












































































































































































































































Operation 

Preparing for Data Transfer 

The processor accesses the 53C90B internal registers by first 
writing the appropriate data to the control1er, then reading or 
writing the 53C90B. 

The processor prepares the control1er to transfer data by writing 
data to it that tel1s it the transfer direction and tens it to begin when 
the 53C90B control1er asserts DREQ. 

Writing 

The processor writes a 32-bit word with four parity bits to the buffer 
and prepares the system as detailed above. When the control1er 
gets a DREQ signal from the 53C90B, it transfers the data in the 
processor-side buffer to the SCSI-side buffer, then requests the 
processor for more data. It then multiplexes each byte with its 
parity bit out to the control1er data bus and issues an acknowledge 
to the 53C90B. 

If the request for data from the processor has been granted by the 
time the last byte is sent, the process wil1 repeat, until the 53C90B 
stops requesting data. 

Using the SCSI Interface Controller Supermacro 

If the 53C90B stops asserting DREQ, the state machine wil1 wait 
until the signal returns before sending the next byte. If the transfer 
is of an odd number of bytes, or if the transfer stops on an odd-byte 
boundary due to a failure, the processor can initialize the state 
machine by activating the control1er chip-select line. 

Reading 

The flow of data from the control1er to the system bus begins when 
the 53C90B asserts DREQ. The control1er latches each byte of a 
word until the buffer on the 53C90B side is ful1. Then the control1er 
transfers the word to the other buffer, sets the data transfer request 
flag, and resumes latching bytes. 

If the processor has responded to the data transfer request by the 
time the next word is latched, then the process continues. If not, the 
state machine wil1 stop until the buffer is read. 

Parity Error Detection 

The parity error detection logic checks each byte that passes 
through when the DACK signal is asserted. If an error is detected, it 
sets a flag that could be used to interrupt the processor. The flag 
can only be cleared by the processor accessing the control1er. 
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UART Design Applications 
Note 

Introduction 

This applications note demonstrates the design of a Universal 
Asynchronous Receiver and Transmitter (UART) circuit on an 
Actel field programmable gate array (FPGA). The architecture of 
ACT™ 10lQ/1020 arrays provides the flexibility needed for the 
circuit design. Actel macros are used to speed and simplify the 
design process. 

UART Description 

The UART is a serial communication device that handles 
transmission and reception of information between computers and 

RD 

CPU WR 
& 

Memory 
CS,CD 

DO-D7 

peripherals (modems, terminals, printers, etc). This note 
describes a general-purpose UART that utilizes 189 logic modules 
(approximately 700 gates) in the ACT 1010. 

Figure 1 shows the UART configured as a controller between a 
computer and a peripheral device. Communications protocol is a 
standard RS232 serial interface. 

The UART transmission format is shown in Figure 2. A start bit 
begins the transmission, followed by the data bits, and then an 
optional even or odd parity bit. A programmed number of stop bits 
concludes the transmission. 

TXD 

RXD 
UART 

Serial 
Peripheral 

DTR 

DSR 

Figure 1. UART System Block Diagram 
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Figure 2. UART Transmission Format 
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UARTDesign 

The UART application described in this note operates similar to an 
INTEL 8251 operating asynchronously. See Figure 3 below. 

When the CPU sends a data character, the UART automatically 
adds a start bit, followed by 7 (or 8) data bits, an even or odd parity 
bit, and a stop bit. The UART then transmits this "packet" as a 

(Data Set Ready) 
OSR 

00-07 

00-07 

serial data stream on the TXD output. It shifts out serial data at a 
rate equal to 1/16 the clock frequency (pin CLKI6X). 

When the CPU receives a data character, a falling edge on the 
UART's RXD input triggers the beginning of a start bit. The start 
bit is again checked to prevent a false start. If the start bit is valid, 
the data character is shifted in, followed by one stop bit. A serial 
stream of data is then converted to parallel format, ready for CPU 
retrieval. 

OTR 
(Data Terminal Ready) 

RO WR CS CD 

Microprocessor 
Interface 
Control 

Figure 3. UART Function 
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Transmitter Design 

Figure 4 shows the transmitter's buffer and shift register. 

BITNUM 

VDD GND 

II 
COUNT 

TXDONE 

PARITYEN 

TXDI 

Figure 4. Transmitter Buffer and Shift Register 



The transmitter first latches the parallel data word DO-D7 from the 
CPU in the buffer TlATCHO-TlATCH7. It then transfers the 
data character to the shift register TSHIFfO-TSHIFf7 through 
the B inputs. After the first clock (fXCLK), TXDONE goes low 
selecting the A inputs of TSHIFfO-TSHIFf7. TXCLK then 
serially shifts out the data character. A series of AND gates 
(fGATEO-TGATE6) detect a logic high, indicating the stop bit, 
propagating through the shift register. 

Transmitter Buffer 

The transmitter buffer TlATCHO-TlATCH7 uses transparent 
latches to store a data character. The level-sensitive transparent 
latch consumes only one ACT 1 logic module. 

Latch r- ~D-1 Latch 

Because of the wide variety of latches available in the ACT 1 
library, designers may build efficient registers for any application: 
synchronous clear, gate-enable, active high or low outputs, and 
active high or low gates. 

Clocks 

It is also possible to construct a two-phase clock system by 
combining active high gate latches and active low gate latches. See 
Figure 5 below. 

r-~-1 Latch 

(Negative 
Gate) 

G G G 

CLK 
(Clock Network) 

f Minimum I f r--- tpD + tLoglC + tsu -I 

Figure 5. Two-Phase Clock USing Transparent Latches 



UART Design 

The ACT 1 macro library includes a large selection of flip-flops, 
which are edge-sensitive storage elements. These flip-flops are 
available with asynchronous clear, asynchronous preset, and clock 
enable inputs. Negation bubbles are available on all inputs and 
outputs. 

The clock enable feature allows separation of data storage and 
transfer while maintaining a common clock system. See Figure 6 
below. 

Data In 
D Q 

Data Out 

Enable E DFE 
CLK 

Primary Clock (CLK) 

I Desired Second Clock I I 
~ f~----~ ____ ~f 

I I I 
~~ ________ E_na_b_le ________ ~r--l ~ 

I Oro. In I 1..--I1lL...--_1 
I 

Data Out L 
Figure 6. Clock Enable Function 

Transmitter Shift Register 

The transmitter'S shift register TSHIFTO-TSHIFT7 uses flip-flops 
with a built-in 2:1 multiplexor (MUX) on the D input. The built-in 
MUX can emulate two-input logic functions, as shown in Figure 7. 

The MUX flip-flop uses two logic modules (as does a standard 
flip-flop). It is thus possible to construct a parallel load/serial shift 
register without using additional logic. 

y GND A Q 
D Q • A B 

DF1 
B S DFM 

CLK 

elK 

y A 
D Q • Voo 

DF1 B 

elK 

elK 

Figure 7. Reducing Logic LevelS with MUX Flip-Flops 
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Transmitter Clock Circuit 

The clock circuit is shown in Figure 8. It is implemented as a 4-bit 
Gray code counter with both synchronous and asynchronous reset 
(COUNT and RESET, respectively) and count enable (GOTX). 

TXRDY 

COUNT 

RESET 

A 

An external clock signal (CLK16X) drives the state machine. Gates 
G 13 and G 14 decode the outputs 03-00 of the state machine and 
generate an internal clock (TXCLK) for the transmitter shift 
register. Only one bit changes at a time, eliminating glitches on the 
transmitter clock (TXCLK). 

BIT3 

Figure 8. Transmitter Clock Circuit 



Two-Level Logic 

The transmitter state machine takes advantage of the OR/AND 
macro, a two-level logic function using only one logic module. In 
combinatorial logic, use of two-level logic functions can 
significantly reduce the module count. There are different types of 
OR/AND macros with a wide choice of input combinations. Refer 
to the ACT 1 family data sheet for a list of OR/AND and AND/OR 
macros. 
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UART Design 

Decoders 

Decoder functions require signals and their complements. Using 
negation assertion levels available on Actel macros simplifies the 
logic path and conserves module usage. See the 2:4 decoder in 
Figure 9. 

It is important to note that propagation delay through a logic 
module is independent of the implemented function. Thus the 
designer should use negation bubbles and two-level logic macros 
whenever possible. 

A----~--------_A~ 

B-----+----~--~B~ 
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B 

A 

B 
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B 

Circuit with Actel Macros 

YO 
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Y3 

Figure 9. 2:4 Decoders 

Parity Generation 

The transmitter parity generator is programmable for odd or even 
parity. The parity generator circuit is shown in Figure 10. 

From the shift register, data serially enters the parity generator on 
the transmit line (fXDI). The generator inserts the parity bit just 
prior to the stop bit. A 2: 1 MUX (PMUX) selects either data or 
parity bit to the data transmit line TXD. 

PARITYEN .----------------------------------­
TXDI~------~~----------------------------------------------------~ 

S 

TXDONE __ -t~..:..j 

TXCLK __ ----'-..:..j Y 
r-----------------~TXD GND 

Figure 10. UART Parity Generator 
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Logic Module Conservation 

Efficient utilization of Actel macros allows implementation of the 
UART transmitter section using only 80 of the 295 available logic 
modules on the ACT 1010 array. The parity generator uses the 
XOR/AND macro. The XOR/AND, XOR/OR, and AND/XOR 
functions each utilize only one logic module. 

A 

B 
0 Q 

DFC1B 
ClK 

ClR 

C 

ACT 1 devices are particularly efficient at implementing 
multiplexor functions. Both 2: 1 and 4: 1 MUXs can be implemented 
in only one logic module each. MUXs implement internal bus 
designs in place of internal three-state drivers on ACT 1 devices, as 
shown in Figure 11. 

y 
0 Q 

• DFC1B 
ClK 

ClR 
GND 

Figure 11. Internal Three-State Function Implemented with ACT 1 Multiplexor 

Receiver Design 

Shift Register and Buffer 

Figure 12 on the next page shows the schematic of the receiver's 
shift register and buffer. A logical "I" is loaded into the receiver 
shift register RSHIFTO-RSHIFT9. After the first clock 
(SHFfRX), XFERRX goes low, selecting the A inputs of the 
MUX flip-flops. The low start bit precedes the serial data shifts into 
the register. When a complete serial data character shifts into the 

3-56 

register, the parallel data character transfers to the buffer 
(RlATCHO-RlATCH7) for CPU access. 

The receiver design takes advantage of the single-module 
transparent latch with MUX, minimizing required circuitry. 
Similarly, the built-in MUX can emulate other two-variable 
functions. 

The MUX also can emulate an inverter, effecting a negation at the 
data input of the transparent latch. 
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Figure 12. Receiver Shift Register and Buffer 



Receiver Clock Circuit 

The re~iver clock circuit is a 4-bit Gray code counter (similar to the 
transmItter clock circuit) and is driven by the same external clock 
signal (CLK16X). See Figure 13. 

The state machine has both synchronous and asynchronous resets 
(RXCOUNT, RESET). A filter circuit (RXDFILTER) prevents 
false starts due to errors on the data line (RXDI). The receiver 
clock (SHFfRX) is decoded from the outputs of the state machine 
(00-03). 
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c·LK-1-6X----------------1-1---------------------~~-bCLK 
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01~--"-------1 
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.---------------~H_~S 
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Figure 13. Receiver Clock Circuit 
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Parity Checker 

The receiver parity checker is programmable to either odd or even 
parity. The parity checker generates a parity bit from the incoming 

RXDI 

DFl 

UART Design 

serial data stream and compares it to the incoming parity bit. 
The parity error flag (pARITYERROR) is set accordingly. See 
Figure 14. 

G3 

~
N PARITYERROR 

XNOR Y 
1-.... ---=--1 

Figure 14. Parity Error Generator 

Design Complexity 

The UART transmitter section can be implemented using only 80 
of the 295 available logic modules on the ACT 1010 device. The 
receiver section requires only 78 logic modules. 

These figures represent 27.1% utilization of the array for the 
transmitter section and 26.4% utilization of the ACT 1010 for the 
receiver section. 

Table 1 provides a breakdown of logic utilization for the UART 
design on Actel's FPGA. 

Table 1. Logic Utilization 

Transmitter 

Buffer and Shift Register 

Clock Circuit 

Parity Generator 

Receiver 

Receiver Shift Register and Buffer 

Receiver Clock 

Receiver Parity Checker 

Logic Modules 

45 

26 

9 

Total 80 

Lagle Modules 

42 

30 

6 

Total 78 
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Actel TA181 ALU Applications 
Note 

Introduction 

The venerable TTL 74181 is a well-known and useful arithmetic 
logic unit (ALU). Its four select lines, mode, and carry-in bits 
combine to offer over 40 unique arithmetical and logical functions. 
Many designers dislike losing such functionality as they move from 
discrete to ASIC technology. 

Designers may retain the function of the 74181 using Actel field 
programmable gate arrays. Actel's macro library includes "TAI81," 
a soft macro functionally identical to the TTL component. 

Implementation 

The 74181 depicted in popular TTL data manuals has six logic 
levels (seven for A = B output). While this representation may not 

SO S1 S2 S3 

83---a_-l"'l 

be accurate at the transistor level, it typifies an ASIC design 
implementation. 

The Actel TA181 design requires only four logic levels (five for 
A = B output). It uses components available from Actel's library. 
~ctellogic .modul~ f1exib~lity enabl~s such "logic compression" by 
Implementmg a WIde vanety of lOgIC functions. 

For example, each bit pair in the ALU passes through a section of 
logic, where select lines qualify the pair before outputting them to 
the remaining logic. The qualification logic, as it appears in TTL 
manuals, is shown in Figure 1. It uses eight gates and three logic 
levels. 

A3------------------~~~~~--~ 

Figure 1. TTL 74181 Qualification Logic 
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Figure 2 shows Actel's version of qualification logic. By contrast, it 
requires only two modules and one level of delay. The driving gate 
is an OR function, as opposed to NOR in the TIL diagram. 
Bubbling (inverting) inputs on each gate driven by the section 
adjusts for this difference. All gates in the Actel library have 
versions with bubbled inputs. 

One module implements two three-input ANDs to two-input OR 
(A04A), and the other module implements two two-input ANDs 
to three-input OR (AOSA). Combined, these modules create the 
qualification logic. 

The remaining logic in the TA181 macro is similar to that found in 
the TIL 74181, with some improvements. M inputs require no 
inverter, because M-driven gates have bubbled inputs. Single logic 
module macros implement the AND-OR functions. 

SO S1 S2 S3 

Another example oflogic compression is in macro OAS, used in the 
logic generating the F3 output. The macro implements the 
expression: 

Y = /((/A*/B*/C) + (/A*/D» 

in a single module. OAS is a clear example of the savings in delay 
and modules achievable with the versatile Actel logic module. 

Conclusion 

Actel's ALU 181 design uses only 32 logic modules, only about 10% 
of an ACT™ 1010 gate array. It is an excellent example of the Actel 
logic module's adaptability, both in implementing logic functions 
and in compressing logic, for efficient, high-performance designs. 
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Figure 2. Actel's TA181 Qualification Logic 



Actel Fast Adders Applications 
Note 

Introduction 

Adders, in a variety of sizes, perform a very common function in 
digital designs. They are frequently implemented using 
carry-look-ahead (CLA) logic to speed carry propagation. 
However, as adder size increases, CLA logic requires increasingly 
wider gates and more logic levels; such requirements degrade adder 
performance. 

Implementation 

Actel solved the CLA logic problem by designing its family of fast 
adders using the Carry Select (CS) method. CS adders partition the 
addition into groups of bits. Two additions are performed 
simultaneously for all the groups. One addition is done with a 
carry-in of one and the other with a carry-in of zero. The two group 
sums and their carry-outs are connected to two-input multiplexors 
(MUXs). 

When determined, the carry from the lower groups selects the 
group that supplies the sum to the outputs. The carry-out for the 
group selects the sum and carry for the next higher group, and so 
on. 

The speed of group additions and carry propagation determine the 
speed of the CS adder. 

A 

B 

Group Size 

Since carries ripple within groups, small group size is an advantage. 
Small groups, however, require more groups for a given number of 
bits, lengthening the carry propagation path. Thus, the design 
trade-off is the number of delays to a group sum versus the number 
of delays required to propagate a carry. 

By optimizing group sizes based on adder macro delay parameters, 
Actel adders are very fast. 

Carry Propagation 

As previously mentioned, carry propagation speed is a limiting 
factor in carry select adder performance. Group carries must be 
selected, just as the sums are. Unlike sums, carries select higher 
carries and so forth. This creates the problem of cascading carries 
through multiple logic levels. 

The flexibility of Actel's logic module alleviates cascading carry 
problems by implementing a cascaded two-input MUX in a single 
module. The logic is shown in Figure 1. A two-input MUX drives 
the select for another two-input MUX. The macro allows two-level 
carry selection using only one module and in only one delay. All 
Actel adder macros use the cascade MUX macro for rapid carry 
propagation. 

Figure 1. Cascade Multiplexor Macro 
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The Actel Fast Adder Family 

The following table lists Actel adders, their speeds (driving one 
load), and the number of logic modules used: 

Worst-Case 
Macro Name Number of Bits Delay 

(ns) 

FADD8 8 36 

FADD12 12 45 

FADD16 16 47 

FADD24 24 56 

FADD32 32 65 

Levels of Logic Number of Modules 

4 37 

5 63 

5 78 

6 120 

7 160 



Eight-Bit Twos 
Complement Multiplier 

Applications 
Note 

Introduction 

Multipliers are vital to systems design. In the past, designers 
integrated VLSI multiplier chips into their designs. As ASICs 
become more popular, ASIC-based systems increasingly utilize 
multiplier macros. Previously, field programmable devices did not 
have sufficient architectural flexibility and connectivity to 
efficiently implement multipliers. Actel has designed an eight-bit 
twos complement multiplier that easily fits on an ACT™ 1010 or 
ACT 1020 field programmable gate array (FPGA). 

Algorithm 

High-performance multipliers form the product of two numbers 
using combinatorial logic and an array of adders. Actel's multiplier 
is based on the Baugh-Wooley! algorithm (Equation 1), and uses 

conventional full adders for twos complement multiplication. 
When the size of the multiplier and multiplicand are known, the 
Baugh-Wooley formula can generate a series of product terms. In 
this example, when both multiplier and multiplicand are eight bits, 
M and N equal 8 in the formula. 

Each product term contains "2" raised to a power. The product 
terms are arranged into an array according to their binary power. 
Adding the columns of the array results in the product of the two 
original operands. 

In the generic architecture, AND gates generate the product terms, 
and the adders sum them together. The adder array has a 
parallelogram shape. Dividing the parallelogram into four sections 
eases the design process. Each section generates a set of partial 
products, which are then added together. 

m-2 n-2 
P b 2m+n-2 + ~ ~ b2 i + j 

am-1 n-1 "'" "'" ai j 
i=O j=O 

Equation 1. Baugh-Wooley Algorithm 

Actel Multiplier Macro Architecture 

The Actel multiplier macro architecture appears in Figure 1. It 
consists of three major sections: the partial product generators, 
Wallace tree adder, and final product adder. 

The partial product generators implement the adder array sections 
using Actel library components. Since the partial product 

© 1990 Actel Corporation 

generators have similar structure, the design was copied and 
modified to create the others. 

The Wallace tree adder sums the partial products and passes two 
binary numbers on to the final product adder. The final product 
adder performs arithmetic necessary to produce the product. The 
following is a discussion of each element in detail. 
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Figure 1. Actel Multiplier Macro Architecture 

Partial Product Generator 

Each partial product generator requires as input four bits from 
each operand. The bits pass through AND functions, which output 
through an array of adders to generate eight partial products. 
Because the partial product generators operate in parallel, all 
partial products are produced simultaneously. 

The schematic has an array of adders with inputs either from an 
AND gate or the sum from another adder. The Actellibrary adder 
FA2A adds a two-input AND term with inverted inputs to another 
input and a carry-in. Most of the adders in the generator use FA2A, 
requiring only two logic modules to implement both the AND and 
full adder functions. 

Wallace Tree Adder 

The multiplier's Wallace tree section sums columns of terms from 
partial product generators. Summing a column in binary arithmetic 
requires tracking carries generated to the higher power-of-two 
positions in the number. The Wallace tree uses three-bit adders to 
input up to three bits of the column. It feeds the adder sums into 
adders taking in other bits of the column, and feeds carry-outs to 
the inputs of adders summing the column in the next higher bit 

position, and so on. The tree output is a series of sum and carry-in 
bits which may be added in a conventional adder as two binary 
numbers, producing the final product. 

Because both carry-outs and carry-ins are active-low on the Actel 
adder macros, the adders can be used in a Wallace tree structure as 
a three-bit adder which outputs a sum and a carry. The carry-out 
from an adder in one column inputs directly to the carry-in of the 
next higher column. Other than the adders, no logic is required to 
design the Wallace tree. 

Final Product Adder 

The multiplier's last section is a binary adder. The Wallace tree 
completely sums some lower columns of bits, which pass from the 
tree to the product bus. The tree outputs higher bits as two binary 
numbers to be added. The bits comprise the sum bit for each bit 
position and its respective carry-in. The final adder adds them 
together for the remaining bits of the product. 

The final adder uses the same design technique as the Actel family 
of fast adder macros. The architecture of the final product adder is 
shown in Figure 2. 



Carry 
Select Adders 

A Bus 

Eight-Bit Twos Complement Multiplier 

Sum Bus 

B Bus 
Figure 2. Final Product Adder Architecture 

The Carry-Look-Ahead Problem 

Adders are usually implemented using carry-look-ahead (CIA) 
logic to speed carry propagation. However, as the size of the adder 
increases, the CIA logic requires wider gates and more logic levels; 
such requirements degrade adder performance. 

Carry Select Addition 

To solve the CIA problem, Actel designs its fast adders using the 
Carry Select (CS) method. CS adders partition the addition into 
groups of two or three bits. Two additions occur simultaneously for 
all groups. One addition has a carry-in of one and the other a 
carry-in of zero. The two group sums and their carry-outs connect 
to two-input multiplexors. 

When determined, the carry from the lower groups selects the 
supply that sums the outputs. Next, the carry-out for the group 
selects the sum and carry for the next higher group, and so on. 

The CS adder speed is determined by group additions speed and 
carry propagation speed. 

Group Size 

Since carries ripple within groups, small group size is an advantage. 
Small groups, however, require more groups for a given number of 
bits, lengthening the carry propagation path. Thus, the design 
trade-off is the number of delays to a group sum versus the number 
of delays required to propagate a carry. 

By optimizing group sizes based on adder macro delay parameters, 
Actel adders are very fast. 
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Carry Propagation 

As previously mentioned, carry propagation speed is a limiting 
factor in carry select adder performance. Group carries must be 
selected, just as the sums are. Unlike sums, carries select higher 
carries and so forth. This creates the problem of cascading carries 
through multiple logic levels. 

A 

B 

The flexibility of Actel's logic module alleviates cascading carry 
problems by implementing a cascaded two-input MUX in a single 
module. The logic is shown in Figure 3. A two-input MUX drives 
the select for another two-input MUX. The macro allows two-level 
carry selection using only one module and in only one delay. All 
Actel adder macros use the cascade MUX macro for rapid carry 
propagation. 

Figure 3. Cascade Multiplexor Macro 

The Actel Advantage 

The eight-bit twos complement multiplier illustrates the type of 
macros that can be implemented on Actel field programmable gate 
arrays. The design method detailed here suits multipliers of many 
different configurations. This technique also applies to 3X7, 9X4, 
or 6X5 multipliers, depending on system requirements. 

Other multiplier algorithms also apply. A magnitude array 
multiplier design using the Cavanagh method 1 requires less logic 
than the eight-bit multiplier above. Other alternatives include the 
Booth and Bit-Pair Recording methods1. 

The multiplier macro may be designed as part of the logic in a field 
programmable gate array. The remaining gate array modules are 
available for other design purposes, either other arithmetic 
functions or glue logic. For example, Actel's 8X8 multiplier macro 
uses 241 of 546 modules on an ACT 1020. Nearly 60% of the chip is 
still available for other purposes. 

In any design, Actel provides the technology to complete the entire 
gate array development process including schematic capture, 
simulation, place and route, timing analysis, and device 
programming. 

1. Cavanagh, Digital Computer Arithmetic Design and 
Implementation, McGraw-Hill, New York. 1984. 
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Analyze FPLD Architectures, 
Performance and Development 
Tools to Optimize Design­
Dependent Selection 
by Dennis McCarty, Sr. Applications Engineer 
Actel Corporation, Sunnyvale, California 

Over the past decade, field­
programmable logic devices 

(FPLDs) have undergone dramatic 
changes. The devices of the late 
1970s and early 1980s primarily con­
sisted of fuse-programmable PALs, 
pioneered by Monolithic Memories 
Inc. (now part of Advanced Micro 
Devices), and a handful of alternative 
versions from competitive manufac­
turers. The devices were used by 
circuit designers to integrate discrete 
TTL logic into higher density pack­
ages. The designer's goal was to take 
four or five discrete logic chips and 
replace them with one. And while 
the existing device architectures were 
not that sophisticated, that modest 
goal was easily accomplished using 
fairly inexpensive devices and pro­
gramming hardware. 

Consider, for example, the device 
choices available to the designers of 
ten years ago. Clearly, bipolar was 
the most prevalent technology in use 
with devices being "hard" pro­
grammed by blowing some sort of a 
fuse - PALs, FPLAs and alterna­
tives were good examples of that 
genre. The differences between com­
peting devices related to the number 
ofI/O, the number of product terms 
and packaging options. 

Today, FPLD density levels have 
increased as have the number and 
types of devices that compete in the 
logic-integration arena. Indeed, it's 
common to find a dozen FPLDs on 
the market today that can easily 
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accommodate the functionality of 
20 random TTL logic devices. And 
CMOS has replaced bipolar as the 
dominant technology of choice for 
FPLDs. 

Perhaps the biggest change has 
taken place in the area of device 
programming and the enabling tech­
nology. While conventional bipolar 
fuse technology continues in use 
today, EPROM, EEPROM, static 
RAM (SRAM) and antifuse pro­
gramming technologies have quickly 
been adopted by the majority of new 
FPLD companies entering the in­
dustry. And device programmers have 
been replaced with sophisticated 
workstation-based development en­
vironments that combine powerful 
new hardware and software that 
speeds the design time for complex 
circuit designs. 

But as the complexity of the new 
breed of FPLDs has increased for 
designers, so has the difficulty in 
determining the suitability of the 
various devices for particular ap­
plications. Moreover, with new man­
ufacturers emerging each year with 
devices of different architectures and 
design methodologies, the 1990s sys­
tem designer's selection task is likely 
to become more difficult as the 
decade progresses. Even device names 
have gotten more sophisticated and, 
as a result, more confusing. Today, 
the terms PLD, EPLD, FPGA, 
PGA, LeA, PMD, PAL, PLA, 
EEPLD as well as others are all 

generally being used to refer to 
devices that fall into the FPLD 
category. 

Interestingly, once armed with the 
proper set of criteria, system design­
ers can accurately and safely select 
preferential devices. The guidelines 
that follow take aim at achieving 
that goal for designers. Specifically, 
the criteria relates to comparing 
device technologies, understanding 
density issues and evaluating develop­
ment tools. 

Comparing Device 
Technologies is Key 

Because memory-based technol­
ogies are now in use, the question of 
device volatility becomes an issue. 
Specifically, the volatility of the pro­
gramming element used to intercon­
nect the logic on device determines 
whether programming is permanent 
or must be performed each time 
power is applied. One-time program­
mabIe devices use fuses or antifuses. 
Reprogrammable devices are either 
electrically reconfigurable (EEPRO M 
or SRAM technology), or optically 
reconfigurable (EPROM technology). 

Only the SRAM technology is 
volatile in that, if power is inter­
rupted, the device must be reloaded. 
SRAM or EEPROM devices must 
be used if the design requires that the 
device be dynamically reconfigured 
in operation. 

If reconfiguration is not required, 
then the advantages each technology 
offers need to be considered. Some 
designers are attracted to reprogram­
mability during the development 
cycle because it allows them to try 
design iterations without wasting 
components. That is a consideration, 
but it must also be noted that there is 
a design time and production cost 
penalty for the software and hard­
ware support required to boot the 
device. As always, when evaluating 
systems, all the relevant costs should 
be considered. For example, losing 
parts to design iterations is not nearly 
as costly as placement and routing 
(P&R) that require manual inter­
vention. 



In certain applications, such as 
military, nonvolatility is preferred. 
In other applications, such as 
aerospace/ satellite environments, 
radiation-tolerant nonvolatile tech­
nology may be the only option due 
to the threat of a loss of program 
information from radiation. The 
vendors of devices being considered 
for use in a hostile environment 
should be asked what conditions 
could adversely affect their products. 

Beyond device volatility, perform­
ance becomes another element in the 
selection criteria. But how is it pos­
sible to determine performance and 
functionality without testing or, at 
least, simulating the device? Actually, 
the performance a design achieves 
depends on how it is implemented 
within a device. A qualified estimate 
of how the design might be imple­
mented usually can be made once 
the architecture of the device is 
understood. But while some manu­
facturers claim that their device per­
formance is entirely predictable, es­
timates are valid only insofar as the 
P&R performs as expected. It may 
be easy to anticipate how the FPLD 
software will implement a state 
machine or counter. It is quite another 
thing to guess how it will accom­
modate an adder or other large 
combinatorial function. 

The maximum clock frequency is 
often determined by the number of 
logic levels required between flip­
flops, the pad-to-flip-flop time, or 
the flip-flop-to-pad time. The last 
two times may be found in the device 
data sheet. Estimating the number 
of levels of logic in the longest path 
in a design requires more thought. 
The number of terms and/ or vari­
ables driving the input to a flip-flop 
is one consideration. 

Devices such as PALs, that have 
AND-OR array feeding flip-flops, 
can implement terms containing large 
numbers of variables as easily as 
terms containing only one. Other 
devices have a set number of vari­
ables that its logic elements can 
accept. Terms that exceed that num­
ber require more than one element, 

causing elements to be cascaded to 
implement the logic. Cascading logic 
increases the delay path. Moreover, 
some AND-O R array devices have a 
fixed number of terms in their arrays. 
If this number is exceeded, the extra 
terms must be implemented else­
where and brought to the array 
plane. Bringing in terms from out­
side the array causes additional delay. 

Routing delays are another con­
sideration. Devices that fall into the 
FPGA (field-programmable gate 
array) camp have delays that increase 
with fanout. The amount of ad­
ditional delay due to fanout is pub­
lished by the manufacturers in tab­
ular or equation format. Other, more 
fixed architectures like PALs, don't 
exhibit fanout-dependent delays, but 
have the problem of fixed routing 
paths whose delays cannot be im­
proved. 

In either case, however, post P&R 
timing analysis is required to deter­
mine the anticipated delays. For 
example, a path for one application 
might pass through blocks that were 
not needed for a different circuit, 
thus adding path delays. Thus, de­
signers need to carefully anticipate 
path differences and resultant delays 
for each application. 

The Path to a Masked 
Device 

While FPLD devices have proven 
themselves as cost-effective produc­
tion vehicles in all but extremely 
high volume applications (greater 
than 10,000 units per month), many 
designers are taking advantage of 
the FPLD's fast device turnaround 
times and are employing them as 
prototyping vehicles as well. Indeed, 
it is often easier and faster to develop 
an FPGA for a prototyping environ­
ment than it is to implement the 
equivalent system design using dis­
crete logic devices on a printed circuit 
board. As such, many designers today 
use programmable devices for design 
prototyping before migrating the 
design to a masked array or standard 
cell for production. Use of an FPLD 
as a temporary solution is an attrac-
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tive alternative to the time and ex­
pense of developing a masked device. 
The programmable device may even 
be used to sustain production until 
demand for the product justifies the 
masked solution. This strategy can 
effectively shorten product introduc­
tion time by months. 

The ease with which the design 
may be migrated from one tech­
nology to another determines the 
risk, cost, and time involved in mak­
ing the transfer. In general, the closer 
the architecture of the device to that 
of a masked device, the easier the 
migration path. Some gate array 
vendors have software that converts 
netlists of programmed devices to 
masks. The impact that the choice of 
a programmable device would have 
on a conversion should be considered 
as early in the life cycle of the 
product as possible. 

The Gate-Density 
Confusion 

Perhaps no other criterion has 
created as much controversy as has 
the issue of device density of FPLDs. 
Considering the difficulty of compar­
ing different technologies, the issue 
is understandable. Indeed, accurate 
assessments of gate densities is crucial 
in not only design but also in com­
parative cost analysis. 

Because FPLD device manufac-
turers often use conventional masked 4 
gate arrays and related density mea­
surements as points of comparison, 
any similarities that they can make 
are often drawn, and the resulting 
marketing hype adds to the confu-
sion. Specifically, many FPLD man­
ufacturers equate the density of their 
devices in terms of "number of gates." 
Unfortunately, manufacturers all 
don't count gates the same way. 
Other FPLD manufacturers don't 
refer to gates at all. As a result, 
FPLD device comparisons using 
density measurements are error 
prone. 

The problem doesn't exist when 
comparing conventional gate arrays. 
Masked gate array vendors specify 
their devices as having a certain 



number of two-input NAND gates 
and the percentage that can be actu­
ally utilized in a design. With masked 
arrays, higher-input gates and other 
logic functions are made from speci­
fied numbers of these two-input 
gates. Such comparisons cannot be 
made with FPLDs because each 
manufacturer uses a unique archi­
tecture and functional logic module, 
or block within the device to imple­
ment various circuit functions. In­
deed, it is very difficult for designers 
who are used to designing with 
conventional logic, and even those 
who have had experience with masked 
gate arrays, to understand what they 
can do with a more complex type of 
logical element or module. Clearly, 
designers need a more accurate way 
to gauge FPLD device densities. 

Only Two Basic Device 
Types 

The first step toward achieving 
that goal is to understand that 
despite what vendors claim, there 
are only two basic types that fall into 
the FPLO category - programmable 
logic devices (PLOs) and field­
programmable gate arrays (FPGAs). 
Understanding which devices are 
one or the other is critical to proper 
device selection. For example, PLDs 
have a fixed interconnect architec­
ture, comprise AND-OR array planes 
that feed flip-flops and usually ex­
hibit static power dissipation. De­
vices in this category include those 
with labels such as PALs, FPLAs, 
EPLDs and EEPLDs. 

The distinguishing characteristics 
among the different vendors, aside 
from programming specifics (fuse, 
EPROM, etc), is the number of flip­
flops that the device contains. An 
FPGA, on the other hand, has a 
flexible interconnect technology with 
no fixed AND-OR plane, but does 
incorporate an array oflogical build­
ing blocks that are often structured 
loosely around a masked gate array 
architecture. PGAs and LCAs are 
names some manufacturers use to 
describe their specific type of FPG As. 

It's important for designers to 

keep in mind that there are areas of 
similarities between FPGAs and 
PLOs that often add to the confu­
sion. For example, both categories 
of devices incorporate combinatorial 
logic that feed other logical devices 
(flip-flops, gates, etc). The combina­
toriallogic that exists with FPGAs, 
however, is more flexible and more 
easily configurable than that within 
the typical PLO. In addition, the 
FPGA's combinatorial logic is in 
more of an array configuration, so it 
is interconnected differently. 

The Elusive "Equivalent 
Gate" 

Once the PLDI FPGA distinction 
is made, the second step in gauging 
FPLO device densities involves un­
derstanding device architectures to 
determine capacities rather than rely­
ing on manufacturers' stated density 
claims. To be specific, the question 
of gate densities or capacities with 
either category can be reduced to 
analyzing the amount of logic that 
can be realized from the logic build­
ing blocks in the device, and the 
amount of blocks on the device that 
actually can be used in a design. 

To facilitate the analysis, the con­
cepts of Gate Array Equivalent Gates 
and PLDI LCA Equivalent Gates 
needs to be defined. A gate array 
equivalent gate is the two-input 
N ANO gate mentioned earlier and 
can be considered as a real or usable 
gate. 

A PLD Equivalent Gate corres­
ponds to the number of gates that 
are assigned to the device by the 
manufacturer. The number may re­
flect the total number of gates on the 
device, or it may be based on some 
assumptions about the effective use 
of gates. Each building block on an 
FPGA contains an inherent number 
of gates. The way the building block 
is used in a design, as well as the 
architecture of the device itself, de­
termines how many of the gates can 
actually be used to implement logic. 
The distinction doesn't arise with 
masked gate arrays because the low­
est level of logic is the gate itself. 
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When the level of granularity of the 
logic element is higher, as it is in all 
PLDs and FPGAs, the question of 
how many of the gates on the device 
can actually be used is important. 

One Gate, Two Gates, 
Three Gates, ... 

With this understanding in mind 
and armed with information derived 
from material supplied by manufac­
turers, consider the counting methods 
and derived device densities of two 
representative FPGA vendors - Actel 
and Xilinx - and PLD supplier, Altera. 

Actel determines the gate capacities 
of its FPGAs by comparing actual 
designs and library macros with the 
same logic implemented on a masked 
gate array. Actel's ACTM 1 archi­
tecture is similar to a channeled gate 
array in nature. Because the gate 
counts for masked gate array designs 
are easily determinable, Actel uses 
the masked arrays as a convenient 
standard to characterize its devices 
in gate-array equivalent gates. The 
Actel architecture consists of an 
array oflogic modules with the rows 
and columns separated by routing 
tracks. While it is more complex 
than a gate, the Actellogic module is 
much simpler than the basic element 
of competing architectures. Based 
on comparisons to masked gate 
arrays and analysis of actual designs 
over the past two years, in practice 
Actel's module is equivalent to 3.2 
gates. 

The FPGAs from Xilinx, mean­
while, are based on a Configurable 
Logic Block (eLB) architecture and 
the vendor counts gates using another 
technique. Each CLB contains two 
dedicated flip-flops and a combina­
torial function generator. The gener­
ator is a static RAM that is loaded 
during the configuration process. 
Five inputs are used to address the 
SRAM so that it may implement 
any five-variable function or two 
four-variable functions with some 
restrictions. 

Xilinx 110 Blocks (lOBs) contain 
an input latch, an output flip-flop 
and a three-state output buffer. When 



Xilinx calculates the densities of its 
devices, the company counts all the 
gates in all the lOBs on a device as 
usable gates. The total number of 
gates in an lOB is said to be 13. 
Xilinx determines the density of 
their devices by multiplying the 
number of CLBs and lOBs in the 
device by the number of gates they 
are claimed to represent. The func­
tion generator on the CLB is evalu­
ated as two four-input generators. 
Each is specified as having a maxi­
mum gate count of between 20 to 22 
gates and a minimum of one. There 
would thus be between 2 and 44 
gates per CLB function generator. 
The vendor then assigns an "average 
number of gates" to the function 
generator based on an assumed 50 
percent utilization efficiency. 

The CLB is rated as having a total 
of 42 gates, 30 gates from the function 
generator and 12 gates from the two 
flip-flops. These gates account for 
nearly 88% of the total number of 
gates on the XC3000 series devices. 
After multiplying all possible gates 
in the CLBs and lOBs on the device 
the products are summed to give the 
total number of gates. A fraction of 
the total (between about 50% and 
65%) is given as the "usable gate 
count" by the manufacturer. This 
arbitrary approach is similar to that 
applied to PLD architectures. 

Altera's MAX architecture repre­
sents perhaps the most architectural­
ly sophisticated PLD and the subject 
of this comparison. The largest de­
vice in that family, the EPM5128, 
incorporates 128 flip-flops (the typical 
PAL has only eight) and a bus 
structure that differs from conven­
tional PLDs. The firm's PIA (pro­
grammable interconnect array) bus 
allows the company to interconnect 
more cells together than convention­
al PLDs, but the architecture of the 
basic unit that designers must deal 
with has not changed. It is the AND­
OR macrocell. The architecture of 
the device consists of Logical Array 
Blocks (LABs) that can be intercon­
nected via the PIA bus. The bus acts 
to connect LAB outputs to other 

LAB inputs. 
Each LAB contains 16 macrocells 

and an expander. The macrocell 
contains an AND-OR structure feed­
ing into an exclusive OR gate which, 
in turn, drives a flip-flop. There are 
also inverter/ buffers in the macrocell 
to allow for true or complementary 
logic. The expander produces ad­
ditional terms which may be fed to 
any of the macrocells in its LAB. 
Altera doesn't specify gate counts 
for its device but rather uses macro­
cells to characterize capacity. 

Trust DeSigns, Not Vendor 
Claims 

Although the accuracy of the gate 
densities derived from the counting 
schemes itemized above will not be 
disputed, designers are well advised 
to disregard manufacturers' claims. 
Instead, by employing the analysis 
techniques and equations that follow, 
system designers will be able to 
accurately gauge competitive device 
densities by understanding the various 
architectural distinctions and by 
analyzing their own designs. Because 
the ultimate goal is to measure the 
number of gates a designer can 
expect to be able to use on an 
FPLD / LCA device rather than bas­
ing this number on assumptions or 
small-scale macro implementations, 
prior to the evaluation that follows, 
it is interesting to review the results 
of actual designs that were analyzed 
relative to Actel, Xilinx and Altera 
devices as to gate usage. The results 
will serve as a check on the gate­
counting equations being presented 
later in the discussion. The results of 
these tests are open to scrutiny by 
any who request it. 

For Actel, nine customer designs 
were randomly selected and a group 
of TTL macros from the macro 
library for analysis. The designs in­
cluded a DRAM controller, 32-bit 
accumulator, graphics controller, data 
transfer controller, and a SCSI inter­
face controller. The TTL macros 
included counters, multiplexors, and 
decoders. Table I lists the macros 
analyzed. 

4 

Article Reprint 1 

TABLE OF TTL MACROS 
ANALYZED IN ACTEL AND 

XILINX LIBRARIES 

3-to-8 Decoder 
8-to-1 MUX 
4-to-1 MUX 

74161 
74164 
74194 
74377 
74139 

Table 1. 

Four customer designs were simi­
larly randomly selected for data for 
Xilinx along with an AMD (a Xilinx 
second source) published application 
article and the same TTL macros 
selected from the Actellibrary. The 
Xilinx designs included a keyboard 
interface controller, an RLL2,7 coder, 
and a video controller. 

Counting gates for Altera devices 
was a different situation. When thc 
Altera MAX+PLUS development 
system compiles a design it uses the 
resources on the device to implement 
it, but the details of the implementa­
tion are hidden. When a macrocell is 
reported by the development system 
as having been used there is no way 
to know how much of its logic was 
used. It could range from a few gates 
to all the logic and the flip-flop in the 
macrocell. What is required to ac- 4 
curately measure the capacity of the 
device would be designs whose 
schematic gate counts were known 
and, more importantly, that are 
known to have utilized virtually all 
the resources on the chip. 

Fortunately, four such examples 
exist. These are some capacity bench­
mark studies performed by Altera. 
The four designs were examples of 
common logic circuits that were 
chosen so as not to favor any type of 
architecture over another. The de­
signs include a Data Path, Timer 
Counter, State Machine and Arith­
metic functions. The benchmark 
measures how many of each type of 
design could be accommodated by 
the device being tested. Because the 



number of gates in each of the 
designs is known, as well as the 
number of the designs that could be 
placed on a fully-loaded device, the 
capacity of the device can be found 
by simply mUltiplying the gates per 
design by the number of designs. 

Test Results Analyzed 
The designs were analyzed by 

counting the number of gates and 
building blocks in them. The gates 
were next categorized according to 
whether they were combinatorial 
gates, flip-flop (i.e. flip-flop or se­
quentiallatch) gates, or combinatori­
al gates associated with a flip-flop. 
The last category refers to combina­
torial gates that immediately precede 
the D input of a flip-flop in a design. 
The classification is significant be­
cause it enabled the equations that 
follow to be developed that allow 
designers to estimate the number of 
gates that could be accommodated 
on a device. The estimate would be 
based on the number of flip-flops in 
the design as a percentage of the 

Design FFs 

Design I 24 
Design 2 143 
Design 3 17l 
Design 4 162 
Design 5 42 
Design 6 22 
Design 7 127 
Design 8 178 
Design 9 127 
Design 10 84 

Design FFs 

Design I 38.00 
Design 2 24.00 
Design 3 74.00 
Design 4 32.00 
Design 5 99.00 
Design 6 167.00 

total. The designs were used to 
verify the formula as a predictive 
tool. 

For consistency, individual logical 
elements were counted (source: LSI 
Logic HCMOS Design Manual, 1986) 
as follows: 

Element 

Inverter 
Buffer 
Gate, two-input* 
Gate, three-input 
Gate, four-input 
Gate, five-input 
Gate, exclusive-Or 
MUX,2:1 
MUX,4:1 
Latch 
Flip-flop, D 
Flip-flop, JK 
Adder, full 

Gates 

.5 

.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.0 
6.0 
4.0 
6.0 

10.0 
10.0 

(* Note: Bubbled inputs on gates 
were counted as .5 gates unless all 
inputs were bubbled which counted 
for none.) 

Combinatorial 
FF Gates Gates Total Gates 

144 116 260 
672 846 1518 
835 461 1296 
962 572.5 1534.5 
252 628.5 880.5 
132 l3l 263 
714 622 1336 
1103 486.5 1589.5 
740 833.5 1573.5 
356 412 768 

Average 

Table 2. Actel Design Gate Counts 

Combinatorial 
FF Gates Gates Total Gates 

228.00 186.50 414.50 
144.00 123.00 267.00 
448.00 372.00 820.00 
192.00 149.00 341.00 
594.00 319.00 913.00 
1136.00 399.50 1535.50 

Average 

Table 3. Xilinx Design Gate Counts 
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Table 2 shows the gate counts for 
the various Actel designs. The de­
signs are ordered from the lowest 
number of gates per module to the 
highest as calculated by simply divid­
ing the total number of gates in the 
design by the total number of mod­
ules. As may be seen in Graph I, 
there is variation in the utilization in 
the modules with the average being 
about 3.2 gates per module. 

Table 3 shows the gate counts for 
the various Xilinx designs. Due to 
the large number of flip-flops in the 
Xilinx architecture (there are two 
per LCA which is why the fraction 
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451 2.87 
436 3.52 
220 4.00 
98 2.68 
477 2.80 
549 2.90 
469 3.36 
172 4.47 
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CLB Gates 
Used per CLB 

58.50 7.09 
34.00 7.85 
104.00 7.88 
44.00 7.75 
97.00 9.41 
136.00 11.29 

.76 8.55 



of flip-flops to CLBs ranges from 
zero to two) it was expected that 
designs would achieve densities in 
proportion to the number of flip­
flops used. As may be seen in Graph 
2, there is a strong (98%) correlation 
between the fraction of the total 
gates in the design that are used to 
implement flip-flops and the number 
of gates realized per CLB. The aver­
age number of gates per CLB for the 
designs analyzed was 8.5. Table 4 
shows the number of gates for each 
Xilinx device at 8.5 gates per CLB. It 
also includes CLB utilizations that 
are typical according to the Xilinx 
design guide. 
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Gates Total 

Device CLBs per CLB Gates 

XC3020 64 8.5 544 
XC3030 100 8.5 850 
XC3042 144 8.5 1224 
XC3064 224 8.5 1904 
XC3090 320 8.5 2720 

Table 5 shows the gate counts for 
the Altera-generated benchmarks. 
The average was 1559 gates. Graph 3 
plots the total number of gates in the 
benchmark against the fraction of 
gates used as flip-flops. Another 
data point provided by Altera comes 
from the data sheet for the EPM5128, 
where it claims that an equivalent to 
a 74161 counter occupies 3% of the 
device. The counter requires 54 gates 
to implement, which would put the 
capacity of the device at 1800 gates. 
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FRACTION OF GATES USED AS FLIP-FLOPS 

Architectures Determine 
Actual Device Density 

Because there are almost as many 
ways to count gates as there are 
manufacturers, had additional devices 
been analyzed, alternate gate count­
ing methods would have been de­
scribed. With these test results as a 

Device Usable Gates 
Utilization Gates lOB per lOB 

0.85 462 64 3.25 
0.8 680 80 3.25 
0.75 918 96 3.25 
0_7 1333 120 3.25 
0.65 1768 144 3.25 
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guide, the analysis techniques and 
formulas that follow can be used by 
designers to determine how their 
application-specific design will fit on 
the various devices available, regard­
less of density claims. 

PLDs will be considered first, to 
see how much logic they can accom­
modate and what types of designs fit 
best on that architecture. In general, 
the typical PLD architecture contains 
a huge number of combinatorial 
functions and only relatively few flip­
flops. The limiting factor with this 
technology is the number of flip­
flops. 

Designers must first analyze their 
own designs to determine the ratio 
of combinatorial two-input gates to 
flip-flop gates, keeping in mind that 
a flip-flop function represents six 
two-input gates. For simplicity, treat 
a three-input gate as I Y2 two-input 
gates, and a four-input gate as two 
gates. Next, the following formula 
can be used to determine if the 
intended PLD will accommodate 
the design. The equation accurately 
determines the density of any PLD 
device and is more precise than gate 
count claims because it accounts for 
flip-flop limitations of PLDs. 

lOB Total Advertised 
Gates Gates Gates 

208 670 2000 
260 940 3000 
312 1230 4200 
390 1723 6400 
468 2236 9000 

Table 4. Typical Capacity of Xilinx Devices 

Combinatorial Fraction Designs per Gates per 
Design FF FF Gates Gates Total Gates FF Gates Device Device 

Arithmetic 8 48 245 293 0.16 5 1465 
Timer Counter 24 144 143 287 0.50 6 1722 
State Machine 12 72 67 139 0.52 II 1529 
Data Path 16 96 73 169 0.57 9 1521 

Average 1559 

Table 5. Altera Benchmark Gate Counts for EPM5128 
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Gt = «6 gates x #FF)/PercentFF»* 
(Df), where: 

Gt = upper gate limit on the PLD 
#FF = the total number of flip­
flops in the PLD 
PercentFF = the fraction of gates 
that reside in flip-flops of the 
actual circuit 
Df = a derating factor, or maximum 
device utilization factor available 
on manufacturers' data sheets. 
For PLDs, Df is equal to approx­
imately 0.9. 

The term, PercentFF, is a useful 
way of distinguishing among designs 
and is relatively easy to estimate 
based on the number of flip-flops in 
a design and the approximate total 
gates. Independent research conduc­
ted by Stanford University on scores 
of logic designs indicates that ap­
proximately 45% of all gates used in 
logic designs are used to implement 
flip-flops and the remainder is used 
for combinatorial logic. According 
to the LSI Logic handbook, six two­
input gates are required to imple­
ment a flip-flop. Thus, designers can 
use 45% as a representative number 
if knowledge about their own designs 
is absent. Thus, using the equation 
and this 45% figure, the upper bound 
on the capacity of a PLD containing 
128 flip-flops may be found to be: 

Gt = «6xI28)/(.45»(0.9) 
1700(0.9) = 1530 gates. 

Thus, a PLD design that uses all 
the flip-flops available could expect 
to achieve densities of no greater 
than 1700 gates (Df= 1.0), regardless 
of what the manufacturer states when 
PercentFF is 0.45. For values of 
PercentFF between 0.35 and 0.55, 
Gt ranges from 1975 to 1250. This 
number is about a third the density 
claimed for such devices by some 
PLD vendors and consistent with 
the actual test results detailed in 
Table 5. While it might be possible to 
find a design that uses the fixed PLD 
architecture more effectively by cre­
ating flip-flops from combinatorial 
logic, such circuits are generally much 
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slower than built-in flip-flops and 
are not generally usable. 

The FPG A architectures can be 
evaluated using similar equations to 
determine capacities. As indicated, 
the two types of FPGA architecture 
available are the LCA and ACT 1 
family of channeled gate arrays. 

LCAs that employ dedicated flip­
flops have a better balance between 
combinatorial logic and flip-flops 
than PLDs, but for most designs, 
there are more flip-flops than neces­
sary and combinatorial logic resourc­
es, thus, become the limiting factor 
in logic density instead of flip-flops 
as with PLDs. 

The designer can determine how 
well his circuit will fit on an LCA 
device by examining his schematics 
to see how many inputs and how 
many gates were used on the logic 
feeding a flip-flop. For example, if 
there is a four-input block, how 
many gates are typically feeding that 
block : 3, 4, 5? In the selection of 
vendor-generated TTL macros ana­
lyzed in the previous section, there is 
an average of 3.6 combinatorial gates 
per CLB. If four or fewer inputs 
were used most of the time, then the 
average number of gates prior to flip­
flops can be used in the following 
formula to find the upper.bound for 
the gate utilization on an LCA (if 
you need more than four, say, five, 
you get fewer gates and you need 
two blocks): 

Gt = «#ff x #CLB x 
#pre-FFgates)/ (1-PercentFF» 
(Of), where: 

Gt = upper gate limit on the LCA 
#ff= number of flip-flops per CLB 
#CLB = number oflogic blocks in 
the device 
#pre-FFgates = number of two­
input gates before the flip-flop 
(e.g. 3.6) 
(1- PercentFF) = fraction of gates 
in the user's combinatorial logic 
Df = a derating factor, or maximum 
device utilization factor available 
on manufacturers' data sheets. 
For LCAs, Dfranges between .55 
to .85. 
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(Note: The formula ignores gates in 
110 blocks. Flip-flops in II 0 general­
ly improve performance, and effec­
tively increase routing resources 
rather than gate count because there 
are no combinatorial functions in 
the 110 for use with those flip-flops. 
For designs with PercentFF in the 
range 0.35 to 0.55, LCAs are usually 
combinatorial gate limited.) 

Using this formula on an LCA 
with 144 CLBs and assuming an 
average of three pre-FFgates, 45% 
of the gates reside in the flip-flops, 
and a utilization of 75%, a sample 
calculation would be as follows: 

Gt = «2xI44x3)/.55).75 = 1180 
gates. 

Thus, an LCA with 144 CLBs and a 
claimed gate density of 4200 gates 
has a maximum 1180 usable gates, 
and only 1570 if fully utilized (Of = 
1.0, under the above conditions). 
The results of this equation show 
results somewhat higher than found 
in the actual design of Table 4. 

Similar capacities can be calcu­
lated with ACT 1 devices. The ACT! 
architecture uses a large number of 
relatively small building blocks and 
has no dedicated flip-flops. There­
fore, neither the PLD nor LCA 
formulas detailed above can be used. 
The ACT 1 architecture isn't con­
strained either by flip-flops or com­
binatorial logic. However, certain 
assumptions can be made and a 
formula derived that will also give 
designers consistently accurate ca­
pacity calculations. As in the previ­
ous cases, assume 45% of all gates 
reside in device flip-flops. Again, 
other values may be used based on 
actual design characteristics. 

Consider, for example, the ACT 1020, 
a 2000-gate FPGA. This device in­
corporates a total of 546 logic mod­
ules and two are used to implement 
one flip-flop. Most gates, multi­
plexors and latches use one module. 
With these architectural considera­
tions in mind, the following formulas 
can be used to give designers a fairly 
accurate capacity reading on an 
ACT 1 device: 



#LM = #MF + #MC Eq. I 

#MFx3.4/ (#MFx3.4 + #M Cx3.5) 
=.45 Eq.2 

Gt = (#MFx3.4 + #MCx3.5)(Df) 
Eq.3 

where: 
#LM = total number of logic 
modules on an Actel device 
#MF = number of modules used 
for flip-flops 
#MC = number of modules used 
for combinatorial functions 
Gt = upper gate limit on the LCA 
Df= the module utilization factor. 

Equation 1 states that the sum of 
the combinatorial and sequential 
modules equals the total number of 
modules. 

Equation 2 states that the assump­
tion that 45% of the gates in an 
average design are used as flip-flops. 

Equation 3 computes the expected 
number of gates used in an ACT 1 
device. 

The logic module can implement 
one to five combinatorial gates with 
3.5 being typical. Of is listed by 
Actel as ranging from .85 to .95, so 
.90 will be used for these calculations. 

Two logic modules can be used to 
implement a flip-flop and some 
combinatorial logic. The sequential 
modules in the designs in the previ­
ous section attained 3.4 gates/ 
module. 

Therefore, the 2000-gate ACT 1 
device with 546 modules: 

Solving Eq. 2 yields: 
#MF = .84#MC. 

Substituting this result into Eq. 
gives: 

546 = 1.84#MC 
#MC = 296 and #MF = 546-296 = 
250. 

Finally: 
Gt = (296x3.5 + 250x3.4)(.9) 
(1886)(.9) = 1697 gates. 

It should be noted that the results 
of this equation are also consistent 
with the tested gate counts deter­
mined for Actel devices in Table 2 
when the 3.4 gates/ module utiliza­
tion (approx.) factor is used. 

Using these formulas for PLDs, 
the results indicated in Table 6 were 
calculated for a representative num­
ber of devices from eight different 
manufacturers. 

Dedicated Fraction 
Vendor Device Flip-Flop2 Utilized1 No Gates4 

Actel 1010 0 .90 916 
1020 0 .90 1697 

Altera 5064 64 .90 770 
5128 128 .90 1530 

AMD 16R8 8 1.0 105 
22VIO 10 1.0 135 

Atmel 2500 48 1.0 640 

leT 7024 40 1.0 530 
7040 48 1.0 640 

Plus Logic 2020 144 .9 1255 

Signetics 2552 52 1.0 575 

Xilinx 3020 128 .9 630 
3030 200 .85 930 
3042 288 .80 1180 
3064 448 .70 1860 
3090 640 .65 2270 

Table 6. Usable Gates 
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Evaluating Development 
Tools 

While the equations enable de­
signers to evaluate architectures, a 
hands-on approach is often preferred 
by engineers. And although device 
manufacturers supply development 
systems that allow designers to 
analyze the design and program the 
devices here too, as with technology 
and density comparisons, care must 
be taken to achieve accurate results. 
F or example, when doing a competi­
tive analysis of development systems, 
beware of trying to save time by 
doing an identical small design on 
each. A small design is one that uses 
only a small fraction of the chip. To 
see what the system and the device 
can really do, it is important to test 
them to their limits. A simple 
example may make device develop­
ment and programming tools appear 
to be stronger than they actually are. 

Most systems vary a great deal in 
cost and capability. Without becom­
ing familiar with a system it is 
difficult to understand its capabil­
ities. Some of the most important 
features to examine are the place 
and route software, timing analysis 
tools and platform support. 

The P&R software is the heart of 

No 1/0 Reprogrammable 

57 N 
69 N 

36 y 

60 Y 

16 N 
22 N 

38 Y 

22 Y 
30 y 

72 y3 

53 y3 

64 y 

80 Y 
96 Y 
120 Y 
144 Y 
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the development system. The soft­
ware assigns the logical resources of 
the device to implement logic func­
tions described by the design netlist. 
It uses the routing resources (i.e. 
tracks and interconnect elements) to 
connect the logic functions together. 
The extent to which the software 
succeeds will determine the logic 
capacity of the device and, to a large 
extent, its performance. All FPGAj 
PLD vendors include P&R software 
wi th their systems, but the software's 
ability to implement designs is con­
strained by the power of its algor­
ithms, the architecture of the device, 
and the amount of interconnect 
resources available. 

Place and route on a PLD is 
simpler and faster than on an FPG A 
due to the less flexible architecture 
of PLD devices. PLDs usually place 
and route successfully unless the 
design exceeds the resources of the 
device. 

The FPG A architecture allows 
for great P&R flexibility, but requires 
more of the software because there is 
more to do. The router may fail to 
complete successfully requiring that 
design be changed or, if allowed, 
routed by hand. The designer has 
much more control over FPGA im­
plementations than PLDs by being 
able to assign placement directly or 
attaching criticality to nets in the 
design. 

FPGAs require that less of the 
device area be devoted to wiring 
resources than PLDs. As devices 
scale to higher levels of integration, 
PLDs will require a larger propor­
tion of the device for wiring than 
FPGAs. For this reason, FPGAs 
will be better able to sustain larger 
device densities. 

The speed with which the router 
operates is also important. If each 
design iteration requires many hours 
to run the P&R tool, then it signi­
ficantly impacts the design cycle 

Notes: 

time. PLD routing times are short as 
there is relatively little for the soft­
ware to do. Routing times for 
FPGAs may range from minutes to 
hours depending on the routing re­
sources available, the sophistication 
of the software and the complexity 
of the design. The problem is exacer­
bated if the software runs for a long 
time and still fails to route some 
nets. At that point the designer may 
be forced to P&R the entire design 
manually. 

Manual P&R is tedious and time 
consuming. When manual interven­
tion is required, every design iteration 
requires the same amount of time as 
the first and the development time is 
multiplied by the number of itera­
tions. While manual P&R allows the 
designer complete control over the 
design implementation, it requires 
him to have detailed knowledge of 
the physical architecture of the device. 
Nevertheless, FPGA architectures 
and tools are available that permit 
fully automatic placement and rout­
ing in under 30 minutes. 

Designers have little control over 
the delays from the P&R in PLDs. 
Moreover, the fixed path delays limit 
any opportunities for timing optimiza­
tion. PLD delays do not vary with 
load, but are determined by the 
individual delays of the device ele­
ments that make up the path. There's 
more variation in FPGA delays than 
in PLDs and the delays are load 
dependent. Architectural flexibility 
allows for delay optimization which 
may be done manually or by using 
software tools. 

The timing analysis tools available 
with the various systems vary con­
siderably in both the quality and 
quantity of the information they 
provide about the system. The timing 
analysis tools that come with the 
development system should allow 
the designer to examine timing 
details of the design. If there is a 

timing problem, the timing analyzer 
should be specific enough to allow 
the problem to be pinpointed so the 
design or the P&R may be modified. 
The more commands available and 
the more powerful the commands 
are the faster the designer can analyze 
the design. 

If the vendor-specific software 
supports other CAE systems, there 
should be a way to back-annotate 
the delay information to the CAE 
system simulator. Back-annotation 
allows the design timing information 
to be seen graphically and under 
simulated operating conditions. 

Finally, designers need to consider 
platform support. Designers who 
already have invested in hardware for 
a CAE system may also want to use it 
to develop programmable devices. 
Designers need to make sure the 
vendor's interface package for his 
workstation is complete. For exam­
ple, does it have back-annotation 
available for effective use of the 
simulator. 

The End of the Line 
To be sure, PLDs have changed 

dramatically. Fortunately, with a 
little common sense and the aid of 
the guidelines and formulas detailed 
here, designers can wade through 
the hype and mounds of vendor 
literature to determine the best FPLD 
for the application. It's important to 
keep in mind that all devices are 
different and can suit a variety of 
applications. Successfully choosing 
one category of device for Design A 
doesn't mean it will be the right 
device for Design B. Every applica­
tion requires a recalculation and 
close scrutiny of the circuit. By 
closely examining the device tech­
nologies, development tools and, 
above all, gate capacities, the op­
timum device can easily be selected. 

1. Based on design experience. Smaller devices can usually use all available flip-flops. Larger devices cannot always take advantage of 
embedded flip-flops. 

2. Actel devices contain no dedicated flip-flops. Any logic module may be used as a latch and any two modules may be used as a flip-flop. 
3. These devices contain input flip-flops which cannot be driven by internal combinatorial logic. The input flip-flops are counted only 

for the gates they contain. 
4. All gate counts assume 45% of users' gates are used for flip-flops. 
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Abstract -A novel CMOS electrically configurable gate array is de­
scribed. The chip combines the flexibility, efficiency, extendability, and 
perfonnance of mask-programmed gate arrays with the convenience of 
user programmability. The implementation is facilitated by a novel two­
tenninal antifuse programmable element and a new configurable intercon­
nect technology. The chip has been fabricated using 2-I'm n-well CMOS 
technology with two-layer metallization. 

I. INTRODUCTION 

M ASK-programmed gate arrays have gained wide 
acceptance and are used in an increasingly larger 

number of customer-specific applications. This is primarily 
due to a) their architectural flexibility that allows efficient 
implementation of a wide range of applications, b) large 
gate densities of lOOK gates or more [1], [2] which permits 
high levels of integration, and c) high performance. The 
architectural flexibility is due to the use of primitive basic 
cells and a routing capability that allows the construction 
of a large set of macrocell building blocks and general 
wiring interconnect between the macrocells. Gate arrays, 
however, suffer from long and costly development cycles 
which are barriers towards wider usage in many applica­
tions, especially those with low-volume requirements or 
restricted to short development cycles. 

Programmable logic devices (PLD's) [3]-[6], on the other 
hand, offer instant turnaround in the design cycle. How­
ever, their architecture and technologies limit their effi­
cient integration of many applications to only hundreds of 
gates. Some PLD architectures [7], [8] have integration 
levels of several thousand gates, but due to architectural 
and interconnect inefficiencies, the number of usable gates 
is a small fraction of the total available gates. 

This paper describes a CMOS electrically configurable 
gate array that combines the architectural flexibility and 
efficiency of gate arrays with the convenience of user 
programming available from PLD's. The implementation 
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is facilitated by a new configurable interconnect technol­
ogy [9] based on a novel one-time, two-terminal, pro­
grammable, low-impedance circuit element [10]. The elec­
trical characteristics of this element are more suitable for 
on-chip integration than other previously published anti­
fuses (e.g., [11]). The chip has been fabricated using a 
2-p.m n-well CMOS technology with two layers of metal­
lization. 

II. CHIP AF.CHITECTURE 

A. Overview 

The chip has a channeled gate array architecture (Fig. 1) 
consisting of configurable logic modules organized in rows 
and columns and separated by wiring channels (vertical 
~iring channels were omitted from Fig. 1 for clarity). 
Unlike gate arrays, however, the channels contain prede­
fined segmented metal tracks of different segment lengths 
to accommodate the routing requirements. Antifuse ele­
ments are located at the intersection of the horizontal and 
vertical wire segments and between adjacent track seg­
ments. Circuit connections and module configuration are 
established by programming the appropriate antifuse ele­
ment which then forms a low-impedance connection be­
tween the required two metal segments. The concept is 
similar to vias between the first and second level of metal­
lization in double-metallization technology. The logic 
module is configurable and was carefully selected to imple­
ment a large set of combinatorial logic cells as well as 
latches and flip-flops for sequential circuit applications. 

The chip also has configurable I/O buffers that can be 
configured as input, output, or bidirectional I/O. Also 
shown in Fig. 1 are the periphery circuits necessary for 
addressing, programming, and testing the array. 

B. Wiring 

Wiring channels in this architecture consist of a set of 
segmented tracks of various lengths. A typical channel 
track segmentation scheme is shown in Fig. 2, with vertical 
tracks mostly omitted for clarity of the diagram. The 
lengths of the track segments vary from a minimum of two 

0018-9200/89/0600-0752$01.00 ©1989 IEEE 
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Fig. 1. Block diagram of the chip. 
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Fig. 2. Wiring channels and track segmentation. 

module spans and progressively increase until they span 
the entire length of the array. Short segments offer more 
routing flexibility because their granularity affords a large 
number of their type. Their disadvantage is that longer 
nets suffer a degradation in performance due to the addi­
tion of interconnect antifuses in the circuit path. Careful 
choice of the lengths of the horizontal and vertical wire 
segments as well as the number of tracks in each channel 
provides routing flexibility comparable to gate arrays [12]. 
The trade-offs between routing flexibility, performance, 
and silicon area was carefully weighed in designing the 
channel and its track segmentation. The number of tracks 
per channel in this architecture is only slightly higher than 
mask-programmed gate arrays with the same gate density. 

The similarity of this architecture to gate arrays can be 
best understood by drawing a parallel between the pro­
grammable antifuse elements and the vias introduced dur­
ing the fabrication of gate arrays. The small size of the via 
allows gate arrays to contain an extremely large number of 
potential via sites, of which a very small fraction is needed 
to implement any application. Similarly, the size of the 
antifuse elements permit packing them as close as the 
metal pitch of the employed technology. Thus, a very large 
number of these elements can be included in the chip. As 
an example, a typical 2000-gate mask gate array has ap­
proximately 90 000 potential via sites compared with 
200 000 antifuse sites in the chip family described in this 
paper. Again, only a few percent of these antifuse elements 

Article Reprint 2 

753 

need to be programmed to implement any application. 
This allows gate array-like extension of the chip architec­
ture, by adding more logic modules and incrementally 
increasing the number of wiring tracks in each channel. 

The interconnect architecture of this chip is further 
illustrated by Fig. 3, which shows a small section of the 
array. Two partial rows of modules (each row containing 
three modules) with vertical and horizontal track segments 
are shown. Antifuse elements are located at the intersec­
tion of the track segments as well as between adjacent 
horizontal and vertical wire segments. To program an 
antifuse element, 18 V is applied across its terminals while 
all other elements are subjected to half that voltage. Two 
examples of circuit path connections are shown in Fig. 3. 
Path PI is a short path in which a vertical segment is 
connected to a horizontal track by programming antifuse 
FI. The path is completed by programming a second 
antifuse F2 which connects the horizontal segment to 
another vertical segment. The second example path P2 
illustrates how arbitrarily longer nets can be constructed in 
this architecture whenever the desired single segment length 
is not available. Antifuses F3 and F5 are programmed in a 
similar fashion to path PI. Antifuse F4, however, is pro­
grammed to connect two adjacent horizontal segments to 
form a new longer horizontal segment. The isolation n­
channel transistor Tl is part of the addressing and decod­
ing circuitry used to address, decode, and program the 
required antifuse elements. When programming antifuse 
F4, Tl must be turned OFF to supply the full programming 
voltage across its terminals. 

C. Logic and I/O Module 

The interconnect architecture described in this paper 
can be used with a variety of logic modules. The choice of 
the module involves trade-offs between logic capability, 
routability, performance, and silicon areas. The config­
urable logic module used in this architecture is shown in 
Fig. 4. It has eight inputs and one output, and was chosen 
for its efficiency in implementing both combinatorial and 
sequential circuits and for its optimum utilization of rout­
ing resources. The module implements a modified 4: 1 
multiplexor function with inputs A-D, select inputs SA, 
SB, SO, and SI, and output Y. To implement the required 
logic function, the module is configured as the desired 
macrocell by simply programming the appropriate anti­
fuses at its input terminals to connect the inputs to the 
required nets or to VDD/VSS ' 

The module is capable of implementing all two- and 
three-variable functions and some four-variable functions 
such as a 4: 1 multiplexor. It can also be configured to 
implement latches and flip-flops. One module is needed to 
implement a latch while two modules are needed to imple­
ment a flip-flop. No predetermined hardwired latches or 
flip-flops are implemented or needed in this gate array. 
Latches and flip-flops may be implemented anywhere in 
this array to suit the requirements of the application. The 
required macrocell connections are simply placed and in-
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Fig. 4. Logic module schematic. 

TABLE I 
TYPICAL MACROS AND 

THEIR EQUIVALENT 

MODULE IMPLEMENTATION 

Logic Funcrioo Modules 

3·inptllOR 

4-inputAND 

2·inpUI XNOR 

Dlalch wirhclr 

OFF wirh Pre &< Cir 

terconnected wherever needed in the array. A sampling of 
typical macros is shown in Table I. Also shown are the 
required number of modules needed to implement the 
macro. 

The I/O architecture is also quite flexible as shown in 
Fig. 5. Each I/O module may be configured as input, 
output, or bidirectional I/O by simply programming the 
appropriate antifuse elements. The I/O module is con­
figured as an input buffer or output buffer by simply 
programming antifuses F2 or Fl, which connect the 
ENABLE input to Vss or VDD , respectively. To configure 

I/O 

Fig. 5. Bidirectional programmable I/O module. 

Rows of Logic 

Fig. 6. Low·skew clock distribution network. 

it as a bidirectional I/O the ENABLE line is driven from 
the appropriate net in the array and the two anti fuses are 
not programmed. Also, any I/O module can be driven 
from virtually any net in the array. Naturally, appropriate 
placements of the I/O relative to the application circuit 
would always result in more efficient routing. 
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Fig. 7. In-circuit probing scheme. 

D. Clock Distribution 

Another important feature of this architecture is a high­
speed clock distribution network which is routed to every 
module in the array (Fig. 6). This provides the user with a 
minimal skew distributed clock network that can be used 
to map high-speed synchronous applications in this array. 
I t also relieves the user from the added burden of clock 
network design in his gate array application. Since latches 
and flip-flops can be built using any module in the array, 
building high-speed synchroIi(;us sequential networks is 
accomplished by using the clock network and the required 
latch, flip-flop, or combinatorial macrocells. The speed of 
the clock network is determined by the critical paths in the 
application. For example, the frequency of a simple toggle 
flop-flop has been measured at more than 70 MHz whereas 
in a complex application the clock network will operate at 
speeds up to 40 MHz. 

E. In-Circuit Diagnostic Capability 

One of the key features of this chip is a novel probing 
scheme that allows 100-percent observability of any node 
in the array. This feature allows designers to access and 
observe signals at any node in their schematic in real time, 
which eases and simplifies the development and debugging 
cycle of a user circuit. 

The probing scheme which is shown in Fig. 7 consists of 
two independent probing channels to allow simultaneous 
real-time observance of two mdependent nodes in the 
circuit. This is internally implemented by two separate sets 
of column and row select registers, multiplexor channels, 

and multiplexed I/O ports. The probe mode is used in the 
following manner. The chip is first switched into the 
required probe mode which selects one or both of the two 
probing channels. The desired node address, consisting of 
row and column select fields, is then serially shifted into 
the chip and loaded into the required column and row 
select registers. This column and row select address is used 
to uniquely select the desired node in the circuit and feed 
its logic value through a multiplexor and onto a designated 
I/O port. Any test instrument such as an oscilloscope or 
logic analyzer probe may then be used to observe the 
required node in real time, while the chip is running in the 
actual system environment. The diagnostic capability de­
scribed is supported by a development system which pro­
vides the user with a convenient interface to his circuit and 
eases the verification and debug cycle. 

III. IMPLEMENTATION 

A. Technology 

The chip is implemented using a 2-JLm n-well CMOS 
process with two layers of metallization (Table II) and four 
transistor types. Two low-voltage/high-speed 250-A oxide 
transistors are used in all performance-sensitive circuits, 
such as logic modules and I/O buffers. They are also used 
in other low-voltage circuit applications such as address 
latches and control logic where their tighter design geome­
tries are better suited. The two high-voltage 4OO-A oxide 
transistors are used in all the high-voltage circuit applica­
tions such as decoders, level shifters, programming path 
switching transistors, as well as isolation transistors to 

I 
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TABLE II 
TECHNOLOGY OVERVIEW 

Transistor Type Gale Oxide !.elf 

NLow Vollage 250 A l.Iu 

PLow Vollage 250 A 1.2u 

N High Vollage 400 A 1.5u 

P High Vollage 400 A 1.8u 

TABLE III 

Vollage 

5V 

5V 

lOV 

20V 

ANTI fUSE ELECTRICAL CHARACTERISTICS 

Paramecer Value 

Programming Voltage VPP (vohs) 18 

Programming Time (ms) < 10 

Programming Current (ma) <\0 

On ResistanCe (ohms) < lK 

Off Resistanee (ohms) > 100M 

isolate high-performance circuits from high-voltage cir­
cuits. The chip has 40 000 transistors evenly divided be­
tween low-voltage and high-voltage transistors. 

The electrical characteristics of the antifuse element 
used in this technology are summarized in Table III. The 
two-terminal anti fuse (13] is a dielectric between an n + 

diffusion and polysilicon and is compatible to CMOS, 
BIMOS, and bipolar technologies. The anti fuse normally 
exhibits a very high impedance ( > 100 Mn) in the OFF 

(unprogrammed) state. When an 18-V programming volt­
age is applied across its terminals, a bidirectional low­
resistance « 1 kn) connection is established. The pro­
gramming current requirement is less than 10 rnA and the 
programming time is less than 10 ms. Since this is an 
antifuse technology, only a few percent of the total avail­
able antifuse elements need to be programmed and there­
fore, total application programming time is fairly short. 
Fig. 8 further illustrates the characteristics of the antifuse. 
Fig. 8(a) shows the I - V characteristic of the antifuse as it 
transitions from the unprogrammed state (I = 0) to the 
programmed state. In this example the antifuse pro­
grammed at 15.5 V. The maximum current through the 
antifuse is determined by the antifuse impedance as w"ell as 
the impedance of the external circuit. Fig. 8(b) shows the 
I -- V characteristics of several programmed antif\lses_ The 
slope of the I - V curves is the impedance of the pro­
grammed antifuse. 

B. Circuit Design 

A chip photomicrograph is shown in Fig. 9, and mea­
sures 240 X 360 mils in 2-lLm technology. The logic module 
rows and the horizontal channels are illustrated. Each 
channel contains matrices of anti fuse elements at the inter­
sections of the horizontal and vertical track segments 
implemented as two layers of metallization. Surrounding 
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(b) after programming. 

Fig. 9. Chip photomicrograph. 

the array are all the periphery circuits: address latches, 
decoders, high-voltage programming circuits, testability 
circuits, and I/O modules necessary to program and test 
the array. 

The addressing scheme used to select an,d program a 
particular antifuse consists of a serial address stream which 
is shifted into the chip and latched. A distributed two-level 
decode scheme is then used to select the unique track(s) 
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Fig. 10. Chip programming path. 

Row Decoder 

that must be addressed to program the required antifuse. 
This is best illustrated by the programming path example 
shown in Fig. 10. To program the indicated antifuse ele­
ment, the programming voltage must be transmitted and 
applied across its two terminals. This is accomplished by a 
two-level decode scheme consisting of a group decoder 
followed by a column decoder, which transmits the pro­
gramming voltage onto vertical track V. The voltage is 
then propagated along the track by switching transistor 
VTl to apply the high voltage on one terminal of the 
antifuse. Similarly, the ground potential is switched by 
another group decoder and row decoder and through 
switching transistor HTI to the other terminal of the 
antifuse. The number of switching transistors that must be 
switched in the vertical and horizontal tracks varies with 
the location of the anti fuse. All decoders and switching 
transistors are driven from the address that was serially 
shifted into the chip. 

A circuit schematic of the decoder cell is shown in Fig. 
11. Each decoder cell consists of a flip-flop, a low-to-high 
voltage level shifter, high-voltage decoder transistor, and 
miscellaneous control gates. The flip-flop is part of the 
address latch used in programming and testing the chip. 
The output of the flip-flop OUT is fed to the INI input of 
the adjacent decoder cell, thus forming the serial address 
shift register. The control gates are used to disable the 
decoder, precharge the decoder output, or enable the flip­
flop output to drive the decoder. The gated signal then 
passes through a low-to-high voltage level shifter which 
drives the gate of the decoder high-voltage output transis­
tor. The IN2 input of the flip-flop is used in test modes to 
sense and latch the result of each test. The decoder cell 
and some variations of it are used to implement all group, 
column, and row decoders in the chip. 

A summary of chip characteristics is shown in Table IV. 
The chip has 295 configurable logic modules, 55 con fig­
urable I/O modules, and over 112K anitfuse element sites. 
This illustrates the touting flexibility of this chip and 
technology. The module delay of 5 nll is for a typical net 
configuration implementing a two- to four-variable func­
tion. 

Another circuit technique used in the design is the 
appropriate use of high-voltage and low-voltage transis­
tors. All high-performance circuits such as logic and I/O 
module use low-voltage high-performance transistors. 
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TABLE IV 
CHIP CHARACHRISTICS 

Delays measured at 5 V. 25°C, fan-out = 3 

Parameter Value 

Chip Size (mils) 240.360 

PIckage type (PLCC) 84 

SWldby current (ma) <5 

Number of Modules 295 

Number of progTBmmable elements 112.000 

Clock network skew (ns) 3 

Module performance (ns) 5 

LalCh setup time (ns) 6 

latch hold time (ns) 2 

Number of user defined pins 5S 

Configurable J)O buffers TIL. Bidirectional 

Input delay (ns) 6 

OulpUt delay (ns) 12 

OulpUt drive (rna) 4 

However, since the terminals of the modules are exposed 
to high voltage during programming, high-voltage isolation 
transistors are used to isolate the high-performance part of 
the circuit from the programming path (Fig. 5). During 
programming the isolation transistors are turned OFF. Dur­
ing normal operating mode, the gates of isolation transis­
tors are driven to a high voltage to lower the source/drain 
resistance of the transistors and minimize the delay penalty 
through the transistor. 

IV . TESTABILITY 

Testing a one-time programmable gate array presents 
some challenging problems [14]. Fortunately, testing is 
facilitated by the normally open antifuse elements. AU 
circuit connections are normally open-net connections, 
module configuration, I/O module connections-and will 
be established as the user-application circuit is pro­
grammed into the chip. All active circuits such as modules, 
I/O buffers, latches, and decoders must be tested and 
iheir functionality and performance guaranteed. In addi­
tion, all passive circuit elements such as wiring channels 
must be free of defects such as opens and shorts. 

Consequently, one of the critical design objectives was 
to ensure that the architecture and the design are fully 
testable [14]. This is critical in assuring high-quality chips 
and high programming yield. Testability circuits and tech­
niques were irtlplemented to permit complete testing of: 

• every logic and I/O module, 
• all vertical and horizontal tracks, 
• addressing and decoding circuits, 
• all programming and high-voltage circuits, 
• integrity of all anti fuses in the array, and 
• ac performance of the chip. 

• 
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Fig. 11. Decoder cell u!.ed in the two-level decode scheme. 

Fig. 12. Typical drive, sense and latch circuit path. 

The testability technique consists of three phases: 1) 
driving phase, 2) sense and latching phase, and 3) shift-out 
and compare phase. Fig. 12 illustrates a typical drive, sense 
and latch circuit path used in the various test modes. In 
the driving phase, the chip is first driven into the required 
testability mode by loading a control byte into the chip. A 
unique test pattern is then serially loaded into the address 
latches which drive the two-level decode mechanism ex­
plained above. The driving circuit in this test example 
consists of group decoder A and column decoder B. This 
technique permits driving any track with any desired test 
voltage to suit the test pattern. Further, any number of 
tracks may be simultaneously driven including, if needed, 
all tracks in the array. Also shown in this example is a 
logic module under test whose inputs are driven by the 
vertical tracks excited by decoders A and B above. In the 
sense and latching phase, sensing circuits implemented in 
the array and in the periphery are used to sense the 
required signals and latch them into the same periphery 
address latches (data are latched on a different phase of 
the clock to prevent contention with the test pattern). In 

the example shown in Fig. 12 sensing and latching is 
accomplished by column decode C and group decode D. 
Also, each module has a sense circuit to sense its output 
voltage during test. Finally, the shift-out and compare 
phase consists of simply shifting the test result out on one 
of the IjO pins and comparing it with the expected test 
results. By using the above technique and the appropriate 
decoders for driving and sensing the entire chip can be 
tested. For example, the fuse integrity test is done by 
simply driving vertical tracks and sensing horizontal tracks. 
AC performance of the chip is tested by programming a 
typical path in the chip consisting of redundant logic 
modules and testing its speed_ 

The overhead of the testability circuits is minimized by 
sharing the periphery circuits and switching transistors 
inside the array between programming, testability, and 
diagnostic modes. Appropriate test patterns are applied 
that thoroughly exercise the chip before configuration. All 
aspects of the chip are tested, including programming of 
redundant antifuses and integrity of unprogrammed anti­
fuses (antifuse programming is verified by the program­
ming hardware as the application is programmed). This 
assures high-quality chips and good programming yield_ 

V. ApPLICATIONS 

Two application examples are included to illustrate the 
flexibility and performance of the chip. The first example 
(Fig. 13) is a standard 4 x 4 array multiplier. The input 
vectors are X(O-3), Y(O-3) and the product term is P(O-7). 
The basic macros used to implement the multiplier are the 
full-adder macros FA1A and FA2A. Both macros imple­
ment the standard full-adder logic functions. The second 
macro FA2A implements a full adder with inputs AO and 
Al going through a NOR function before the sum and carry 
functions are generated. This special macro is useful in 
multiplier functions. Each macro uses one logic module to 
implement the desired adder function and is configured by 
anti fuses as explained in Section II-C. 

The second example (Fig. 14) is a seven-decade fre­
quency counter. The application simply measures the total 
number of clocks on the" Frequency _ in" pin being mea­
sured, that occur during a particular reference time inter­
val. The reference time interval is generated by the oscilla­
tor and the six-decade counter. The eight-decade counter is 
used as the I rcquency counter and the control circuits 
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Fig. 13. 4 x 4 multiplier. 

6 x De~ade Counrd 
(Freq Divider) 1 

l i ! ! 
Fig. 14. Seven-decade frequency counter with prescaler. 

generate the required timing and load signals. The fre­
quency count result is then loaded into a set of output 
latches. The oscillator circuit is shown in Fig. 15. It uses an 
input buffer, an inverting logic module, and an output 
buffer as well as external crystal and resistor components. 

Fig. 15. Crystal oscillator using on-chip inverter. 

Fig. 16(a) illustrates the front-end prescaler used to scale 
the Frequency _in pin being measured. The prescalar is 
simply a divide-by-lO counter implemented as a divide-by-2 
toggle flip-flop followed by a divide-by-5 shift counter. 
Fig. 16(b) shows the logic diagram of the flip-flop macro 
DFM used in the shift counter. Fig. 17 shows the captured 
waveforms at the input and output of the prescaler. The 
Frequency _in pin in this waveform is running at 80 MHz 
and the prescaler output is running at 8 MHz. A prescaler 
is used in this application to vary the frequency range 
being measured. This application uses 284 out of 295 logic 
modules, 37 I/O buffers, 60 flip-flops, and 32 latches. 

• 
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Fig. 16. (a) Divide-by-lO prescaler. (b) Configuring flip-flops with MUX inputs to perform logic functions. 

Fig. 17. PrescaIer input and output waveforms. 

When mapped into a conventional mask-programmed gate 
array this application would require 1200 gates. 

The chip is supported with a computer-aided design and 
development system specifically developed for this chip 
family [12]. Designs are entered into the system as 
schematics or net lists using a macrocell library. The 
designs are then automatically placed and routed using 
fully automated placement and routing software capable 
of consistently mapping applications utilizing up to 95 
percent of the array modules. Net delays are accurately 
computed by the system from the post-layout data. The 
system also contains development and diagnostic tools that 
greatly simplify the design process. 

VI. CONCLUSION 

A CMOS electrically configurable gate array with a 
channeled gate array architecture has been described. The 
chip is made feasible by a new interconnect technology 
and a novel two-terminal anti fuse element. The array has 
295 configurable logic modules and over 112K anti fuse 
elements. The wiring channels consist of segmented tracks 
with antifuses at their intersections and between adjacent 
segments. The I/O modules .are also configurable. The 
chip is implemented in a 2-,...m n-well CMOS process with 
two layers of metallization. The implementation of the 
chip ensures that the design is fully testable. 
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Ab.dracl - An architecture for electrically configurable gate arrays using 
a two-terminal anti-fuse element is described. The architecture is extensi­
ble, and can provide a level of integration comparable to mask-programma­
ble gate arrays. This is accomplished by using a conventional gate array 
organization with rows of logic modules separated by wiring channels. 
Each channel contains segmented wiring tracks. The overhead needed to 
program the anti-fuses is minimized by an addressing scheme that utilizes 
the wiring segments, pass transistors between adjacent segments, shared 
control lines, and serial addressing circuitry at the periphery of the array. 
This circuitry can also be used to test the device prior to programming and 
observe internal nodes after programming. By providing sufficient wiring 
tracks segmented into carefully chosen lengths and a logic module with a 
high degree of symmetry, fully automated placement and routing is facili­
tated. 

I. INTRODUCTION 

M ASK-programmable gate arrays offer the architec­
tural flexibility and efficiency to integrate thou­

sands of gates, but require long development time and high 
nonrecurring engineering costs. On the other hand, the 
convenience of field programming is available with pro­
grammable logic device (PLD) technologies, but their ar­
chitectures have not allowed integration of a wide variety 
of applications exceeding a few hundred gates [1], [2]. 

We describe a novel gate array architecture [3] which 
combines the flexibility of mask-programmable arrays with 
the convenience of field programmability. Its implementa­
tion is made possible by a two-terminal electrically pro­
grammable anti-fuse offering low resistance in its conduct­
ing state and small area. 

The architecture supports a design style similar to con­
ventional gate arrays, including fully automatic placement 
and routing algorithms attaining 85-95-percent utilization. 
This required considerable emphasis on symmetry and 
routability, which we touch on below. 

The anti-fuse is so called because it irreversibly changes 
from high to low resistance when "blown" by applying a 
programming voltage across it. The anti-fuse, or fuse for 
short, has an ON-state resistance of approximately 500 n. 
The layout area of the fuse cell is generally limited by the 
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pitch of the first- and second-level metal lines that connect 
to it; it is about the same size as a via. 

This paper focuses on the architecture itself, which is 
fairly independent of the exact details of the particular 
CMOS technology and the anti-fuse. Other papers describe 
more fully the anti-fuse [4], a CMOS circuit implementing 
the architecture [5], and a study comparing the architec­
ture's logic density to that of conventional gate arrays [6]. 

II. PROGRAMMABLE INTERCONNECT ARCHITECTURE 

The general architecture, shown in Fig. 1, exhibits the 
familiar gate array organization: rows of logic cells inter­
spersed with routing channels. There are, of course, several 
key differences. 

The tracks in the channels are not simply empty areas in 
which metal lines can be arranged for a specific design. 
Rather, they contain predefined wiring "segments" of vari­
ous lengths. Other wiring segments pass through the chan­
nels vertically. Each input and output of a logic module is 
connected to a dedicated vertical segment. Other vertical 
segments just pass through the modules, serving as 
feedthroughs between channels. (The number and lengths 
of segments in Fig. 1 are only suggestive.) 

0018-9200/89/0400-0394$01.00 CD1989 IEEE 
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Fig. 2. Horizontal fuse programming. 

Fig. 3. Cross-fuse programming. 

A fuse is located at each crossing of a horizontal and 
vertical segment. Programming one of these "cross fuses" 
provides a low-resistance bidirectional connection between 
the segments. Other fuses are located between adjacent 
horizontal segments within a track. When blown, these 
"horizontal fuses" connect the two segments to form a 
longer one. (Although not shown in the diagram, fuses 
may also be provided to connect adjacent vertical seg­
ments.) 

In order to program a fuse, we need to apply high 
voltage across it. This is accomplished by an efficient 
addressing scheme that uses the wiring segments them­
selves, pass transistors connecting adjacent segments, and 
control logic at the periphery of the array. Fuse addresses 
are shifted into the chip serially. 

As shown in Fig. 1, each column of "horizontal pass 
transistors" connecting horizontal tracks is controlled by a 
shared "horizontal control" line running across the array. 
Each row of "vertical pass transistors" is controlled by a 
"vertical control" line. The peripheral circuitry can drive 
the control lines and the segments at the end of each track. 

Horizontal fuse programming is quite simple. In the 
example of Fig. 2, we apply programming voltage Vpp 

across the fuse Fl' All horizontal control lines except the 
one in the column containing Fl are turned on by connect­
ing them to V pp , and the appropriate track segments are 
driven to GND and Vpp as shown. (Vertical fuses, if 
present, are programmed similarly.) Cross-fuse program­
ming uses both horizontal and vertical control lines as 
shown in Fig. 3. Segments not driven to either GND or Vpp 

are left l'recharged to Vpp/2. Thus the voltage across fuses 
not being programmed is either zero or Vpp/2. 

Some care is required to assure that a unique fuse is 
addressed. Fig. 4 shows how previously blown fuses can 
divert current along a "sneak path," in this case program­
ming fuse Fs through previously blown fuses F3 and F4 
instead of programming F2• Fortunately, we are not inter­
ested in blowing an arbitrary pattern of fuses (this is not a 
PROM!). For example, we are not concerned with pro­
gramming a pattern that connects two outputs together 
since this does not form a useful net. If we consider only 
relevant patterns, it can be shown that programming the 

1 L 

I I I 
.....iF; ,I=; jM- GND 

F2 FS 

I I I 
.....ifi jM-

F3 F4 

Fig. 4. A sneak path. 

TABLE I 

4 transistor cells modules 

3 input NOR 

4:1 mux, non-invening 

D latch with clear 

D flip-flop with clear/set 

full adder 10 

fuses in a carefully chosen order eliminates sneak paths. In 
general, fuses must be programmed starting from the cen­
ter of the chip and moving outward, channel by channel. 
Determining the proper order is a bin sort operation, and 
can be done by software in linear time. 

The pass transistors and peripheral control logic are also 
used to test the chip; this is discussed in detail later. 

III. CHOICE OF THE LOGIC MODULE 

As outlined so far, the programmable interconnection 
architecture could be used with a variety of logic modules. 
Which would be best? This turned out to be a very 
difficult question, involving subtle trade-offs among 
routability, the logical capability of the module as per­
ceived by the user, and delays due to capacitive loading in 
the routing segments. 

The complexity of the module must be balanced with 
the routing overhead. Mask-programmed gate arrays pro­
vide very flexible and efficient routing. They therefore use 
a simple four-transistor cell. On the other hand, routing is 
very expensive in both area and delay with present pro­
grammable logic arrays. These generally use a module 
capable of implementing more complex functions [2]. The 
architecture outlined here has a cost of routing closer to a 
conventional gate array, suggesting a logic module of inter­
mediate size. Because this is about the same complexity as 
conventional gate array hard macros, the designer can use 
a library like the familiar gate array cell libraries; there is 
no need to map logic into a more complex module. Table I 
lists several typical gate array macros and the numbers of 
four-transistor cells and logic modules required to imple­
ment them. 

II 
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Fig. 5. Module function. 

Our chosen module, shown in Fig. 5, has eight inputs 
and a single output. It is composed of three two-to-one 
~ultiplexo~s, with an OR gate on the last stage's select 
mput. Vanous macros, such as those in the table are 
implemented by using an appropriate subset of the i~puts 
and tying the remaining inputs high or low. Thus the 
m~dule can implement all macros with two inputs, most 
with three inputs, many with four inputs, etc. 

The module's output is connected to a vertical segment 
spanning several channels. Each input is connected to a 
short vertical segment spanning one channel. Four of these 
span the channel above the module, four the channel 
below. The use of short segments for the inputs reduces 
parasitic capacitance and hence delay. 

Note that each input is accessible from either the chan­
nel above or below but not both. At first, this would 
appear to limit routability compared to a conventional 
"double-entry" gate array cell, in which signals may enter 
from either channel. However, there is nearly always more 
than one way to implement a macro. For example, there 
maybe up to four distinct ways to implement a two-input 
gate: with both signals connecting to inputs in the top 
channel, with both signals connecting to inputs in the 
bottom channel, with one signal in the top and the other in 
the bottom channel, or vice-versa. 

By letting the router choose an implementation that uses 
inputs accessed from convenient channels, the benefits of 
full double-entry symmetry are approached or sometimes 
attained. The degree of symmetry possible for a particular 
macro m implemented in a given module is reflected in the 
following measure S: 

S(m) = log2 (N(m)) 

where N(m) is the number of distinct possible implemen­
tations of the macro m. Full double-entry symmetry would 
correspond to a value S( m) equal to the fan-in of the 
macro. To evaluate the overall symmetry of a module, we 
average S( m) over the macro library, weighted by relative 
macro usage U( m) and the fan-in F( m): 

LU(m)S(m) 

LU(m)F(m) . 
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Thi~ is the effective fraction of macro inputs in a typical 
design that have double-entry symmetry, and is an impor­
tant criterion for choosing a module. 

IV. ROUTING 

Fig. 6 illustrates the routing of a net. The vertical 
segment connected to the driving module's output is con­
nected by cross fuses to horizontal segments, which in turn 
connect to the segments associated with module inputs. In 
the top channel, a horizontal fuse is used to link two 
segments into a longer one. 

The resistance of the blown fuses and the parasitic 
capacitance of the segments used form an RC tree, with 
the driver of the net as the root. Note that each input is 
driven through a maximum of three and generally two 
fuses to limit the delay. (If the number of series stages in 
the RC tree were allowed to increase further, the delay 
through the routing would increase rapidly.) The maxi­
mum number of fuses and the segment lengths (hence 
capacitances) can be altered to suit the chip dimensions 
and the resistance of the fuse technology. 

In rare instances, it is not possible to place the macros 
so that all inputs on the net lie within the channels 
spanned by the output segment of the driving module. To 
handle this case, a few additional uncommitted long verti­
cal segments are provided. The net is then routed from the 
output segment to a horizontal segment, then to the long 
vertical segment, then to another horizontal segment, and 
finally to the necessary input segments. To keep the num­
ber of fuses in series limited to four, no horizontal fuses 
are allowed in such nets. (If necessary, the architecture can 
be extended to provide a special fuse connecting the out­
put directly to a long vertical segment passing over the 
driving module, thus eliminating the first horizontal seg­
ment and reducing the total number of fuses in series back 
to three.) 

A means must also be provided to connect internal 
signals to the bonding pads of the chip. Each pad has a 
dedicated bidirectional buffer, which connects to the array 
through an associated I/O module. The I/O modules fit 
in the outer columns and rows of the array next to the 
logic modules. Each I/O module has two inputs, data and 
enable, and an output. The data and enable signals are 
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sent to the output buffer of the associated bonding pad, 
and the module's output comes from the input buffer of 
the pad. Thus the I/O module can be configured to 
provide input, output, tristate, or bidirectional capability. 

To minimize clock skew due to differential routing de­
lay, one entire track (or more if needed) in each channel is 
set aside for clock distribution. These tracks are connected 
directly to buffers, so that each input presents a similar 
load driven through exactly one fuse. 

An interesting theoretical question is whether more hori­
zontal tracks are needed in each channel here (where the 
lengths of the wiring segments must be predetermined) 
than in mask-programmed routing (where the wiring is 
customized for the design). Surprisingly, a high probability 
of routability is obtained with only a few tracks above 
channel density. 

This requires a careful choice of the lengths of the 
segments, based on statistics from an extensive suite of 
design examples. This was done by first determining the 
distribution of net lengths, i.e., the length each net would 
run along each channel if the constraint of fixed segmenta­
tion were absent (as in a conventional gate array). The 
distribution of physical segment lengths provided on the 
chip was chosen to obey similar statistics. Then the seg­
mentation was" tuned" manually based on actual routings 
which obeyed the constraints it imposed. 

To obtain good routing performance it is also necessary 
to take advantage of the symmetry of the macros where 
possible. For example, observe that if macro 4 in Fig. 6 
permits its input to be routed from either the upper or 
lower channel, there is a better chance of finding a free 
horizontal segment to connect it. 

V. TESTING 

To assure high programming yield, It IS necessary to 
thoroughly test the chip for defects in the modules and 
fuses prior to programming. With a simple addition, the 
addressing circuitry used for programming suffices for this 
purpose as well. 

Continuity of the tracks is easily verified by turning on 
all vertical and horizontal pass transistors, and using the 
peripheral circuits to drive the tracks from one end and 
read them back from the other. Testing for the absence of 
shorts between adjacent tracks is done in a similar way by 
applying a pattern of alternating ZERO'S and ONE'S. 

Shorted or weak cross fuses are detected by turning on 
all horizontal and vertical pass-transistor lines, grounding 
all horizontal segments, and driving all vertical segments 
to some stress voltage. Horizontal fuses are tested column 
by column, with the same addressing method that is used 
to program them. 

To verify the functional operation of the modules, we 
need to apply test vectors to their inputs and read their 
outputs. A vector is applied simultaneously to an entire 
row of modules by turning on all vertical pass transistors 
except those in the row being tested. Data are applied to 

Probe 
Column 1: . To 
Enable ~xtemal ... -===:rs=.. "" .... ,~ "" 

... ~-o-----

Module 

Row Select 

Column Sense i 

Fig. 7. Probe circuit. 

the inputs in the channel above the row from the periphery 
at the top of the array, and to the inputs in the channel 
below the row from the bottom of the array. 

Since the outputs of the modules share a vertical track 
with outputs of other modules above and below them, 
some other means is required to read the module outputs 
at the array periphery. As shown in Fig. 7, a select line is 
provided along each row of modules, and a sense line 
along each column. Activating the select line for the row of 
modules under test gates their output values onto the sense 
lines. The sense lines are loaded into a shift register at the 
top of the array. 

This ability to read the output of any module at the 
array periphery is highly useful after programming as well. 
Only a small amount of extra circuitry is required to select 
one of the sense lines and make its value available at an 
external pin of the chip. Thus by shifting in the appropri­
ate address, the user can observe any internal node of his 
design externally in real time. This virtual probe can be 
used and its address changed even as the programmed chip 
is operating in the user's system. 

VI. IMPLEMENTATION: SILICON AND SOFTWARE 

The architecture has been implemented in a CMOS 
device. For details, including the speed of the module in 
isolation and in an application, see ~5]. 

Computer-aided design tools have been developed to 
support the architecture. Designs are entered as schematics 
or net lists using a cell library. 

The placement and routing algorithms are specific to the 
architecture. As usual these are time consuming, taking up 
to a few hours on a low-cost workstation. They achieve 
lOO-percent routing completion. (Even expert users have 
never been able to improve manually on the automatic 
router.) The probability of successful routing can be pre­
dicted by analyzing some statistics of the design. 

Because the nets are RC trees, delays are not a simple 
function of capacitive load as with mask-programmed gate 
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arrays. Nevertheless, we are able to quickly calculate pre­
cise delays at each input for post-layout simulation and 
timing verification. 
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ABSTRACT 

This paper describes a Proeraaaable Low 
lapedanee Circuit Eleaent <PLICE), which is a 
dielectric based antifuse for use in both 
logic and aeaory ICs. The antifuse eleaent 
offers significant size and perforaanee 
iaproveaent coapared to other prograa.able 
cells. A siaple theraal aodel has been 
developed to predict the antituse resistaneei Each antifuse occupies an area of 1.5 ua 
usina L2ua technology. It can be prograa.ed 
within 1 asec, and has a tight resistanee 
distribution centered around 500 ohas. The 
reliabillty of both the prograaaed and 
unprograa.ed states i&' de.onstrated to be 
better than 40 years. The antituse was used 
in the design of the first faaily of desktop­
conflgurable channeled gate arrays and a 64K 
PROM device. 

INTRODUCTION 

PROMs and proera •• able logic devices co •• only 
eaploy progra.aable ele.ents such as tusible 
links. EPROM or EEPROM cells. These 
proara.aable eleaents are either large in 
area. require high prograa.ine current, or are 
three terainal devices. This paper describes a 
Proara.aable Low I.pedanee Circuit Ele.ent 
<PLICE), which is a dielectric based antituse 
that offers significant size and pertor.anee 
iaproveaents over other proeraa.able 
eleaents. The antituse structure, technology, 
characteristics. theraal aodel and reliability 
are described below. 

ANTI FUSE STRUCTURE AND TECHNOLOGY 

The PLICE antifuse is a dielectric between an 
n+ diffusion and poly-Si as shown in the SEM 
cross-section <Fig. (D) and is coapatible with 
CftOS and other technoloeies such a8 bipolar 
and BIMOS. The PLICE ele.ent was inteerated 
in a standard 12 aask. double layer .etal twin 
tub CMOS technology. Three additional aasks 
were required; n+ antifuse diffusion. antituse 
poly. and 40 na oxide eask for the hi,h 
voltaae transistors, bringine the total to 15 
aasks. Four transistor types <TABLE 1> are 
used; the low voltage high speed transistors 
are used for the loeic and signal path while 
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the high Yolta,e transistors are uaed for the 
proaraaaing path. Fig. (2) i8 a photoaicroeraph 
ot a 2000 gate progra •• able gate array 
utilizing 166.000 antituses. There are roughly 
one hundred antifuses for each logic gate to 
achieve a high decree ot interconnectivity and 
gate utilization. Each antifuse occupies an 
area equivalent to a contact or via. The 
antituses are incorporated into a cell 
structure such that when the antifuse is 
proeraaaed. it connects a aetal 1 and aetal 2 
line U.2]. The cell structure size is thus 
liaited by the aetal 1 and aetal 2, pitch. 
Fi.. (3) is a photoaicroeraph of a 64K PRO" 
designed using the sa.e technoloey with a 
typical access tiae of 35 naee. 

ANTI FUSE CHARACTERISTICS 

When 16 volts is applied across the antifuse 
through X-V aelect transistors [1.2], the 
antituse is proeraa.ed to the conductive 
state in about 200 usee aa shown in Fig. (4)­
Fie. (5) shows a tight resistanee distribution 
of antituses proeraaaed with a current of 
5 .A. 

Once the dielectric ia ruptured. the 
resistanee Rl of the conductive state i. 
deter.ined by the aize of the conductive 
conduit Uink>. The size of the link is 
deter.ined by the aaount of power dissipated 
in the link which ael ts the dielectric. Since 
the te.perature of the aolten core varies 
inversely with its radius, the .olten core will 
expand until it. te.perature drops below the 
.eltina point of the dielectric. Since the size 
of the link is .uch s.aller than the thickness 
of the conductive silicon layers on both sides 
of the dielectric. the te.perature ,radient 
and the resultant heat conluction can b • 
• odelled ~y a si.ple sphere. The resultant 
equation for the link te.perature T I: 

TI-I,V1/4lCktlarl ••••••••••••• (1) 

Where I p is the pro,ra.aine current. V I ia the 
voltage acrOB8 the link. r. ia the radius of 
the link. ani ktll i8 the theraal conluctivity 
of silicon. The calculation however beco.ea 
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co.pUcated if the ther.al conductivity of 
slilcon I. taken into consideration as a 
function of its te.perature [3). Further.ore. 
the power dissipation i& distributed 
throu,hout the sphere. Hence a co.puter 
sl.ulat.lon that breaks the sphere into 1 n. 
thick conductive shells was used to calculate 
the link te.perature TI and resistance RI vs 
pro,ra •• ln, current I,. The resultant 
calculations are plotted In Fi.. (6). The link 
radius 1'1 is deter.ined by the equilibriu. of 
power dissipation and .eltine te.perature, as 
expressed In the followin, equation [4): 

1'1-21,<"'1+111/2)/87'" ••••••••• (2) 

vhere r I' fai are the resistivities of the link 
and silicon respectively durinc proera •• inc 
and the relation between link resistance RI 
and link radius 1'1 can be obtained as 
follows[4]: 

Fro. eqn.(2) and eqn.(3) we derive that RI is 
thus inversely proportional to I, (Fig. (6», 
liven by the followi", equation: 

RI=(87/tlp).(rl+1'li)/~JI+<fli/2 •• (4) 

This can be further sl.plifled to: 

RI=2.5/I, ••••••••••••••••• (5) 

At 5 .A, for exa.ple, the link radius is about 
20 n. and the fuse resistance 1& 500 o~s -
Capproxi.ately. the i.pedance of a 20u. wide 
EPRO" cell) 1n its conductive state. The 
proara •• ed antifuse resistance 11; a function 
of the readine current as shown in Fig. (7). 
The resistance rises at a current just before 
the progra •• ing current, due to heatine of 
the conductive channel; drops when the silicon 
In the conductive channel .elts; and continues 
to decrease beyond the original resistance as 
the current exceeds the progra •• ing current. 
This is due to the per.anent widening of the 
conductive link. 

ANTIFUSE RELIABILITY 

Proara •• ed antifuse reliability was evaluated 
usln, discrete antifuses incorporated in a 
Kelvin structure (Fig. (6». The structures 
vere stressed with a 5 .A current between 
two of the ter.inals I, 2 at a te.perature of 
250C. Fie. (9) is a plot of the .onitored 
voltaae across the progra •• ed antifuse as a 
function of stress U.e. Failure is indicated 
by an increase in voltage as the structure 
baco.es open. "easure.ent of the antifuse 
throu,h the other two ter.lnals 3, 4 indicated 
that the proera •• ed antifuse did not fail or 
exhibit any .easurable resistance change. 
Investigation of the failure using SE" 
indicated that the failure is due to poly 
contact electro.ieration. With 0.9 eY 
activation energy [5] for contacts, the 
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predicted liteti.e is .ore than 40 years. 
Fig. (10) is a plot of ti.e to breakdown vs 
lIelectric-field for unprogra •• ed discrete 
antifuses. Extrapolation of Fia. (10) indicates 
that the Iifeti.e of an unproera •• ed antifuse 
under continuous 5.5v stress exceed. 
100 years, with a failure rate lesl than 
1 FIT. In addition to the accelerated discrete 
antifuse device reliability data, 364 product 
units have accu.ulated a total of 571.000 
device hours of dyna.ic burn-in at 5.5 volt 
and 125C (with so.e units reachine 2500 hours) 
with no failures or change in a.e. 
characteristics. Thil is equivalent to a 
failure rate of less than 100 FIT. 

In su •• ary we have presented and .odelled a 
reliable high perfor.ance dielectric based 
antifuse which can be progra •• ed with 
relatively low current and is co.patible wit.h 
CMOS and other technologies. The cell read 
current. 2 .A at 1 volt. is an order of 
.agnitude higher than that of an EPRO" of 
co.parable size. There is no data (char,e) 
retention concern. The unique co.bination of 
s.all size and low resistance has enabled the 
develop.ent of the first fa.ily of desktop­
configurable channeled gate arrays and a 64K 
PRO" device. 
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TABLE 1 
TECHNOLOGY OVERVIEW 

PROCESS:TWIN TUB DOUBLE LAYER METAL 
CMOS 15 MASKS 

TRANSISTOR OXIDE 

N LOW VOLT 25 nrn 
P LOW VOLT 25 nrn 
N HIGH VOLT 40 nrn 
P HIGH VOLT 40 nrn 

LEFF VOLT 

1.1 urn 5 V 
1.2 urn 5 V 
1.5 urn 20 V 
1.8 urn 20V 

ANTIFUSE CHRACTERISTICS: 

PROGRAMMING VOLTAGE 
PROGRAMMING TIME 
PROGRAMMING CURRENT 
ON RESISTANCE 
OFF RESISTANCE 

18 V 
<1 rnS 
<10rnA 
< 1K OHMS 
> 100M OHMS 

Fig.(l) SEM cross-section of antifuse. 

Fig.(2) Photomicrograph of 2000 gate 
programmable gate array. 
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Fig.(3) Photomicrograph of 64K PROM 
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Fig.(4) Programming time of antifuse 
with 18V programming voltage. 
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Fig.(5) Programmed antifuse resistance 
histogram, programmed with 5 rnA current. 
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Fig.(6) Programmed antifuse resistance 
versus programming current. 
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Fig.(7) Programmed antifuse resistance 
versus reading current, with 100 ohms of 
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Fig.(8) Antifuse Kelvin structure. 
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Fig.(9) Voltage across antifuse versus 
stress tim-e, with 5 rnA stress current. 
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Field-programmable gate array 
with non-volatile configuration 

Field-programmable gate arrays (FPGAs) allow fast turnaround' 
mask-programmable gate arrays offer flexibility. Andrew Haines de~cribes 

the new FPGA family from Actel which boasts speed and flexibility 

Actel Corporation has developed a family of fie/d­
programmable, channelled gate arrays based on proprietary 
architecture and interconnect technologies. The new 
semicustom devices combine the flexibility of mask­
programmable, channelled gate arrays and the convenience 
of fast-turnaround, electrically programmable logic devices. 
A new programming element, the PLICE antifuse, which 
can be produced in a standard CMOS fabrication facility, 
permits significant architectural innovation. 

microsystems gate arrays logic modules PLiCE antifuse 

In July 1988, Actel introduced the ACT 1 family of field­
programmable gate arrays (FPGAs). Ranging from 1200 to 
6000 gates, these devices have a number of important 
attributes that clearly distinguish them from previous 
approaches: low cost; fast prototype development; 
mas.~ed array de~sity; and applications flexibility. Using a 
familiar schematiC capture and macro library design entry 
procedure, comprehensive CAE support includes auto­
matic placement and routing at 85-95% gate utilization. 

The underpinning of the ACT 1 family is a new PLiCE 
(programmable low-impedance circuit element) antifuse 
programming element. The antifuses, non-volatile, two­
terminal elements that exhibit low 'on' resistance when 
programmed, provide the same wire-to-wire interconnect 
functions as 'vias' provide in mask-programmable gate 
arrays, and that transistor-based EPROM and RAM cells 
and metal fuses provide in previous programmable logic 
devices. 

The very small size (1.25.u m per side) and low 
programmed-state resistance of the PLiCE antifuse facilitate 
the creation of a new field-programmable, channelled 
gate-array architecture, with gate denSity, application 
flexibility and performance comparable with masked 
arrays, but with short development cycles. 

The paper first reviews the key elements of FPGA 
architectures and then, in this context, examines the 

ACT 1 architecture. Next the PLiCE programming element 
which underlies the architecture is considered and finally 
the characteristics of ACT 1 family devices are described 
from the point of view of the user. 

ARCHITECTURAL CONSIDERATIONS IN 
FIELD-PROGRAMMABLE GATE ARRAYS 

Consider the key elements of field-programmable gate 
array architecture - the logic modules, the number of 
potential interconnect elements, and the delay introduced 
when interconnecting logic modules. Gate arrays consist 
of an arrar of cells.or logic. modules s.ep~rated by routing 
channels. The logIC capaCIty of a devICe IS determined by 
the number and size of the logic modules, the effective­
ness of the modules in implementing diverse logic 
functions (such as flip-flops, latches and gates), and the 
percentage of modules that can be wired together in a 
given application. This percentage utilization is dependent 
on the amount of wiring or routing resources that are 
available on the chip. Performance is determined by the 
intrinsic delay of the logic modules, the delay introduced 
by interconnect wiring and the number of programming 
elements required in a programming path. 

A major consideration in the choice of a logic module is 
the module size which can range from a few gates to tens 
of gates. The ideal logic module is very small, i.e. made up 
of a few gates which can be combined in many ways to 
provide suitable logic functions. Choice of a small logic 
module is constrained, however, because the smaller the 
module the greater the wiring resources required on-chip 
with which to tie them together. Adequate routing 
resources may be impossible to achieve if the size of the 
programmable interconnect element consumes too 
much silicon area. While the choice of a large logic 
module relieves routing resource requirements, larger 
module sizes may be less efficient in logic function 
implementation if a module containing tens of gates must 
be sacrificed to perform simple AND, OR or INVERT 
functions. Logic applications vary with respect to the 

Actel Corporation, 955 E. Arques Avenue, Sunnyvale, CA 94086, USA relative amount of combinatorial and sequential logic that 
Paper received: 27 January 1989. Revised: 10 March 1989 they contain2• Regardless of its size, the logic module 
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must be designed such that it can implement a wide 
variety of logic function with high efficiency. 

While the size of the logic module contributes to the 
routing resource requirements, equally important are the 
routing resource requirements intrinsic to the user's 
application. Functions with a regular structure and serial 
data transmission, such as shift registers and counters, 
have relatively low fan-out per gate and modest routing 
requirements. Most random logic applications, such as 
multipliers, accumulators and ALUs, have higher effective 
fan-out and demand more routing resources for the same 
number of gates. Bus-oriented architectures can exhibit 
very high fan-out and are notorious for presenting difficult 
routing problems. 

Providing sufficient routing resources on chip to meet a 
wide range of application requirements is a crucial 
architectural problem. If resources are inadequate, users 
will find that effective device capacity varies greatly 
depending on the application. If this is so, the supplier's 
designated capacity of '2000 gates' may actually materialize 
only infrequently, if ever. Placement and routing, a key 
part of the design cycle, is also adversely affected. Under 
these conditions, automatic software may perform poorly, 
forcing the user into frustrating and time-consuming inter­
active placement and routing. 

For field-programmable devices of all types, performance 
in specific applications is dominated by the delay 
associated with interconnecting logic modules. Field­
programmable devices must have a programming element 
in the interconnect pathways. Since these elements do 
not have zero resistance, and capacitance is present in the 
circuits, they introduce delays. Hence, with respect to 
device performance, programming elements can be 
thought of as delay elements. The lower the resistance of 
the programming element, the faster the device will be. 
Therefore, another critical architectural consideration is 
the minimization of the number of delay elements in any 
given interconnect path. A large or indeterminate number 
of programming elements in signal paths leads to 
intolerably slow or unpredictable performance. 

In reality, the selection of a logic module, routing 
resources, and device performance are closely coupled. 
The trade-offs between choices for these elements find a 
common focus in the choice of a programming element. 
Once a programming element has been selected, many 
possible architectures are immediately ruled out. For 
example, if a large, medium resistance element (approxi­
mately 1 k ohm) such as a static RAM cell is chosen, then 
the choice of a small logic module is precluded because 
the large number of interconnect elements that would be 
called for cannot fit on any reasonably sized chip. The 
desired programming element must exhibit the smallest 
possible size, low on-state resistance and compatibility 
with conventional CMOS double-layer metal manufacturing 
processes. 

ACT 1 FAMilY ARCHITECTURE 

Actel has developed a new architecture that takes 
advantage of the small size and low resistance of the 
PLiCE antifuse elements for electrically configuring devices. 
The architecture can be extended to high gate counts 
through the use of sub-micron geometries, providing a 
level of integration comparable with mask-programmable, 
channelled gate arrays. In fact, the device architecture 
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I/O buffers. 
program 
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Figure 1. Block diagram of ACT 1 array showing arrange­
ment of logic modules, wiring channels and peripheral 
circuits. Testability circuits and address circuitry for 
programming are built into the periphery 

Figure 2. Die photograph of ACn020, 2000-gate array. 
Channelled gate array architecture with rows of logic 
modules (narrow rows) separated by routing channels 
(wide rows) is prominently displayed 

exhibits the familiar, channelled gate array organization -
rows of logic cells interspersed with routing channels (see 
Figures 1 and 2). The architecture differs from that of a 
traditional gate array in the details of the horizontal and 
vertical wiring tracks and, of course, the anti fuse 
programming elements. 

Figure 3 is a section of Actel's customer-configurable, 
channelled gate array showing the tracks, antifuse elements 
and interconnect architecture. The tracks within the 
channels contain predefined horizontal wiring segments 
of various lengths. Vertical tracks span several rows of 
logic modules and adjacent horizontal channels. An 
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Figure 3. Simplified organizational view of ACT 1 family 
architecture showing logic modules, routing tracks and 
programming elements 

anti fuse programming element is located at each crossing 
of a horizontal and vertical segment. Programming one of 
these 'cross antifuses' provides a low resistance bidirectional 
interconnect between the segments. Other antifuses are 
located between adjacent horizontal segments within a 
track. When programmed, these 'horizontal antifuses' 
connect the two segments to form a longer one. Similarly, 
anti fuse elements are also located between adjacent 
vertical segments. 

Vertical and horizontal pass transistors are also shown 
in Figure 3. These pass transistors are used only during 
anti fuse programming and, so, do not playa role in device 
performance. Inclusion of these control transistors allows 
the routing tracks themselves to carry programming 
voltages during the programming sequence, thus saving 
additional wiring. The control transistors, in turn, are 
controlled from a shift-register-based addressing scheme 
in the chip periphery. During programming, antifuse 
'addresses' are shifted into the chip thus setting the pass 
transistors to the appropriate state to deliver the 18 V 
programming voltage to the selected antifuse. 

Interconnection 

An antifuse element is programmed by the application of 
a programming voltage (Vpp)' An efficient addressing 

Table 1. Effectiveness of the ACT 1 logic module in 
implementing common logic functions 

Function 

1 of 8 decoder (74138) 
8: 1 MUX (74151) 
3-bit binary counter 
8-bit serial to parallel SR 
4-bit Johnson controller 

w ClK EN 

Vol 13 No 5 June 1989 

Module efficiency 
(% of chip required) 

ACT1 01 0 lCA3020 
1200 gates 2000 gates 

(from Xilinx) 

4.1 
1.7 
3.4 
5.4 

2.7 

7.8 
6.3 
3.1 
7.8 

3.1 

Mask programmed gate array cells are 'double entry' 

or 

Same effect achieved with configurable gate arrays, with 
several ways to map a macro into a module 

AB A B 

ctJctJC=PctJ 
B A AB 

NAND: 2 inputs, 4 maps 
MUX4: 6 inputs, 8 maps 

full flexibility 
partial flexibility 

Figure 4. Inputs to the ACT 1 logic module. Like con­
ventional masked arrays, these can be routed from the top 
or bottom of the cell since most macro functions can be 
mapped into the logic module several ways. A function 
with two inputs, A and B, can have several mappings with 
v3rious locations of A and B, thus giving the router more 
choices 

scheme, utilizing wiring segments, pass transistors con­
necting adjacent segments, and control logic at the 
periphery of the array, provides selective application of 
programming voltage to anti fuse elements. Antifuse 
addresses are shifted into the chip serially. Further 
information on ACT 1 family devices and architecture can 
be found in References 3-5. 

Logic modules 

A configurable logic module is the basic logic building 
block of Actel's channelled gate array deVices. Depending 
on the size of the gate array, the family of field­
programmable, channelled gate arrays contains between 
295 (ACT1010) and 1258 (ACT1260) configurable logic 
modules. The flexible logic module of the ACT1 01 0 has 
eight inputs and one output. With a small size, the 
module is similar in capability to a conventional gate array 
macro and can be configured into over 150 different 
functions. The design of the module was carefully chosen 
for its efficiency in implementing both combinatorial and 
sequential circuits and for its optimum utilization of 
routing resources (see Table 1). Because JK- and D-type 
flip-flops can be configured from the logic modules, no 
dedicated flip-flops are required on-chip. 

Also, like a conventional gate array, the module is 
'double entry' in that inputs can enter from the top or 
bottom of the cell (see Figure 4). Each of the eight inputs is 
connected to a short vertical segment spanning one 
routing channel. Four inputs span the channel above the 
module and four span the channel below. The module's 
output is connected to a vertical segment spanning 
several channels. The benefit of double-entry symmetry 
relates to routing efficiency: by letting the routing 
algorithm choose module access (from above or below), 
up to 95% gate utilization is attained. 
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Figure 5. Routing resources (wiring tracks per channel) of 
field-programmable gate array architectures compared 
with the minimum theoretical quantity needed to achieve 
automatic placement and routing 90% of the time 

Routing resources 

The extremely small size of the PUCE antifuse element 
makes a large number of interconnect elements practical, 
thus enabling the selection of a small, highly configurable 
logic module. To accommodate the resulting interconnect 
element requirements, 186000 PUCE elements are 
included on the ACT1020 2000 gate chip. This is enough 
to attain conventional gate array routability in a field­
programmable device. For comparison, a conventional 
mask-programmable array of like capacity contains 
roughly 90000 potential metal-to-metal via or inter­
connect sites. To attain the same level of placement and 
routing efficiency as a masked array, a field-programmable 
array generally needs more interconnect resources. This 
results from the fact that wiring must be built in to the 
field-programmable device before anything is known 
about the specific end-user application, while with a 
masked array wiring is only applied by the manufacturer 
after a specific application has been received. Given this 
additional information, fewerwiring resources are needed 
in the masked array. 

Wiring resources must be chosen so that automatic 
placement and routing software can achieve good results 
(85-95% utilization> 90% of the time), otherwise a heavy 
design burden is placed on the end user and the design 
cycle is considerably lengthened. Minimum routing 
requirements can be theoretically determined given the 
number of logic modules which must be interconnected 
and the average number of I/Os per module6 . Figure 5 
compares the routing resources available in ACT 1 family 
chips with those found in field-programmable arrays using 
the logic cell array (LCA) architecture and with the 
theoretical minimum needed to achieve 90% probability 
of successful completion of automatic placement and 
routing (APR). 

Gate count 

Because Actel's devices have a channelled gate array 
architecture with a very large interconnect capacity similar 
to conventional gate arrays, device gate capacity is similar. 
The ACT 1 family of gate arrays offers 1200, 2000, 3000 
and 6000 gate sizes with up to 142 I/O pins. Unlike 
programmable logic devices, where 'equivalent gate' 
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Data path Timer/counter State machine Arithmetic 

Benchmark type 

Figure 6. Benchmarking results comparing the effective 
gate capacity of ACT 1020, 2000-gate array with a LL7720, 
2200-gate array 

values vary dramatically depending on the application, 
these configurable gate arrays maintain consistent capacity 
and utilization across a broad variety of application types 
just as in conventional arrays. 

In the absence of industry-standard benchmarks, Actel 
has developed four benchmarking standards that can be 
used to test achitectural capacity with respect to different 
application types2. These include a data-path circuit, a 
counter/timer, a state-machine function, and an arithmetic 
structure. Each of these benchmarks is of the order of 
150-300 gates as measured in LSI logic gate array terms -
an industry accepted means. Figure 6 compares the 
capacity (in terms of benchmark circuits) of the 2000-gate 
ACTl 020 against the industry standard LL7220 channelled 
gate array. This comparison clearly indicates that the 
effective gate count of the field-programmable channelled 
gate array is comparable with conventional devices over a 
broad range of application types. 

PERFORMANCE CHARACTERISTICS OF THE 
ACT 1 ARCHITECTURE 

The low resistance of the PUCE antifuse (typically 
500 ohm) and the ACT 1 interconnect architecture 
minimize the impact of programming elements on device 
performance. In 90% of cases the structure of the ACT 1 
modules and wiring scheme limit the number of antifuses 
found in a propagation path to two. Routing software 
limits the number of antifuse elements to a maximum of 
four. 

While specific application examples can be used to 
illustrate performance, a more informative view can be 
gained from an understanding of delays using a statistical 
approach. Any given path in a field-programmable array 
can have a range of delays depending on how it is actually 
routed on the chip. By taking a specific path and routing it 
many times, a distribution of delays can be formed. The 
resulting distribution illustrates the range of path delays 
which can be expected over a whole series of applications. 
The characteristics of this distribution provide a more 
general view of performance than that from looking at 
specific examples. If the distributions are very narrow, 
delays will predictably fall into a narrow range. Conversely, 
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Six level pipeline logic 

CL~~Q 
ACTl implementation 
eight logic modules, five nets 

CL~~Q 
XC2018/70 implementation 
five logic modules, four nets 

Figure 7. Segment of pipeline circuit used for performance 
modelling has six logic levels between flip-flop elements 
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Figure 8. Results of Monte Carlo simulation showing 
delay distributions for 50 placement and routings of six 
logic-level pipeline path 

the wider the distribution, the more likely it is that 
unexpectedly large delays will occur during application 
development. Such delays may not be revealed until the 
design process is well under way, making early preroute 
performance estimations of little value. 

A convenient way to create such distributions is to use 
the Monte Carlo simulation method that is commonly 
used in the physical sciences, In this method, known 
distributions of a set of independent variables are used to 
create a distribution of a function of the independent 
variables. For FPGA performance evaluation, actual net 
delay statistics gathered from placement and routing a 
number of designs can be used to simulate delays for a 
complex logic path consisting of a number of nets. Figure 
7 shows two paths, one implemented in a 2.0,um ACT 1 
family array and the other implemented in a 1.2,um 
XC2018 LCA. Each logic function separated by a wire is 
implemented in a separate logic module. Such paths are 
common in pipelined logic structures. Differences in logic 
module capacity dictate the difference in the number of 
logic modules used to implement the two cases, In 
preparation for the path delay simulation, net delay 
statistics were gathered from actual placement and 
routings of nets with a fan-out of two. As in masked arrays, 
nets in field-programmable devices with low fan-out tend 
to be faster than nets with high fan-out. Figure 8 shows the 
delay distributions for 50 placements and routings of the 
two paths as generated by the Monte Carlo simulation 
technique. 
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- Highly reliable one-time 
PUCE poly programmed connection 

- 10 times smaller than SRAM 
cell 

- 10 times smaller than EPROM 
cell 

- Only 2-3% need be 
programmed 

Figure 9. Scanning electron microscope cross-section of 
PLiCE antifuse showing conductive layers of polysi/icon 
and diffusion separated by insulating layer 

PLiCE antifuse 

The PUCE antifuse is a programming link that has been 
developed for use in integrated circuit applications. 
Unlike a traditional fuse approach where programming 
creates an open circuit, programming an antifuse creates a 
very low resistance connection. 

While many antifuse approaches have been developed 
to date, most need very high breakdown voltages and 
currents, are difficult to manufacture or do not meet the 
reliability requirements of state-of-the-art integrated 
circuits. 

PLICE does not have these drawbacks and is the first 
antifuse that can be closely controlled during manufacture 
to deliver consistent and reproducible characteristics. 
PUCE antifuse elements consist of a dielectric sandwiched 
between two conductors (Figure 9). When a voltage is 
applied across the element, the dielectric breaks down 
and connects the conducting materials together. The 
PUCE antifuse adds only three masking steps to a 
conventional double-metal CMOS process and can be 
produced in a typical CMOS fabrication facility using 
conventional material and standard processing equipment 
and technology. 

The PUCE element is a two-terminal, non-volatile, one­
time programmable device that normally exhibits a very 
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Table 2. PLiCE antifuse characteristics 

Programming voltage (Vpp) 
Programming time 
Programming current 
On resistance 
Off resistance 

18V 
<10ms 
<lOmA 
<lkohm 
>100M ohm 

high impedance (> 100M ohm) in the unprogrammed 
state. When an 18 V programming voltage (V pp) is applied 
across its terminals, the bidirectional low-resistance 
connection is established. Programming current is < 1 0 mA. 
Conveniently, in an array based on anti fuse elements no 
more than 3% of the available antifuse elements need to 
be programmed. The characteristics of the PUCE antifuse 
are listed in Table 2. For further information on the PUCE 
antifuse see Reference 7. 

Reliability 

The reliability of the PUCE technology has been 
demonstrated. Because an antifuse element possesses 
both an 'on' state and an 'off' state, PUCE antifuse 
reliability depends on the reliability of each state. The 
reliability studies are of two types: 

• the PLICE antifuse reliability by itself 
• reliability of products containing PUCE antifuses. 

The reliability of isolated circuit elements such as 
transistors, diodes or antifuses are normally studied with 
special test structures under operating conditions that 
significantly accelerate failure mechanisms. Studies of this 
type reveal reliability levels that would take years to 
demonstrate with products operating at their environ­
mental extremes. 

To confirm the reliability of the 'off' state, accelerated 
data were collected on the equivalent of millions of PUCE 
antifuse device hours. The data confirm that the time to 
failure for a PUCE anti fuse at normal operating conditions 
is substantially more than 40 years and the combined 
contribution of all antifuses to the gate array product's 
hard failure rate is <1 FIT (failure in time; 0.0001%/1000 h). 
In the case of the reliability of the 'on' state, accelerated 
measurements show no intrinsic failure mechanism. 

Product reliability depends not only on circuit elements 
such as the PUCE antifuse, but also on other features of 
the manufacturing and assembly process. Product reliability 
studies show reliability levels normally encountered with 
CMOS circuits. 

Product reliability data from a sample of 614 devices 
subjected to 125°C dynamic burn-in life testing for more 
than 762 000 device hours indicate no observed PUCE 
antifuse failures or change in AC characteristics, implying a 
device failure rate of 82 FIT at 70°C. 

TESTABILITY FEATURES 

Testing a one-time-programmable gate array requires 
careful attention to on-chip testability features. All 
antifuse connections are normally open; no routing 
connections will be established until the user's application 
circuit is programmed into the chip. The ACT 1 architecture 
allows all active modules to be tested by adding 
appropriate testability circuits. In addition, testability 
circuits ensure that all passive circuit elements, such as the 
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wiring channels, are free of defects such as opens and 
shorts. 

Actel has implemented within its ACT gate arrays 
testing circuits and techniques to permit complete testing 
of every logic and I/O module, all vertical and horizontal 
tracks, addressing and decoding circuits, all programming 
circuits, and the integrity of all antifuses in the array. In 
essence, ACT 1 arrays allow 100% testability of all 
circuits. 

The testability technique consists of a driving phase, a 
sense and latching phase, and a shift out and compare 
phase. In the driving phase, the chip is first driven into a 
required test mode and then loaded with a specific test 
pattem. This technique permits any number of tracks to 
be driven simultaneously with any desired voltage that 
suits the test pattern. In the sense and latching phase, 
special circuits on the periphery of the chip are used to 
sense the required signal and then latch them into the 
same circuits. During the final phase, the test results are 
shifted out and compared with expected test results. 

Over 700 000 test patterns are applied to each 2000-
gate chip by the test equipment in order to exercise and 
test the chip before configuration by the user. All aspects 
of the chips are tested including the integrity of un­
programmed antifuses. As a result of the extensive factory 
testing, the user is not responsible for generating test 
vectors to screen devices for manufacturing faults . 

DESIGN AUTOMATION SYSTEM 

Productive application of field-programmable gate arrays 
requires the availability of a sophisticated design auto­
mation system. The designer must rely on software tools 
for nearly every aspect of the development cycle, from 
design entry to performance analysis. 

The design automation system, action logic system 
(ALS), is comprised of three major components: the logic 
design system; diagnostic and debug software; and the 
Activator hardware for programming and functional test. 
The capabilities of the logic design system include 
schematic capture with the Actel macro library, simulation, 
timing analysis, electrical rules checking and placement 
and routing. 

The design automation process for the ACT 1 family is 
analogous to that of mask-programmed gate arrays (see 
Figure 10). The designer begins with a schematic capture 
phase that is followed by simulation. The simulated net 
list is then transferred to the Actel-developed portion of 
the system where the user makes his physical I/O 

1 Schematic 
2 Simulation 

4 Design 
validation 

Figure 10. Design sequence for ACT 1 family fie/d­
programmable gate arrays 
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Figure 11. Selection from Actel macro library showing 
number of logic modules required for each function 

assignment and perfonns an electrical rule check (validation). 
The next step is placement and routing, followed by 
timing analysis using back annotation. The remaining 
steps include programming with programming hardware, 
debug and functional test. 

The initial task facing a user of the ACT 1 family is to 
implement his logic function using the Actel macro library. 
In this respect, the macro library becomes a major feature 
of the user interface to the Actel devices. In practice, a 
thorough knowledge of the macro library is more 
important than a detailed understanding of the underlying 
architectural features. The user can safely disregard details 
such as the number of wiring tracks per channel or the 
exact nature of the logic module, since they are successfully 
hidden from the user of ACT 1 arrays by the complete 
automation of the placement and routing process. This 
minimizes both the time required to learn the system and 
the length of the development cycle. ALS users claim that 
a finished part can be available as little as 1.5 h after 
completion of schematic capture8

. 

Library macros are implemented by making a specific 
connection to the logic modules. These macros, similar in 
appearance and function to those of conventional gate 
arrays, provide the primary logic entry interface for ACT 1 
devices. Each single logic module implements macros 
ranging in complexity from simple gates to transparent 
data latches and 4-to-1 multiplexers. All Actel gate arrays 
are supported by a macro library of over 200 standard logic 
functions. Also included in the library is a selection of com­
monly used TTL functions. Figure 11 shows some macros 
which can be implemented in a single logic module. 

Unlike conventional gate array libraries, the Actellogic 
modules implement logic functions with inversions 
on inputs as efficiently as non-inverting inputs. More 
importantly, they do so with no increase in propagation 
delays. Actel's library includes gate macros and any 
combination of 'negation' bubbles on the inputs. Thus, 
inverters and associated wiring, generally, are no longer 
needed. 

Perhaps the most interesting aspect of the design 
automation system is the placement and routing algorithm, 
which is specific to Actel's channelled gate array archi­
tecture. The placement and routing software which maps 
a logic description to the physical device resources (the 
logic modules, wiring segments and interconnect elements) 
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is vital to effective use of a field-programmable gate array. 
Ineffective software in this step substantially lengthens 
the development cycle and decreases device utifization, 
thereby increasing the cost per function delivered. 

As mentioned above, the architecture supports a 
design style similar to conventional mask-programmed 
gate arrays. The system produces fully automatic place­
ment and routing with device utilization levels of 85-95%. 
In fact, Actel's algorithms frequently provide fully auto­
matic placement and routing even at 100% module 
utilization for the 1200- and 2000-gate devices. Thus, 
designers need no longer spend additional time manually 
completing placement and routing for their complex 
designs. By eliminating this manual operation, design time 
can be cut by weeks, improving productivity and lowering 
overall system development costs. 

The impressive performance of the placement and 
routing operation is made possible by a channelled gate 
array architecture with ample routing resources available 
through the use of PLiCE antifuses as interconnect elements. 
This architectural approach permitted Actel to develop 
advanced software by building on years of algorithms 
development for mask-programmable channelled gate 
arrays. 

The placement and routing algorithms operate in three 
phases. The first phase includes constructive placement 
and placement optimization similar to conventional gate 
arrays. The second placement optimization improves the 
characteristics of the placement using a simulated 
annealing-style algorithm prevalent today in high-end 
gate array routing software. The final phase, detailed 
routing, is unique to the Actel architecture. 

Within the diagnostic software, special debug software 
with commands similar to those of a simulator are 
available to the user. Also available under the diagnostic 
subsystem are in-circuit diagnostic capabilities that permit 
the user to obtain realtime information about the state of 
the device while it is running in the actual product 
environment. 

A unique feature of Actel's diagnostic and debug 
software is that it takes advantage of two Actionprobe 
diagnostic circuits within the chips. The Actionprobe 
circuits can connect any two points electrically in the 
device to external pins (Figure 12). The connections are 
not implemented by the one-time programmable antifuses, 

elK 

A 100% observable circuit 

D 01---&-----1 

Two programmable probes 

> Probe A; OOANDB 

> Probe B; 00 

Figure 12. On-chip diagnostic probes are implemented 
in ACT 1 devices and are accessible through the design 
automation system 

311 



but instead bypass transistors in the array so that the 
probe points can be changed any time by commands 
typed at the keyboard. Probing provides 100% observability 
of all intemal nodes so that the user actually observes 
electrical activity normally hidden within the gate array. 

With the use of a special socket, 100% observability is 
available even when a device is plugged into the user's 
system and is operating at speed. Efficient verification and 
debug can take place as the system generates millions of 
stimuli per second for the device under test. The 
Actionprobe feature shortens design verification and in­
system debug; it also reduces the burden of test vector 
generation by substituting the use of in-system stimuli. 

The Activator is comprised of hardware and software 
for programming and functional test. The Activator facilities 
can be used to perform a number of specific tests in 
addition to programming. For example, every chip is 
tested by the Activator before programming to ensure that 
the device is actually unprogrammed. In addition, the 
Activator performs a verification test to ensure that 
antifuses have programmed correctly. Programming time, 
including the verification phase, is typically 5-7 min for a 
fully utilized 1200-gate device and 8-12 min for the 2000-
gate part. Improvements in the programming algorithm 
and updated programming hardware will permit the 6000-
gate devices to be programmed in under 10 min. 
Programming times are short since few of the antifuses 
need to be programmed to utilize a device fully. The 
Activator system can also be used for functional testing 
and capturing test vectors for simulation from known 
good devices. 

The ALS is currently available on a 80386-based PC and 
provides an interface to, and includes, Viewlogic's 
schematic capture and simulation capabilities. The 
recommended hardware configuration is a standard 386-
based AT with 4 Mbyte of extended memory, a 40 Mbyte 
hard disc, one serial and one parallel port. Users will use 
Viewdraw for schematic capture and Viewsim for simulating 
their designs. Actel's logic design system, activator and 
diagnostic software are included with this version of the 
ALS. Mentor Graphics workstations are also supported as 
well as the OrCAD schematic capture system. 

CONCLUSION 

The PUCE anti fuse makes possible a new field program­
mable device which combines the high density, speed 
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and flexibility of mask-programmable gate arrays with the 
convenience of field programmability. Sophisticated 
design verification capabilities have been made available 
to users through new hardware- and software-based 
diagnostic features, and design productivity is increased 
by the development of novel placement and routing 
algorithms that deliver fully automatic operation. 
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To try to compensate for inadequate 
factory testing, the system manufacturer 
can institute testing at incoming inspec­
tion-a difficult task for complex LSI de­
vices. If he doesn't, he must rely on board­
level testing, or worse, system-level 
testing. And, inevitably, some faulty de­
vices will escape to become field failures. It 
is weD-known the cost of finding failures 
rises dramaticaUy at each of these stages. 

Masked-programmed gate arrays are at­
tractive for their low recurring costs, high 
gate counts and speeds. However, one 
little discussed disadvantage is that the 
quality of test coverage is the responsibility 
of the user. A thorough job of test-vector 
generation requires the use of fault grading 
or generation of automatic test vectors. 
Neither is very common in practice. Fault 
grading is generaUy expensive and adds 
complexity to the design process. Auto­
matic vector generation is simplified if a 
scan-design technique is adopted, but few 
engineers are wiDing to conform to the 
required design constraints. Automatic 
vector generation without scanning tech­
niques is stiU a developing discipline. 

However, poorly tested devices are the 
likely result of inadequate fault coverage. It 
has been shown that typical masked gate 
arrays with 70 percent fault coverage are 
likely to have 0.1 to 0.2 defects per device. 

Many field-programmable devices largely 
alleviate this problem because they can be 
tested at the factory. Such factory testing, 
characteristic of standard products, generaUy 
improves over time, resulting in high quality 
levels without significant involvement by the 
user. This has not always been the case, 
however. Early one-time programmable de-

vices using fuse-based technology often dis­
appointed users with functional defect rates 
of more than 10 percent for those parts that 
programmed successfully. 

This has been improved substantially by 
the addition of on-chip test circuits to defect 
rates of 0.5 percent to 1 percent. Whi1e this 
represents a low defect rate for individual 
chips, putting 10 such chips on a single board 
contributes to a 5 percent to 10 percent 
board-failure rate. Further improvement is 
difIicuIt due to the fact that in conventional 
one-time programmable architectures, com­
plete functional testing of all circuits in an 
unprogrammed part is not possible. In such 
fuse-based architectures in the unpr0-
grammed state, many circuits are shorted 
together by the unprogrammed fuses. 

The introduction of reprogrammable log­
ic devices based on EPROM, E'PROM and 
RAM programming elements has raised 
functional quality levels to nearly 100 per­
cent. However, defect rates do not fall to 
zero because of post -testing failure mecha­
nisms such as incorrect progranuning, 
marking, insertion and ESD damage. 

Non-voilltli. testing 
Wrth at least one non-volatile, one-time pro­
granunab1e programming teclmology, a degree 
of testability comparable to reprogrammable 
devices is possible. Actel's ACT 1 arrays allow 
for special test modes that perfonn fimctional 
testing of unprogrammed devices at essentially 
100 percent fauk coverage. 

This testability is independent of the 
large number of equivalent gates (l,200 in 
the ACT 1010 and 2.000 in the ACT 1020). 
In order to describe how this is accom­
plished, a few points about the ACT 1 
architecture need review. 

The basic building block on the chip is 
the logic module, which. is programmable 
and capable of implementing all two-input 
logic functions, most three-input functions, 
and some four- and six-input functions. A 
single module implements a variety of 
latches, and two modules implement more 
than 32 types of D and 1-K flip-flops. Each 
mod1,l1e is effectively the same complexity 
as a conventional gate-array macro. The 
ACTl020 contains 546 of these logic mod­
ules. In order to achieve 85 percent to 95 
percent utilization of these numerous small 
building blocks, a large number of routing 
tracks and progranuning points are re-

quired, comparable to those found in a 
conventional array. These are arranged in 
horizontal rows and vertical columns. 

Horizontal routing tracks alternate with 
the rows of logic modules. Vertical routing 
tracks run over the top of the logic modules 
and horizontal tracks. Around the outside 
of chip are 110 circuits, test circuits, pro­
granuning circuitry and a shift-register­
based antifuse addressing scheme. 

The Actel-invented Plice antifuse was 
specifically developed for making logic 
interconnections. An antifuse is any 
programming element that is normally 
open and makes a connection upon the 
application of a programming sequence. 
The antifuse has a natural advantage 
over fuse-based programming with re­
spect to testability. Normally open in 
the unprogrammed state, antifuses do 
not short chip circuitry together. 

On the contrary, all elements of the 
chip can be viewed as isolated building 
blocks. By building in special on-chip 
circuitry, all architectural elements can 
be thoroughly tested prior to shipment 
and programming. Much of this circuitry 
is also required for programmability and 
normal chip operation, so that testabi­
lity overhead is modest. 

This multiplicity of function is especially 
evident for the routing tracks. Routing 
tracks both horizontally and verticaUy are 
broken into segments of various lengths. 
This makes possible the use of segments of 
appropriate lengths for interconnections. 
Pass transistors are present between 
these segments and can be used to form 
temporary connections between adjacent 
segments. 

This aUows the routing tracks to be used 
for carrying programming voltages, ac­
cessing chip elements for testability pur­
poses, as weD as providing their primary 
function as logic routing resources. The 
pass transistors are not used during normal 
device operation and do not contribute to 
logic-signal propagation delays. The ac­
companying figure shows a simplified view 
of logic modules, routing tracks and pass 
transistors. 

In the test mod .. 
The architecture of the ACT 1 arrays al­
lows outstanding testability of unpro­
granuned devices. All elements of the chip 

FPGAs 
can be thoroughly tested at the factory with 
the exception -of the programmability of 
specific antifuses needed for a particular 
user-defined application. However, these 
can be automaticaUy tested during the pro­
gramming sequence. Thus, a complete test 
is performed on each device without the 
need for user-generated test vectors. 

Testing begins with the shift-register­
based addressing scheme. Through the 
shift register, commands can be shifted 
into the device, enabling special modes 
such as programming and functional test­
ing. In addition, the shift register can ad­
dress specific antifuses, logic module out­
puts, and read or drive voltage levels on 
specific routing tracks. The shift register 
can be both up-loaded and down-loaded by 
means of a serial shift clock and a data pin. 

This setup allows various patterns to 
be shifted in and out again, verifying full 
shift-register functionality. With the 
shift register operational, all vertical 
and horizontal routing tracks can be 
tested for continuity and shorts. These 
tests also ensure that all vertical and 
horizontal pass transistors wiD turn on. 
Further tests on these pass transistors 
are performed to ensure that they have 
satisfactory parametric values. 

The ACT 1 arrays contain a dedicated 
clock buffer that crosses the chip in the 
horizontal routing channels. This buffer can 
be tested by driving the chip's clock pin and 
reading the proper levels on the sides of 
the array via the shift register. 

The arrays have two special pins that can 
be used as user 110 channels or, in the test 
mode, as outputs of two on-chip probes 
that can route the output of any logic mod­
ule to the external pins. This is possible on 
either programmed or unprogrammed 
parts, and selection of probe points does 
not require the programming of antifuses. 
In fact, the probes are reprograrnmable and 
can be steered under software control to 
any two points in the chip. 

These probes are also available to the 
user through design-verification software, 
which is a standard part of the Actel design 
system. The probes allow a great many 
tests to be performed that would otherwise 
be impossible. 

For example, all input buffers can be 
tested by driving them low on the outside 
of the chip and probing the internal side of 



the buffer. Built-in test modes also pennit 
driving all output buffers to high, low or 
high-impedance. So it is possible to test 
Vol, Voh, 101, loh, Vii, Vih and leakage on 
all I/O lines. 

One of the keys to thoroughness with 
which ACT arrays can be tested is the 
module test. Logic modules, in their unpro­
grammed state, can be viewed as eight­
input/one-output combinatorial functions. 
By using the horizontal and vertical pass 
transistors, any of the eight module inputs 
can be forced to a high or low. The output 
of the module can then be read through 
either probe pin. In this way, every logic 
module on the chip can be tested with a 100 
percent fault-coverage vector set. No anti­
fuse programming is required to perform 
these tests. In addition, the architecture 
allows modules to be tested in parallel for 
reduced test time. 

AIdIfIIM INtI., 
The consistently high utilization and 

flexibility of ACT 1 FPGAs is due in large 
part to the copious number of routing 

tracks on chip. This, in turn, requires nu­
merous programming elements. The small 
size of the Plice antifuse makes sufficient 
numbers possible. The ACT 1020 chip, 
with its 2,OOO-gate equivalents, contains 
186,000 antifuse programming elements. 

Surprisingly, only 2 percent to 3 percent 
need be programmed to fully utilize a chip. 
Nonetheless, antifuse testing must play a 
significant part in the overall device test 
methodology. 

The first antifuse test is the blank test. 
The entire array of antifuses is easily test­
ed to ensure that antifuses are in their 
normally open state. The next and most 
important antifuse test is the accelerated 
life test. Dielectric breakdown in Plice anti­
fuses is a strong function of voltage, and 
this effect can be used to perform an effec­
tive life-test acceleration screen in place of 
the more commonly used temperature-ac­
celeration approach. 

In addition, the convenience of a voltage­
acceleration factor facilitates the perfor­
mance of a life-test screen on every. chip 
and its antifuses as part of the normal test 

sequence. The acceleration voltage is ap­
plied through the programming voltage pin 
(VPP). After this test, the blank test is 
again run to detect any antifuses that have 
failed. 

This test is very effective at catching 
antifuse defects. Using devices screened in 
this way, more than 700,000 device-hours 
have been completed in 1250 C dynamic 
burn-in reliability testing with no observed 
antifuse failures. 

Several tests are used to confirm that 
programming circuitry works correctly. 
The first such test is a basic junction stress 
and leakage test. The programming mode 
is enabled, and the programming voltage 
(VPP) plus a guard band is applied to the 
chip. No voltage is applied to the antifuses. 
If programming current (lPP) exceeds a 
normal value, the device is rejected. The 
functionality of the programming circuitry 
can be further verified by programming 
various antifuses associated with special 
test structures and other non-user accessi­
ble features. 

A number of logic modules exclusively 
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available for test purposes are connected to 
each other by progr.amming antifuses. This 
structure also can be used for AC-perfor­
mance characterization of the chip. In addi­
tion, a number of antifuses are configured 
as a readable signature word. Bits in this 
word are programmed with factory-{fefined 
patterns. Successful completion of these 
tests ensures basic functionality of on-chip 
programming circuitry. 

The description of the numerous ACT 
1010 and 1020 test modes attest to the 
outstanding testability of these devices. As 
a result, statistical sampling currently 
shows a programming yield of better than 
98 percent. 

Even more important, for all sampled 
parts that successfully passed program­
ming, no functional failures have been ob­
served. 

These tests were conducted with de­
signs that utilized 92 percent to 97 percent 
of the logic modules. Although this utiliza­
tion is high, it is not infrequent among 
users of Actel arrays. 

Copy"ght~ t 989 by CMP Publlcalions, Inc., 600 Community Drive, Manhasset, NY 11030. Reprinted Irom Electronic Engineering Times with permission. 
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DESIGN APPLICATIONS 

FOUR BASIC ApPLICATION CIRCUITS ACCURATELY 
PREDICT IF AN ASIC DESIGN CAN BE IMPLEMENTED 

IN A SPECIFIC GATE ARRAY 

COMPARE ASIC CAPACITIES 
WITH GATE ARRAY 

BENCHMARKS 
hen evaluating a gate array's capacity, designers 
typically concentrate on only the circuit they are 
working on. The trouble here is that this evalua­
tion says nothing about whether the gate array 
will implement the designer's next circuit, or the 
one after that. 

A functional method of testing gate array capacities must consider the char­
acteristics of the different circuits being implemented. ASIC designers must 
know if a circuit can fit into a certain gate array. The solution: benchmarking, 
which takes routability and application differences into consideration. Toward 
this end, Actel has developed a set of application circuit benchmarks that give 
design engineers accurate predictions of ASIC capacities. 

ASIC capacities are currently measured in terms of equivalent gates. An 
equivalent gate is a two-input NAND gate made up of an array of unconnected 
transistors. For example, manufacturers of CMOS gate arrays calculate the 
amount of equivalent gates simply by counting the number of transistors and 
dividing by four-the typical number of CMOS transistors per gate. This ap­
proach to calculating gate-array capacities is fairly reliable and consistent with­
in a limited class of devices, but it doesn't relate to a meaningful standard that 

I I. A MEASURE FOR a benchmark circuit unit is taken by mapping the unit into a gate 
array as often as possible in a step-and-repeat procedure. 

BOB OSANN AND ABBAS EL GAMAL 
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.2. 248 GATES ARE needed to implement the timer-counter benchmark circuit. This timer is typical of microprocessor-based systems. 

applies across all ASIC types. 
A better, more accurate measure 

of ASIC capacity is a benchmark that 
considers application differences. 
Considering the broad variation of 
applications, creating these bench­
marks isn't a trivial task. For exam­
ple, some applications contain a 
great deal of combinatorial logic 
while others are mainly sequential. 
These inconsistencies mean that cer­
tain application circuits map into dif­
ferent ASIC gate-array types better 
than others. 

The key to making efficient use of 
an ASIC's available gates is routabi­
lity. Because all circuits aren't equal­
ly routable, numerous benchmark 
circuits are needed. Another factor 
in routability is the ratio of combina­
torial to sequential logic-an impor­
tant consideration for an ASIC that 
comes with a fixed number of flip­
flop resources. 

PIN-PER-GATE COUNTS 
One way to roughly evaluate a cir­

cuit's routability is to consider how 
many macro pins-per-gate each mac­
ro function in the circuit employs. A 
"macro pin" refers to the input and 
output connection points on a macro­
logic function-it has no relation to 
an I/O pin on the device package. Se-

quential logic tends to use many 
gates and relatively few pins per 
gate, while combinatorial logic uses 
a relatively high number of pins per 
gate approaching the maximum of 
three (two-input NAND). 

In general, the greater number of 
pins per gate, the more difficult the 
circuit is to route. However, the pin­
per-gate routability measure is limit­
ed: An average pin-per-gate figure 
doesn't convey the local congestion 
that can arise in certain types of ap­
plications, putting excessive strain 
on an ASIC's routing resources. 

A useful evaluation is to actually 
route the various benchmark circuits 
into gate arrays. This approach is es­
pecially effective when applied to 
ASIC architectures with routing re­
sources less abundant than those of 
channeled gate arrays. Specifically, 
the benchmark circuits must offer 
divergent pin-per-gate ratings to 
give a valid picture of routability for 
different applications. 

Because most real-world applica­
tions include a variety of circuit 
types with different routability lev­
els, filling a chip with one type of cir­
cuit might seem artificial. This is 
why there are four different bench­
mark circuits each mapped into one 
chip. But even one application bench-
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mark circuit alone gives a realistic 
measurement as most application 
circuits tend to be bimodal-their se­
quentiallogic and combinatorial log­
ic generally have very different pin­
per-gate measurements. The comb i­
natoriallogic sections are commonly 
routing-limited, while the sequential 
logic sections are not. The different 
benchmark circuits measure the 
ASIC's ability to deal with each type 
of logic. 

An ideal benchmark circuit unit 
should be small enough to fit into an 
ASIC many times without leaving a 
sizable amount of unused logic. On 
the other hand, the units must be 
large enough to realistically create 
the routability challenges of actual 
application circuits. Also, the circuits 
should be designed such that no I/O 
limitations are encountered, allow­
ing the benchmark focus to remain 
solely on logic capacity. 

Any useful benchmark circuit 
must relate to some type of stan­
dard. The standard against which 
Actel measures its units is an LSI 
Logic gate array. Among the most 
widely used gate arrays in the indus­
try, LSI Logic parts have become de 
facto industry standards. With cir­
cuits constructed from LSI Logic 
macros, capacity requirements in 
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terms of two-input NAND equiva­
lents can be quickly computed in a 
clear way. 

To take application variability into 
account, benchmark circuits must be 
designed to represent all the differ­
ent types of application circuits. The 
CALC (comparative ASIC logic ca­
pacity) benchmark developed by Ac­
tel is actually a set of four circuits, in­
cluding a data path, timer-counter, 
state machine, and an arithmetic 
unit. The CALC benchmarks are an 
attempt at a broader, more disci­
plined determination of an ASIC's 
capacity than an equivalent gate 
reading. 

STEp·AND·REPEAT 
Each benchmark circuit is used to 

create a measure by mapping it into 
an ASIC as many times as possible in 
a step-and-repeat procedure (Fig. 1). 
The results demonstrate how well an 
ASIC accommodates the type of cir­
cuit represented by the benchmark. 
The number of successful iterations 
supply a relative measure of device 
capacity when the same benchmark 
circuit and procedure is applied to 
several devices. 

The first CALC benchmark is the 
data-path circuit unit. Most board­
level designs-even those that heavi­
ly utilize programmable logic de­
vices-use a significant number of 
data path devices. The purpose of the 
data-path circuit benchmark is to 
steer signals from one point to anoth­
er, and to occasionally store the sig­
nals. Common TTL datapath func­
tions include octal registers and 
latches, buffers, transceivers, and 
multiplexers. Shift registers used to 
perform parallel-to-serial and serial­
to-parallel conversions are also con­
sidered a form of data-path circuit 
function. 

This data-path benchmark circuit 
employs a 4-to-1 multiplexer, an 8-bit 
register, and an 8-bit shift register. 
The octal4-to-1 multiplexer-similar 
to an LS153 multiplexer-selects 8 
bits from a 32-bit input bus. This 
function approximates the many dy­
namic-RAM-based systems in which 
a 4-to-1 multiplexer selects between 
the processor address and the re­
fresh address. Eight of the 32 data 
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BENCHMARK CIRCUITS IMPLEMENTED 

bits entering the multiplexer are 
kept separate in order to allow data 
to be received from a preceding 
benchmark unit when placing multi­
ple, daisy-chained circuit units into a 
device. 

The outputs of the multiplexer 
feed a continuously-clocked, 8-bit 
holding register. The register then 
feeds an 8-bit parallel-in/serial-out 
shift register, similar to the popular 
LS166 register used in many video 
designs. 

The benchmark shift register also 
has a parallel 8-bit output used for 
the daisy-chain connection to the 
next benchmark unit. The shift reg­
ister's operation is controlled by its 
Shift/Load signal, which connects to 
the Clock Enable inputs of the regis­
ter's flip-flops. 

The pin-per-gate distribution indi-

To other 
benchmark units 

3. THIS THIRD circuit, an average­
sized controller/sequencer, contains a 
large amount of non-standard logic. The 
outputs of this state machine are 
determined by its state diagram (see the 
insert). 

cates many sequential macros with 
0.5 pins per gate, and on the other 
end of the scale, 4:1 multiplexers 
with the maximum of three pins per 
gate. When implemented in an LSI 
Logic LL7220 gate array, each data­
path benchmark circuit needs about 
157 gates. 

The second benchmark circuit is 
the timer-counter (Fig. 2). This par­
ticular circuit is typical of the many 
timer functions found in micropro­
cessor-based systems. While dedi­
cated timer-counter chips such as the 
8253 are popular, they are too gener­
al for many ASIC applications and 
would require too many gates. A bet­
ter solution is to build a specific tim­
er-counter function. 

The multiplexer used in this circuit 
is similar to an LS157 multiplexer 
and allows the LS161-type counter to 
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4. THE ARITHMETIC CIRCUIT, a basic multiplier/accumulator, employs the 
highest number of gates out of all the benchmarks-295. 

be loaded in two different ways: di­
rectly from incoming data or from 
the preset value register. The de­
sired preset data is loaded into the 
counter when the "equal-to" com­
parator indicates a match between 
the counter's state and the value in a 
compare register. 

Both the preset value and the com­
pare value registers are similar to 
LS377 octal registers with Clock-En­
ables except that these also have an 
asynchronous reset function. The 
timer-counter's basic sequence of op­
erations (count, compare, load) is re-

15. A COMPARISON OF pin 
density distributions Is a good measure of 
routability. Hllh plns·per-gate circuits 
are generally difficult to route. 

peated endlessly. 
The timer-counter circuit employs 

an intense amount of registers and 
exclusive-Or (XOR) gates. Registers 
hold the preset and compare values 
as well as implementing operation of 
the counter. The XOR gates, which 
are low pin-per-gate functions, are 
used in the counter and compare 
functions. 

In the pin-per-gate distribution, 
the sequential functions have less 
than one pin per gate, and the simple 
gates have about 2.5 pins per gate. 
The timer-counter benchmark circuit 
requires about 248 gates to imple­
ment in an LL 7220 gate array. 

Benchmark number three is the 
state machine circuit representing 
an average-sized controller-sequenc­
er that's found in many PLD applica­
tions (Fig. 3). Because of the large 
amount of nonstandard logic in­
volved, this is an important applica­
tion for an ASIC. 

This third benchmark circuit is a 
Mealy machine, whose outputs are 
determined from the total state of 
the system. The outputs are regis­
tered and clocked to produce syn­
chronous output data. The machine 
has eight states and goes through 12 
transitions. 

The circuit's distinctive feature as 
a benchmark is its use of many wide 
decode stages (12 bits wide) in the 
combinatorial logic section, which 
demands a relatively large number 
of pins per gate. Consequently, this 
benchmark tests for how well an 
ASIC can handle highly congested 
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circuits with high fan-in on each mac­
ro. Because they generally have a 
limited number of internal pins per 
module, the circuit poses a challenge 
to module-based ASICs. 

Many LS273-type registers are in­
cluded on this benchmark circuit. 
The combinatorial portion of a typi­
cal state-machine circuit has an ex­
tremely high pin-per-gate rating. 
The state-machine benchmark uti­
lizes about 153 gates in an LL7220 
gate array. 

The final benchmark is the arith­
metic circuit, more specifically a 
multiplier/accumulator (MAC) (Fig. 
4). This circuit consists of a multipli­
er, an 8-bit adder, and an 8-bit regis­
ter. Such arithmetic circuits are em­
ployed in FIR filters and other DSP­
type applications. 

A 4-by-4-bit multiplier accepts ei­
ther outside data or data from a pre­
ceding benchmark circuit unit. The 8-
bit multiplication results are added 
to previous accumulator results, and 
then the current 8-bit accumulator 
result is moved to the output regis­
ter. The I-bit MAC input controls a 
gating function on the adder's input. 

The MAC circuit represents a com­
bination of circuit types that test an 
ASIC's ability to handle logic with 
both high and low pin-per-gate 
counts. The adders, as combinatorial 
functions, are high pin-per-gate sec­
tions. However, the registers used in 
both the multiplier and the output 
register are low pin-per-gate func­
tions. 

The largest pin-per-gate frequen­
cy (three pins per gate) generally oc­
curs with this type of benchmark cir­
cuit, owing to the adder tree used to 
make up the array-multiplier (Fig. 
5). The sequential content of this 
benchmark has less than one pin per 
gate, as expected. Although one of 
the simplest benchmark circuits 
from a conceptual point of view, the 
arithmetic benchmark requires the 
most gates in the LL7220 gate ar­
ray-295. 

STANDARD RESULTS 
The CALC benchmark results for 

LSI Logic gate arrays can be com­
pared to the results for other ASICs 
supplying a reliable standard. The 

II 
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LL7220, one of the industry's most 
successful arrays, is commonly re­
ferred to as a 2000-gate device­
though it actually contains 2224 2-in­
put NAND gate equivalents. With 
an 85% usability rating, the LL7220 
supplies 1890 usable gates. 

Actel's ACT1020 desktop-confi­
gurable, channeled gate array 
scores about the same as the LSI 
Logic LL7220 channeled gate array 
for all but one of the benchmarks 
(see the table). Therefore, even 
though the ACT1020 gate array im­
plements an application circuit in 
logic modules instead of intercon­
nected transistors, the device can be 
thought of as a 2000-gate gate array. 

These results were produced by 
first stepping and repeating the 
benchmark circuit, then using an 
automatic router to map the circuit 
into the device. The use of autorout­
ing is critical because although it's 
always possible to achieve better re­
sults with a manual place-and-route 
procedure, few designers would pre­
fer a manual procedure for an appli­
cation circuit. Consequently, these 
circuit benchmarks will produce typ­
ical outcomes only when autorouting 
is used.D 

Bob Osann, a marketing consul­
tant to Actel Corp., was previously 
a vice president of P-CAD, follow­
ing the acquisition of Assisted 
Technology where he served as pres­
ident and chief executive officer. 
Osann holds a BSEE from Cornell 
University, and holds three pat­
ents in the areas of consumer and 
industrial electronics. 

Abbas El Gamal, a cofounder of 
Actel Corp. and an associate pro­
fessor at Stanford University, was 
previously director of the Systems 
Research Laboratory at LSI Logic 
Corp. He holds a PhD in electrical 
engineering from Stanford Uni­
versity and is credited with a pat­
entfor Actel's device architecture. 
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