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CMCU model with base structure dedicated for CPLD systems

Abstract. The method of hardware reduction presented in this work is intended for the compositional microprogram control unit (CMCU) implemented
in the complex programmable logic device (CPLD). This method is based on applying more than one data source in generating the CMCU states and
the microinstruction address.

Streszczenie. W artykule przedstawiona została metoda zmniejszenia powierzchni sterowników sprzętowych realizowanych w układach typu CPLD.
Metoda bazuje na wykorzystaniu więcej niż jednego źródła danych przy generowaniu stanu układu oraz adresu mikroinstrukcji. (Model CMCU o
bazowej strukturze dedykowany dla układów CPLD)
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Introduction
Control units are crucial parts of digital systems [1, 2, 3,

4, 5, 6, 7, 8]. Nowadays CPLD are widely used for imple-
menting logic circuits of control units [9, 10, 11, 12]. They
include macrocells of programmable array logic (PAL) hav-
ing the limited number of terms. The problem of reducing
the size of a control unit is still a subject of current interest
[10, 11, 13, 14]. To optimize the amount of hardware in the
logic circuit of a control unit, the peculiarities of CPLD and the
features of a control algorithm to be implemented should be
taken into account. If a control algorithm is represented by
a linear graph-scheme of algorithm (GSA), then a model of
the compositional microprogram control unit (CMCU) can be
used for its interpretation [15]. It is assumed that the control
memory (CM) of the CMCU can be implemented as external
PROM/ROM memory. Some of the CPLD family devices are
equipped with integrated memory. Altera CPLD devices are
equipped with user flesh memory (UFM) [16]. Cypress CPLD
devices are equipped with cluster memory blocks (CMB) [17].
This article presents a method of hardware reduction based
on two sources of code. The main idea presented in [18, 19]
has been adapted to CMCU model with a base structure [15],
bringing as a result the new mathematical model and design
algorithm. The article presents the implementation results for
proposed model.

Background for CMCU with base structure
It is assumed that the GSA is represented by sets of ver-

tices B, where

(1) B = B1 ∪B2 ∪ {b0, bE}

and a set of arcs E, where

(2) E = {〈bt, bq〉}.

It is further assumed that

(3) bt, bq ∈ B

and b0 is an initial vertex, bE is a final vertex, B1 is a set of
operator vertices, B2 is a set of conditional vertices. A vertex
contains a microinstruction

(4) mi ∈ M(i = 1, . . . , |B1|)

and mi is a set of data-path microoperations [20, 21, 22]:

(5) Y = {y1, . . . yN}.

Each vertex bt ∈ B2 contains a single element xi from a set
of logical conditions

(6) X = {x1, . . . , xL}.
A set C of operational linear chains (OLC) for the GSA shall
be formed, where each OLC is a sequence of operator ver-
tices and each pair of its adjacent components corresponds
to an arc of the GSA:

(7) C = {α1, . . . , αi}.
Each OLC αi has only one output Oi and arbitrary number of
inputs Iji. Formal definitions of OLC, its input and output can
be found in [15]. Each vertex from bt ∈ B1 corresponds to
microinstruction mi ∈ M kept in a control memory (CM) of
CMCU and it has an address A(bt). The microinstructions
can be addressed using R bits, where

(8) R = �log2 |M |�, |M | = |B1|,
and the bits are represented by variables from the set T:

(9) T = {T1, . . . , TR}.
Assuming that the OLC αg ∈ C include Fg components, the
following condition takes place:

(10) A(bgi+1) = A(bgi) + 1(i = 1, . . . , Fg − 1).

In equation 10 variable bgi
is the i-th component of OLC αg ∈

C. The current state of the CMCU is held in the register RG
[23]. The value of used registers needed to implement the
RG is:

(11) R1 = �log2 M1�,M1 = |C|.
The registers outputs are represented by variables from the
set τ :

(12) τ = {τ1, . . . , τR1}.
The combinational circuit (CC) generates data Φ for the
counter CT and data Ψ for the register RG:

(13) Ψ = Ψ(X, τ),

(14) Φ = Φ(X, τ).

It is assumed that the OLC outputs Oi ∈ ΠC are encoded by
binary codes KC(Oi) using variables from the set τ . The ex-
citation functions for the counter CT and register RG in equa-
tions 13 and 14 are built with the use of logical terms. The
terms are created by joining two parts: the set of conjuctions
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xi ⊆ X and the code KC(Oi). The synthesis of the CMCU
with a base structure includes the following steps [23]:

1. Formation of the set of OLCs.
2. Formation of the control memory content.
3. Formation of the transition table of the CMCU.
4. Formation of the excitation functions for the counter
5. Formation of the excitation functions for the register
6. Synthesis of the logic circuit of CMCU.

On figure 1 the pulse Start causes loading of the first mi-
croinstruction address into a counter CT and set up of a fetch
flip-flop TF. If Fetch = 1, then microinstructions can be read
out the control memory CM. If a current microinstruction does
not correspond to an OLC output, then a special variable y0
is formed together with microoperations Yq ⊆ Y . If y0 = 0,
then content of the CT is incremented according to the ad-
dressing mode. Otherwise, block of CC generates functions
Φ and Ψ. If yE equals 1, then CMCU stops and new data
from CM will be not loaded.

Fig. 1. Structural diagram of CMCU U1

Adaptation the approach of the two sources of code to
CMCU model with base structure

This chapter presents a method of hardware reduction
based on two sources of code. The main idea presented in
[18, 19] has been adapted to CMCU model with a base struc-
ture [15], bringing as a result the following new mathematical
model and design algorithm.

It shall be pointed out that the logic for the CC, CT, RG
is implemented as parts of the CPLD. An external PROM
chip or memory integrated with the CPLD may be applied to
implement the CM [24]. The memory has t outputs, where
t = 2, 4, 8, 16, 32 [24]. Some information can be imple-
mented using free outputs of the CM. it is assumed that one-
hot encoding of microoperations is used [25, 26, 27, 28]. The
word of CM has

(15) R0 = N + 2

bits. The R2 outputs of the CM are free.

(16) R2 = t−R0.

The R2 bits are represented by variables from the collection
P:

(17) P = {p1, . . . , pR2
}.

If condition

(18) R2 > 0

takes place, the method can be used. The number of occur-
rence Oi ∈ ΠC in excitation functions from equations 13 and
14 shall be counted. R2 most used Oi items in excitation
functions shall be taken. Next, these items shall be moved

to a new collection Oi ∈ ΠB . Following the above assump-
tions, an equation

(19) R2 ≥ |ΠB |
takes place.

It shall be highlighted that the collection ΠC has been
divided into two collections ΠA and ΠB , where ΠC = ΠA ∪
ΠB . The control memory CM is a source of the variables
pi ∈ P applied to encode Oi ∈ ΠB by code KB(Oi). The
register RG is a source of the variables τ = {τ1, . . . , τR1

}
applied to encode Oi ∈ ΠA by code KA(Oi).

Figure 2 depicts a modified structural diagram of the
CMCU. Provided that the assumption presented in equation
19 is fulfilled, it is possible to apply the one-hot encoding
to the elements from the collection KB(Oi). The excitation
functions generating data for the counter CT and register RG
in equations 23 and 24 are built with the use of logical terms.
The terms are created by joining two parts: the conjunction
of conditions xi ⊆ X and the code KB(Oi) or KA(Oi). The
length of the these terms has a direct influence on the num-
ber of logical gates used in implementing the CMCU model,
and the number of the gates used has, in turn, a direct in-
fluence on the size of the realized system. The next chapter
presents an example of how to build terms for an excitation
function in the CMCU with base structure model. In the case
where the one-hot encoding is applied to the elements from
the collection ΠB , the length of the terms connected in ex-
citation functions is reduced. It shall be highlighted that the
maximum length of a term built in the base method with the
use of the information from ΠC equals:

(20) LC = |X|+R1.

For the proposed model the maximum length of a term built
with the use of the information from the collection ΠA does
not change and equals:

(21) LA = |X|+R1.

The maximum length of a term built with the use of informa-
tion from the collection ΠB is reduced and equals:

(22) LB = |X|+ 1.

The CC unit generates the functions:

(23) Ψ = Ψ(P,X, τ),

(24) Φ = Φ(P,X, τ).

The application of unused memory areas as a source of
information about the state of the system and the presenta-
tion of this information with the use of a smaller set of vari-
ables makes it possible to reduce the size of the designed
system.

An example to presented model
The algorithm to realization is shown in the flow-charts

Γ1 and Γ2.
We have following sets: B1 = {b1, . . . , b11}, B2 =

{x1, x2, x3}, C = {α1, . . . , α4}, |M | = 11, R = 4, α1 =
〈b1, b2〉, α2 = 〈b3, . . . , b7〉, α3 = 〈b8, b9〉, α4 = 〈b10, b11〉,
ΠC = {O4, O3, O2, O1}, Y = {y1, . . . , y5}, N = 5,
t = 8. First, the OLC items (tab. 1) and addresses of
microinstruction are encoded (tab. 2). Next, a transition table
is created (tab. 3). In base method calculation is as follows:
Based on the current state from the transition table and sets
B2, the excitation functions generating data for the CT and
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Fig. 2. Structural diagram of CMCU U2

Table 1. OLC items
OLC outputs KC(Oi)

Oi τ2, τ1

O1 00

O2 01

O3 10

O4 11

RG are formed:

τ2
′ = τ2 ∗ τ1 ∗ x2 ∗ x1 + τ2 ∗ τ1 ∗ x2 ∗ x1 = τ2 ∗ τ1 ∗ x1,

τ1
′ = τ2∗τ1∗x1+τ2∗τ1∗x2∗x1+τ2∗τ1∗x3+∗τ2∗τ1∗x3 =

= τ2 ∗ τ1 ∗ x2 + τ2 ∗ x3 + τ2 ∗ τ1 ∗ x1,

T4 = τ2 ∗ τ1 ∗ x2 ∗ x1,

T3 = τ2 ∗ τ1 ∗ x2 ∗ x1 + τ2 ∗ τ1 ∗ x3 + τ2 ∗ τ1 ∗ x3 =
= τ2 ∗ τ1 ∗ x2 ∗ x1 + ∗τ2 ∗ x3,

T2 = τ2 ∗ τ1 ∗ x1 + τ2 ∗ τ1 ∗ x2 ∗ x1,

T1 = τ2∗τ1∗x2∗x1+τ2∗τ1∗x2∗x1+τ2∗τ1∗x3+τ2∗τ1∗x3 =
= τ2 ∗ τ1 ∗ x1 + τ2 ∗ x3.

According to presented modification calculation is as
follows: R0 = N + 2 = 7 and R2 = t − R0 = 1. R2

is a value of free CM outputs and shall be represented by
variables P = {p1}. Next, the collection ΠC shall be divided
into two collections ΠA and ΠB . According to formula 19,
it is possible to determine the size of collection ΠB . R2

the most commonly used outputs (tab 4) from ΠC shall be
taken out and moved to ΠB , placing the other elements in
ΠA. As a result: ΠB = {O1} and ΠA = {O4, O3, O2}.
Next, the elements from ΠB shall be encoded using the
variables pi ∈ P . Modified OLC encoding is shown on table
5. Modified transition table is shown on table 6. The new
encoding is KB(01) = p1. The second source of code is
marked with a boldface and an underlining in table 2.

Finally, excitation functions shall be prepared using a
new code for element ΠB = {O1}:

τ2
′ = p1 ∗ x1,

τ1
′ = p1 ∗ x2 + τ2 ∗ x3 + p1 ∗ x1,

T4 = p1 ∗ x2 ∗ x1,

T3 = p1 ∗ x2 ∗ x1 + ∗τ2 ∗ x3,

Table 2. Control memory content

Vertex Address A(bt) Microinstruction Comment

bi T4, T3, T2, T1 y0,y1,y2,y3,y4,y5,yE ,p1

b1 0000 0 1 0 0 0 1 0 0 I11
b2 0001 1 0 0 1 1 0 0 1 O1

b3 0010 0 0 1 1 0 0 0 0 I12
b4 0011 0 1 0 0 1 0 0 0 −
b5 0100 0 0 0 0 1 0 0 0 −
b6 0101 0 1 0 1 0 0 0 0 I22
b7 0110 1 0 1 1 1 0 1 0 O2

b8 0111 0 1 1 0 0 0 0 0 I13
b9 1000 1 1 0 1 0 0 0 0 O3

b10 1001 0 0 0 1 1 0 0 0 I14
b11 1010 1 1 0 1 0 0 0 0 O4

Table 3. Transition table of CMCU
Actual state Next state Conditions Address

KC(Oi) A(bt)

τ2, τ1 τ2
′, τ1′ B2 T4, T3, T2, T1

00 01 x1 0010

00 10 x2, x1 0111

00 11 x2, x1 1001

10 00 x3 0000

10 01 x3 0101

11 00 x3 0000

11 01 x3 0101

Table 4. Occurrence Oi ∈ ΠC in forming excitation functions

OLC outputs Occurrence

Oi

O1 10

O3 3

O4 3

O2 0

Table 5. Modified OLC items
OLC outputs KA(Oi),KB(Oi)

Oi τ2, τ1, p1

O1 --1

O2 01-

O3 10-

O4 11-
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Start

b1 y1, y5

y3, y4

x1

y2, y3

1 0

x2
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1 0
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y3, y4
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x3

1 0

y1, y3

y2, y3, y4

End
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b9

b10

b11

Fig. 3. Flow-chart Γ1

T2 = p1 ∗ x1 + p1 ∗ x2 ∗ x1,

T1 = p1 ∗ x1 + τ2 ∗ x3.

It shall be stressed that the size of the block CC is re-
duced due to the application of information from the collection
ΠB and size of block CM in real hardware does not change.
For example an excitation function τ1 is reduced from seven
to five logic gates.

Conclusions and results
Figure 5 presents the implementation results in real

hardware. When the number of free bits in figure 5 equals
0, it means that the implementation takes place without the
application of the presented method. Altera family MAX II de-

Table 6. Modified transition table of CMCU
Actual state Next state Conditions Address

KA(Oi),KB(Oi) A(bt)

τ2, τ1, p1 τ2
′, τ1′ B2 T4, T3, T2, T1

--1 01 x1 0010

--1 10 x2, x1 0111

--1 11 x2, x1 1001

10- 00 x3 0000

10- 01 x3 0101

11- 00 x3 0000

11- 01 x3 0101

Start

x1
1 0

x2
1 0

x3
1 0

End

1
1
1 |I

2
1
2 |I 3

1
3 |I 4

1
4 |I

2
2
2 |I

Fig. 4. OLC flow-chart Γ2

vice EPM1270 F256C5 equipped with UFM has been used
for tests. The analysis shows that the number of gates
applied to implement the excitation functions can be low-
ered using more then one source of code. The main fac-
tor allowing for this reduction is the natural redundancy of
PROM/ROM/UFM/CMB, since their numbers of outputs be-
long to a limited set. The application of unused memory ar-
eas as a source of information about the state of the sys-
tem and the presentation of this information with the use of a
smaller set of variables makes it possible to reduce the size
of the designed system. The above-presented design algo-
rithm makes it possible to implement the Boolean functions
through free PROM/ROM/UFM /CMB resources. The algo-
rithm is compatible with the CPLD systems equipped with in-
tegrated memory resources. Such a system is, for example,
the Delta 39K Cypress family or MAX II Altera family.

When the CPLD does not contain dedicated elements,
the implementation part serving as "read only" should be
moved beyond the CPLD. This part of the system can be
implemented with the use of very low-cost external PROM
chips.
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