connection. Con?guration circuit 450 contains a memory 
element. Most CMOS SRAM memory delivers complemen 
tary outputs. This memory element can be con?gured by the 
user to select the polarity of SO, thereby selecting the status of 
the connection. The memory element can be volatile or non 

volatile. In volatile memory, it could be DRAM, SRAM, 
Optical or any other type of a memory device that can output 
a valid signal SO. In non-volatile memory it could be fuse, 
anti-fuse, EPROM, EEPROM, Flash, Ferro-Electric, Mag 
netic or any other kind of memory device that can output a 
valid signal S0. The output SO can be a direct output coupled 
to the memory element, or a derived output in the con?gura 
tion circuitry. An inverter can be used to restore SO signal level 
to full rail voltage levels. The SRAM in con?guration circuit 
450 can be operated at an elevated Vcc level to output an 
elevated SO voltage level. This is especially feasible When the 
SRAM is built in a separate TFT module. Other con?guration 
circuits to generate a valid SO signal are discussed next. 

[0073] An anti-fuse based con?guration circuit to use With 
this invention is shoWn next in FIG. 6. Con?guration circuit 
450 in FIG. 4B can be replaced With the anti-fuse circuit 
shoWn in FIG. 6. In FIG. 6, output level S0 is generated from 
node X Which is coupled to signals VA and VB via tWo 
anti-fuses 650 and 660 respectively. Node X is connected to a 
programming access transistor 670 controlled by gate signal 
GA and drain signal BL. A very high programming voltage is 
needed to bloW the anti-fuse capacitor. This programming 
voltage level is determined by the anti-fuse properties, includ 
ing the dielectric thickness. Asserting signal VA very high, 
VB loW (typically ground), BL loW and GA high (Vcc to pass 
the ground signal) provides a current path from VA to BL 
through the on transistor 670. A high voltage is applied across 
anti-fuse 650 to pop the dielectric and short the terminals. 
Similarly anti-fuse 660 can be programmed by selecting VA 
loW, VB very high, BL loW and GA high. Only one of the tWo 
anti-fuses is bloWn to form a short. When the programming is 
done, BL and GA are returned to Zero, isolating node X from 
the programming path. VAIVss (ground) and VBIVcc 
(poWer, or elevated Vcc) is applied to the tWo signal lines. 
Depending on the bloWn fuse, signal SO Will generate a logic 
loW or a logic high signal. This is a one time programmable 
memory device. Node X Will be alWays connected to VA or 
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VB by the bloWn fuse regardless of the device poWer status. 
Signals GA and BL are constructed orthogonally to facilitate 
roW and column based decoding to construct these memory 
elements in an array. 

[0074] FIGS. 7 & 8 shoWs tWo EEPROM non-volatile con 
?guration circuits that can be used in this invention. Con?gu 
ration circuit 450 in FIG. 4B can be replaced With either of 
tWo EEPROM circuit shoWn in FIG. 7 and FIG. 8. In FIG. 7, 
node 740 is a ?oating gate. This is usually a poly-silicon ?lm 
isolated by an insulator all around. It is coupled to the source 
end of programming transistor 720 via a tunneling diode 730. 
The tunneling diode is a thin dielectric capacitor betWeen 
?oating poly and substrate silicon With high doping on either 
side. When a large programming (or erase) voltage Vpp is 
applied across the thin dielectric, a FoWler-Nordheim tunnel 
ing current ?oWs through the oxide. The tunneling electrons 
move from electrical negative to electrical positive voltage. 
Choosing the polarity of the applied voltage across the tun 
neling dielectric, the direction of electron ?oW can be 
reversed. Multiple programming and erase cycles are pos 
sible for these memory elements. As the tunneling currents 
are small, the high programming voltage (V pp) can be gen 
erated on chip, and the programming and erasure can be done 
While the chip is in a system. It is hence called in system 
programmable (ISP). An oxide or dielectric capacitor 710 
couples the ?oating gate (FG) 740 to a control gate (CG). The 
control gate CG can be a heavily doped silicon substrate plate 
or a second poly-silicon plate above the ?oating poly. The 
dielectric can be oxide, nitride, ONO or any other insulating 
material. A voltage applied to CG Will be capacitively 
coupled to PG node 740. The coupling ratio is designed such 
that 60-80 percent of CG voltage Will be coupled to PG node 
740. To program this memory element, a negative charge 
must be trapped on the PG 740. This is done by applying 
positive Vpp voltage on CG, ground voltage on PL and a 
suf?ciently high (V cc) voltage on RL. CG couples a high 
positive voltage onto FG 740 creating a high voltage drop 
across diode 730. Electrons move to the PG 740 to reduce this 
electric ?eld. When the memory device is returned to normal 
voltages, a net negative voltage remains trapped on the PG 
740. To erase the memory element, the electrons must be 
removed from the ?oating gate. This can be done by UV light, 
but an electrical method is more easily adapted. The CG is 
grounded, a very high voltage (V pp+ more to prevent a 
threshold voltage drop across 720) is applied to RL, and a 
very high voltage (Vpp) is applied to PL. NoW a loW voltage 
is coupled to PG With a very high positive voltage on the 
source side of device 720. Diode 730 tunneling removes 
electrons from FG. This removal continues beyond a charge 
neutral state for the isolated FG. When the memory device is 
returned to normal voltages, a net positive voltage remains 
trapped on the PG 740. Under normal operation RL is 
grounded to isolate the memory element from the program 
ming path, and PL is grounded. A positive intermediate volt 
age Vcg is applied to CG terminal. FG voltage is denoted SO. 
Under CG bias, SO signal levels are designed to activate pass 
gate logic correctly. Con?guration circuit in FIG. 8 is only 
different to that in FIG. 7 by the capacitor 851 used to induce 
SO voltage. This is useful when S0 output is applied to leaky 
pass-gates, or loW level leakage nodes. As gate oxide thick 
nesses reach beloW 50 angstroms, the pass-gates leak due to 
direct tunneling. 
[0075] These con?guration circuits, and similarly con 
structed other con?guration circuits, can be used in program 
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mable logic devices. Those With ordinary skill in the art may 
recognize other methods for constructing con?guration cir 
cuits to generate a valid SO output. FIG. 9 shoWs an EEPROM 
non-volatile memory element in the implementation of a 
Product-Term, also knoWn as P-Term, in NAND-NOR logic. 
FIG. 9 shoWs tWo mirrored P-Term outputs P1 and P2. For 
output P1, an NAND gate 932 comprised of a pull-up device 
receives signals from pull doWn pass transistors 922, 924, 928 
and 930. The pass transistor 922 is controlled by block 920 
shoWn in the dashed circle, While the pass transistor 928 is 
controlled by a similar block 926 shoWn inside the dashed 
circle. These blocks 920 and 926 shoW the con?guration 
circuits shoWn in FIG. 8A. Blocks 920 and 926 can be 
replaced by any one of con?guration circuits shoWn in FIG. 
4A, FIG. 7 or FIG. 8B to realiZe this logic function. Pass 
transistors 922, 924, 928, 930 and the NAND gate 932 shoW 
the logic block of the PLD. The logic block is not affected by 
the choice of the con?guration circuit. This voltage output 
level applied to the gate of device 922 is designed to turn the 
device off or on at a designed control gate (CG) operating 
voltage. 
[0076] SRAM memory technology has the advantage of 
not requiring a high voltage to con?gure memory. The SRAM 
based sWitch shoWn in FIG. 4B containing the SRAM 
memory circuit shoWn in FIG. 4A utiliZes 6 extra con?gura 
tion transistors, discounting the pass-gate 410, to provide the 
programmability. That is a signi?cant overhead compared to 
application speci?c circuits Where the point to point connec 
tion can be directly made With metal. Similarly other pro 
grammable memory elements capable of con?guring pass 
gate logic also carry a high silicon foot print. A cheaper 
method of constructing a vertically integrated SRAM cell is 
described in application Ser. No. 10/413,810 now US. Pat. 
No. 6,828,689 entitled “Semiconductor Latches and SRAM 
Devices”, ?led on Apr. 14, 2003 and list as inventor Mr. R. U. 
MaduraWe, the contents of Which are incorporated herein by 
reference. In a preferred embodiment, the con?guration cir 
cuit is built on thin-?lm semiconductor layers located verti 
cally above the logic circuits. The SRAM memory element, a 
thin-?lm transistor (TFT) CMOS latch as shoWn in FIG. 4A, 
comprises tWo loWer performance back to back inverters 
formed on tWo semiconductor thin ?lm layers, substantially 
different from a ?rst semiconductor single crystal substrate 
layer and a gate poly layer used for logic transistor construc 
tion. This latch is stacked above the logic circuits for sloW 
memory applications With no penalty on Silicon area and 
cost. This latch is adapted to receive poWer and ground volt 
ages in addition to con?guration signals. The tWo program 
ming access transistors for the TFT latch are also formed on 
thin-?lm layers. Thus in FIG. 4B, all six con?guration tran 
sistors shoWn in 450 are constructed in TFT layers, vertically 
above the pass transistor 410. Transistor 410 is in the con 
ducting path of the connection and needs to be a high perfor 
mance single crystal Silicon transistor. This vertical integra 
tion makes it economically feasible to add an SRAM based 
con?guration circuit at a very small cost overhead to create a 
programmable solution. Such vertical integration can be 
extended to all other memory elements that can be vertically 
integrated above logic circuits. 
[0077] A neW kind of a programmable logic device utiliZ 
ing thin-?lm transistor con?gurable circuits is disclosed in 
application Ser. No. 10/267,483 entitled “Three Dimensional 
Integrated Circuits”, application Ser. No. 10/267,484 entitled 
“Methods for Fabricating Three-Dimensional Integrated Cir 
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cuits”, and application Ser. No. 10/267,511 now US. Pat. No. 
6,747,478 entitled “Field Programmable Gate Array With 
Convertibility to Application Speci?c Integrated Circuit”, all 
of Which Were ?led on Oct. 8, 2002 and list as inventor Mr. R. 
U. MaduraWe, the contents of Which are incorporated-by 
reference. The disclosures describe a programmable logic 
device and an application speci?c device fabrication from the 
same base Silicon die. The PLD is fabricated With a program 
mable memory module, While the ASIC is fabricated With a 
conductive pattern in lieu of the memory. Both memory mod 
ule and conductive pattern provide identical control of logic 
circuits. For each set of memory bit patterns, there is a unique 
conductive pattern to achieve the same logic functionality. 
The vertical integration of the con?guration circuit leads to a 
signi?cant cost reduction for the PLD, and the elimination of 
TFT memory for the ASIC alloWs an additional cost reduction 
for the user. The TFT vertical memory integration scheme is 
brie?y described next. 
[0078] FIG. 10 shoWs an implementation of vertically inte 
grated circuits, Where the con?guration memory element is 
located above logic. The memory element can be any one of 
fuse links, anti-fuse capacitors, SRAM cells, DRAM cells, 
metal optional links, EPROM cells, EEPROM cells, ?ash 
cells, ferro-electric elements, optical elements and magnetic 
elements that lend to this implementation. SRAM memory is 
used herein to illustrate the scheme and is not to be taken in a 
limiting sense. First, silicon transistors 1050 are deposited on 
a substrate. A module layer of removable SRAM cells 1052 
are positioned above the silicon transistors 1050, and a mod 
ule layer of interconnect Wiring or routing circuit 1054 is 
formed above the removable memory cells 1052. To alloW 
this replacement, the design adheres to a hierarchical layout 
structure. As shoWn in FIG. 10, the SRAM cell module is 
sandWiched betWeen the single crystal device layers beloW 
and the metal layers above electrically connecting to both. It 
also provides through connections “A” for the loWer device 
layers to upper metal layers. The SRAM module contains no 
sWitching electrical signal routing inside the module. All such 
routing is in the layers above and beloW. Most of the pro gram 
mable element con?guration signals run inside the module. 
Upper layer connections to SRAM module “C” are mini 
miZed to PoWer, Ground and high drive data Wires. Connec 
tions “B” betWeen SRAM module and single crystal module 
only contain logic level signals and replaced later by Vcc and 
Vss Wires. Most of the replaceable programmable elements 
and its con?guration Wiring is in the “replaceable module” 
While all the devices and Wiring for the end ASIC is outside 
the “replaceable module”. In other embodiments, the replace 
able module could exist betWeen tWo metal layers or as the 
top most module layer satisfying the same device and routing 
constraints. This description is equally applicable to any other 
con?guration memory element, and not limited to SRAM 
cells. 

[0079] Fabrication of the IC also folloWs a modulariZed 
device formation. Formation of transistors 1050 and routing 
1054 is by utiliZing a standard logic process How used in the 
ASIC fabrication. Extra processing steps used for memory 
element 1052 formation are inserted into the logic ?oW after 
circuit layer 1050 is constructed. A full disclosure of the 
vertical integration of the TFT module using extra masks and 
extra processing is in the incorporated by reference applica 
tions discussed above. 

[0080] During the customiZation, the base die and the data 
in those remaining mask layers do not change making the 
















