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Chapter

4

A 4
Alternative FPGA Architectures

A word of warning

In this chapter we introduce a plethora of architectural fea-
tures. Certain options—such as using antifuse versus SRAM
configuration cells—are mutually exclusive. Some FPGA ven-
dors specialize in one or the other; others may offer multiple
device families based on these different technologies. (Unless
otherwise noted, the majority of these discussions assume
SRAM-based devices.)

In the case of embedded blocks such as multipliers, adders,
memory, and microprocessor cores, different vendors offer
alternative “flavors” of these blocks with different “recipes” of
ingredients. (Much like different brands of chocolate chip
cookies featuring larger or smaller chocolate chips, for exam-
ple, some FPGA families will have bigger/better/badder
embedded RAM blocks, while others might feature more mul-
tipliers, or support more I/O standards, or ...)

The problem is that the features supported by each vendor
and each family change on an almost daily basis. This means
that once you’ve decided what features you need, you then
need to do a little research to see which vendor’s offerings cur-
rently come closest to satisfying your requirements.

A little background information

Before hurling ourselves into the body of this chapter, we | The word “fabric” comes
need to define a couple of concepts to ensure that we're all from the Middle English
marching to the same drumbeat. For example, you're going to | fabryke, meaning "some-
see the term fabric used throughout this book. In the context of thing constructed.
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58 B The Design Warrior's Guide to FPGAs

The “u” symbol stands for
“micro” from the Greek
micros, meaning “small”
(hence the use of “uP” as
an abbreviation for micro-
processor.”)

In the metric system, “p”
stands for “one millionth
part of,” so 1 pm repre-
sents “one millionth of a
meter.”

DSM is pronounced
by spelling it out as
‘lD_S_M.l!

UDSM is pronounced
by spelling it out as
“U-D-S-M.”

a silicon chip, this refers to the underlying structure of the
device (sort of like the phrase “the fabric of civilized society”).

When you first hear someone using “fabric” in this way, it
might sound a little snooty or pretentious (in fact, some engi-
neers regard it as nothing more than yet another marketing
term promoted by ASIC and FPGA vendors to make their
devices sound more sophisticated than they really are). Truth
to tell, however, once you get used to it, this is really quite a
useful word.

When we talk about the geometry of an IC, we are refer-
ring to the size of the individual structures constructed on the
chip—such as the portion of a field-effect transistor (FET)
known as its channel. These structures are incredibly small. In
the early to mid-1980s, devices were based on 3 ym geome-
tries, which means that their smallest structures were 3
millionths of a meter in size. (In conversation, we would say,
“This IC is based on a three-micron technology.”)

Each new geometry is referred to as a technology node. By
the 1990s, devices based on 1 um geometries were starting to
appear, and feature sizes continued to plummet throughout
the course of the decade. As we moved into the twenty-first
century, high-performance ICs had geometries as small as 0.18
um. By 2002, this had shrunk to 0.13 pm, and by 2003,
devices at 0.09 ym were starting to appear.

Any geometry smaller than around 0.5 um is referred to as
deep submicron (DSM). At some point that is not well defined
(or that has multiple definitions depending on whom one is
talking to), we move into the ultradeep submicron (UDSM)
realm.

Things started to become a little awkward once geometries
dropped below 1 um, not the least because it’s a pain to keep
having to say things like “zero point one three microns.” For
this reason, when conversing it’s becoming common to talk in
terms of nano, where one nano (short for nanometer) equates
to a thousandth of a micron—that is, one thousandth of a
millionth of a meter. Thus, instead of mumbling, “point zero
nine microns” (0.09 pm), one can simply proclaim, “ninety
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nano” (90 nano) and have done with it. Of course, these both
mean exactly the same thing, but if you feel moved to regale
your friends on these topics, it’s best to use the vernacular of
the day and present yourself as hip and trendy rather than as
an old fuddy-duddy from the last millennium.

Antifuse versus SRAM versus ...

SRAM-based devices

The majority of FPGAs are based on the use of SRAM
configuration cells, which means that they can be configured
over and over again. The main advantages of this technique
are that new design ideas can be quickly implemented and
tested, while evolving standards and protocols can be accom-
modated relatively easily. Furthermore, when the system is first
powered up, the FPGA can initially be programmed to perform
one function such as a self-test or board/system test, and it can
then be reprogrammed to perform its main task.

Another big advantage of the SRAM-based approach is
that these devices are at the forefront of technology. FPGA
vendors can leverage the fact that many other companies spe-
cializing in memory devices expend tremendous resources on
research and development (R&D) in this area. Furthermore, the | R&D is pronounced by
SRAM cells are created using exactly the same CMOS tech- spelling it out as
nologies as the rest of the device, so no special processing steps Rand-D.
are required in order to create these components.

In the past, memory devices were often used to qualify the
manufacturing processes associated with a new technology
node. More recently, the mixture of size, complexity, and regu-
larity associated with the latest FPGA generations has resulted
in these devices being used for this task. One advantage of
using FPGAs over memory devices to qualify the manufactur-
ing process is that, if there’s a defect, the structure of FPGA:s is
such that it’s easier to identify and locate the problem (that is,
figure out what and where it is). For example, when IBM and
UMC were rolling out their 0.09 pm (90 nano) processes,
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60 m The Design Warvrior's Guide to FPGAs

FPGAs from Xilinx were the first devices to race out of the
starting gate.

Unfortunately, there’s no such thing as a free lunch. One
downside of SRAM-based devices is that they have to be
reconfigured every time the system is powered up. This either
requires the use of a special external memory device (which
has an associated cost and consumes real estate on the board)
or of an on-board microprocessor (or some variation of these
techniques—see also chapter 5).

Security issues and solutions with SRAM-based
devices

Another consideration with regard to SRAM-based
IP is pronounced by spell- | devices is that it can be difficult to protect your intellectual
ing itoutas “I-p” property, or IP, in the form of your design. This is because the
configuration file used to program the device is stored in some
form of external memory.

Currently, there are no commercially available tools that
will read the contents of a configuration file and generate a
corresponding schematic or netlist representation. Having
said this, understanding and extracting the logic from the
configuration file, while not a trivial task, would not be
beyond the bounds of possibility given the combination of
clever folks and computing horsepower available today.

Let’s not forget that there are reverse-engineering compa-
nies all over the world specializing in the recovery of “design
IP.” And there are also a number of countries whose govern-
ments turn a blind eye to IP theft so long as the money keeps
rolling in (you know who you are). So if a design is a high-
profit item, you can bet that there are folks out there who are
ready and eager to replicate it while you’re not looking.

In reality, the real issue here is not related to someone
stealing your IP by reverse-engineering the contents of the
configuration file, but rather their ability to clone your design,
irrespective of whether they understand how it performs its
magic. Using readily available technology, it is relatively easy
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for someone to take a circuit board, put it on a “bed of nails”
tester, and quickly extract a complete netlist for the board.
This netlist can subsequently be used to reproduce the board.
Now the only task remaining for the nefarious scoundrels is to
copy your FPGA configuration file from its boot PROM (or
EPROM, E’PROM, or whatever), and they have a duplicate of
the entire design.

On the bright side, some of today’s SRAM-based FPGAs
support the concept of bitstream encryption. In this case, the
final configuration data is encrypted before being stored in the

external memory device. The encryption key itself is loaded
into a special SRAM-based register in the FPGA via its JTAG | JTAG is pronounced
port (see also Chapter 5). In conjunction with some associated iJn- gﬁit;thhea;,'?’oﬁzvizgn_
logic, this key allows the incoming encrypted configuration by “tag” to rhyme with
bitstream to be decrypted as it’s being loaded into the device. “bag.”

The command/process of loading an encrypted bitstream
automatically disables the FPGA’s read-back capability. This
means that you will typically use unencrypted configuration
data during development (where you need to use read-back)
and then start to use encrypted data when you move into pro-
duction. (You can load an unencrypted bitstream at any time,
so you can easily load a test configuration and then reload the
encrypted version.)

The main downside to this scheme is that you require a
battery backup on the circuit board to maintain the contents
of the encryption key register in the FPGA when power is
removed from the system. This battery will have a lifetime of
years or decades because it need only maintain a single register
in the device, but it does add to the size, weight, complexity,
and cost of the board.

Antifuse-based devices

Unlike SRAM-based devices, which are programmed while
resident in the system, antifuse-based devices are programmed
off-line using a special device programmer.

The proponents of antifuse-based FPGAs are proud to
point to an assortment of (not-insignificant) advantages. First
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Radiation can come in
the form of gamma rays
(very high-energy pho-
tons), beta particles
(high-energy electrons),
and alpha particles.

It should be noted that
rad-hard devices are not
limited to antifuse tech-
nologies. Other
components, such as
those based on SRAM
architectures, are avail-
able with special
rad-hard packaging and
triple redundancy
design.

This book belongs to Lee Bernstein (rachel.girts@haynesboone.com)

of all, these devices are nonvolatile (their configuration data
remains when the system is powered down), which means that
they are immediately available as soon as power is applied to
the system. Following from their nonvolatility, these devices
don’t require an external memory chip to store their configu-
ration data, which saves the cost of an additional component
and also saves real estate on the board.

One noteworthy advantage of antifuse-based FPGAs is the
fact that their interconnect structure is naturally “rad hard,”
which means they are relatively immune to the effects of
radiation. This is of particular interest in the case of military
and aerospace applications because the state of a configura-
tion cell in an SRAM-based component can be “flipped” if
that cell is hit by radiation (of which there is a lot in space).
By comparison, once an antifuse has been programmed, it
cannot be altered in this way. Having said this, it should also
be noted that any flip-flops in these devices remain sensitive
to radiation, so chips intended for radiation-intensive envi-
ronments must have their flip-flops protected by triple
redundancy design. This refers to having three copies of each
register and taking a majority vote (ideally all three registers
will contain identical values, but if one has been “flipped”
such that two registers say O and the third says 1, then the Os
have it, or vice versa if two registers say 1 and the third
says 0).

But perhaps the most significant advantage of antifuse-
based FPGA:s is that their configuration data is buried deep
inside them. By default, it is possible for the device program-
mer to read this data out because this is actually how the
programmer works. As each antifuse is being processed, the
device programmer keeps on testing it to determine when that
element has been fully programmed; then it moves onto the
next antifuse. Furthermore, the device programmer can be
used to automatically verify that the configuration was per-
formed successfully (this is well worth doing when you’re
talking about devices containing 50 million plus programma-
ble elements). In order to do this, the device programmer
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requires the ability to read the actual states of the antifuses and
compare them to the required states defined in the configura-
tion file.

Once the device has been programmed, however, it is pos-
sible to set (grow) a special security antifuse that subsequently
prevents any programming data (in the form of the presence or
absence of antifuses) from being read out of the device. Even if
the device is decapped (its top is removed), programmed and
unprogrammed antifuses appear to be identical, and the fact
that all of the antifuses are buried in the internal metallization
layers makes it almost impossible to reverse-engineer the
design.

Vendors of antifuse-based FPGAs may also tout a couple of
other advantages relating to power consumption and speed,
but if you aren’t careful this can be a case of the quickness of
the hand deceiving the eye. For example, they might tease you
with the fact that an antifuse-based device consumes only 20
percent (approximately) of the standby power of an equivalent
SRAM-based component, that their operational power con-
sumption is also significantly lower, and that their
interconnect-related delays are smaller. Also, they might casu-
ally mention that an antifuse is much smaller and thus
occupies much less real estate on the chip than an equivalent
SRAM cell (although they may neglect to mention that anti-
fuse devices also require extra programming circuitry,
including a large, hairy programming transistor for each anti-
fuse). They will follow this by noting that when you have a
device containing tens of millions of configuration elements,
using antifuses means that the rest of the logic can be much
closer together. This serves to reduce the interconnect delays,
thereby making these devices faster than their SRAM cousins.

And both of the above points would be true ... if one were
comparing two devices implemented at the same technology
node. But therein lies the rub, because antifuse technology
requires the use of around three additional process steps after
the main manufacturing process has been qualified. For this
(and related) reasons, antifuse devices are always at least
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It's worth noting that
when the MRAM tech-
nologies introduced in
Chapter 2 come to frui-
tion, these may well
change the FPGA
landscape.

This is because MRAM
fuses would be much
smaller than SRAM cells
(thereby increasing com-
ponent density and
reducing track delays),
and they would also con-
sume much less power.

Furthermore,
MRAM-based devices
could be prepro-
grammed like
antifuse-based devices
(great for security) and
reprogrammed like
SRAM-based components
(good for prototyping).
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1821: England.
Michael Faraday invents
the first electric motor.

one—and usually several—generations (technology nodes)
behind SRAM-based components, which effectively wipes out
any speed or power consumption advantages that might other-
wise be of interest.

Of course, the main disadvantage associated with
antifuse-based devices is that they are OTP, so once you've
programmed one of these little scallywags, its function is set in
stone. This makes these components a poor choice for use in a
development or prototyping environment.

EPROM-based devices
This section is short and sweet because no one currently

makes—or has plans to make—EPROM-based FPGAs.

E’PROM/FLASH-based devices

E’PROM- or FLASH-based FPGAs are similar to their
SRAM counterparts in that their configuration cells are con-
nected together in a long shift-register-style chain. These
devices can be configured off-line using a device programmer.
Alternatively, some versions are in-system programmable, or
ISP, but their programming time is about three times that of
an SRAM-based component.

Once programmed, the data they contain is nonvolatile,
so these devices would be “instant on” when power is first
applied to the system. With regard to protection, some of
these devices use the concept of a multibit key, which can
range from around 50 bits to several hundred bits in size.
Once you’ve programmed the device, you can load your user-
defined key (bit-pattern) to secure its configuration data.
After the key has been loaded, the only way to read data out
of the device, or to write new data into it, is to load a copy of
your key via the JTAG port (this port is discussed later in this
chapter and also in chapter 5). The fact that the JTAG port
in today’s devices runs at around 20 MHz means that it would
take billions of years to crack the key by exhaustively trying
every possible value.

This book belongs to Lee Bernstein (rachel.girts@haynesboone.com) Copyright Elsevier 2023

Ex. 1028
CISCO SYSTEMS, INC. / Page 22 of 72



Alternative FPGA Architectures m 65

Two-transistor E’PROM and FLASH cells are approxi- 1821: England.

. . . . Michael Faraday plots
mately 2.5 times the size of their one-transistor EPROM the magnetic fiZIg

cousins, but they are still way smaller than their SRAM coun- | around a conductor.
terparts. This means that the rest of the logic can be much
closer together, thereby reducing interconnect delays.

On the downside, these devices require around five addi-
tional process steps on top of standard CMOS technology,
which results in their lagging behind SRAM-based devices by
one or more generations (technology nodes). Last but not
least, these devices tend to have relatively high static power
consumption due to their containing vast numbers of internal
pull-up resistors.

Hybrid FLASH-SRAM devices

Last but not least, there’s always someone who wants to
add yet one more ingredient into the cooking pot. In the case
of FPGAs, some vendors offer esoteric combinations of pro-
gramming technologies. For example, consider a device where
each configuration element is formed from the combination of
a FLASH (or E’PROM) cell and an associated SRAM cell.

In this case, the FLASH elements can be preprogrammed.
Then, when the system is powered up, the contents of the
FLASH cells are copied in a massively parallel fashion into
their corresponding SRAM cells. This technique gives you the
nonvolatility associated with antifuse devices, which means
the device is immediately available when power is first applied
to the system. But unlike an antifuse-based component, you
can subsequently use the SRAM cells to reconfigure the device
while it remains resident in the system. Alternatively, you can
reconfigure the device using its FLASH cells either while it
remains in the system or off-line by means of a device pro-
grammer.

Summary
Table 4.1 briefly summarizes the key points associated with
the various programming technologies described above:
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In reality, the vast major-
ity of the configuration
cells in an FPGA are asso-
ciated with its
interconnect (as opposed
to its configurable logic
blocks). For this reason,
engineers joke that FPGA
vendors actually sell only
the interconnect, and
they throw in the rest of
the logic for free!

configuration cell
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Table 4-1. Summary of programming technologies

Fine-, medium-, and coarse-grained architectures

[t is common to categorize FPGA offerings as being either
fine grained or coarse grained. In order to understand what this
means, we first need to remind ourselves that the main feature
that distinguishes FPGAs from other devices is that their
underlying fabric predominantly consists of large numbers of
relatively simple programmable logic block “islands” embed-
ded in a “sea” of programmable interconnect. (Figure 4-1).

In the case of a fine-grained architecture, each logic block

can be used to implement only a very simple function. For
example, it might be possible to configure the block to act as
any 3-input function, such as a primitive logic gate (AND,
OR, NAND, etc.) or a storage element (D-type flip-flop,
D-type latch, etc.).
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JL JL JL 1821: England.
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‘v\\ Programmable
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| — | logic blocks
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Figure 4-1. Underlying FPGA fabric.

In addition to implementing glue logic and irregular struc-
tures like state machines, fine-grained architectures are said to
be particularly efficient when executing systolic algorithms
(functions that benefit from massively parallel implementa-
tions). These architectures are also said to offer some
advantages with regard to traditional logic synthesis technol-
ogy, which is geared toward fine-grained ASIC architectures.

The mid-1990s saw a lot of interest in fine-grained FPGA
architectures, but over time the vast majority faded away into
the sunset, leaving only their coarse-grained cousins. In the
case of a coarse-grained architecture, each logic block contains
a relatively large amount of logic compared to their fine-
grained counterparts. For example, a logic block might contain
four 4-input LUTs, four multiplexers, four D-type flip-flops,
and some fast carry logic (see the following topics in this chap-
ter for more details).

An important consideration with regard to architectural
granularity is that fine-grained implementations require a rela-
tively large number of connections into and out of each block
compared to the amount of functionality that can be supported
by those blocks. As the granularity of the blocks increases to
medium-grained and higher, the amount of connections into
the blocks decreases compared to the amount of functionality
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they can support. This is important because the programmable
interblock interconnect accounts for the vast majority of the
delays associated with signals as they propagate through an
FPGA.

One slight fly in the soup is that a number of companies
have recently started developing really coarse-grained device
architectures comprising arrays of nodes, where each node is a
highly complex processing element ranging from an algo-
rithmic function such as a fast Fourier transform (FFT) all the
way up to a complete general-purpose microprocessor core
(see also Chapters 6 and 23). Although these devices aren’t
classed as FPGAs, they do serve to muddy the waters. For this
reason, LUT-based FPGA architectures are now often classed
as medium-grained, thereby leaving the coarse-grained appel-
lation free to be applied to these new node-based devices.

MUX- versus LUT-based logic blocks

There are two fundamental incarnations of the program-
mable logic blocks used to form the medium-grained
architectures referenced in the previous section: MUX (multi-
MUX is pronounced to plexer) based and LUT (lookup table) based.
rhyme with “flux.”
LUT is pronounced to MUX-based
rhyme with “nut.” As an example of a MUX-based approach, consider one
way in which the 3-input function y = (a & b) | ¢ could be
implemented using a block containing only multiplexers
(Figure 4-2).

The device can be programmed such that each input to
the block is presented with a logic O, a logic 1, or the true or
inverse version of a signal (a, b, or c in this case) coming from
another block or from a primary input to the device. This
allows each block to be configured in myriad ways to imple-
ment a plethora of possible functions. (The x shown on the
input to the central multiplexer in figure 4-2 indicates that we
don’t care whether this input is connected toa O ora 1.)
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10 MUX

Y

<
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>

MUX
If you take a group of

logic gates several layers
deep, then a LUT

: approach can be very
Figure 4-2. MUX-based logic block. efficient in terms of
resource utilization and
input-to-output delays.
(In this context, “deep”
refers to the number of
LUT-based logic gates between the

The underlying concept behind a LUT is relatively simple. | inputs and the outputs.
Thus, the function illus-

A group of input signals is used as an index (pointer) to a e

look ble. Th £ this tabl dsuch th trated in figure 4-3
ookup table. The contents of this table are arranged such that | |, Jid be <aid to be two
the cell pointed to by each input combination contains the layers deep.)

desired value. For example, let’s assume that we wish to imple-

However, one downside
to a LUT-based architec-
y=(a&b) | c ture is that if you only
want to implement a

small function—such as
Required function Truth table a 2-input AND gate—

ment the function:

AND abcly somewhere in your
D 0000 design, you'll end up
D 001 1 using an entire LUT to do
;> 8 } (1) (1) so. In addition to being
y=(a&b)l 1000 wasteful in terms of
1011 resources, the resulting
1 : (1) 1 delays are high for such
a simple function.

Figure 4-3. Required function and associated truth table.
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By comparison, in the
case of mux-based archi-
tectures containing a
mixture of muxes and
logic gates, it’s often
possible to gain access
to intermediate values
from the signals linking
the logic gates and the
muxes. In this case, each
logic block can be bro-
ken down into smaller
fragments, each of which
can be used to imple-
ment a simple function.
Thus, these architectures
may offer advantages in
terms of performance
and silicon utilization for
designs containing large
numbers of independent
simple logic functions.

This can be achieved by loading a 3-input LUT with the
appropriate values. For the purposes of the following exam-
ples, we shall assume that the LUT is formed from SRAM
cells (but it could be formed using antifuses, E?PROM, or
FLASH cells, as discussed earlier in this chapter). A com-
monly used technique is to use the inputs to select the desired
SRAM cell using a cascade of transmission gates as shown in
Figure 4-4. (Note that the SRAM cells will also be connected
together in a chain for configuration purposes—that is, to
load them with the required values—but these connections
have been omitted from this illustration to keep things
simple.)

Transmission gate

=

(active low)
Transmission gate
»4 ~ (active high)
|
sRaM /v L1 i .
cells A ><
I
M0 K
| <]7
P
|
PS
\ \ \
C b a

Figure 4-4. A transmission gate-based LUT (programming
chain omitted for purposes of clarity).

If a transmission gate is enabled (active), it passes the sig-
nal seen on its input through to its output. If the gate is
disabled, its output is electrically disconnected from the wire
it is driving.

The transmission gate symbols shown with a small circle
(called a “bobble” or a “bubble”) indicate that these gates will
be activated by a logic 0 on their control input. By compari-
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son, symbols without bobbles indicate that these gates will be
activated by a logic 1. Based on this understanding, it’s easy to
see how different input combinations can be used to select the
contents of the various SRAM cells.

MUX-based versus LUT-based?

Once upon a time—when engineers handcrafted their cir-
cuits prior to the advent of today’s sophisticated CAD
tools—some folks say that it was possible to achieve the best
results using MUX-based architectures. (Sad to relate, they
usually don’t explain exactly how these results were better, so
this is largely left to our imaginations.) It is also said that
MUX-based architectures have an advantage when it comes to
implementing control logic along the lines of “if this input is
true and this input is false, then make that output true ...
However, some of these architectures don’t provide high-speed
carry logic chains, in which case their LUT-based counterparts
are left as the leaders in anything to do with arithmetic
processing.

Throughout much of the 1990s, FPGAs were widely used
in the telecommunications and networking markets. Both of
these application areas involve pushing lots of data around, in
which case LUT-based architectures hold the high ground.
Furthermore, as designs (and device capacities) grew larger and
synthesis technology increased in sophistication, handcrafting
circuits largely became a thing of the past. The end result is
that the majority of today’s FPGA architectures are LUT-
based, as discussed below.

3-, 4-, 5-, or 6-input LUTs? As was noted in Chapter
3, some folks prefer to
say “combinational
logic,” while others favor
“combinatorial logic.”

The great thing about an n-input LUT is that it can imple-
ment any possible n-input combinational (or combinatorial)

I Some MUX-based architectures—such as those fielded by QuickLogic
(www.quicklogic.com)—feature logic blocks containing multiple layers of
MUXes preceded by primitive logic gates like ANDs. This provides them
with a large fan-in capability, which gives them an advantage for address
decoding and state machine decoding applications.
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1822: England.
Charles Babbage starts
to build a mechanic
calculating machine
called the Difference
Engine.

logic function. Adding more inputs allows you to represent
more complex functions, but every time you add an input, you
double the number of SRAM cells.

The first FPGAs were based on 3-input LUTs. FPGA ven-
dors and university students subsequently researched the
relative merits of 3-, 4-, 5-, and even 6-input LUTs into the
ground (whatever you do, don’t get trapped in conversation
with a bunch of FPGA architects at a party). The current
consensus is that 4-input LUTs offer the optimal balance of
pros and cons.

In the past, some devices were created using a mixture of
different LUT sizes, such as 3-input and 4-input LUTs,
because this offered the promise of optimal device utilization.
However, one of the main tools in the design engineer’s treas-
ure chest is logic synthesis, and uniformity and regularity are
what a synthesis tool likes best. Thus, all of the really success-
ful architectures are currently based only on the use of 4-input
LUTs. (This is not to say that mixed-size LUT architectures
won’t reemerge in the future as design software continues to
increase in sophistication.)

LUT versus distributed RAM versus SR

The fact that the core of a LUT in an SRAM-based device
comprises a number of SRAM cells offers a number of inter-
esting possibilities. In addition to its primary role as a lookup
table, some vendors allow the cells forming the LUT to be
used as a small block of RAM (the 16 cells forming a 4-input
LUT, for example, could be cast in the role of a 16 x 1 RAM).
This is referred to as distributed RAM because (a) the LUTs are
strewn (distributed) across the surface of the chip, and (b) this
differentiates it from the larger chunks of block RAM (intro-
duced later in this chapter).

Yet another possibility devolves from the fact that all of
the FPGA’s configuration cells—including those forming
the LUT—are effectively strung together in a long chain

(Figure 4-5).
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From the previou
cell in thz ((:ehains 1822: France.
Andre Ampere
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wires carrying electric
\ currents attract
“—— "~ SRAM each other.

7 cells

To the next cell
in the chain

Figure 4-5. Configuration cells linked in a chain.

This aspect of the architecture is discussed in more detail
in chapter 5. The point here is that, once the device has been
programmed, some vendors allow the SRAM cells forming a
LUT to be treated independently of the main body of the
chain and to be used in the form of a shift register. Thus, each
LUT may be considered to be multifaceted (figure 4-6).

CLBs versus LABs versus slices

16-bit SR
16 x 1 RAM

4-input LUT

v

Figure 4-6. A multifaceted LUT.

“Man can not live by LUTs alone,” as the Bard would
surely say if he were to be reincarnated accidentally as an
FPGA designer. For this reason, in addition to one or more
LUTs, a programmable logic block will contain other ele-
ments, such as multiplexers and registers. But before we delve
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Sir Charles Wheatstone
constructs a
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into this topic, we first need to wrap our brains around some
terminology.

A Xilinx logic cell

One niggle when it comes to FPGAs is that each vendor
has its own names for things. But we have to start somewhere,
so let’s kick off by saying that the core building block in a
modern FPGA from Xilinx is called a logic cell (LC). Among
other things, an LC comprises a 4-input LUT (which can also
actas a 16 X 1 RAM or a 16-bit shift register), a multiplexer,
and a register (Figure 4-7).

a
b R Ly
c

mux
d flip-flop
e '
clock |
clock enable *
set/reset

Figure 4-7. A simplified view of a Xilinx LC.

[t must be noted that the illustration presented in Figure
4-7 is a gross simplification, but it serves our purposes here.
The register can be configured to act as a flip-flop, as shown in
Figure 4-7 or as a latch. The polarity of the clock (rising-edge
triggered or falling-edge triggered) can be configured, as can
the polarity of the clock enable and set/reset signals (active-high
or active-low).

In addition to the LUT, MUX, and register, the LC also

contains a smattering of other elements, including some spe-

This book belongs to Lee Bernstein (rachel.girts@haynesboone.com) Copyright Elsevier 2023

Ex. 1028
CISCO SYSTEMS, INC. / Page 32 of 72



Alternative FPGA Architectures m 75

cial fast carry logic for use in arithmetic operations (this is
discussed in more detail a little later).

An Altera logic element

Just for reference, the equivalent core building block in an
FPGA from Altera is called a logic element (LE). There are a
number of differences between a Xilinx LC and an Altera LE,
but the overall concepts are very similar.

Slicing and dicing

The next step up the hierarchy is what Xilinx calls a slice
(Altera and the other vendors doubtless have their own
equivalent names). Why “slice”? Well, they had to call it
something, and—whichever way you look at it—the term slice
is “something.” At the time of this writing, a slice contains two
logic cells (Figure 4-8).

Slice

Logic Cell (LC)

\
REG

LUT MUX

Logic Cell (LC)

\
REG

LUT MUX

Figure 4-8. A slice containing two logic cells.

The reason for the “at the time of this writing” qualifier is
that these definitions can—and do—change with the seasons.
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The definition of what
forms a CLB varies from
year to year. In the early
days, a CLB consisted of
two 3-input LUTs and
one register. Later
versions sported two
4-input LUTs and two
registers.
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Now, each CLB can
contain two or four
slices, where each slice
contains two 4-input
LUTS and two registers.
And as for the morrow
... well, it would take a

braver man than | even
to dream of speculating.

The point where a set of
data or control signals

enters or exits a logic
is commonly

function
referred

"In the case of a
single-port RAM, data is

written in and read out of
the function using a

The internal wires have been omitted from this illustration to
keep things simple; it should be noted, however, that
although each logic cell’s LUT, MUX, and register have their

own data inputs and outputs, the slice has one set of clock,
clock enable, and set/reset signals common to both logic cells.

CLBs and LABs
what Xilinx calls a configurable logic block (CLB) and what
Altera refers to as a logic array block (LAB). (Other FPGA

vendors doubtless have their own equivalent names for each
of these entities, but these are of interest only if you are actu-

And moving one more level up the hierarchy, we come to

ally working with their devices.)

Using CLBs as an example, some Xilinx FPGAs have two
slices in each CLB, while others have four. At the time of this
writing, a CLB equates to a single logic block in our original
visualization of “islands” of programmable logic in a “sea” of

programmable interconnect (Figure 4-9).

/: Configurable logic block (CLB)
1
AL Il / Slice Slice
)
Eﬂ CLB CLB ," ‘ Logic cell ‘ Logic cell
1
)
)
1
/ ‘ Logic cell | ‘ Logic cell
III
/
Slice Slice
] ce CLB \ Logic cell \ Logic cell
\ ‘ Logic cell ‘ Logic cell
\\

\-___

depends on the FPGA family).

to as a “port.

common data bus.
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Figure 4-9. A CLB containing four slices (the number of slices

There is also some fast programmable interconnect within

the CLB. This interconnect (not shown in Figure 4-9 for rea-
sons of clarity) is used to connect neighboring slices.
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The reason for having this type of logic-block hierar- In the case of a dual-port

chy—LC— Slice (with two LCs)— CLB (with four slices)—is RAM, data is written into
the function using one

that it is complemented by an equivalent hierarchy in the data bus (port) and read
interconnect. Thus, there is fast interconnect between the LCs | out using a second data
in a slice, then slightly slower interconnect between slices in a busd(pozlt)- In fact, the
: 1. | read and write
CLB, followed by the interconnect between CLBs. The idea is :
. _ o operations each have an
to achieve the optimum trade-off between making it easy to associated address bus

connect things together without incurring excessive (used to point to a word
of interest inside the
RAM). This means that

Distributed RAMs and shift registers the read and write
operations can be

We previously noted that each 4-bit LUT can be used asa | performed
16 x 1 RAM. And things just keep on getting better and better | simultaneously.
because, assuming the four-slices-per-CLB configuration illus-

trated in figure 4-9, all of the LUTs within a CLB can be

configured together to implement the following:

= Single-port 16 x 8 bit RAM
m Single-port 32 x 4 bit RAM
m Single-port 64 x 2 bit RAM
m Single-port 128 x 1 bit RAM
m  Dual-port 16 x4 bit RAM
m Dual-port 32 x2bit RAM
m Dual-port 64 x1bit RAM

interconnect-related delays.

Alternatively, each 4-bit LUT can be used as a 16-bit shift
register. In this case, there are special dedicated connections
between the logic cells within a slice and between the slices
themselves that allow the last bit of one shift register to be
connected to the first bit of another without using the ordinary
LUT output (which can be used to view the contents of a
selected bit within that 16-bit register). This allows the LUTs
within a single CLB to be configured together to implement a
shift register containing up to 128 bits as required.

Fast carry chains
A key feature of modern FPGAs is that they include the

special logic and interconnect required to implement fast carry
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chains. In the context of the CLBs introduced in the previous
section, each LC contains special carry logic. This is comple-
mented by dedicated interconnect between the two LCs in
each slice, between the slices in each CLB, and between the
CLBs themselves.

This special carry logic and dedicated routing boosts the
performance of logical functions such as counters and arith-
metic functions such as adders. The availability of these fast
carry chains—in conjunction with features like the shift regis-
ter incarnations of LUTs (discussed above) and embedded

multipliers and the like (introduced below)—provided the
DSPis pronounced by wherewithal for FPGAs to be used for applications like DSP.

spelling it out as “D-S-P.”
Embedded RAMs

A lot of applications require the use of memory, so FPGAs
now include relatively large chunks of embedded RAM called
e-RAM or block RAM. Depending on the architecture of the
component, these blocks might be positioned around the
periphery of the device, scattered across the face of the chip
in relative isolation, or organized in columns, as shown in

Figure 4-10.

Columns of embedded
RAM blocks

Arrays of
programmable
logic blocks
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-
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Figure 4-10. Bird’s-eye view of chip with columns of
embedded RAM blocks.
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Depending on the device, such a RAM might be able to
hold anywhere from a few thousand to tens of thousands of
bits. Furthermore, a device might contain anywhere from tens
to hundreds of these RAM blocks, thereby providing a total
storage capacity of a few hundred thousand bits all the way up
to several million bits.

Each block of RAM can be used independently, or multi-
ple blocks can be combined together to implement larger
blocks. These blocks can be used for a variety of purposes, such
as implementing standard single- or dual-port RAMs, first-in

first-out (FIFO) functions, state machines, and so forth. FIFO is pronounced “fi"
to rhyme with “hi,”

I followed by “fo” to
Embedded multipliers, adders, MACs, etc. thyme with “no” (like the

Some functions, like multipliers, are inherently slow if they | “Hi-Ho” song in “Snow
are implemented by connecting a large number of programma- | White and the Seven
ble logic blocks together. Since these functions are required by Dwarfs’).
a lot of applications, many FPGAs incorporate special hard-
wired multiplier blocks. These are typically located in close
proximity to the embedded RAM blocks introduced in the
previous point because these functions are often used in con-

junction with each other (Figure 4-11).

RAM blocks

Multipliers

{ Logic blocks

« 1A

[N | | —

N |} N B |

[T
[
[
[ ]
[
[
[
[ ]
[
[
[
[ ]
[
i
[
[ ]
L
N
[\
[]
[
V1
[T
[ 11
[ 1]
[ 1]
[T
[ 1

N N | | N

EJEAC]
~1 | -

\E_:,/

Figure 4-11. Bird’s-eye view of chip with columns of
embedded multipliers and RAM blocks.

Similarly, some FPGAs offer dedicated adder blocks. One

operation that is very common in DSP-type applications is
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1829: England. called a multiply-and-accumulate (MAC) (Figure 4-12). As
Sir Charles Wheatstone

invents the concertina. | its name would suggest, this function multiplies two numbers

together and adds the result to a running total stored in an
accumulator.
Multiplier
Adder

Accumulator
y
A[n:0] l::w

B[n:0] 'm— + — > Yi(2n - 1):0]

s

MAC
Figure 4-12. The functions forming a MAC.

If the FPGA you are working with supplies only embedded
multipliers, you will have to implement this function by com-
bining the multiplier with an adder formed from a number of
programmable logic blocks, while the result is stored in some
associated flip-flops, in a block RAM, or in a number of dis-
tributed RAMs. Life becomes a little easier if the FPGA also
provides embedded adders, and some FPGAs provide entire
MAC:s as embedded functions.

Embedded processor cores (hard and soft)

Almost any portion of an electronic design can be realized
in hardware (using logic gates and registers, etc.) or software
(as instructions to be executed on a microprocessor). One of
the main partitioning criteria is how fast you wish the various
functions to perform their tasks:
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» Picosecond and nanosecond logic: This has to run insanely | 1831z England.
Michael Faraday

fast, which mandates that it be implemented in hard- creates the first
ware (in the FPGA fabric). electric dynamo.
m  Microsecond logic: This is reasonably fast and can be
implemented either in hardware or software (this type
of logic is where you spend the bulk of your time decid-
ing which way to go).
m  Millisecond logic: This is the logic used to implement
interfaces such as reading switch positions and
flashing light-emitting diodes (LED:s). It’s a pain
slowing the hardware down to implement this sort of
function (using huge counters to generate delays, for
example). Thus, it’s often better to implement these
tasks as microprocessor code (because processors give
you lousy speed—compared to dedicated
hardware—but fantastic complexity).

The fact is that the majority of designs make use of micro-
processors in one form or another. Until recently, these
appeared as discrete devices on the circuit board. Of late,
high-end FPGAs have become available that contain one or
more embedded microprocessors, which are typically referred
to as microprocessor cores. In this case, it often makes sense to
move all of the tasks that used to be performed by the external
microprocessor into the internal core. This provides a number
of advantages, not the least being that it saves the cost of hav-
ing two devices; it eliminates large numbers of tracks, pads,
and pins on the circuit board; and it makes the board smaller
and lighter.

Hard microprocessor cores

A hard microprocessor core is implemented as a dedicated,
predefined block. There are two main approaches for integrat-
ing such a core into the FPGA. The first is to locate it in a
strip (actually called “The Stripe”) to the side of the main
FPGA fabric (Figure 4-13).
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Main FPGA fabric The “Stripe”
YN
uP
RAM Microprocessor
N core, special RAM,
N peripherals and
110 I/0O, etc.
etc.

Figure 4-13. Birds-eye view of chip with embedded core
outside of the main fabric.

In this scenario, all of the components are typically
formed on the same silicon chip, although they could also be
formed on two chips and packaged as a multichip module
MCM is pronounced by (MCM). The main FPGA fabric would also include the
spelling it outas "M-C-M." | o/ edded RAM blocks, multipliers, and the like introduced
earlier, but these have been omitted from this illustration to
keep things simple.

One advantage of this implementation is that the main
FPGA fabric is identical for devices with and without the
embedded microprocessor core, which can help make things
easier for the design tools used by the engineers. The other
advantage is that the FPGA vendor can bundle a whole load
of additional functions in the strip to complement the micro-
processor core, such as memory, special peripherals, and so
forth.

An alternative is to embed one or more microprocessor
cores directly into the main FPGA fabric. One, two, and even
four core implementations are currently available as I pen
these words (Figure 4-14).

Once again, the main FPGA fabric would also include the
embedded RAM blocks, multipliers, and the like introduced
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1831: England.

Michael Faraday creates
the first electrical
transformer.

uP uP
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(a) One embedded core (b) Four embedded cores

Figure 4-14. Bird’s-eye view of chips with embedded cores
inside the main fabric.

earlier, but these have been omitted from this illustration to
keep things simple.

In this case, the design tools have to be able to take
account of the presence of these blocks in the fabric; any mem-
ory used by the core is formed from embedded RAM blocks,
and any peripheral functions are formed from groups of
general-purpose programmable logic blocks. Proponents of this
scheme will argue that there are inherent speed advantages to
be gained from having the microprocessor core in intimate
proximity to the main FPGA fabric.

Soft microprocessor cores

As opposed to embedding a microprocessor physically into
the fabric of the chip, it is possible to configure a group of pro-
grammable logic blocks to act as a microprocessor. These are
typically called soft cores, but they may be more precisely cate-
gorized as either “soft” or “firm” depending on the way in
which the microprocessor’s functionality is mapped onto the
logic blocks (see also the discussions associated with the hard
[P, soft IP, and firm IP topics later in this chapter).
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1831: England. Soft cores are simpler (more primitive) and slower than
Michael Faraday

discovers magnetic
lines of force. tage that you only need to implement a core if you need it and

their hard-core counterparts.”? However, they have the advan-

also that you can instantiate as many cores as you require until
you run out of resources in the form of programmable logic

blocks.

Clock trees and clock managers

All of the synchronous elements inside an FPGA—for
example, the registers configured to act as flip-flops inside the
programmable logic blocks—need to be driven by a clock sig-
nal. Such a clock signal typically originates in the outside
world, comes into the FPGA via a special clock input pin, and
is then routed through the device and connected to the
appropriate registers.

Clock trees

Consider a simplified representation that omits the pro-
grammable logic blocks and shows only the clock tree and the
registers to which it is connected (Figure 4-15).

Clock Flip-flops
00000000000 000O000 tree
0 0
0 0
0 0
0 0 /
0
: B
0 Y 0
- Ml g
0 0
0 ] 0
0 0
m m
0 BT
m m )
0 0 Special clock
DDDDDDDDI\YD/DDDDDDD pin and pad
Clock signal from

outside world

Figure 4-15. A simple clock tree.

2 A soft core typically runs at 30 to 50 percent of the speed of a hard core.
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This is called a “clock tree” because the main clock signal
branches again and again (the flip-flops can be consider, to be
the “leaves” on the end of the branches). This structure is used
to ensure that all of the flip-flops see their versions of the clock
signal as close together as possible. If the clock were distrib-
uted as a single long track driving all of the flip-flops one after
another, then the flip-flop closest to the clock pin would see
the clock signal much sooner than the one at the end of the
chain. This is referred to as skew, and it can cause all sorts of
problems (even when using a clock tree, there will be a certain
amount of skew between the registers on a branch and also
between branches).

The clock tree is implemented using special tracks and is
separate from the general-purpose programmable interconnect.
The scenario shown above is actually very simplistic. In real-
ity, multiple clock pins are available (unused clock pins can be
employed as general-purpose 1/O pins), and there are multiple
clock domains (clock trees) inside the device.

Clock managers
Instead of configuring a clock pin to connect directly into | A clock manager as
an internal clock tree, that pin can be used to drive a special described here is

referred to as a digital
hard-wired function (block) called a clock manager that gener- | .10k mana ger (DZM) in

ates a number of daughter clocks (Figure 4-16). the Xilinx world.DCM is
pronounced by spelling
% it out as “D-C-M.”
Clock signal from JULL
outside world Daughter clocks
JT1LT 1T L Clock JULL used to drive
— M ' internal clock trees
anager .
or output pins
/ etc.
Special clock
pin and pad M

Figure 4-16. A clock manager generates daughter clocks.

These daughter clocks may be used to drive internal clock

trees or external output pins that can be used to provide clock-
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The term hertz was
taken from the name of
Heinrich Rudolf Hertz, a
professor of physics at
Karlsruhe Polytechnic in
Germany, who first
transmitted and received
radio waves in a
laboratory environment
in 1888.

One hertz (Hz) equates
to “one cycle per
second,” so MHz stands
for megahertz or “million
Hertz.”

This book belongs to Lee Bernstein (rachel.girts@haynesboone.com)

ing services to other devices on the host circuit board. Each
family of FPGAs has its own type of clock manager (there may
be multiple clock manager blocks in a device), where different
clock managers may support only a subset of the following
features:

Jitter remowal: For the purposes of a simple example,
assume that the clock signal has a frequency of 1 MHz (in
reality, of course, this could be much, much higher). In an
ideal environment each clock edge from the outside world
would arrive exactly one millionth of a second after its prede-
cessor. In the real world, however, clock edges may arrive a
little early or a little late.

As one way to visualize this effect—known as jitter—imag-
ine if we were to superimpose multiple edges on top of each
other; the result would be a “fuzzy” clock (Figure 4-17).

1 2 3 4
_ I LI 1T 1 I 1_ «— Idealclocksignal
I L LI L_I L <«— Realclock signal with jitter
sk « Cycle 1
o < Cycle 2
I o «—— Cycle 3
I L+ +«——— Cycle 4
A - Superimposed cycles

Figure 4-17. Jitter results in a fuzzy clock.

The FPGA'’s clock manager can be used to detect and cor-
rect for this jitter and to provide “clean” daughter clock
signals for use inside the device (Figure 4-18).

Frequency synthesis: It may be that the frequency of the
clock signal being presented to the FPGA from the outside
world is not exactly what the design engineers wish for. In this
case, the clock manager can be used to generate daughter
clocks with frequencies that are derived by multiplying or
dividing the original signal.
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JLI L .

Clock signal from — > 1 §3l : England.

outside world TLIL Michael Faraday

with jitter “Clean” daughter discovers the prmIC|paI

TILILI Clock % clocks used to drive of electro-magnetic

— Manager ' internal clock trees induction.
/ g ot or output pins
Special clock

Figure 4-18. The clock manager can remove jitter.

As a really simple example, consider three daughter clock
signals: the first with a frequency equal to that of the original
clock, the second multiplied to be twice that of the original
clock, and the third divided to be half that of the original
clock (Figure 4-19).

1 1 [ | L «+— 1.0 x original clock frequency

| | ] | | | | | f | | | | | | <«— 2.0 x original clock frequency
| | [ 1 <«+— .5 x original clock frequency

Figure 4-19. Using the clock manager to
perform frequency synthesis.

Once again, Figure 4-19 reflects very simple examples. In
the real world, one can synthesize all sorts of internal clocks,
such as an output that is four-fifths the frequency of the origi-
nal clock.

Phase shifting: Certain designs require the use of clocks that
are phase shifted (delayed) with respect to each other. Some
clock managers allow you to select from fixed phase shifts of
common values such as 120° and 240° (for a three-phase
clocking scheme) or 90°, 180°, and 270° (if a four-phase clock-
ing scheme is required). Others allow you to configure the
exact amount of phase shift you require for each daughter
clock.

For example, let’s assume that we are deriving four internal
clocks from a master clock, where the first is in phase with the
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original clock, the second is phase shifted by 90°, the third by
180°, and so forth (Figure 4-20).

| I I I I | |_ <«—— (° Phase shifted
B N I I I |_ <+—— 90° Phase shifted
|

L LI LI L <« 180°Phase shifted

L 111« 270°Phase shifted

Figure 4-20. Using the clock manager to phase-shift the
daughter clocks.

Auto-skew correction: For the sake of simplicity, let’s
assume that we’re talking about a daughter clock that has
been configured to have the same frequency and phase as the
main clock signal coming into the FPGA. By default, how-
ever, the clock manager will add some element of delay to the
signal as it performs its machinations. Also, more significant
delays will be added by the driving gates and interconnect
employed in the clock’s distribution. The result is that—if
nothing is done to correct it—the daughter clock will lag
behind the input clock by some amount. Once again, the dif-
ference between the two signals is known as skew.

Depending on how the main clock and the daughter clock
are used in the FPGA (and on the rest of the circuit board),
this can cause a variety of problems. Thus, the clock manager
may allow a special input to feed the daughter clock. In this
PLL is pronounced by case, the clock manager will compare the two signals and spe-
spelling it out as “P-L-L. cifically add additional delay to the daughter clock sufficient
"DLL is pronounced by to realign it with the main clock (Figure 4-21).
spelling it out as “D-L-L.” To be a tad more specific, only the prime (zero phase-
shifted) daughter clock will be treated in this way, and all of
cnow why digita the other daughter clocks will be phase aligned to this prime
delay-locked loop is not daughter clock.
abbreviated to “DDLL.” Some FPGA clock managers are based on phase-locked
loops (PLLs), while others are based on digital delay-locked loops

At this time, | do not
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Daughter clock (monitored
downstream of the clock manager)
fed back to special input

Clock signal from
outside world

De-skewed daughter
> v —ae——_» clocks used to drive
4 internal clock trees
or output pins

L4
l

Special clock
pin and pad

1 2 3 4

| | | | | | | | «+— Main (mother) clock
1 2 3 4
| | [ | | | [ I <+— Untreated daughter clock

1 2 3
= Iy = gy == i | «+— De-skewed daughter clock

Figure 4-21. Deskewing with reference to the mother clock.

(DLLs). PLLs have been used since the 1940s in analog imple-
mentations, but recent emphasis on digital methods has made
it desirable to match signal phases digitally. PLLs can be
implemented using either analog or digital techniques, while
DLLs are by definition digital in nature. The proponents of
DLLs say that they offer advantages in terms of precision, sta-
bility, power management, noise insensitivity, and jitter
performance.

General-purpose I/0

Today’s FPGA packages can have 1,000 or more pins,
which are arranged as an array across the base of the package.
Similarly, when it comes to the silicon chip inside the pack-
age, flip-chip packaging strategies allow the power, ground,
clock, and I/O pins to be presented across the surface of the
chip. Purely for the purposes of these discussions (and illustra-
tions), however, it makes things simpler if we assume that all
of the connections to the chip are presented in a ring around
the circumference of the device, as indeed they were for
many years.
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1831: England.
Michael Faraday
discovers that a
moving magnet
induces an electric
current.

Configurable 1/0 standards

Let’s consider for a moment an electronic product from
the perspective of the architects and engineers designing the
circuit board. Depending on what they are trying to do, the
devices they are using, the environment the board will oper-
ate in, and so on, these guys and gals will select a particular
standard to be used to transfer data signals. (In this context,
“standard” refers to electrical aspects of the signals, such as
their logic 0 and logic 1 voltage levels.)

The problem is that there is a wide variety of such stan-
dards, and it would be painful to have to create special FPGAs
to accommodate each variation. For this reason, an FPGA’s
general-purpose I/O can be configured to accept and generate
signals conforming to whichever standard is required. These
general-purpose I/O signals will be split into a number of
banks—we’ll assume eight such banks numbered from O to 7

(Figure 4-22).

O00 0000000000000 0
1 H 0

0
O

0

O

0

0

L

0 General-purpose 1/0
2 banks 0 through 7
]

0

0

0

0

0

0

0

4 H 5
0000000000000 000

Jogooooooooooogoogod

Figure 4-22. Bird’s-eye view of chip showing general-purpose
1/0 banks.

The interesting point is that each bank can be configured
individually to support a particular I/O standard. Thus, in
addition to allowing the FPGA to work with devices using
multiple I/O standards, this allows the FPGA to actually be

used to interface between different I/O standards (and also to
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1832: England.
Charles Babbage
conceives the first
mechanical computer,

Configurable 1/0 impedances the Analytical Engine.
The signals used to connect devices on today’s circuit
board often have fast edge rates (this refers to the time it takes

translate between different protocols that may be based on par-
ticular electrical standards).

the signal to switch between one logic value and another). In
order to prevent signals reflecting back (bouncing around), it
is necessary to apply appropriate terminating resistors to the
FPGA'’s input or output pins.

In the past, these resistors were applied as discrete compo-
nents that were attached to the circuit board outside the
FPGA. However, this technique became increasingly problem-
atic as the number of pins started to increase and their pitch
(the distance between them) shrank. For this reason, today’s
FPGAs allow the use of internal terminating resistors whose
values can be configured by the user to accommodate different
circuit board environments and I/O standards.

Core versus 1/0 supply voltages

In the days of yore—circa 1965 to 1995—the majority of
digital ICs used a ground voltage of OV and a supply voltage of
+5V. Furthermore, their I/O signals also switched between 0V
(logic 0) and +5V (logic 1), which made life really simple.

Opver time, the geometries of the structures on silicon chips
became smaller because smaller transistors have lower costs,
higher speed, and lower power consumption. However, these
processes demanded lower supply voltages, which have contin-
ued to fall over the years (Table 4.2).

The point is that this supply (which is actually provided
using large numbers of power and ground pins) is used to
power the FPGA’s internal logic. For this reason, this is known
as the core voltage. However, different I/O standards may use
signals with voltage levels significantly different from the core
voltage, so each bank of general-purpose I/Os can have its own
additional supply pins.
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1832: England
Joseph Henry
discovers self-induction
or inductance.

Year Supply (Core Technology
Voltage (V)) Node (nm)

1998 3.3 350

1999 2.5 250

2000 1.8 180

2001 1.5 150

2003 1.2 130

Table 4.2. Supply voltages versus technology nodes.

[t’s interesting to note that—from the 350 nm node
onwards—the core voltage has scaled fairly linearly with the
process technology. However, there are physical reasons not
to go much below 1V (these reasons are based on technology
aspects such as transistor input switching thresholds and volt-
age drops), so this “voltage staircase” might start to tail off in
the not-so-distant future.

Gigabit transceivers

The traditional way to move large amounts of data
between devices is to use a bus, a collection of signals that
carry similar data and perform a common function

(Figure 4-23).

n-bit bus

FPGA /
., v . Other

1 device

Figure 4-23: Using a bus to communicate between devices.

Early microprocessor-based systems circa 1975 used 8-bit
buses to pass data around. As the need to push more data
around and to move it faster grew, buses grew to 16 bits in
width, then 32 bits, then 64 bits, and so forth. The problem is

that this requires a lot of pins on the device and a lot of tracks
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1833: England.
Michael Faraday defines
the laws of electrolysis.

connecting the devices together. Routing these tracks so that
they all have the same length and impedance becomes increas-
ingly painful as boards grow in complexity. Furthermore, it
becomes increasingly difficult to manage signal integrity issues
(such as susceptibility to noise) when you are dealing with
large numbers of bus-based tracks.

For this reason, today’s high-end FPGAs include special
hard-wired gigabit transceiver blocks. These blocks use one
pair of differential signals (which means a pair of signals that
always carry opposite logical values) to transmit (TX) data and
another pair to receive (RX) data (Figure 4-24).

Transceiver block

Differential pairs

FPGA ‘// ]

[ a—

Figure 4-24: Using high-speed transceivers to communicate
between devices.

A

These transceivers operate at incredibly high speeds, allow-
ing them to transmit and receive billions of bits of data per
second. Furthermore, each block actually supports a number
(say four) of such transceivers, and an FPGA may contain a

number of these transceiver blocks.
IP is pronounced by

Hard IP, soft IP, and firm IP spelling it out as *I-P."

Each FPGA vendor offers its own selection of hard, firm, HDL is pronounced by
and soft IP. Hard IP comes in the form of preimplemented spelling it out as “H-D-L.”

blocks such as microprocessor cores, gigabit interfaces, multi-

pliers, adders, MAC functions, and the like. These blocks are VHDL is pronounced by
spelling it out as

designed to be as efficient as possible in terms of power con- “-H-D-L”
sumption, silicon real estate, and performance. Each FPGA
family will feature different combinations of such blocks. RTL is pronounced by

together with various quantities of programmable logic blocks. spelling it out as “R-T-L.
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At the other end of the spectrum, soft IP refers to a
source-level library of high-level functions that can be
included to the users’ designs. These functions are typically
represented using a hardware description language, or HDL,
such as Verilog or VHDL at the register transfer level (RTL) of
abstraction. Any soft IP functions the design engineers decide
to use are incorporated into the main body of the design—
which is also specified in RTL—and subsequently synthesized
down into a group of programmable logic blocks (possibly
combined with some hard IP blocks like multipliers, etc.).

Holding somewhat of a middle ground is firm IP, which
also comes in the form of a library of high-level functions.
Unlike their soft IP equivalents, however, these functions
have already been optimally mapped, placed, and routed into
a group of programmable logic blocks (possibly combined with
some hard IP blocks like multipliers, etc.). One or more copies
of each predefined firm IP block can be instantiated (called
up) into the design as required.

The problem is that it can be hard to draw the line
between those functions that are best implemented as hard IP
and those that should be implemented as soft or firm P (using
a number of general-purpose programmable logic blocks). In
the case of functions like the multipliers, adders, and MACs
discussed earlier in this chapter, these are generally useful for a
wide range of applications. On the other hand, some FPGAs
contain dedicated blocks to handle specific interface protocols
PCl is pronounced by like the PCI standard. It can, of course, make your life a lot
spelling it out as *P-C-1." easier if this happens to be the interface with which you wish
to connect your device to the rest of the board. On the other
hand, if you decide you need to use some other interface, a
dedicated PCI block will serve only to waste space, block traf-
fic, and burn power in your chip.

Generally speaking, once FPGA vendors add a function
like this into their device, they’ve essentially placed the com-
ponent into a niche. Sometimes you have to do this to
achieve the desired performance, but this is a classic problem
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1837: America.

. . . . ) Samual Finley Breese
to perform this function in its main (programmable) fabric. Morse exhibits an

because the next generation of the device is often fast enough

electric telegraph.
System gates versus real gates

One common metric used to measure the size of a device in
the ASIC world is that of equivalent gates. The idea is that dif-
ferent vendors provide different functions in their cell
libraries, where each implementation of each function requires
a different number of transistors. This makes it difficult to
compare the relative capacity and complexity of two devices.

The answer is to assign each function an equivalent gate
value along the lines of “Function A equates to five equivalent
gates; function B equates to three equivalent gates ...” The
next step is to count all of the instances of each function, con-
vert them into their equivalent gate values, sum all of these
values together, and proudly proclaim, “My ASIC contains 10
million equivalent gates, which makes it much bigger than your
ASIC!”

Unfortunately, nothing is simple because the definition of
what actually constitutes an equivalent gate can vary depend-
ing on whom one is talking to. One common convention is for
a 2-input NAND function to represent one equivalent gate.
Alternatively, some vendors define an equivalent gate as
equaling an arbitrary number of transistors. And a more eso-
teric convention defines an ECL equivalent gate as being
“one-eleventh the minimum logic required to implement a
single-bit full adder” (who on earth came up with this one?).
As usual, the best policy here is to make sure that everyone is
talking about the same thing before releasing your grip on your
hard-earned money.

And so we come to FPGAs. One of the problems FPGA
vendors run into occurs when they are trying to establish a
basis for comparison between their devices and ASICs. For
example, if someone has an existing ASIC design that con-
tains 500,000 equivalent gates and he wishes to migrate this
design into an FPGA implementation, how can he tell if his
design will fit into a particular FPGA. The fact that each
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1837: England 4-input LUT can be used to represent anywhere between one
Sir Charles Wheatstone . o .
and Sir William and more than twenty 2-input primitive logic gates makes

Fothergill Cooke patent | such a comparison rather tricky.

::Fe;i:’aer;ﬂeedle electric In order to address this issue, FPGA vendors started talk-
' ing about system gates in the early 1990s. Some folks say that

this was a noble attempt to use terminology that ASIC

designers could relate to, while others say that it was purely a

marketing ploy that didn’t do anyone any favors.

Sad to relate, there appears to be no clear definition as to
exactly what a system gate is. The situation was difficult
enough when FPGAs essentially contained only generic pro-
grammable logic in the form of LUTs and registers. Even
then, it was hard to state whether or not a particular ASIC
design containing x equivalent gates could fit into an FPGA
containing vy system gates. This is because some ASIC designs
may be predominantly combinatorial, while others may make
excessively heavy use of registers. Both cases may result in a
suboptimal mapping onto the FPGA.

The problem became worse when FPGAs started contain-
ing embedded blocks of RAM, because some functions can be
implemented much more efficiently in RAM than in general-
purpose logic. And the fact that LUTs can act as distributed
RAM only serves to muddy the waters; for example, one ven-
dor’s system gate count values now include the qualifier,
“Assumes 20 percent to 30 percent of LUTs are used as
RAM.” And, of course, the problems are exacerbated when
we come to consider FPGAs containing embedded processor
cores and similar functions, to the extent that some vendors
now say, “System gate values are not meaningful for these
devices.”

[s there a rule of thumb that allows you to convert system
gates to equivalent gates and vice versa! Sure, there are lots of
them! Some folks say that if you are feeling optimistic, then
you should divide the system gate value by three (in which
case three million FPGA system gates would equate to one
million ASIC equivalent gates, for example). Or if you're feel-

ing a tad more on the pessimistic side, you could divide the
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system gates by five (in which case three million system gates 1842: England
Joseph Henry

would equate to 600,000 equivalent gates). discovers that an

However, other folks would say that the above is only true | electrical spark

if you assume that the system gates value encompasses all of between two

he f ) h ol ino both th 1 conductors is able to
the functions that you can implement using both the general- | 14,,ce magnetism in
purpose programmable logic and the block RAMs. These folks | needles—this effect is
would go on to say that if you remove the block RAMs from detected at a distance

. . of 30 meters.

the equation, then you should divide the system gates value by

ten (in which case, three million system gates would equate to
only 300,000 equivalent gates), but in this case you still have
the block RAMs to play with ... arrggghhhh!

Ultimately, this topic spirals down into such a quagmire
that even the FPGA vendors are trying desperately not to talk
about system gates any more. When FPGAs were new on the
scene, people were comfortable with the thought of equivalent
gates and not so at ease considering designs in terms of LUTs,
slices, and the like; however, the vast number of FPGA designs
that have been undertaken over the years means that engi-
neers are now much happier thinking in FPGA terms. For this
reason, speaking as someone living in the trenches, I would
prefer to see FPGAs specified and compared using only simple
counts of:

m  Number of logic cells or logic elements or whatever
(which equates to the number of 4-input LUTs and
associated flip-flops/latches)

m  Number (and size) of embedded RAM blocks

»  Number (and size) of embedded multipliers

»  Number (and size) of embedded adders

»  Number (and size) of embedded MACs

m etc.

Why is this so hard? And it would be really useful to take a
diverse suite of real-world ASIC design examples, giving their
equivalent gate values, along with details as to their
flops/latches, primitive gates, and other more complex func-
tions, then to relate each of these examples to the number of
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1842: Scotland. LUTs and flip-flops/latches required in equivalent FPGA
Alexander Bail , , .

demonstrates first implementations, along with the amount of embedded RAM
electromechanical and the number of other embedded functions.

means to capture,
transmit, and reproduce
an image.

Even this would be less than ideal, of course, because one
tends to design things differently for FPGA and ASIC targets,
but it would be a start.

FPGA years

We've all heard it said that each year for a dog is equiva-
lent to seven human years, the idea being that a 10-year-old
pooch would be 70 years old in human terms. Thinking like
this doesn’t actually do anyone much good. On the other
hand, it does provide a useful frame of reference so that when
your hound can no longer keep up with you on a long walk,
you can say, “Well, it’s only to be expected because the poor
old fellow is almost 100 years old” (or whatever).

Similarly, in the case of FPGAs, it may help to think that
one of their years equates to approximately 15 human years.
Thus, if you’re working with an FPGA that was only intro-
duced to the market within the last year, you should view it as
a teenager. On the one hand, if you have high hopes for the
future, he or she may end up with a Nobel Peace Prize or as
the President of the United States. On the other hand, the
object of your affections will typically have a few quirks that
you have to get used to and learn to work around.

By the time an FPGA has been on the market for two
years (equating to 30 years in human terms), you can start to
think of it as reasonably mature and a good all-rounder at the
peak of its abilities. After three years (45 years old), an FPGA
is becoming somewhat staid and middle-aged, and by four
years (60 years old). you should treat it with respect and make
sure that you don’t try to work it like a carthorse!
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Chapter

5

A 4
Programming (Configuring)
an FPGA

Weasel words

Before plunging headfirst into this topic, it’s probably
appropriate to preface our discussions with a few “weasel
words” (always remember the saying, “Eagles may soar, but
weasels rarely get sucked into jet engines at 10,000 feet!”).

The point is that each FPGA vendor has its own unique
terminology and its own techniques and protocols for doing
things. To make life even more exciting, the detailed mecha-
nisms for programming FPGAs can vary on a family-by-family
basis. For these reasons, the following discussions are intended
to provide only a generic introduction to this subject.

Configuration files, etc.

Section 2 of this book describes a variety of tools and flows
that may be used to capture and implement FPGA designs.
The end result of all of these techniques is a configuration file
(sometimes called a bit file), which contains the information
that will be uploaded into the FPGA in order to program it to
perform a specific function.

In the case of SRAM-based FPGAs, the configuration file
contains a mixture of configuration data (bits that are used to
define the state of programmable logic elements directly) and
configuration commands (instructions that tell the device what
to do with the configuration data). When the configuration
file is in the process of being loaded into the device, the infor-
mation being transferred is referred to as the configuration
bitstream.
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1843: England. E’-based and FLASH-based devices are programmed in a
Augusta Ada Lovelace L ) ) .
publishes her notes similar manner to their SRAM-based cousins. By comparison,
explaining the concept | in the case of antifuse-based FPGAs, the configuration file

of a computer. predominantly contains only a representation of the configu-

ration data that will be used to grow the antifuses.

Configuration cells

The underlying concept associated with programming an
FPGA is relatively simple (i.e., load the configuration file into
the device). It can, however, be a little tricky to wrap one’s
brain around all of the different facets associated with this
process, so we'll start with the basics and work our way up.
Initially, let’s assume we have a rudimentary device consisting
only of an array of very simple programmable logic blocks sur-
rounded by programmable interconnect (Figure 5-1).

I, 2L Eiy

-

“\\ Programmable
" interconnect

Programmable
| — | logic blocks

ii “ el

i el

Figure 5-1. Top-down view of simple FPGA architecture.

Any facets of the device that may be programmed are
done so by means of special configuration cells. The majority
of FPGAs are based on the use of SRAM cells, but some
employ FLASH (or E?) cells, while others use antifuses.

[rrespective of the underlying technology, the device’s
interconnect has a large number of associated cells that can be
used to configure it so as to connect the device’s primary
inputs and outputs to the programmable logic blocks and
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these logic blocks to each other. (In the case of the device’s
primary I/Os, which are not shown in Figure 5-1, each has a
number of associated cells that can be used to configure them
to accommodate specific I/O interface standards and so forth.)

For the purpose of this portion of our discussions, we shall
assume that each programmable logic block comprises only a LUT is pronounced to
4-input LUT, a multiplexer, and a register (Figure 5-2). The thyme with “nut.”
multiplexer requires an associated configuration cell to specify
which input is to be selected. The register requires associated
cells to specify whether it is to act as an edge-triggered flip-flop
(as shown in Figure 5-2) or a level-sensitive latch, whether it is
to be triggered by a positive- or negative-going clock edge (in
the case of the flip-flop option) or an active-low or active-high
enable (if the register is instructed to act as a latch), and
whether it is to be initialized with a logic O or a logic 1. Mean-
while, the 4-input LUT is itself based on 16 configuration
cells.

4-input
LUT

mux

cloci j i -L

Figure 5-2. A very simple programmable logic block.

o O T o

flip-flop

Antifuse-based FPGAs

In the case of antifuse-based FPGAs, the antifuse cells can
be visualized as scattered across the face of the device at strate-
gic locations. The device is placed in a special device
programmer, the configuration (bit) file is uploaded into the
device programmer from the host computer, and the device
programmer uses this file to guide it in applying pulses of rela-
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FLASH (and E*-based
devices are typically pro-
grammed in a similar
manner to their SRAM
cousins.

Unlike SRAM-based
FPGAs, FLASH-based
devices are nonvolatile.

They retain their configu-

ration when power is
removed from the sys-
tem, and they don’t need
to be reprogrammed
when power is reapplied
to the system (although
they can be if required).

Also, FLASH-based
devices can be pro-
grammed in-system (on
the circuit board) or
outside the system by
means of a device
programmer.

This book belongs to Lee Bernstein (rachel.girts@haynesboone.com)

tively high voltage and current to selected pins to grow each
antifuse in turn.

A very simplified way of thinking about this is that each
antifuse has a “virtual” x-y location on the surface of the chip,
where these x-y values are specified as integers. Based on this
scenario, we can visualize using one group of I/O pins to repre-
sent the x value associated with a particular antifuse and
another group of pins to represent the y value. (Things are
more complicated in the real world, but this is a nice way to
think about things that doesn’t tax our brains too much.)

Once all of the fuses have been grown, the FPGA is
removed from the device programmer and attached to a cir-
cuit board. Antifuse-based devices are, of course, one-time
programmable (OTP) because once you've started the program-
ming process, you're committed and it’s too late to change
your mind.

SRAM-based FPGAs

For the remainder of this chapter we shall consider only
SRAM-based FPGAs. Remember that these devices are vola-
tile, which means that they have to be programmed in-system
(on the circuit board), and they always need to be repro-
grammed when power is first applied to the system.

From the outside world, we can visualize all of the SRAM
configuration cells as comprising a single (long) shift register.
Consider a simple bird’s-eye view of the surface of the chip
showing only the I/O pins/pads and the SRAM configuration
cells (Figure 5-3).

As a starting point, we shall assume that the beginning
and end of this register chain are directly accessible from the
outside world. However, it’s important to note that this is
only the case when using the configuration port programming
mechanism in conjunction with the serial load with FPGA as
master or serial load with FPGA as slave programming modes, as
discussed below.

Also note that the configuration data out pin/signal shown
in Figure 5-3 is only used if multiple FPGAs are to be config-
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Figure 5-3. Visualizing the SRAM cells as a long shift register.

ured by cascading (daisy-chaining) them together or if it is
required to be able to read the configuration data back out of
the device for any reason.

The quickness of the hand deceives the eye

[t isn’t really necessary to know this bit, so if you're in a
hurry, you can bounce over into the next section, but I found
this interesting and thought you might find it to be so also. As
figure 5-3 shows, the easiest way to visualize the internal
organization of the SRAM programming cells is as a long shift
register. If this were really the case, then each cell would be
implemented as a flip-flop, and all of the flop-flops in the
chain would be driven by a common clock.

The problem is that an FPGA can contain a humongous
number of configuration cells. By 2003, for example, a reasona-
bly high-end device could easily contain 25 million such cells!
The core of a flip-flop requires eight transistors, while the core
of a latch requires only four transistors. For this reason, the
configuration cells in an SRAM-based FPGA are formed from
latches. (In our example device with 25 million configuration
cells, this results in a saving of 100 million transistors, which is
nothing to sneeze at.)

This book belongs to Lee Bernstein (rachel.girts@haynesboone.com)

103

Programming an FPGA
can take a significant
amount of time. Consider
a reasonably high-end
device containing 25 mil-
lion SRAM-based
configuration cells. Pro-
gramming such a device
using a serial mode and a
25 MHz clock would take
one second. This isn’t too
bad when you are first
powering up a system,
but it means that you
really don’t want to keep
on reconfiguring the
FPGA when the system is
in operation.

Copyright Elsevier 2023

Ex. 1028

CISCO SYSTEMS, INC. / Page 61 of 72



104 m The Design Warrior's Guide to FPGAs

1843: England.

Sir Charles Wheatstone
and Sir William
Fothergill Cooke patent
the 2-needle electrical
telegraph.

The problem is that you can’t create a shift register out of
latches (well, actually you can, as is discussed a little later in
this chapter, but not one that’s 25 million cells long). The
way the FPGA vendors get around this is to have a group of
flip-flops—say 1,024—sharing a common clock and config-
ured as a classic shift register. This group is called a frame.

The 25 million configuration cells/latches in our example
device are also divided up into frames, each being the same
length as the flip-flop frame. From the viewpoint of the out-
side world, you simply clock the 25 million bits of
configuration data into the device. Inside the device, how-
ever, as soon as the first 1,024 bits have been serially loaded
into the flop-flop frame, special-purpose internal circuitry
automatically parallel copies/loads this data into the first latch
frame. When the next 1,024 bits have been loaded into the
flip-flop frame, they are automatically parallel copied/loaded
into the second latch frame, and so on for the rest of the
device. (The process is reversed when data is read out of
the device.)

Programming embedded (block) RAMs, distributed
RAMs, etc.

In the case of FPGAs containing large blocks of embedded
(block) RAM, the cores of these blocks are implemented out
of SRAM latches, and each of these latches is a configuration
cell that forms a part of our “imaginary” register chain (as dis-
cussed in the previous section).

One interesting point is that each 4-input LUT (see
Figure 5-2) can be configured to act as a LUT, as a small
(16 x 1) chunk of distributed RAM, or as a 16-bit shift regis-
ter. All of these manifestations employ the same group of 16
SRAM latches, where each of these latches is a configuration
cell that forms a part of our imaginary register chain.

“But what about the 16-bit shift register incarnation,” you
cry. “Doesn’t this need to be implemented using real flip-
flops?” Well, that’s a good question—I'm glad you asked. In
fact, a trick circuit is employed using the concept of a capaci-
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1844: America.
Morse Telegraph
connects Washington
transistors, resistors, and capacitors in the early 1960s). and Baltimore.

tive latch that prevents classic race conditions (this is pretty
much the same way designers built flip-flops out of discrete

Multiple programming chains

Figure 5-3 shows the configuration cells presented as a sin-
gle programming chain. As there can be tens of millions of
configuration cells, this chain can be very long indeed. Some
FPGAs are architected so that the configuration port actually
drives a number of smaller chains. This allows individual por-
tions of the device to be configured and facilitates a variety of
concepts such as modular and incremental design (these con-
cepts are discussed in greater detail in Section 2).

Quickly reinitializing the device

As was previously noted, the register in the programmable
logic block has an associated configuration cell that specifies
whether it is to be initialized with a logic O or a logic 1. Each
FPGA family typically provides some mechanism such as an
mitialization pin that, when placed in its active state, causes all
of these registers to be returned to their initialization values
(this mechanism does not reinitialize any embedded [block] or

distributed RAMs).

Using the configuration port

The early FPGAs made use of something called the
configuration port. Even today, when more sophisticated tech-
niques are available (like the JTAG interface discussed later in
this chapter), the configuration port is still widely used because
it’s relatively simple and is well understood by stalwarts in the
FPGA fraternity.

We start with a small group of dedicated configuration mode
pins that are used to inform the device which configuration
mode is going to be used. In the early days, only two pins were
employed to provide four modes, as shown in Table 5-1.

Note that the names of the modes shown in this
table—and also the relationship between the codes on the
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1845: England.

Michael Faraday
discovers the rotation of
polarised light by
magnetism.
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Mode Pins Mode

=etial load with FPGA as master
etial load with FPGA as slave
Farallel load with FPGA as master
Farallel load with FPGA as slave

Table 5-1. The four original configuration modes

mode pins and the modes themselves—are intended for use
only as an example. The actual codes and mode names vary
from vendor to vendor.

The mode pins are typically hardwired to the desired logic
0 and logic 1 values at the circuit board level. (These pins can
be driven from some other logic that allows the programming
mode to be modified, but this is rarely done in practice.)

In addition to the hard-wired mode pins, an additional pin
is used to instruct the FPGA to actually commence the con-
figuration, while yet another pin is used by the device to
report back when it’s finished (there are also ways to deter-
mine if an error occurred during the process). This means that
in addition to configuring the FPGA when the system is first
powered up, the device may also be reinitialized using the
original configuration data, if such an occurrence is deemed
necessary.

The configuration port also makes use of additional pins to
control the loading of the data and to input the data itself.
The number of these pins depends on the configuration mode
selected, as discussed below. The important point here is that
once the configuration has been completed, most of these pins
can subsequently be used as general-purpose 1/O pins (we will
return to this point a little later).

Serial load with FPGA as master
This is perhaps the simplest programming mode. In the

early days, it involved the use of an external PROM. This was
subsequently superceded by an EPROM, then an E?’PROM,
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and now—most commonly—a FLASH-based device. This 1845: England.
First use of the

special-purpose memory component has a single data output electronic telegraph to
pin that is connected to a configuration data in pin on the help apprehend a

FPGA (Figure 5-4). criminal.

). Control FPGA
Al "

Configuration data in
» Cdata In

Cdata Out
¢7

Configuration
data out

Figure 5-4. Serial load with FPGA as master.

Memory
Device

The FPGA also uses several bits to control the external
memory device, such as a reset signal to inform it when the
FPGA is ready to start reading data and a clock signal to clock
the data out.

The idea with this mode is that the FPGA doesn’t need to
supply the external memory device with a series of addresses.
Instead, it simply pulses the reset signal to indicate that it
wishes to start reading data from the beginning, and then it
sends a series of clock pulses to clock the configuration data
out of the memory device.

The configuration data out signal coming from the FPGA
need only be connected if it is required to read the configura-
tion data from the device for any reason. One such scenario
occurs when there are multiple FPGAs on the circuit board. In
this case, each could have its own dedicated external
memory device and be configured in isolation, as shown in
Figure 5-4. Alternatively, the FPGAs could be cascaded
(daisy-chained) together and share a single external memory

(Figure 5-5).
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Groups of four bits are
also common and are
given the special name
of nybble (sometimes
nibble). The idea is that
“two nybbles make a
byte,” which is a (little)
joke. This goes to show
that engineers do have a
sense of humors; it’s just
not very sophisticated.

When electronics and
computing first started,
defining things was
something of a free-for-
all. The end result was
that different companies
had their own definitions
for things like bytes, and
it was common to see 5-,
6-, 7-, 8-, and even 9-bit
bytes. It was quite some
time before the consen-
sus settled on 8-bit
bytes, at which time eve-
ryone was happy (apart
from those who weren't,
but they don’t count).
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) Control

—) FPGA FPGA

L » Cdata In ——» Cdata In

’— Cdata Out

Figure 5-5. Daisy-chaining FPGAs.

Memory
Device

In this scenario, the first FPGA in the chain (the one con-
nected directly to the external memory) would be configured
to use the serial master mode, while the others would be serial
slaves, as discussed later in this chapter.

Parallel load with FPGA as master

In many respects, this is very similar to the previous mode,
except that the data is read in 8-bit chunks from a memory
device with eight output pins. Groups of eight bits are very
common and are referred to as bytes. In addition to providing
control signals, the original FPGAs also supplied the external
memory device with an address that was used to point to
whichever byte of configuration data was to be loaded next

(Figure 5-6).

), Control FPGA
> "
° g [: Address
>
G2
= Configuration data [7:0
o : E Cdata In[7:0]

Figure 5-6. Parallel load with FPGA as master
(original technique).
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The way this worked was that the FPGA had an internal 1845: England/France.

First telegraph cable is
counter that was used to generate the address for the external | |54 acros% thpe English

memory. (The original FPGAs had 24-bit counters, which Channel.
allowed them to address 16 million bytes of data.) At the
beginning of the configuration sequence, this counter would
be initialized with zero. After the byte of data pointed to by
the counter had been read, the counter would be incremented
to point to the next byte of data. This process would continue
until all of the configuration data had been loaded.

[t’s easy to assume that this parallel-loading technique
offers speed advantages, but it didn’t for quite some time. This
is because—in early devices—as soon as a byte of data had
been read into the device, it was clocked into the internal con-
figuration shift register in a serial manner. Happily, this
situation has been rectified in more modern FPGA families.
On the other hand, although the eight pins can be used as
general-purpose I/O pins once the configuration data has been
loaded, in reality this is less than ideal. This is because these
pins still have the tracks connecting them to the external
memory device, which can cause a variety of signal integrity
problems.

The real reason why this technique was so popular in the
days of yore is that the special-purpose memory devices used in
the serial load with FPGA as master mode were quite expensive.
By comparison, this parallel technique allowed design engi-
neers to use off-the-shelf memory devices, which were much
cheaper.

Having said this, special-purpose memory devices created
for use with FPGAs are now relatively inexpensive (and being
FLASH-based, they are also reusable). Thus, modern FPGAs
now use a new variation on this parallel-loading technique. In
this case, the external memory is a special-purpose device that
doesn’t require an external address, which means that the
FPGAs no longer requires an internal counter for this purpose
(Figure 5-7).

As for the serial mode discussed earlier, the FPGA simply
pulses the external memory device’s reset signal to indicate
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1846: Germany.
Gustav Kirchhoff
defines Kirchoff’s laws
of electrical networks.

Control FPGA

-
E

Memory
Device

Configuration data [7 :Q‘l
Cdata In[7:0

Figure 5-7. Parallel load with FPGA as the master
(modern technique).

that it wishes to start reading data from the beginning, and
then it sends a series of clock pulses to clock the configuration
data out of the memory device.

Parallel load with FPGA as slave

The modes discussed above, in which the FPGA is the
master, are attractive because of their inherent simplicity and
also because they only require the FPGA itself, along with a
single external memory device.

However, a large number of circuit boards also include a
microprocessor, which is typically already used to perform a
wide variety of housekeeping tasks. In this case, the design
engineers might decide to use the microprocessor to load the

FPGA (Figure 5-8).

E3 st

== E 3
E _Control‘ll r I; ‘r r l;
2 | (
Qo Address
o I | FPGA
2 | (

ala

S | Cdata In[7:0]
=

Figure 5-8. Parallel load with FPGA as slave.
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The idea here is that the microprocessor is in control. The
microprocessor informs the FPGA when it wishes to com-
mence the configuration process. It then reads a byte of data
from the appropriate memory device (or peripheral, or what-
ever), writes that data into the FPGA, reads the next byte of
data from the memory device, writes that byte into the FPGA,
and so on until the configuration is complete.

This scenario conveys a number of advantages, not the
least being that the microprocessor might be used to query the
environment in which its surrounding system resides and to
then select the configuration data to be loaded into the FPGA
accordingly.

Serial load with FPGA as slave

This mode is almost identical to its parallel counterpart,
except that only a single bit is used to load data into the
FPGA (the microprocessor still reads data out of the memory
device one byte at a time, but it then converts this data into a
series of bits to be written to the FPGA).

The main advantage of this approach is that it uses fewer
[/O pins on the FPGA. This means that—following the con-
figuration process—only a single I/O pin has the additional
track required to connect it to the microprocessor’s data bus.

Using the JTAG port

Like many other modern devices, today’s FPQAS are JTAG is pronounced by
equipped with a JTAG port. Standing for the Joint Test Action | ‘spelling out the “J,” fol-
Group and officially known to engineers by its IEEE 1149.1 lowed by “tag” to rhyme
specification designator, JTAG was originally designed to with "bag.”
implement the boundary scan technique for testing circuit
boards and ICs.

A detailed description of JTAG and boundary scan is
beyond the scope of this book. For our purposes here, it is suffi-
cient to understand that the FPGA has a number of pins that
are used as a JTAG port. One of these pins is used to input
JTAG data, and another is used to output that data. Each of
the FPGAs remaining I/O pins has an associated JTAG regis-
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1847: England.
George Boole publishes
his first ideas on
symbolic logic.
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ter (a flip-flop), where these registers are daisy-chained
together (Figure 5-9).

JTAG data outﬁ — JTAG data in

e

From previous
JTAG flip-flop

|

|~ Input pad

To internal

. <+
logic .

Input pin from
outside world

JTAG flip-flops

From internal ha| Output pin to
logic T outside world
* \
To next
JTAG flip-flop

- Output pad

Figure 5-9. JTAG boundary scan registers.

The idea behind boundary scan is that, by means of the
JTAG port, it’s possible to serially clock data into the JTAG
registers associated with the input pins, let the device (the
FPGA in this case) operate on that data, store the results from
this processing in the JTAG registers associated with the out-
put pins, and, ultimately, to serially clock this result data back
out of the JTAG port.

However, JTAG devices also contain a variety of addi-
tional JTAG-related control logic, and, with regard to
FPGAs, JTAG can be used for much more than boundary
scans. For example, it’s possible to issue special commands
that are loaded into a special JTAG command register (not
shown in Figure 5-9) by means of the JTAG port’s data-in
pin. One such command instructs the FPGA to connect its
internal SRAM configuration shift register to the JTAG scan
chain. In this case, the JTAG port can be used to program the
FPGA. Thus, today’s FPGAs now support five different pro-
gramming modes and, therefore, require the use of three mode
pins, as shown in Table 5-2 (additional modes may be added
in the future).
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Mode Pins Mode 1850.: England_.
Francis Galton invents

Setial load with FPGEA as master the Teletype printer.

Serial load with FPGA as slave

Parallel load with FPGA as master
Paralle| load with FPGA as slave

Use anly the JTAG port

Table 5-2. Today’s five configuration modes

Note that the JTAG port is always available, so the device
can initially be configured via the traditional configuration
port using one of the standard configuration modes, and it can
subsequently be reconfigured using the JTAG port as required.
Alternately, the device can be configured using only the

JTAG port.

Using an embedded processor

But wait, there’s more! In chapter 4, we discussed the fact
that some FPGAs sport embedded processor cores, and each of
these cores will have its own dedicated JTAG boundary scan
chain. Consider an FPGA containing just one embedded proc-
essor (Figure 5-10).

The FPGA itself would only have a single external JTAG
port. If required, a JTAG command can be loaded via this port
that instructs the device to link the processor’s local JTAG
chain into the device’s main JTAG chain. (Depending on the
vendor, the two chains could be linked by default, in which
case a complementary command could be used to disengage
the internal chain.)

The idea here is that the JTAG port can be used to
initialize the internal microprocessor core (and associated
peripherals) to the extent that the main body of the
configuration process can then be handed over to the core. In
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JTAG data outﬁ — JTAG data in

«— Primary scan chain

L Internal (core) scan chain

Figure 5-10. Embedded processor boundary scan chain.

some cases, the core might be used to query the environment
in which the FPGA resides and to then select the
configuration data to be loaded into the FPGA accordingly.
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