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Figure 8c. Lookahead-carry counters are the highest performance binary counters. However, their complexity can make them
more difficult to implement if they are exceedingly wide.
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Figure 9. Johnson (or Mobius) counters can be thought of as a special form of shift register. Only a single bit
changes during a clock transition. Johnson counters have 2n possible states.
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Figure 10. Johnson counters can have odd modulos (2n-1) by means of adding simple feedback logic.
Feedback logic also converts invalid counter states back into valid counter states.
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Figure 11. Johnson counters can provide decoded signals of various modulos,
duty-cycles, and phase shift from an incoming clock signal.

DIVIDER DUTY-CYCLE  PHASE-SHIFT LOGIC EQUATION
2 50.00 0 ~(Q0 @ Q1 @ Q2)
2 50.00 60 Q0 @ Q1 @ Q1
3 66.67 0 ~(Q1l @ Q2)
3 66.67 60 Q0 @ Q2
3 66.67 240 ~{Q0 @ Q2)
3 33.33 0 QO0*QL*Q2 + ~QO0*~Q1*~Q2
3 33.33 120 QO0*Q1*~Q2 + ~Q0*~Q1*Q2
6 16.67 0 ~Q0 * ~Q2
6 16.67 60 Q0 * ~Q2
6 16.67 120 Q0 * 01
6 16.67 180 Q0 * Q2
6 16.67 240 ~Q0 * Q1
6 16.67 300 ~Q1 * Q2
6 33.33 0 QL * Q2
6 50.00 0 ~Q2
6 66.67 0 ~(~Q0 * Q2)
6 83.35 0 ~(~Q1 * Q2)
Note: ~ = negation
@ = exclusive OR

Table 2. The clocks of various modulos, duty-cycies, and phase-shifts derived from a three-bit Johnson counter.
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In some designs, only the terminal count of a counter is
used. Binary counters will produce glitches if all of the
counter bits are decoded with a large AND gate.
Johnson counters, however, are inherently glitch-free
for simple AND decoding. Again by mixing the two
types, a glitch-free decoded terminal count is produced.
This is accomplished by using the Johnson counter
outputs as part of the terminal count decoding circuitry,

as shown in Eigure 12.

LINEAR FEEDBACK SHIFT REGISTER
(LFSR) COUNTERS

Linear Feedback Shift Registers (LFSR) counters (also
called polynomial, or pseudo-random, or full-cycle
counters), are another special type of shift register.
Although an LFSR counter is similar in some ways to a
Johnson counter, there is one imponant difference.
Johnson counters can count to a maximum of 2n
possible states. An LFSR counter, however, has nearly
the same capability of a binary counter since it can count
to 2"—1 possible states (the difference between binary
and LFSR counters becomes insignifigant at high
modulos).

The counting sequence is the major difference
between a binary counter and an LFSR counter. The
counting sequence of an LFSR counter is non-binary
and essentially pseudorandom (the pseudo random
behavior of LFSR counters can be used to build
encryption and decryption circuits as done in the Xilinx
application note, A UART Design Example).

LFSRs also have simple placement and routing, much
like Johnson counters. Fast LFSRs are also possible,
since the primary delay derives from decoding the
feedback from the various counter bits. Although not all
LFSRs will operate at the same maximum frequency as a
Johnson counter, they will have superior performance
to binary counters of nearly the same modulo. If the
LFSR counts to 2"-1 instead of some lower modulo, it
can operate near the toggle frequency of the device. If
the LFSR counts to some lower modulo, the exira
required logic lowers the overall performance.

Like shift registers and Johnson counters, an LFSR
counter can be built using only the registers in the
Input/Output Blocks (IOBs) of the LCA and a few CLBs.
This is discussed in detail in the Xilinx application note,
The Ins and Outs of Input/Output Blocks in Logic Cell
Arrays.

An n-bit LFSR counter can produce a pseudorandom
sequence of up to 2"-1 unique states. By adding logic

to the feedback path, the LFSR counter can be forced
to skip any number of states (from one to 2"-1). By
forcing the counter to skip M states, a LFSR counter can
implement any modulo as described in Equation 4.

MODULO = (2"-1)-M [4]
where

= number of shift-register bits
M = number of “skipped” states

Eigure 13 shows the counting sequence for a three-bit
LFSR counter with exclusive-NOR (XNOR) feedback.
There are two counter states for which only the first bit
differs (for example, locate the states 101 and 001).
inverting the feedback with an XOR or XNOR gate
causes the counter to “skip” all of the states between
the two indicated values. This can be accomplished by
decoding (ANDing) the state just previous 1o the state to
be skipped. Using this method and the proper
feedback into the leading bit, a counter of any modulo
from one to 2n—1 can be built.

The designer should be careful to avoid the “stuck”
state. The “stuck” state is the state missing from the
2n-1 counting sequence (if the “stuck” state were
included, the LFSR counter could have 2" possible
states). This state occurs when the feedback path
forces the counter into an ever-repeating single state.
As a simple example, assume that a LFSR counter were
built with a two-input exclusive-OR feedback path as
shown in Eigure 14. Upon configuration or external
RESET, the counter would begin operation in the all
zeroes state (000) and would be “stuck” in that state
due to the type of feedback used (0 XOR 0 = 0). Thus,
exclusive-NOR (XNOR) feedback is suggested for LCA
designs since all register are reset upon configuration (0
XNOR 0 = 1).

An interesting thing occurs when all but the first bit of
the “stuck” state is decoded (ANDed together) and
included in the feedback path. Instead of counting over
a possible range of 2P-1 states, the extra decoding
causes the LFSR counter to count to all 2" states.

Wider LFSR counters with higher possible modulos and
more complex feedback mechanisms can be built but
their analysis is well beyond the scope of this application
note. Unfortunately there are no simple rules of
determining which bits to use as feedback or which bits
to decode to derive a specific skipping pattern. The
basic concepts come to digital design via discrete linear
algebra. Table 3 presents some of the possible
feedback combinations for LFSR counters of three bits
to ten bits in length.
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Figure 12. Johnson counters are useful for implementing clock dividers or counter pre-scalars within an LCA.
Decoding their states with a two-input AND function provides glitch-free outputs. Johnson counters can
operate at nearly the toggle rate of the LCA.
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Figure 13. The counting sequence for a three-bit LFSR using XNOR {exclusive-
NOR) feedback. All of the possible “skip” paths are indicated. Also shown is the
“stuck” state.
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Figure 14. A simple XOR LFSR counter which will be “stuck” in state 000 after configuration since all registers are reset.
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DESIGN EXAMPLE 8. A modulo five Linear Feedback
Shift Register (LFSR) counter.

Eigure 15 shows the schematic for a three-bit LFSR
counter which implements a modulo-five (divide by five)
counter. To generate a modulo five output from a three-
bit LFSR counter, two states must be skipped as
indicated by Equation 4. The initial state from which the
counter can jump two states is 101. By decoding the
state (011) just prior the initial skip state (101), the sense
of the feedback into the first bit can be inverted when
fed into the XNOR feedback path. In operation, the
counter will skip from state 011 to state 001, thus
implementing a modulo five counter.

The registers within the counter will initialize to state 000
after configuration or after RESET is asserted. The
counter sequence never enters the “stuck” state (111)
because of the XNOR feedback.

DESIGN EXAMPLE 9. Adding another state to a Linear
Feedback Shift Register.

Linear Feedback Shift Registers can normally only count
to 2n-1 possible states. However, with the addition of a
small amount of additional logic, an LFSR counter will
instead count to the full 2" states. This gives the LFSR
counter the same capability as a full binary counter. To
give the LFSR an additional counter state, all but the last
bit of the “stuck” state is decoded and included in the
feedback path. Again, a three-bit LFSR counter will be
used as an example.

The “stuck” state for an XNOR feedback LFSR counter
is the all ones state or 111. To make a three-bit LFSR
counter count to eight instead of seven, all but the last
bit of the “stuck” state must be decoded (ANDed
together) and included as part of the XNOR feedback.

@n-1) | 7|15 31 83| 127 | 255 |[511| 1023
Modulo

Feed- 13114 25| 16| 1,7 | 1278 49| 3,10
back 23|34| 35| 56| 3,7 59 7,10
Options 47
into Bit 1 6,7

Table 3. Possible feedback combinations for LFSR counters

of three to ten bits in length.

This circuit is shown in Eigure 17. The LFSR counter
begins operation as it normally would if it did not have
the extra logic. The additional state is inserted just after
state 110. The extra decoding inverts the sense of the
feedback to produce the additional state 111. In the
previous example, state 111 was the “stuck” state.
However, the additional logic again inverts the normal
sense of the feedback to produce state 011. From
there, the LFSR counts as it normally would except that
it now is a modulo eight counter instead of a modulo
seven counter as it would be without the extra logic.
Notice the new counting sequence which is also shown

in Eigure 16.

The macro library included with the Xilinx XACT
Development System includes another LFSR counter
which is a modulo 256 counter with clock enable and
reset-direct. This macro can be found in the macro
library under C256FC-rd.

UP/DOWN COUNTERS

Another form of digital counter is the UP/DOWN
counter. In operation, a counter bit will toggle either if all
of the previous counter bits are HIGH and the direction is
UP, or if all of the previous counter bits are LOW and the
direction is DOWN. Therefore each CLB or counter bit
of an UP/DOWN counter must:

e Toggle Qn if all Q0 to Qn—1 are HIGH
and direction is UP, or

¢ Toggle Qn if all Q0 to Qn~1 are LOW
and direction is DOWN

Adding clock enable, reset, parallel enable and various
other control inputs can make the algorithm for the
counter fairly complex. Since an UP/DOWN counter is
complex to begin with, every effort should be made to
minimize the number of control signals required for the
design. For example, if the counter only need be reset
at initialization, use the fact that all registers within the
LCA are reset upon configuration. Whenever possible,
build ripple-carry UP/DOWN counters, as opposed to
lookahead-carry types.

DESIGN EXAMPLE 10. A 13-bit binary UP/DOWN
counter with synchronous RESET.

This design example describes two possible imple-
mentations of the same counter function. One
implementation is performance-driven and therefore
requires a lookahead-carry UP/DOWN counter. In the
second, the amount of resources required for the
counter function are minimized by using a ripple-carry
UP/DOWN counter.
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Figure 15. A modulo-five Linear Feedback Shift Register (LFSR). The counting sequence
for an LFSR counter is a non-binary, pseudo-random pattern.
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For maximum performance with a binary counter, a
lookahead-carry implementation should be used. The
‘general algorithm for binary lookahead-carry UP/DOWN
counters is described in Equation 5.

Assumptions:

s RESET is active HIGH
¢ Direction is UP/DOWN

Equation:

Q0 = RESET - Q0 o (5]
Q1 = RESET - [Q1 @ {(UP » Q0) + (UP - Q0)}]
Q2 = RESET+ [Q2 @ {(UP + Q0 - Q1)

+(UP-Q0 - Q1)}]

Qn=RESET-[Qn@ {(UP- Q0 - ...
+({UP<Q0-... «Qn-1)}]

* Qn-1)

As shown by the general equation, an UP/DOWN
counter quickly becomes more complex with each
additional bit. This example does not include the other
possible control signals such as clock enable or parallel
enable. If a 13-bit binary UP/DOWN counter with
lookahead carry and RESET were built in either the
XC2064 or XC2018, it would require an estimated 42
Configurable Logic Blocks! However, using the =70 (70
MHz) speed grade device, the 13-bit UP/DOWN counter
can operate at 15 MHz.

If minimizing LCA resources is the goal, a ripple-carry
implementation should be used. In a ripple-carry
UP/DOWN counter, all of the required logic can fit into a
single CLB. The general equation for a single-bit ripple-
carry UP/DOWN counter is indicated in Equation 6.

Qn = RESET + [Qn @ {(UP + Qn~1) [6].
+ (UP+ Qn-1)}]

COUNTERA
MODULO 2 3 4 5 6 7 8 {9

o 3| 6| |12|15] lorfaa}
E a o l20|12]28] |36
3 5 |0 | 35|40 ]as
© 6 0] |42)2a]18

7 {14 |21|28 35|42 | |56]es3

Table 4. Heterodyne Counter can be built from two
counters (counter A and counter B) with different modulos

By cascading multiple single-bit counter segments, the
13-bit UP/DOWN counter can be built with only 13
CLBs. However, it will have lower performance than the
lookahead-carry version.

Generally it is best to limit lookahead-carry UP/DOWN
counters to a reasonable number of counter bits. With
more than ten counter bits, a lookahead-carry
UP/DOWN counter starts to consume a great deal of
resources. |f possible, UP/DOWN counters should be
built with cascaded counter segments. The counter
Segments can be larger than the single-bit
implementation shown in Design Example 11 in order to
increase performance.

HETERODYNE COUNTERS

Another class of counter is the heterodyne counter. In
this category, the terminal counts of two or more
counters with different modulos combine to produce a
counter of yet another modulo. The AND decoded
terminal counts from the first set of counters combine in
such a way as to produce an additional counter with a
modulo equal to the least common multiple of the
counters as described in Equation 7.

MODULO X =L.C.M. (MODULOYY, 71
MODULO Z, ... MODULO n)

For example, the terminal counts from a modulo-three
counter and a modulo-four counter can be combined to
form a modulo-twelve counter (the least common
multiple of three and four). This kind of counter can be
useful in designs where two other counter modulos
already exist or in designs where a counter of one
modulo exists and a second counter can be built with
few additional resources. To make use of an existing
counter, the added counter must have the same clock
input as the existing counter.

None of the first set of counters should have a modulo
which is a multiple of the other. For example, a modulo-
two counter combined with a modulo-four counter only
produces a modulo-four counter instead of a modulo-
eight as might be thought. This occurs because four is a
multiple of two and the least common multiple of both
numbers is still four.

The counters used to implement a heterodyne counter
may be of different types. For example, a binary
lookahead-carry counter can be combined with a
Johnson counter or a Johnson counter with a LFSR
counter.

Table 4 indicates just a few of the various modulos
available by building heterodyne counters using two
counters with the indicated modulos. The blank areas
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indicate counter combinations which are not applicable

such as cases in which one modulo is a multiple of the
other.

DESIGN EXAMPLE 11. A modulo-15 heterodyne
counter.

Assume a design requires a modulo-15 counter. Also
assume that a modulo-5 LFSR counter is already
required for another portion of logic. Luckily the modulo-
5 counter uses the same clock input that the modulo-15
counter requires. Instead of building an entire modulo-
15 counter which will require at least four CLBs just for

registers, a modulo-15 heterodyne counter can be built.

with only two additional CLBs.

From Table 4, a modulo-15 counter can be built with a
modulo-5 counter and a modulo-3 counter. In the case
of the hypothetical design, the modulo-5 counter al-
ready exists. Only a modulo-3 counter need be added.

The best method to implement a modulo three counter
is with a Johnson counter. The placement and routing is
simple, and it can operate at high frequencies. Figure
17a shows the schematic for the modulo-15 heterodyne
counter built from one existing counter and one new
counter.  Figure 17b shows the timing diagram
generated by this combination of counters. Notice that
both counters coincidently generate a terminal count
after fifteen clock cycles and do so only every fifteen
clock cycles.

SUMMARY

The flexible array architecture of a Xilinx Logic Cell Array
(LCA) allows various implementations of digital counters.
This flexibility frees the designer from the limitations
imposed by both 74-series devices and the sum-of-

products architectures found in Programmable Logic
Arrays (PLAs).

This application note described several counters
applicable to Logic Cell Array designs. These counter
types included common binary, Johnson, Linear
Feedback Shift Register, and heterodyne counters.

By choosing the appropriate counter for a given appli-
cation, a designer can optimize both resource efficiency
(the routing and logic required for a function) and overall
performance. Resource efficiency is increased when
implementing only the required function and not

substituting a one-for-one logic replacement for another
logic technology.

Table 5§ lists the various counter types and associated
comments. It should prove helpful when determining
which counter to use for an application. In some
applications, overall performance may be the critical
need. With others, absolute resource efficiency may by
required. With more than one possible implementation
available, the designer can tailor the logic to custom-fit
his application instead of wasting resources on circuitry
that is not used for his application.

TECHNICAL SOURCES:

1. Messina, A. Considerations for Non-Binary Counter

Applications. Computer Design, November 1972. pp.
99-101.
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Figure 17a. A modulo-15 heterodyne counter built from a
modulo-5 LFSR Counter and a modulo-3 Johnson counter
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Figure 17b. Timing diagram for the modulo-15 heterodyne counter. Notice that the terminal counts from the first two counters
combine to produce a third terminal count every fifteen clock cycles.
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NON-BINARY

COUNTING BINARY
STYLE
Counter Type Ripple Ripple-Carry Lookahead-Carry Johnson Linear Feedback
Shift Register
Modulo 2N 2N 2N 2N 2N
CLB Efficiency Excellent Good Good-Fair Good below modulo 6 Good
Decreases slowly
with increasing modulo Poor above modulo 12
Routing Efficiency Excellent Good Good-Fair Excellent Good
Decreases with
increasing modulo
Performance Very poor Fair Good Excellent Good
1 CLB delay per Decreases with Gradually decreases One CLB delay Gradually decreasing
counter bit increasing modulo with increasing modulo with increasing modulo
Best-Use Not suggested General binary Higher-performance Very high- Higher-performance
Use only where Counters with binary counters performance counters counters with
silicon efficiency fair to good with low modulo large modulos
demands performance
Advantage(s) Low resource Easy to use with Highest performing Very high-performance Good performance
requirements macro library binary counter Easy routing at high modulos
Easy routing Good, all-around Glitch-free decoding
counters
Disadvantage(s) Asynchronous Decreasing Requires additional Low register Non-binary,
Slow performance with logic and routing efficiency above pseudo-random

increasing modulo

resources

modulo 12

counting sequence

Table 4. A summary of the various counter types and their applications in LCA designs.

IStéven K. Knann. Prevailina Technoloav. Inc. (httn://www.nprevailina-technoloav.com)
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