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Abstract — A rigorous synthesis method is given that allows the design of asynchronous
circuits using only D flip-flops. The two-state realization of the transition flip-flop which
uses the clock and Data inputs is made use of in the state assignment step. Adding Set and
Reset control to the two transition state variables is seen to be accomplished with some
added logic. The Set and Reset inputs allow complete coverage of any asynchronous flow
table that does not fall into the state constraints on the two-state realization of the Data and
clock inputs. The resulting equations, however, can require iteration to solve.

1 Introduction

Asynchronous design was given a formal methodology by David Huffman in 1954 [1]. This
paper will discuss extending his techniques to designs using flip-flops as the feedback elements
instead of combinatorial circuits. Prior work [2] has been extended to show how the Set and
Reset inputs on a D flip-flop can be included with the Data and Clock inputs in realizing
asynchronous circuits. Asynchronous circuits are being developed for larger systems [3] and
synthesis techniques have been lacking for the more complex systems. Work in Petri Nets [4]
have improved the state diagram descriptions but actual hardware synthesis methods have not
improved much since Huffman [5].

2 RS Characteristic Equation

The characteristic equation for the RS flip-flop has been shown [2] to be given by equation (1).
Most RS flip-flop realizations do not fit equation (1) if both Set and Reset are asserted at the
same time. To preclude this from happening equation (2) is given as a constraint on the Set and
Reset inputs so that during the logic implementation only inputs that meet the constraint are
allowed to occur.
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Q=S+ !Req (1)
SeR =0 (constraint) (2)

3 D Flip-Flop

The logic diagram for a D transition flip-flop is shown in Figure 1. The flow table can be
generated by using the RS characteristic maps in reverse to generate the next-state equations [2].
The characteristic equations for the D flip-flop are given in equations (3) and (4). The last term
in each expression (in brackets) is a cover for hazards and does not need to be included in the
synthesis characteristic equations since the feedback is now constrained within the D flip-flop
and the design of the flip-flop itself is assumed to be hazard-free.

D S1 Yl S2 Y20 Quu

*— —

RI YI R2 Y2P—0 Qou

Figure 1. D flip-flop equivalent circuit.

Y1 =1CeD + Ceyl + [Deyl] 3)
Y2 =!Cey2 + Coyl + [yely2] 4)

The complete synthesis equation set for the D flip-flop can then be given. Note that the output of
the flip-flop must be Y2. Y1 is internal to the flip-flop and may not be available as an input to
some output function. Equations (5), (6) and (8) are used in the asynchronous synthesis
procedure. Note that “Y” is the next state and “y” is the present state in a flow table.

Out=Y2 (5)
Y1=1CeD + Ceyl (6)
Y2 =!Cey2 + Coyl (7)
Constraint:  Y2=0ifyl =y2=0, ()

=lifyl=y2=1. 9)
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It is easy to see from equations (6) and (7) that Y2 must be equal to 0 if both y1 and y2 are 0, and
that Y2 must be equal to 1 if both y1 and y2 are 1. The constraints are given in equations (8)
and (9).

3 Complete D Expression

Incorporating the Set and Reset inputs need to be done in a way that sets and resets output Y2
with an asynchronous Set or Reset input, respectively. Simultaneous Set and Reset occurrences
are avoided during the filling in of the final Karnaugh maps. The complete set of characteristic
equations is given by combining the previous equations for the RS and D flip-flops. The logic
diagram that gives a minimal realization for the DRS flip-flop is shown in Figure 2. The state
variable equations can be written from inspection and reduced to equations (10) and (11).

D S1 Yl S2 Y2—0 Qou

- j)m Yl R2 Y2 Quut

e .

Figure 2. DRS (Data-Reset-Set) flip-flop equivalent.

Y1=1CeD + CeS + I(ICe!D + ReC)oyl

=1CeD + CeS + (Ce!R + |CeD)eyl (10)
Y2 =Ceyl + S+ (R + Celyl)ey2

— S+ Coyl + IR(IC + y1)oy2 (11)

The constraint equations can be derived from the SR constraints from the prior section. The Set
and Reset map-covering constraint is given in (2). The D flip-flop characteristic equation
coefficients have been modified by the Set and Reset inputs but can still be treated in the same
fashion. The constraints on the state variables are no longer valid, however, with the Set and
Reset inputs allowed to occur. The coverings are then expanded by replacing the originals with
the coefficients in (10) and (11). An example will illustrate the procedure.
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4 Synthesis Example

Handshake operations usually require an asynchronous communication between systems using
different (asynchronous) clocks. A clocked input sampling may be desired, along with an
instantaneous reset when the operation is complete. The timing diagram [6] shown in Figure 3
may describe such an operation with an input request (X) being sampled by a local acknowledge
signal (Y) that starts a local operation (Q) that can be asynchronously reset when the request has
been completed.

X

Figure 3. Example timing diagram.

X is clocked by the positive edge of Y to turn Q on. Q will reset asynchronously with X
returning to zero.

A flow table describing the timing diagram and the resultant state map are shown in Figure 4.
Realization maps for the C, D, S and R inputs to a D flip-flop are derived as shown in Figures 5
and 6.

XY XY
state 00 01 11 10 7Q qlg2\_ 00 01 11 10 /Q = g2 (output)
1D @ 4] o 00| 00 00 00 10| 0
201 1 - -| 1 01| 00 00 - -| 1
301 2 30 1 11/ 00 01 11 11} 1
411 - 33| o 10/ 00 - 11 10[ ©

Q1 Q2

Figure 4. Flow table and next-state map for timing.

Using equations (10) and (11) we can now find the input maps by extracting the individual state
variables from the next-state map [2,7,8]. The only constraint that has to be met is SeR = 0.
Note that !CeD + CeS must equal “1” in only two locations in the top half of the map since ql =
0 there, and the coefficient of q1 will not be able to produce a “1” for the equation. Each
coefficient’s map can be generated from the maps as shown and are produced just below the map
for state variable “Q1” in Figure 5. S and R are set to “0” unless they are absolutely needed in
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the realization. Figure 6 shows the maps for the coefficients of equation (11), which is the state
variable Q2’s equation.

XY
qlg2\_00 01 11 10
00| 0 0 0 1 0 00O
011 0 0 - - |=!1CeD+ CeS+ (Ce!lR+!CeD)ss 0 0 0 O
110 0 1 1 I 111
10] 0 - 1 I 111
Ql ql
00 - - - -
!ICeD+CeS=(0 0 - - |; (CelR+1CeD)= | - - - -
-0 - - 1 011
0 - - - 0 - 11
Figure 5. State variable Q1’s map equations.
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Figure 6. State variable Q2’s map equations.
The maps of Figures 5 and 6 need to be solved simultaneously, which is tedious and needs to be
done by trial and error. The results are given in equations (12), (13) and (14). Note that S = 0.
D=X (12)
C=Y (13)

& R=1X (14)
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The D flip-flop connections are shown in Figure 7. A simpler procedure could be used by
assuming a realization with only RS flip-flops [8]. The D flip-flop consists of only RS flip-flops
but the Reset and Set inputs are constrained in the D, whereas they are free to be assigned in the
RS implementation. For this reason it is generally preferred to implement an asynchronous map
with RS cells rather than D cells, unless the D flip-flop is the only one available. An integrated
circuit has the flexibility of using any cell desired whereas a discrete design may be forced into
using D flip-flops.

X =

Figure 7. D flip-flop connections for example in text.

An asynchronous implementation using only RS flip-flops would have the Set and Reset inputs
for Q1 and Q2 given by equations (15) through (18). The implementation was done using
techniques outlined in [2]. The inputs are seen to be simpler and the synthesis was much less
tedious in implementing.

S1=XelY (15)
RI =IX (16)
S2=Y +ql (17)
R2 =1XelY + 1Xe!ql (18)

5 Conclusions

A synthesis method has been given for implementing asynchronous sequential circuits using only
D flip-flops and interconnect logic. The procedure is seen to be fairly complex but rigorous.
Some design libraries may include only the D flip-flop, in which case the more complex
synthesis procedure may be required. Design techniques have been given for flip-flops that can
be used in a radiation environments [9,10]. These techniques may be used in designing lower-
power and higher-speed digital systems for use in space systems where radiation is also a
problem [9]. Known radiation-tolerant design techniques [10] can be used in the design of the
flip-flops to insure robust operation in a space environment.
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