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A new approach for ROM implementation of finite state machines
(FSMs) is proposed, based on the selection of a subset of inputs in
each state using multiplexers. This technique has been applied to
different FSM standard benchmarks and very good results have been
obtained.

Introduction: The growing interest in the implementation of finite
state machines (FSMs) based on ROM has been motivated by the
inclusion of embedded memory blocks in modern field programmable
gate array (FPGA) devices. In many cases, these resources are not
used and can be exploited to implement sequential circuits, saving
logic cells for other purposes [1, 2]. However, in a ROM-based FSM
implementation, the size of the required memory increases exponen-
tially with the number of inputs and state encoding bits. This aspect is
critical because little FSMs may require more memory than available
in the FPGA.

Different techniques for reducing the amount of memory used by a
ROM-based FSM implementation have been reported in the literature
[2, 3]. They make use of additional resources to reduce the ROM size.
Some techniques, which are applied to microcode optimisation, exploit
the fact that not all inputs of an FSM have influence in all states. Only
the inputs that have influence on each state are selected by multiplexing.
Thus, the ROM address space depends on a smaller number of inputs.

A new approach based on input multiplexing is proposed. Besides
reducing the number of inputs, the approach improves the memory
usage reduction by decreasing the number of state encoding bits.
Moreover, an algorithm to simplify the complexity of the multiplexers
is presented. Small multiplexers can be efficiently implemented in
modern FPGA devices [4, 5]. For example, a 32:1 multiplexer occupies
only two configurable logic blocks (CLB) in Xilinx Virtex-II FPGAs
[6]. In some FPGA families, tri-state buffers can be used to implement
multiplexers without consuming logic cells [7].

Approach description: A FSM is a 5-tuple (X, Y, S, f, g) where X, Y
and S are a finite set of input variables, output variables, and states,
respectively; /i XS — S is the transition function and g: XS — Y is the
output function. A FSM can be expressed using a tabular representa-
tion named state transition table (STT). Each row in the STT contains
the 4-tuple (in, ps, ns, out), where in and out are an assignment of the
input and output, respectively; ps is the present state, and ns is the
next state. An STT example is shown in Fig. la.
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Fig. 1 FSM example

a STT representation b ESTT representation
¢ ESTT representation after state encoding bit reduction

A FSM can be implemented using ROM [1]. Fig. 2a shows the
general architecture of the traditional implementation. The ROM
addresses are composed of the encoding present state and the FSM
inputs. The ROM words contain the encoding next state and the FSM
outputs. The amount of memory used by this implementation is
expressed by 2”77 x (n+p), where m is number of inputs, n is
number of outputs, and p is number of bits needed for binary encoding
states.

The previous architecture can be modified as shown in Fig. 2b to
reduce the address space of the ROM. This idea has been used in
microprogramming. The multiplexer bank selects for each state the
subset of input which has influence on it. These inputs are named
effective inputs. Each state has a different number of effective inputs
associated to it. However, the number of inputs selected by the
multiplexers is fixed. Those selected inputs that are not effective are

denoted by don 't care selected inputs. Some bits, which are named
selection bits, are added to the ROM word to control the multiplexers.
The size of the ROM is expressed by 2" 77 x (n +p + r), where m’ is
maximum number of effective inputs per state, » is number of outputs,
p is number of state encoding bits, and 7 is number of selection bits.
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Fig. 2 ROM-based FSM implementation

a Traditional implementation b Implementation with input multiplexing

To represent a finite state machine with input multiplexing
(FSMIM), the STT must be extended. The rows of this extended
state transition table (ESTT) contain the 6-tuple (pis, in, ps, nis, ns,
out), where the new elements pis and nis are the present and next input
selection, respectively. For each state, pis contains information about
the inputs selected and nis specifies the inputs to be selected for the
next state. Fig. 1o shows the ESTT of the FSM described. Unlike a
FSM, the states of a FSMIM are identified not only by ps, but also by
pis.

In the proposed approach, the amount of memory usage is reduced
by decreasing the number of state encoding bits. For this purpose, the
don't care selected inputs in a state can also be employed to codify it.
Let A and B be two states each of them with almost one don't care
selected inputs. Let state A be defined by the pair (PS;, PIS;), where PS;
is the present state and PIS; is the present input selection. In
the same way, let state B be defined by (PS;, PIS;). Both states can
be identified by the same present state PS,. To distinguish them, the
don't care selected input is fixed to ‘0’ in one state and to ‘1’ in the
other. So, the states A and B are identified by (PS,, PISJ() and (PS,,
PIS}), respectively, where PIS; and PIS; have the don' care selected
input fixed to different values. In Fig. 1c, the states (sg, a-) and (s5, ¢-)
have been identified by the same symbol s, and distinguished by the
input in, (‘0 for s¢ and ‘1’ for s,). The resultant states are (s¢;, a9) and
(502, €1).

The complexity of the multiplexer bank and thus the number of
selection bits stored in ROM depend on the manner of assigning inputs
to each multiplexer. An appropriate input assignment allows reducing
the complexity of multiplexers. Fig. 3 shows two possible assignments
related to the FSM example. An algorithm that is based on a modifica-
tion of the Knapsack algorithm [8] has been proposed for this purpose.
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Fig. 3 Example of multiplexer bank with and without simplification

a With simplification b Without simplification

Results: The FSMIM can be implemented in modern FPGA devices
using synchronous memory blocks to implement the ROM and other
resources to implement the multiplexers. When tri-state buffers are
available, the multiplexers can be implemented without using logic
cells. Alternatively, the multiplexers can be implemented using
logic cells. Despite of the tri-state buffer based implementation not
requiring logic cells, the ROM size grows due to the necessary
one-hot codification.
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