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Introduction 

 

The structure of modern digital systems takes into account two interrelated 

and interdependent factors: 

 the hardware part of the system should provide the possibility of physical 

implementation of the solution of the tasks; 

 the introduced system of instructions (software) should provide 

opportunities for determining the program of actions and interactions of the 

functional components of the developed system that provide the solution of the 

tasks. 

The proposed study guide is prepared taking into account these factors and 

provides opportunities both for mastering the principles of hardware construction of 

digital systems and the principles for implementing various program structures to 

solve the problems posed. The first and second sections of the manual describe the 

principles of construction and operation of various types of combinational and 

sequential devices that make up the structural basis of digital systems, and practical 

examples of their original use are given. Various structural principles for 

constructing memory devices are described in the third part of the manual. 

The basic structural principles and the organization of microprocessor 

systems are discussed in the fourth and fifth sections of the manual. As a specific 

example, the eight-bit Intel 8085 microprocessor was taken for consideration as very 

convenient for an initial study. At the same time, it should be noted that the simplest 

Intel 8085 microprocessor, which is the forefather of modern microprocessors, still 

forms the basis for building various control systems where there are enough of their 

capabilities. 

The sixth section of the tutorial is devoted to the consideration of the 

possibilities of practical implementation of the general principles of building a 

microprocessor system and the organization of its work, using the example of a 

model of such a system developed in the software environment of circuit simulation 

Electronics Workbench. The proposed textbook is based on the author’s many years 

of teaching and is intended for students in the specialty 5B070400 - Computer 

Engineering and Software. 
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1 Structural foundations of digital systems 

 

By the nature of the operation, two types of digital devices are distinguished, 

these are combinational devices and serial devices. 

The status of the outputs of the combination devices, i.e. the signal levels at the 

corresponding outputs are determined only by the signal levels that are currently 

active at the inputs of these devices, and does not depend on the signals that 

previously acted on these inputs. Therefore, such devices can be called memoryless 

devices. 

The state of the outputs of serial devices is determined not only by the levels of 

signals that are currently operating at the inputs of these devices, but also by the 

internal state of these devices, which depends on what signals were in effect at 

previous times. Therefore, such devices can be called memory devices. 

 

 

1.1 Logic functions and logical elements 

 

The structural basis for constructing digital devices (both combinational and 

sequential) is made up of logical elements. 

Logical elements - devices designed to implement the simplest logical 

functions. Two methods are usually used to define logical functions: analytical and 

table methods. 

When using the tabular method, all possible combinations of argument values 

and the corresponding values of the logical function are specified in the form of a 

table called the truth table of the function in question. If the number of function 

arguments is n, then the number of different combinations of argument values 

(usually called sets of argument values) is 2n. So, for example, for n = 2, the number 

of sets of argument values is 22 = 4, and for n = 3 it will be 23 = 8. 

The analytical way of setting a logical function involves writing a function in 

the form of a logical expression that determines the nature and sequence of logical 

operations performed on the arguments of the function. 

Table 1.1 presents the names and expressions of the basic logical functions and 

the corresponding truth tables, as well as the conventional graphic designations of the 

corresponding elements that implement these logical functions. 

Based on the corresponding truth tables of some elements, it is necessary to 

note the original possibilities of their application. For example, if one of the inputs 

(let's call it the control input) has a two-input AND element of zero level, its output 

will have a zero level regardless of the signal level at its second input. 

When applying to the control input of a single level, the signal at its second 

input passes through the element without change. Therefore, such an element can be 

used as a key that transmits or does not pass a signal at its second input (let's call it an 

information input) to a device connected to the element's output, depending on the 

level of the control signal. Similarly, if there is an XOR element at one of the inputs 

(control input), the signal at its second input (information input) passes through the 
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element without change, and when a single level is applied to its control input, the 

information signal passes through the element in inverted form. 

 

T a b l e 1.1 
 

  NOT OR AND NOR NAND XOR XNOR 

X1 X0 𝑋0 𝑋1˅𝑋2 𝑋1˄𝑋2 𝑋1˅𝑋2 𝑋1˄𝑋2 𝑋1 ⊕ 𝑋2 𝑋1 ⊕ 𝑋2 

  

 
 

 
  

  

0 0 1 0 0 1 1 0 1 

0 1 0 1 0 0 0 1 0 

1 0 1 1 0 0 0 1 0 

1 1 0 1 1 0 0 0 1 

 

The response of the element to the action of the input signal, i.e. a change in its 

output signal relative to a change in the input signal occurs with a certain delay, 

determined by its internal circuitry (manufacturing technology). This phenomenon 

characterizes the speed of the element. In order to illustrate what is said in figure 1.1, 

a time diagram of the process of passing a rectangular signal through a NOT element 

is presented. 𝑋1˅𝑋2 

 

 

 

 

 

 

 

 

 

Figure 1.1 

 

Here you can see a certain delay of the moment the output signal changes 

relative to the moment the input signal changes. According to measurements carried 

out in the Electronics Workbench simulation system, the duration of this delay is 

about 10 ns, which corresponds to a similar parameter for elements made using TTL 

technology. For devices working with static signals, this delay does not effects, but in 

some cases (for example, in serial devices), the delay in the passage of the signal can 

have a serious impact on the operation of the device and must be taken into account. 

In order to illustrate the effect of such a delay, we consider the logical sum of 

two signals parallel to the inputs of two OR elements (figure 1.2). As shown in the 

diagram, one of the signals is fed to the input of the second element through two 

NOT elements. 
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Figure 1.2 

 

In the ideal case, i.e. in the absence of delays at the NOT elements, the signals 

at the outputs of the corresponding elements (OUT1 and OUT2) would be the same 

(figure 1.3, a). This diagram was obtained using a Logic Analyzer from the 

electronics of the Electronics Workbench simulation system, which is characterized 

by some inertia. 

 

 

 

 

 

 

 

 

a       b  

 

Figure 1.3 

 

The diagram obtained using a sensitive oscilloscope (figure 1.3, b) shows 

spurious impulses arising from the signal delay (duration ~ 20 ns) on NOT elements. 

The appearance of such spurious pulses in the composition of the output signal can 

adversely affect the operation of the device connected to this output, which 

necessitates their elimination. 

The signal delay on the elements can also be used with advantage for practical 

application. For example, for the formation of narrow pulses (with a duration of ~ 10 

ns) of a certain polarity at each edge of the input signal, i.e. both along its front and 

along the slice arising from pressing a separate key (changing its state) of the 

keyboard corresponding to a certain switch on the device’s circuit, 

You can use simple circuits based on the NOR and XNOR elements (figures 

1.4, a and b). 

Using similar schemes based on other elements, it is possible to form narrow 

pulses of a certain polarity only with a positive difference, i.e. along the front of the 

input signal (figure 1.4, c and d). Similar pulses can also be formed with a negative 

drop, i.e. by cutting the input signal (figure1.4, e and f). 
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Figure 1.4 

 

The diagrams shown in figure 1.4, built on the basis of simple elements, can be 

very convenient for practical use, as various educational examples of specific 

devices, described below, will testify to. 

It should be noted the capabilities of the so-called elements with three states, 

which are widely used to connect the outputs of various functional devices to a 

common trunk. Figure 1.5 shows a circuit that allows signals to pass through one of 

the blocks t and j to the common output of the circuit (in this case, to the 

oscilloscope). 

As blocks t and j, for example, narrow pulse generators can be used, 

respectively, constructed on the basis of the XNOR and XOR elements (figure 1.6) 

and designed as subcircuits (as separate blocks). In this case, by changing the state of 

the Space switch, you can verify that one of the generated pulses is transmitted to the 

output of the circuit, corresponding to a single state at the control input of one of the 

elements with three states. 
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Figure 1.5 

 

 

 

 

 

 

 

 

Figure 1.6 

 

1.2 Combination devices 

 

The development of a combination device circuit is carried out by sequentially 

performing the following actions: 

 based on verbal representation, i.e. verbal explanations to the developed 

device, a corresponding truth table is compiled; 

 based on tabular data, the corresponding logical expression is recorded; 

 if necessary (and possible) the resulting logical expression is minimized; 

 the resulting minimized expression is converted to a form compiled on the 

basis of the core set planned for constructing the circuit;  

on the final logical expression is the construction of the device circuit. Let us 

describe the procedure for constructing a device diagram using an example of a 

device whose operation logic is given in table 1.2. 
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T a b l e 1.2 

X2 X1 X0 Y 

0 0 0 0 

0 0 1 1 

0 1 0 0 

0 1 1 1 

1 0 0 1 

1 0 1 1 

1 1 0 0 

1 1 1 1 

 

There are two forms of representing a logical expression of a table-defined 

function: in the form of a conjunction of a conjunction and in the form of a 

conjunction of a disjunction. The corresponding recording forms of a logical 

expression are called disjunctive and conjunctive forms. Representation of a logical 

expression in disjunctive form is carried out in the following order:  

for sets of arguments where function (y) takes a unit value, the corresponding 

conjunctions are written, i.e. logical products of arguments; 

 when writing the corresponding conjunctions (they are called conjunctive 

terms), arguments with unit values are presented in direct form, and arguments with 

zero values are presented in inverse form;  

The recorded conjunctive terms are combined by a disjunction. Thus, we 

obtain the following logical expression disjunctive form of a table-defined function: 

 

       Y =  X2 X1 X0vX2 X1 X0vX2 X1 X0vX2 X1  X0vX2 X1 X0.            (1.1) 

 

Representation of a logical expression in conjunctive form is carried out in the 

following order: 

for sets of arguments where function (y) takes a zero value, the 

corresponding disjunctions are written, i.e. corresponding logical sums of arguments; 

 when writing the corresponding disjunction (they are called disjunctive 

terms), arguments with zero values are presented in direct form, and arguments with 

unit values are presented in inverse form; 

 The recorded disjunctive terms are combined by conjunction. The logical 

conjunctive expression composed in this way view is as follows: 

 

                 Y =  (X2vX1vX0)(X2vX1vX0)(X2vX1vX0).                      (1.2) 

 

Using any of the above expressions, you can build a device diagram. But in the 

case of the complexity of the obtained expressions, the schemes will also be complex 

(more precisely, voluminous), so it may be necessary to minimize them. The logical 

expression can be minimized in two ways: by the direct conversion method and by 

using the Carnot map. 
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A direct transformation of a logical expression is carried out by directly 

applying the laws and relations of the algebra of logic to combine neighboring 

conjunctive (disjunctive) terms. Neighboring terms include terms that differ in the 

values of only one argument.  

Below are all the implemented conversions for expressions (1.1) and (1.2), 

respectively.  

For expression (1.1): 

 

 Y = (X2vX1 X0vX2 X1 X0)v(X2 X1 X0vX2 X1  X0)v(X2 X1 X0vX2 X1 X0)  =

 X2 X0(X1vX1)vX2 X1 (X0vX0)vX2 X0 (X1vX1) = X2 X0vX2 X1vX2 X0 =

 (X2 X0vX2 X0)vX2 X1 = X0(X2vX2)vX2  X1 = X2  X1 vX0 

 

For expression (1.2): 

 

Y =  ((X2vX1vX0)(X2vX1vX0))((X2vX1vX0)(XvX1vX0)) =

=  ((X2vX0)(X1X1))((X1vX0)(X2X2))

= (X2vX0)(X1vX0) = X2X1vX0.   

 

We describe the minimization of a logical function using the Carnot map. The 

Carnot map is a special way of tabular presentation of a function, according to which 

it is very convenient (and clear) to minimize the logical function. The Carnot map 

compiled for the function in question is presented in figure 1.7. 

 

 
 

Figure 1.7 

 

Neighboring terms on the Carnot map are located, literally, in the 

neighborhood: in the presented map it is clear that 1-, 3-, 5-, 7-cells can be combined, 

as a result of which only 𝑋0 remains, and it can also be seen that the 4-cell can only 

be combined with a 5-cell. 

Figure 1.8 shows a view of a Carnot map for a function with four arguments.
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Figure 1.8 

 

The program Electronics Workbench has a special converter (Logic 

Converter), which allows you to get a logical expression of a table-defined function 

in full and minimized forms (figure 1.9). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 

 

The circuit diagram of the device (specified in table 1.2), built on the basis of 

the NOT, AND, OR elements, is shown in figure 1.10, a. 

 

 

 

 

 

 

a       b  

 

Figure 1.10 

 

In practice, the need often arises to construct a device diagram based on 

elements of the same type (for example, based on NAND elements). In such cases, 
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the corresponding transformation of the logical expression (4-stage) is carried out 

according to the law of de Morgan: 

 

Y =  X2 X1 x0 = X2 X1 X0 . 
 

The device diagram corresponding to this expression obtained using a logic 

converter is shown in figure 1.10, b. 

 

1.3 Typical combination nodes 

 

The development of digital systems, as a rule, is carried out on the basis of 

separate typical functional units. This section will discuss the structural principles of 

construction and the operation of the most common typical combination nodes. 

 

1.3.1 Encryptors. 

The encoder (Coder) is a device that generates a binary code corresponding to 

the incoming signal (more precisely, corresponding to the input to which the signal 

was received), i.e. it converts a unitary code into a positional code. As an example, 

consider the procedure for constructing an eight-input (X7 ... X0) encoder circuit. In 

accordance with the number of inputs (8), it must generate a three-digit code (C2 ... 

C0) and an acknowledgment signal (O), through which the generated code can be 

written to the memory buffer. 

 

T a b l e 1.3 

I Xi C2 C 1 C 0 O 

 

 

 

 

 

0 

0 0 0 0 0 

1 0 0 1 0 

2 0 1 0 0 

3 0 1 1 0 

4 1 0 0 0 

5 1 0 1 0 

6 1 1 0 0 

7 1 1 1 0 

1 * 0 0 0 1 

 

The organization of the work of individual functional units of a digital system, 

as a rule, is carried out in multiplex mode, i.e. in turn, using the appropriate 

initialization signals. The corresponding input of the initialization signal (I, 

Initialization) must be in our encoder. It should be noted that as an activating level of 

the initialization signal (as well as acknowledgment), as a rule, accept level zero. For 

the practical implementation of the encoder, it is desirable that the activating level of 

the signals entering the information inputs of the encoder is also zero. 

 

 

 



13 
 

 

The given verbal description of the encoder provides enough information to 

compile a truth table (table 1.3) of this device. Based on tabular data, you can write 

logical expressions for the corresponding outputs of the encoder: 

 

C0 =  I(X7 ˅X5˅ X3˅ X1) = I  X7 X5 X3 X1 ; 

C1 =  I(X7˅ X6 ˅X3˅ X2) = I  X7 X6 X3 X2 ; 

C2 =  I(X7˅ X6˅ X5˅ X4) = I  X7 X6 X5 X4 ; 

O =  I(X7 ˅X6˅ X5˅ X4˅X3˅X2v X1˅ X0) = I  X7 X6 X5 X4X3X2X1X0 .

These expressions were first written in disjunctive form, and then converted 

(according to de Morgan's law) to the form intended for constructing a circuit using 

NAND elements. One of the advantages of constructing circuits based on NAND 

elements is that they have a higher speed (this is determined by their internal 

structure) compared to other types of elements. Figure 1.11, a shows the encryptor 

circuit constructed on the basis of the obtained logical expressions. 

The encoders on the diagrams of the digital systems in which they are included 

are represented by a conventional graphic designation (figure 1.11, b). Figure 1.11, c 

shows the result of the design of the previously constructed encryptor circuit in the 

form of a subcircuit created using the capabilities of the Electronics Workbench 

program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a         b          c 

 

 

Figure 1.11 
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The encoder scheme developed above has a certain disadvantage, which 

consists in the fact that in the presence of two information signals, as a result of 

mixing the codes of the individual signals, a code is generated that does not belong to 

any of the received signals. In order to exclude such cases, encoder chips (for 

example, chip 74148) are produced at the factory in the form of priority encoders, i.e. 

they form a code corresponding to the signal with the highest priority. 

 

1.3.2 Decoders. 

Decoder - a device that generates a signal at the output corresponding to the 

input signal code, i.e. it converts a positional code into a unitary code. As an 

example, consider the construction of a decoder circuit with four outputs (Q3 ... Q0), 

which generates inverse signals at these outputs. In accordance with the number of 

outputs (4), a two-digit code (A1A0) must be supplied to its inputs. The activation 

level of the initialization signal (E, Enable) is assumed to be zero. 

According to the verbal description of the decoder, we construct the truth table 

(table 1.4) of this device. 

 

T a b l e 1.4 

E A1 A0 Q3 Q2 Q1 Q0 

 

 

0 

0 0 1 1 1 0 

0 1 1 1 0 1 

1 0 1 0 1 1 

1 1 0 1 1 1 

1 * * 1 1 1 1 

 

 

Logical expressions for the corresponding outputs of the decoder, determined 

on the basis of tabular data, are as follows: 

 

Q0 =  E A1 A0 ;     Q0 =  E A1 A0 ;     Q0 =  E A1 A0 ;    Q0 =  E A1 A0 .     
   

  The decoder circuit constructed from these expressions is shown in figure 

1.12, a. 

Decoders on the circuits of the digital systems in which they are included are 

represented by a conventional graphic designation (figure 1.12, b). Figure 1.12, c 

shows the result of the design of the decoder circuit constructed above in the form of 

a subcircuit in the Electronics Workbench program. 
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a     b     c 

 

Figure 1.12 

 

If we turn to the logical expression (1.1), which describes the states of the 

output signal considered in Section 1.2 of the combinational device, we can notice 

that the conjunctive terms included in its structure correspond to the logical 

expressions of the outputs of the eight-input decoder with direct outputs, and the 

expression itself, in fact, determines the logic of the operation of the corresponding 

decoder. Therefore, combining the corresponding outputs of the decoder with direct 

outputs using the OR element, you can implement this device. In the case of using a 

decoder with inverse outputs (as in our case), it is necessary to transform expression 

(1.1) using de Morgan's law: 

 

Y =    X2  X1 X0 X2  X1 X0  X2 X1 X0  X2 X1 X0 X2 X1 X0.     
 

According to the expression obtained as a result of the conversion, it is easy to 

guess that in this case, to combine the corresponding outputs of the decoder, it is 

necessary to use the NAND element (Figure 1.13). 

 

 

 

 

 

 

 

 

Figure 1.13 

 

Implementing decryptor-based combinational devices circuits is a very 

convenient way: firstly, there is no need to minimize the logical expression (more 

precisely, the expression itself is also not needed, because all the necessary 

connections can be found from the table), and secondly , fifteen Based on a single 

decoder, several functions can be implemented in parallel. 
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1.3.3 Multiplexers. 

Multiplexer (Multiplexer) - a device that sends one of the information signals 

to a device connected to its output, depending on the incoming address code. 

According to this definition, two groups of multiplexer inputs are distinguished: 

information and address; Of course, there must also be an initialization signal input. 

The multiplexer circuit implemented with the help of a decoder, and its graphic 

designation are shown in figure 1.14. 

 

 

 

 

 

 

 

 

 

 

 

a           b  

 

Figure 1.14 

 

By connecting several multiplexers in parallel, it is possible to build a so-called 

channel multiplexer, which sends one of the information words to the output channel. 

Based on the multiplexers, it is also possible to realize the operation of a 

combination device. Let us consider two ways to implement this using the example of 

the function presented in table 1.5. 

 

T a b l e 1.5 

 

X2 X1 X0 Y 

0 0 0 1 

0 0 1 0 

0 1 0 0 

0 1 1 1 

1 0 0 1 

1 0 1 1 

1 1 0 0 

1 1 1 0 

 

 

The first method is used to implement the function using a multiplexer, the 

number of address inputs of which coincides with the number of arguments of the 

function being implemented. In this case, the information inputs of the multiplexer 

are set to states corresponding to the values of the function with the corresponding 
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sets of arguments, and signals corresponding to the values of the arguments are 

supplied to its address inputs. The implementation of the function in this way, based 

on a multiplexer with eight information inputs, is shown in figure 1.15, a. Note that 

the information inputs of the multiplexer subcircuit used here are displayed on the 

right side, and its address inputs are placed on top. 

 

 

 

 

 

 

 

 

 

 

a       b  

 

Figure 1.15 

 

The second method is used to implement the function using a multiplexer, the 

number of address inputs of which is less than the number of arguments of the 

implemented function. In this case, signals corresponding to the values of part of the 

arguments are sent to the address inputs of the multiplexer, and the remaining 

arguments are used to configure the information inputs of the multiplexer. The 

implementation of the function in this way, based on a multiplexer with four 

information inputs, is shown in figure 1.15, b. 

 

1.3.4 Demultiplexers. 

Demultiplexer (Demultiplexer) - a device that sends an information signal to 

one of the devices connected to its outputs, depending on the received address code. 

The demultiplexer circuit implemented with the help of a decoder, and its 

symbolic designation are shown in figure 1.16. 

 

 

 

 

 

 

 

 

 

 

a           b  

Figure 1.16 
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1.3.5 Adders. 

An adder is a device that implements the arithmetic addition of two numbers. 

The addition of multi-digit numbers is carried out using the corresponding number of 

single-digit adders. Therefore, we first consider the principles of constructing single-

digit adders. 

In the process of adding two single-digit numbers, the result of their 

summation (S, Sum) and transfer (C, Carry) to the next digit should be obtained, 

therefore, the operation of the single-bit adder can be represented by Table 1.6. 

 

 

T a b l e 1.6 

 

A B S C 

0 0 0 0 

0 1 1 0 

1 0 1 0 

1 1 0 1 

 

Logical expressions for the corresponding outputs of the adder, determined on 

the basis of tabular data, are as follows: 

 

S AB ; C AB 

 

The adder circuit constructed from these expressions and the corresponding 

subcircuit prepared in the Electronics Workbench program are presented in figure 

1.17, a. 

This adder is suitable only for summing the values of the first bits of multi-bit 

numbers (therefore it is called a half-adder), and for summing the values of the 

remaining bits of numbers full single-bit adders are used, which have a third input, 

which receives the transfer from the previous bit. The scheme of such an adder, 

implemented on the basis of half-adders, and the corresponding sub circuit are 

presented in figure 1.17, b. 

 

 

 

 

 

 

 

 

a       b  

 

Figure 1.17 
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The four-digit adder circuitry, implemented on the basis of single-digit adders 

as well, the corresponding sub-circuit of the conventional graphic designation are 

presented in figure 1.18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a          b        c  

 

Figure 1.18 

 

1.4 Serial devices 

 

As indicated in the above definition of serial devices, these include devices 

with memory, i.e. devices with the ability to maintain the previous state. Therefore, 

we first get acquainted with the varieties of memory elements (triggers) and the 

principles of their construction and operation. 

 

1.4.1 Memory elements are triggers. Triggers are devices with two stable 

states, designed to store the values of one-bit binary numbers. One of its states 

corresponds to the state of log.1, and the other corresponds to log.0. Typically, 

triggers are provided with two outputs, one of which is called a direct output, and the 

other is inverse. The state of a trigger is determined by the state of its direct output, 

i.e. signal level at this output. 

Depending on the recording order, triggers are divided into asynchronous and 

synchronous. 

Changes in the states of asynchronous triggers are determined by changes in 

the information signals supplied to their inputs. Asynchronous RS triggers can be 

implemented based on NOR or NAND elements. 

The scheme of an asynchronous RS-flip-flop implemented on the basis of NOR 

elements is shown in figure 1.19, a. 
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a      b  

Figure 1.19 

 

We consider the operation of the device in the order of data recording in table 

1.7. 

 

T a b l e 1.7 
 R S Q Q’ 

1 0  

0 

? ? 

2 1 0 1 

3  

0 

1 1 

4 1 1 0 

5  0 1 0 

6 1 1 0 0 

7 0 0 ??? ??? 

 

On the first row of the table - R = 0, S = 0; at one of the inputs of both 

elements - log 0, and the signal levels at the feedback inputs are unknown, therefore, 

the signal levels at the outputs (Q and Q ’) are unknown. On the second line - R = 1, 

S = 0; due to the fact that at one of the inputs of the upper element is log.1, and in 

accordance with the logic of this element, at its output (Q), as well as at the upper 

input of the lower element, there will be log.0, resulting in the output of the lower 

element (Q ') will be log. 1; So, the trigger is set to log.0 state. 

On the third line - R = 0, S = 0; changing the signal at input R to 0 will not 

affect the state of the trigger, since the signal levels at the other inputs of the elements 

have not changed, therefore, the trigger remains in the previous state. 

On the fourth line - R = 0, S = 1; due to the fact that at one of the inputs of the 

lower element is log.1, and in accordance with the logic of this element, at its output 

(Q ’), as well as at the lower input of the upper element, there will be log.0 resulting 

in the output of the top element (Q) will be log. 1; So, the trigger is set to log. 1. 

On the fifth line - R = 0, S = 0; changing the signal at input S to 0 will not 

affect the trigger state, since the signal levels at the other inputs of the elements have 

not changed, therefore, the trigger remains in the previous state. 

From the cases considered, the following conclusion can be drawn: the case of 

filing R = 1, S = 0 corresponds to writing to the zero trigger (setting it to the state 

log.0); case R = 0, S = 1– record 1 (setting it to the state log.1); and the case R = 0, S 

= 0 - to the trigger storage mode. 

In case of a trigger input R = 1, S = 1 (sixth line), the outputs of both elements 

will be log.0, and when the trigger is put into storage mode (seventh line), it is not 
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known what state it will be in, this is random process. Therefore, it is necessary to 

exclude such a case; therefore, this case is called the prohibited trigger mode. So, the 

operating modes of the trigger considered can be briefly presented in table 1.8. 

 

T a b l e 1.8 

R S Q Q’ Operating modes 

0 0 Q0 Q0’ Forbidden mode 

 0 1 1 0 Recording mode ‘0’ 

1 0 0 1 Recording mode ‘1’ 

1 1 – – Storage mode 

 

Due to the fact that the recording modes of the considered trigger are 

implemented by a unit level of the corresponding signal (S - Set, R - Reset), such a 

trigger is called a trigger with direct inputs. Its graphic designation is shown in figure 

1.19, b. The circuit of an asynchronous RS-flip-flop implemented on the basis of 

NAND elements is shown in figure 1.20, a. 

 

 

 

 

 

 

 

a      b  

 

Figure 1.20 

 

We consider the operation of the device in the order of data recording in table 

1.9. 

 

T a b l e 1.9 

 R S Q Q’ 

1 1  

1 

? ? 

2 0 0 1 

3  0 1 

4 1 0 1 0 

5  1 1 0 

6 0 0 1 1 

7 1 1 ??? ??? 

 

On the first row of the table - R = 1, S = 1; at one of the inputs of both 

elements - log.1, and the signal levels at the feedback inputs are unknown, therefore 

the signal levels at the outputs (Q and Q ’) are unknown. 

On the second line - R = 0, S = 1; due to the fact that at one of the inputs of the 

lower element is log.0, and in accordance with the logic of this element, at its output 
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(Q '), as well as at the lower input of the upper element, there will be log.0, as a result 

of which the output the lower element (Q) will be log. 1, and the output of the upper 

element (Q) will be log. 0; So, the trigger is set to log.0 state. 

On the third line - R = 1, S = 1; a change in the signal at input R by 1 will not 

affect the trigger state, since the signal levels at the other inputs of the elements have 

not changed, therefore, the trigger remains in the previous state. 

On the fourth line - R = 1, S = 0; due to the fact that at one of the inputs of the 

lower element is log.0, and in accordance with the logic of this element, at its output 

(Q), as well as at the upper input of the lower element, there will be log.1, as a result 

of which the output of the upper element (Q ') will be log.0; So, the trigger is set to 

log. 1. 

On the fifth line - R = 1, S = 1; a change in the signal at input S by 1 will not 

affect the state of the trigger, since the signal levels at the other inputs of the elements 

have not changed, therefore, the trigger remains in the previous state. 

From the cases considered, the following conclusion can be drawn: the case of 

filing R = 0, S = 1 corresponds to writing to the zero trigger (setting it to log.0 state); 

case R = 1, S = 0– record 1 (setting it to the state log.1); and the case R = 1, S = 1 - to 

the trigger storage mode. 

In the case of supplying the trigger inputs R = 0, S = 0 (sixth line), the outputs 

of both elements will be log 1, and when the trigger is put into storage mode (seventh 

line), it is not known what state it will be in, this is random process. Therefore, it is 

necessary to exclude such a case; therefore, this case is called the prohibited trigger 

mode. So, the operating modes of the trigger considered can be briefly presented in 

the form of table 1.10. 

 

T a b l e 1.10 

R S Q Q’ Operating modes 

0 0 – – Forbidden mode 

 0 1 1 0 Recording mode ‘0’ 

1 0 0 1 Recording mode ‘1’ 

1 1 Q0 Q0’ Storage mode 

 

Due to the fact that the recording modes of the considered trigger are realized 

by the zero level of the corresponding signal (S - Set, R - Reset), such a trigger is 

called a trigger with inverse inputs. Its graphic designation is shown in figure 1.19, b. 

We turn to the consideration of synchronous triggers. Synchronous triggers are 

transferred to a state corresponding to information signals by special control signals. 

Depending on the nature of the control signals, there are triggers with static control 

and triggers with dynamic control. 

A trigger circuit with static control (i.e., controlled by the signal level) can be 

constructed by attaching a control circuit composed of two NAND elements (figure 

1.21, a). 
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a           b 

 

Figure 1.21 

 

The modes of operation of this trigger are presented in table 1.11. 

 

T a b l e 1.11 

С R S Q Q’ Operating modes 

0 x x Q0 Q0’ Storage mode 

 

 

1 

0 0 – – Storage mode 

0 1 1 0 Recording mode ‘1’ 

1 0 0 1 Recording mode ‘0’ 

1 1 Q0 Q0’ Forbidden mode 

 

At C = 0, the trigger is in storage mode. The trigger state is changed in 

accordance with the signal levels at the inputs R and S at C = 1. The graphic 

designation of the synchronous RS-trigger is shown in figure 1.22, b. The scheme and 

graphic designation of the D-trigger (Delay) are shown in figure 1.22, and its 

operating modes are presented in table 1.12. 

 

 

 

 

 

 

    a           b 

 

Figure 1.22 

 

T a b l e 1.12 

С D Q Q’ Operating modes 

0 x Q0 Q0’ Storage mode 

 

1 

0 0 1 Recording mode ‘0’ 

1 1 0 Recording mode ‘1’ 

 

In the future, we consider three types of triggers with dynamic control, these 

are the D-trigger, JK-trigger and T-trigger. The translation of triggers with dynamic 

control to a new state is carried out by the corresponding edge (front or slice) of the 
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С J K Q Q’ Operating modes 

  0 0 Q0 Q0’ Storage mode 

 0 1 0 1 Recording mode 

 ‘0’ 1 0 1 0 Recording mode 

 ‘1’ 1 1 Q0’ Q0 Counting mode 

  

С D Q Q’ Operating modes 

  0 0 1 Storage mode 

 1 1 0 Recording mode 

  

control signal. Triggers with dynamic control are usually built according to the so-

called three-trigger structure. Without dwelling on the circuit implementation of 

triggers with dynamic control, we will only get acquainted with the modes of their 

operation. The graphic designation of the D-trigger with dynamic control is shown in 

figure 1.23, a, and its operating modes are presented in table 1.13. 

 

 

 

 

 

 

a       b  

Figure 1.23 

 

The change in the state of this trigger in accordance with the level of the 

information signal (D) is carried out by the positive edge (edge) of the control signal 

(C), which is indicated by the corresponding sign on the graphic designation (as well 

as in the table). 

 

T a b l e 1.13 

 

 

 

 

 

The JK trigger has four operating modes (table 1.14): its three modes are 

similar to the corresponding modes (recording ‘0’, recording ‘1’, storage) of the RS 

trigger, and the fourth mode is called the counting mode; in this mode, the trigger 

changes its current state to the opposite. On the graphic designation of the JK-trigger 

(Figure 1.23, b) and in the table of its operation modes (table 1.14) there are 

corresponding signs that the operation of this trigger is controlled by a negative edge 

(by a slice). 

 

T a b l e 1.14 

  

 

 

 

 

 

T-trigger — a trigger that works only in counting mode. Figure 1.24 shows a 

diagram of the implementation of the T-trigger based on the D-trigger and JK-trigger. 
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a       b  

Figure 1.24 

 

Only D-flip-flops and JK-flip-flops are produced as microcircuits. In their 

microcircuits, in addition to the conclusions for information and control signals, the 

conclusions are set for the supply of preset signals (figure 1.25). Asynchronous 

signals supplied to these inputs have a higher priority than other signals. 

 

 

 

 

 

 

 

a      b  

Figure 1.25 

 

1.4.2 Registers. 

Register - a device designed to store a word represented in the form of a multi-

bit binary number. Structurally they represent a set of triggers (for example, D-

triggers), interconnected with the terminals of the chip accordingly. Depending on 

how the word is written in the register, there are registers with serial input and 

registers with parallel input. 

In registers with serial input, the output of each trigger is connected to the 

information input of the next trigger. The bit values of a word represented as a multi-

bit binary number are sequentially entered into the first trigger by the corresponding 

clock difference, and the values of the number bits previously recorded in the triggers 

are shifted to the following triggers. At the same time, for recording the whole word, 

so many clock signals are required, how many digits the word is represented. 

In registers with parallel recording, the values of the word bits are 

simultaneously fed to the information inputs of the register, and the recording is 

carried out by one clock signal. 

There are universal registers where both methods of entering information are 

covered. An example of such a register is the microcircuit 74194, which performs the 

function of a four-bit universal register (figure 1.26). 

Функции выводов, т.е. соответствующих сигналов, микросхемы 74194 

представлены в таблице 1.15. 
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CLR’ S1 S0 CLK SL SR D C B A QD QC QB QA 

0 * * * * * * * * * 0 0 0 0 
 
 

1 

0 0  * * * * * * QD0 QC0 QB0 QA0 

0 1 * * * * * * QC0 QB0 QA0 SR 

1 0 * * * * * * SL QD0 QC0 QB0 

1 1 * * * * * * D C B A 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.26 

 

T a b l e 1.15 

 

 

 

 

 

 

 

 

1.4.3 Counters. 

A counter is a device that changes its contents by one at each corresponding 

difference (along the edge or along the slice) of incoming pulses. Depending on the 

direction of the content change, the counters are divided into summing, subtracting 

and reversing (or universal). Counters are built on the basis of T-flip-flops. 

An example of a simple counter is the microcircuit 7493 (figure 1.27, a), 

structurally constructed as separate single-digit (with CKA input and QA output) and 

three-digit counters (with CKB input and QD, QC, QB outputs), which can be used 

independently , and as a four-digit counter, by sequentially connecting them to each 

other.  

 

 

 

 

 

 

 

 

 

 

a       b  

Figure 1.27 
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RO1 RO2 CLK QD QC QB QA 

1 1 * 0 0 0 0 

0 *   

+1 
* 0 

 

ENP’ ENT’ D/U’ CLK LOAD’ D C B A QD QC QB QA RC0’ 

0 0 * * 0 * * * * D C B A  

0 0 0  1 * * * * –1 M: 

1→0 0 0 1 1 * * * * +1 

1 * * * * * * * *  

QD0 
 

QC0 
 

QB0 
 

QA0 
 

* 1 * * * * * * *  

 

The pin functions of the 7493 chip are presented in table 1.16. 

 

T a b l e 1.16 

 

 

 

 

 

 

An example of a reversible (universal) counter is the microcircuit 74169 

(figure 1.26, b). The functions of its conclusions are presented in table 1.17. 

 

T a b l e 1.17 

 

 

 

 

 

 

 

 

2 Digital Device Models 

  

In order to illustrate the possibility of logical and circuit synthesis of digital 

device structures, we describe experimental models of devices designed to implement 

certain algorithms and constructed in the software environment of circuit simulation 

Elektronics Workbench using the previously considered typical nodes of 

combinational and sequential types. 

The following and described models of some types of adders are designed to 

work with four-digit data. If necessary, it is easy to upgrade them to work with data 

with a large number of digits (for example, for eight-bit data). 

 

2.1  Serial carry adder 

 

This section presents a model of a device that implements the summation of 

two four-digit numbers (figure 2.1). 

In this device, to form the initial data for summation, a Data block was built on 

the basis of a microchip of a four-digit counter 7493, operating from a signal 

generator with a frequency of 1 Hz (we called it a dynamic data source). 
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Figure 2.1 

 

On the indicators of the Data block, codes of numbers from 0 to 15 will be 

displayed sequentially at time intervals of 1 second (corresponding to the set 

generator frequency). It remains only to wait for the appearance of the code of the 

required number and write it to the corresponding data receiver. 

Corresponding RG blocks based on the register chip 74194 were used as data 

receivers in our device. The choice of register for data recording is carried out by 

changing the state of the R switch by pressing the corresponding key. At the same 

time, the register prepared for data acceptance is indicated by highlighting the 

corresponding indicator. 

The device in question has two operating modes set by the state of the switch 

D: the input data input mode (D = 1) and the implementation mode of the summation 

of the prepared data (D = 0). 

Writing data to the input registers (A and B), as well as the result of summing 

to register S and the transfer value to the Carry trigger, is performed by the same key 

C. Moreover, the t block constructed on the basis of the XNOR element (figure 1.6) , 

forms a gating signal, the positive edge of which records data into registers. The 

direction of the strobe signals to the corresponding blocks is carried out by the AND 

elements installed in the corresponding parts of the circuit. The four-digit adder 

circuit is based on single-digit adders. 
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Figure 2.2 

 

Figure 2.2 shows a modification of the previous scheme, where the recording 

of the result of summation (and transfer) is carried out not by additional pressing the 

C key, but when the device is put into recording mode, i.e. when the state of the 

switch D changes from 1 to 0. The corresponding recording gate is formed by the Res 

block, constructed according to the scheme in figure 1.4, e. 

 

2.2 Summing-subtracting device 

 

We will carry out a further modification of the scheme, namely: we will create 

a device that performs both the summation of the prepared numbers and their 

subtraction. The result of this modification is shown in figure 2.3. 

The operation in the presented device is determined by the state of the switch 

S: for S = 0 - summation, and for S = 1 - subtraction. 

Due to the fact that arithmetic operations in a digital device are performed on 

the data presented in the additional code, it becomes necessary to obtain an additional 

code of the subtracted number. Obtaining an additional code of a negative number 

can be done by inverting the values of the digits of the direct code of the number and 

adding one to the resulting inverted code. Inverting the values of the bits of the code 

subtracted in our device is carried out in thirty block com, built on the basis of XOR 

elements, and adding one in the adder itself. 
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Figure 2.3 

 

The need to convert the number code into an additional code also arises in the 

event of a negative result. In this case, the corresponding conversion is carried out in 

the sign block, in which the negative sign of the result is also set. 

 

2.3 Adder for sequential operands 

 

The adders considered before were constructed using four single-digit adders. 

In the adder for sequential operands, only one single-digit adder is used, the 

summation through which is carried out sequentially, bit by bit, starting from the 

lowest (figure 2.4). 

The adder circuit for sequential operands, in addition to a single-digit adder, 

contains shifting registers of terms (two RgS) and sums (RgR), as well as a trigger for 

storing bitwise transfer. 

Overwriting of the initial data into the RgS registers from the corresponding 

RG registers occurs with a delay of 20 ns due to the delay of the gating signal when 

passing through two NOT elements. The operating modes of the RgS registers 

(recording, storage, shift) are set accordingly   the states of the switches R and D 

using combinational circuits connected to the inputs S0 and S1 of these registers. 

When you switch the operating mode of the device to the summation mode, the result 

register RgR and the transfer trigger are cleared. 
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Figure 2.4 

 

Bitwise summation is carried out by four clock signals generated by pressing 

the C key. The corresponding indicators make it possible to visually observe the 

stepwise process of bitwise summation. 

 

2.4 Serial adder in automatic mode 

 

The bitwise summation in the previous device was carried out by four clock 

signals generated by successive pressing of the C key. Of course, it would be 

advisable for these operations to be performed in automatic mode, i.e. so that when 

the device is switched to the summing mode (by changing the state of the switch D 

from 1 to 0), a certain automaton is switched on, which would generate these very 

clock signals. Figure 2.5 shows the corresponding modification of the adder circuit 

for sequential operands. 

The auto block, introduced into the device, built on the basis of the counter 

chip 7493 (figure 2.6), performs the following functions: 

 in the data preparation mode, skips write strobes to RgS blocks to realize 

overwriting of new data from RG registers; 

 at the time of switching to the summation mode, a signal is generated (which 

was previously used only to clear the result register RgR and the transfer trigger), 

which sets the trigger in the auto block to zero, and starts the counter from the 

generator; 
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 in the future, four clock signals (strobes) are generated, after which the 

counter stops working (with some delay after the formation of the fourth gate). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 
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3 Storage devices 

 

Digital systems, depending on their purpose, may include memory devices 

(memory devices) for storing information. Digital systems, depending on the 

functions they perform, can include various types of memory devices: 

 register memory, which is an integral part of microprocessors;  

 cache memory, which improves the speed of digital systems;  

 main memory (operational, permanent), working in direct exchange with the 

processor and coordinated with it in terms of speed;  

external memory designed to store large amounts of information. 

The most important parameters that describe the functionality of memory 

devices are: 

 information capacity – the maximum possible amount of information stored, 

expressed in bits, in bytes or in words. Most often, this parameter is represented as 

the product of the number of stored words by their bit depth; 

 performance of memory devices estimated by read, write times and read / 

write cycle times. Read (or write) time - the interval between the moments of the 

control signal (read / write) and the completion of the corresponding operation. 

Read/Write Duration – minimum allowed interval between consecutive operations. 

In addition to the traditional time parameters listed above, to describe the 

operation of memory systems working with data packets, parameters have been 

introduced that characterize the access time at the first access (Latency) and the 

transmission rate for subsequent words of the packet (Bandwidth). 

In addition to the above dynamic parameters, there are a number of operational 

parameters that determine the relative position of several control signals in time and 

their duration. 

The operation of memory devices is controlled by the following signals: 

A (Address) is an address whose bit depth (n) is determined by the number of 

memory device cells, i.e. the maximum possible number of words stored in it (N = 

2n); CS (Chip Select) or CE (Chip Enable) - signal for selecting a chip or its 

initialization;  

R / W (Read / Write) - signal to complete the corresponding operation; DI 

(Data Input) and DO (Data Output) - input and output data buses. In some memory 

systems, these lines can be combined. 

Depending on the method of accessing data, memory devices are divided into 

devices with address access, devices with serial access and devices with associative 

access. 

With address access, the code on the address inputs of the memory device 

indicates the cell with which the exchange is conducted. Such memory devices are 

most developed, and other types of memory are often built on their basis with the 

appropriate modifications. 

Addressable memory devices, in turn, are divided into RAM (Random Access 

Memory) and ROM (Read-Only Memory). RAM stores data involved in the 

exchange during the execution of the current program, and which can be changed at 

any time. RAM memory elements are generally non-volatile. 
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By the nature of the memory elements RAM are divided into static (SRAM, 

Static RAM) and dynamic (DRAM, Dynamic RAM). Elements of memory 

SRAM are triggers, and in DRAM, data is stored as charges of capacitors 

formed by elements of MOS structures. The self-discharge of capacitors in such 

structures leads to the destruction of data, therefore, they must be periodically (every 

few milliseconds) regenerated. At the same time, the packing density of dynamic 

memory elements is several times higher than the packing density achievable in static 

RAM. 

Dynamic RAMs are characterized by the largest information capacity and low 

cost, which is why they are used as the main computer memory. Static RAMs are 

several times more expensive (due to the complexity of memory elements) of 

dynamic RAMs and approximately the same amount of information capacity. Their 

advantage is high performance, and a typical area of use is cache schemes. 

ROM-type memory devices are characterized in that the information in them in 

the operating mode never changes. In some of their varieties, information may 

change, but not online. 

Depending on the method (and place) of programming, there are several types 

of ROM, these are: ROM (M), PROM, EPROM and EEPROM. 

Devices of type ROM (M) are programmed in the manufacture by integral 

technology using one specific mask (Mask). 

Devices of the type PROM (Programmable ROM) are programmed (but once) 

by the user. 

In devices such as EPROM (Electrically Programmable ROM) and EEPROM 

(Electrically Erasable Programmable ROM), you can erase old information and write 

new (reprogram). In EPROM devices, preliminary erasure of information is carried 

out using ultraviolet radiation (on special devices), and in EEPROM - by electrical 

signals. Data recording in both cases is performed by electrical signals. 

In sequential access memory devices, reading is done word by word, either in 

write order or in reverse order. The direct reading order takes place in FIFO buffers 

operating on the principle of “First In - First Out” (First In - First Out), as well as in 

file and cyclic memory systems. Reading in the reverse order is characteristic of 

stacked memory organizations, for which the principle of "last come - first come out" 

is implemented. Such memory devices are called LIFO buffers (Last In - First Out). 

In memory devices with associative access, information is searched for by 

some attribute (tag), and not by its location in memory (address or place in the 

queue). The main field of application of associative memory in large digital systems 

(for example, in modern computers) is data caching. 
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3.1 RAM memory device structures  

 

The construction of static RAM is carried out according to the structures of 2D, 

3D and 2DM. In the 2D structure (figure 3.1), m-bit memory cells (MC, Memory 

Cells) are connected to the corresponding outputs of the decoder, i.e. they are placed 

linearly relative to each other, so this structure can be called a linear structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 

 

The DC address code decoder, in the presence of the CS enable signal (Chip 

Select), activates one of the output lines by accessing the corresponding cell. The 

corresponding elements of the columns (bits) are connected by a vertical line - the 

internal data line (bit line, write / read line). Column elements store the same-named 

bits of all words. The direction of exchange is determined by the read / write 

amplifiers under the influence of the R / W signal (Read - read, Write - write). 

The 3D structure (also called the matrix structure) allows you to drastically 

simplify address decoders using a two-coordinate sample of memorizing elements 

(figure 3.2). 
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Figure 3.2 

 

Here, the address code of bit capacity n is divided into two halves, each of 

which is decoded separately. A memory element (or cell) is selected located at the 

intersection of the active output lines of both decoders. The number of such 

intersections will be 2n / 2 x 2n / 2 = 2n. The total number of outputs of both 

decoders is 2n / 2 + 2n / 2 = 2n / 2 + 1, which is much less than the number of outputs 

of the decoder in the 2D (2n) structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 
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Structures of the 2DM (2D modified) type, intended for organizing memory 

systems in large digital systems (in particular, computers), combine the advantages of 

2D and 3D structures - address decryption is simplified and memory elements with 

two-coordinate sampling are not required. 

The matrix of memory cells of the 2DM structure (figure 3.3) has, as it were, 

the nature of the 2D structure: the excited decoder output selects a whole line. 

However, unlike the 2D structure, the line length is not equal to the bit depth of the 

stored words, but it exceeds it many times. 

To select one of the lines, use the part of the address code An – 1 ... Ak. The 

remaining bits of the address (from Ak – 1 ... A0) are used to select the required word 

from the set of words that is contained in the line and which is performed using 

multiplexers. An output word is formed at the outputs of the multiplexers, and by 

resolution of the CS signal supplied to the OE inputs of the controlled buffers with 

three states, this word is transmitted to the external bus. 

 

3.2 ROM type memory elements 

 

Memory devices of the ROM type (Read Only Memory) store information that 

either does not change at all (in the ROM of types ROM (M) and PROM), or rarely 

changes and is not online (in the memory of types EPROM and EEPROM). 

Programming of permanent memory consists in one or another arrangement of 

communication elements between horizontal and vertical lines of the matrix of 

storage elements. In the ROM (M) matrix, as a rule, bipolar diodes, MOS transistors, 

etc. are used as memory elements placed in nodes of the grid. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 

 

In the matrix of the diode ROM (M) (figure 3.4), horizontal lines are sample 

lines of words, and vertical lines are read lines. The read word is determined by the 

location of the diodes in the nodes of the grid. If there is a diode, the high potential of 

the selected horizontal line is transmitted to the corresponding vertical line, and in 

this category of words the signal of a logical unit appears.    

In the absence of a diode, the potential is close to zero, since the vertical line through 
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the resistor is connected to the ground. In the matrix shown, when the DC0 sample 

line is excited, the word 11010001 is read, and when the DC1 line is excited, the 

word 10101011 is read. The sample buses are the outputs of the address decoder, 

each address combination drives its own decoder output, which leads to the reading 

of the word from the addressed cell (line). 

In the matrix ROM (M) manufactured using MOS technology, MOS transistors 

are used as memory elements placed in the nodes of the coordinate grid (figure 3.5). 

In MOS transistors corresponding to zero storage, the thickness of the gate oxide is 

increased, which leads to an increase in the threshold voltage of the transistor. In this 

case, the operating voltage of the system is not able to open the transistor. The 

permanently closed state of the transistor is similar to its absence. In MOS transistors 

corresponding to unit storage, the thickness of the gate oxide is reduced to such a size 

that they can be opened by a sampling signal coming from the decoder 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 

 

Memory devices such as ROM (M) are characterized by compact memory 

elements and, therefore, a high level of integration. For large volumes of production, 

mask programming is preferable, but if their circulation is insufficient, the costs of 

designing and manufacturing a template for the technological programming of 

memory devices will be excessively high. From here you can see the scope of ROM 

(M) -type devices - storing standard information with a wide range of consumers. 

In particular, memory devices of the ROM (M) type have alphabet codes 

(Russian and Latin) as the “firmware1”, tables of typical functions (sine, quadratic 

function, etc.), standard software, etc. 

PROM memory microchips are programmed by removing or creating special 

jumpers. In the original blank there are (or are absent) all jumpers. After 

programming, only the necessary remain or arise. 

Elimination of part of the jumpers is characteristic of the charger with fusible 

jumpers (figure 3.6, a). In this case, in the initial state, jumpers are installed in all 

nodes of the matrix, and during programming part of them is eliminated by melting 

by current pulses of sufficiently large amplitude and duration. So, in the initial state, 

all elements store a logical unit; logical zero can be written by melting the jumper. 
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a       b 

Figure 3.6 

 

The creation of part of the jumpers corresponds to circuits that in the initial 

state have non-conductive jumpers in the form of a pair of on-board diodes (figure 

3.6, b). In the initial state, the resistance of such a chain is so great that it is almost 

equivalent to an open circuit, and the memory element stores a logical zero. To 

record a unit, an increased voltage is applied to the diodes, piercing the diode, biased 

in the opposite direction. The diode breaks through with the formation of a short 

circuit in it and plays the role of the appearing conductive jumper. 

In reprogrammable memory devices of the EPROM and EEPROM types, it is 

possible to erase old information and replace it with new information as a result of a 

special process for which the memory device is removed from the operating mode. 

Operating mode (reading data) is a process performed at a relatively high speed. 

Replacing the contents of memory requires much longer operations. 

As memory elements in memory devices of EPROM and EEPROM types, 

transistors of the MNOP types ((Metal, Nitride, Oxide, Semiconductor)) and 

LIZMOS (the addition of LIZ to the designation of MOS are derived from the words 

Avalanche Charge Injection) are used, whose operation is based on the building of 

floating gates [1]. 

 

 

4 Microprocessor systems 

 

4.1 Structural principles of microprocessor systems 

 

The microprocessor (MP) is the central device in the composition of 

computing, instrumentation and control systems, collectively called the 

microprocessor system (MPS), which processes and transmits all kinds of 

information. The process by which the microprocessor performs the task is 

determined by the corresponding program, composed in the form of a sequence of 

commands from the command system of this microprocessor. 

The microprocessor system, along with the microprocessor, includes memory 

devices and input / output devices. When determining the structure of a 

microprocessor system, the implementation of three basic principles is taken into 

account: the principle of backbone, the principle of modularity and the principle of 

microprogram control. 

The main principle determines the nature of the relationship between the 

various functional blocks of the MEA. All units of the system are connected to a 

common system bus and exchange information with each other through this bus. 
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The modular principle determines the construction of MPS based on separate, 

functionally complete modules. Each module is equipped with an input, the signal 

level at which the initialization of this module is controlled, i.e. connecting it to the 

trunk, or translating it into a third (high impedance) state. 

The principle of microprogram control characterizes the possibility of 

implementing elementary operations - microcommands (sending information, 

arithmetic operations, shifts, etc.). 

The system bus consists of three main information buses: address bus AB 

(Address Bus), data bus DB (Data Bus) and control bus CB (Control Bus). 

Data bus is the main (and bi-directional) bus through which data is exchanged 

between the system modules. Address bus - a bus that provides communication with 

memory (or with external devices). 

In order to reduce the total number of communication lines, highways often use 

address and data transmission multiplexing (at the beginning of a cycle, an address, at 

the end of a cycle, data). 

The signals on the lines of the control bus determine the type of cycle and mark 

the time moments corresponding to its various parts and zones. Along with this, the 

control signals coordinate the operation of the processor (master, master) with the 

operation of memory or input / output devices (slave, slave). 

The main control signals are exchange gates, i.e. gates of writing (output) and 

reading (input). The processor, generating these signals, determines the moments of 

the corresponding data transfers. 

To connect input / output devices (I / O) or external devices (IU) to the system 

bus, their signals must comply with the standards of the corresponding interfaces 

through which communication is carried out. 

The processor can write and read operations in program-controlled exchange, 

interrupt, and direct memory access modes, the main of which is the first. 

 

4.2 Intel 8085 microprocessor 

 

A microprocessor (MP) is the most important unit that is part of complex 

digital systems and that processes information. 

It is convenient to consider the basic structural principles and the organization 

of work of microprocessors using an example of a specific microprocessor. As such a 

sample, we consider the simplest microprocessor Intel 8085, which is the forefather 

of modern microprocessors. Despite its considerable age, it is still produced by 

production or serves as the basis for the creation of new types of microprocessors. Of 

course, its scope is not computers, which now use more powerful and efficient 

microprocessors. Microprocessors such as Intel 8085 are mainly used in control 

systems, where they have enough capabilities. 

 

4.2.1 Microprocessor structure. 

The structure of the Intel 8085 microprocessor is shown in Figure 4.1. The 

exchange of information between its component blocks is carried out through its 

internal eight-bit data bus. 
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Consider the components of a microprocessor: 

AC (Accumulator) - battery register where one of the operands or the result of 

the operation is stored; 

TR (Temporary Register) - temporary storage register of one of the operands; 

ALU (Arithmetic-Logic Unit) is an arithmetic-logical device that performs 

operations on two operand words supplied to its inputs. The battery is the source and 

receiver of data, TR is the source of the data word stored for the duration of the 

operation. The ALU operates according to the relation A = A * B, where B is stored 

in TR, the second operand comes from the battery, and the result of the operation 

comes into it. ALU directly performs only operations of addition, subtraction, shift, 

word comparison, bitwise logical operations (conjunction, disjunction, addition 

modulo 2). More complex operations (multiplication, division, etc.) are performed 

according to subprograms. ALU has a scheme for converting binary numbers to 

binary decimal (DA, Decimal Adjust); 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 

 

RF (Register Rags) - a register of flags, i.e. bits indicating the signs of the 

results of arithmetic or logical operations performed in ALU. Five signs are 

indicated: Z (Zero) - zero result, C (Carry) - hyphenation, AC (Auxiliary Carry) - 

auxiliary hyphenation, S (Sign) - sign, P (Parity) - parity of the word. The sign of 

auxiliary transfer (transfer between the lower and upper tetrads of an eight-bit word) 

is needed when performing operations in binary decimal code. The meaning of the 
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remaining features is clear from their names. Signs are used to control the process of 

information processing; 

- B, C, D, E, H, L - eight-bit general purpose registers (RON). They are 

connected to the internal data bus using a multiplexer / demultiplexer (MUX / 

DMUX). These registers can be used either individually or in the form of pairs B-C, 

D-E, H-L, playing the role of 16-bit registers. The pairs of registers are referred to in 

the first registers of the pair as pairs B, D, N. The pair H-L, as a rule, is used to place 

addresses in it for indirect register addressing; 

- W and Z are software inaccessible registers intended for temporary storage of 

data; 

SP (Stack Pointer) - 16-bit stack pointer. The stack is designed to store an array 

of words, without the use of addressing. The order of entering words onto the stack 

and their reading is predetermined by its device. When organizing a type of LIFO 

(Last In - First Out), the last word on the stack is read first when it is read. The main 

purpose of the stack is servicing program interrupts and executing routines. In this 

case, the state of the command counter is automatically saved on the stack. Stack 

operations - Push (write a word) and Pop (read a word). The hardware stack is 

implemented in RAM, where a certain area is allocated for it. The stack pointer SP 

contains the address of the last occupied cell. When performing Push and Pop 

operations, the SP value decreases or increases. When organizing memory bytes and 

pushing the contents of a register pair onto the stack, the high byte is stored at address 

SP-1, and the low byte is stored at SP-2, as a result, the contents of SP are reduced by 

2. When fetching, the contents of the two upper cells of the stack are placed in the 

corresponding registers, and SP content is increased by 2; 

- IP (Instruction Pointer) - 16-bit instruction counter. The contents of the 

command counter after sampling the next byte from memory are automatically 

incremented, as a result of which the IP address of the next command appears if the 

current command was single-byte, or the next byte of the current command 

otherwise. The second and third bytes of the instruction go to the registers W and Z; 

- The INC / DEC (Increment / Decrement) scheme changes the words 

transmitted through it by +1 or –1; 

- IR (Instruction Register) - team register. It receives from memory the first 

byte of the instruction, i.e. team code; DC - command decoder. He, in accordance 

with the command code in the command register (IR), determines the appropriate 

firmware for the current command; 

Block Synchronising and Control - block synchronization and control. It, under 

the control of the signal of the command decoder (DC), generates the signals 

necessary for the implementation of the machine cycles of the current operation; The 

assignment of Interrupt Controls and Sequentional Controls is clear from their names. 

When exchanging between MP and memory or VU, the address of the 

corresponding memory cell or VU from the selected command or one of the register 

pairs is transferred to the address buffer AB. The address buffer with three output 

states gives the signals of the upper digits of the address on the address bus line A15-

8. The A / DB address / data bus buffer with three output states transfers to the A / D 

bus time-division least significant address byte or data byte. 
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The internal eight-bit data bus transfers bytes between the various internal 

registers or exchanges with other modules of the MMS via the multiplexed address / 

data bus. 

During the natural following of the MP commands, starting work, it selects 

from memory and executes one command after another until it reaches the HLT 

command. Selection and execution of one command form a command cycle (CC). A 

command cycle consists of one or more machine cycles (MCs). Each access to the 

memory or WU requires a machine cycle, which is associated with the transfer of 

bytes to or from the MP. In turn, the machine cycle is divided into one or another 

number of clock cycles T, the number of which depends on the type of machine 

cycle. 

The Intel 8085 microprocessor has the following types of machine cycles:  

1) Command fetch (OF, Opcode Fetch). 

2) Read from memory (MR, Memory Read).  

3) Write to memory (MW, Memory Write).  

4) Reading from VU (IOR, Input-Output Read).  

5) Write to the WU (IQW, Input-Output Write). 

6) Interrupt Acknowledgment (INA).  

7) Tire release (BI, Bus Idle). 

8) Stop (HLT). 

At the beginning of each machine cycle, status signals are generated that 

identify the type of cycle and operate throughout the cycle. 

 

4.2.2 Microprocessor Pins and Signals. 

A15-8 - output lines with three states for issuing the high byte of the memory 

address or the full address of the slave. Go to the third state in HOLD, HALT and 

RESET modes.  

AD7-0 - bidirectional multiplexed lines with three states for issuing the least 

significant byte of the memory address or the full address of the slave in the first 

cycle of the machine cycle, after which they are used as a data bus. 

ALE is a strobe for allowing the lower byte of a memory address to be loaded 

into an external register for storage during a machine cycle. Appears in the first cycle 

of the machine cycle. The register is loaded by the trailing edge of the ALE signal; 

RD , WR - read or write gates. The pins go into the third state in the HOLD, 

HALT and RESET modes; READY - an input signal indicating that the memory or 

WU is ready for exchange with the MP. If there is no readiness of memory or slave, 

the MP enters a standby state, which can last any number of clock cycles until a 

single READY signal level appears. 

S1, S0 - MP status signals communicated to the external environment. They are 

formed at the beginning and stored during the entire machine cycle. 
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МC 
Status signals 

 

Control signals 

IO/M S1 S0   RD     WR   INT

A 

 

OF 0 1 1 0 1 1 

MR 0 1 0 0 1 1 

MW 0 0 1 1 0 1 

IOR 1 1 0 0 1 1 

IOW 1 0 1 1 0 1 

INA 1 1 1 1 1 0 

BI 3S x x 1 1 1 

HALT 3S 0 0 3S 3S 1 
 

IO / M - signal to select a memory or external device. At a high level, access to 

the WU occurs, at a low level, to memory.  

Together with signals S1, S0, the IO / M signal identifies the type of machine 

cycle. Status signal values and RD , control signals, WR and INTA, for various 

machine cycles, are presented in table 4.1.  

 

T a b l e 4.1 

 

 

 

 

 

 

 

 

 

 

 

 

In the table, 3S indicates the third (high-impedance) state. 

x1, x2 - pins connected to a quartz resonator or other frequency-defining 

circuits to ensure the operation of the internal MP clock generator. The frequency at 

the terminals x1 and x2 is 2 times higher than the operating frequency. 

RESIN (RESET IN) – input signal reset MP in the initial state. The signal 

can be received at any time by the operator. Automatically generated when power is 

turned on. Under its influence, the IP and IR registers, triggers to enable interruption, 

capture confirmation, etc. are reset. 

CLK – clock output for microprocessor system. The frequency of these 

pulses is two times lower than the frequency at the terminals x1 and x2. 

RESET - reset output signal for external modules of the system, tied to CLK 

clock pulses, i.e., different from the from signal RESIN phase. 

INTR (Interrupt Request) – vector interrupt request input, causing the 

INTA strobe to be generated if the interrupt is enabled by the program The address of 

the subroutine called by this input is issued by an external device. When resetting, 

signal reception is prohibited (interrupts are prohibited). 

INTA (Interrupt Acknowledge) –  the output of the vector interrupt 

confirmation strobe after the completion of the current command cycle. Used to read 

the interrupt vector. 

RST 5,5; RST 6,5; RST 7,5 – RSTn radial interrupt request inputs (n = 5,5; 

6,5; 7,5). The starting addresses of the service routines are 8n. Priorities are fixed, 

the highest priority is at the input of RST 7.5. 

The priorities of the entire query group are higher than the priority of the INTR 

request. These requests are masked, and independently of each other; 

TRAP  – a non-maskable interrupt request input that has the highest 

priority. 
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SID, SOD (Serial Input Data, Serial Output Data) –  

input and output of serial data transmission. By the RIM command, the input bit is 

loaded into the high-order bit of the battery; by the SIM command, it is output from 

this bit. 

HOLD – bus capture request signal. It is formed by an external device. 

HLDA – Hold Acknowledge signal. It is a response to the HOLD signal 

generated at the end of the current machine cycle. Indicates that the MP is 

disconnected from the system buses. In this case, the buses and control signal lines 

RD, WR, IO / M and ALE are transferred to the third state. 

 

4.2.3 Organization of the microprocessor. 

The command cycle (KC) begins with the selection of the team (Opcode Fetch, 

OF). The first machine cycle Ml is always OF, in which the MP receives the first byte 

of the instruction. After that, there may be one or two machine cycles of the MR 

(Memory Read) type, since the command can be single-byte, double-byte or three-

byte. 

The first byte contains the operation code, information about the addressing 

method, and if the command is single-byte, then the address of the operand. An 

address is possible for register-to-register operations with short addresses. Three-bit 

addresses are sufficient for addressing 8 general-purpose registers, and even two-bit 

addresses for addressing register pairs. The second byte contains the lower half-

address of the operand if the instruction is three-byte, or the immediate operand or the 

address of the slave if the instruction is two-byte. The third byte contains the highest 

half address of the operand or byte of direct data when loading a pair of registers. 

Addresses of registers and register pairs are given in table 4.2. 

 

T a b l e 4.2   
 

Registers Register pairs 

B C D E H L M A B D H SP 

000 001 010 011 100 101 110 111 00 01 10 11 
 

 

After fetching and decoding the instruction, additional machine cycles may be 

needed to execute it. In total in a command cycle there can be from one to five 

machine cycles. 

A machine cycle consists of clock cycles in which the typical actions described 

below are performed. The number of ticks in various machine cycles is 3 ... 6. Most 

machine cycles contain three cycles. The command cycle can contain from 4 to 18 

measures. 

Signals that implement one or another MC are generated by the MP control 

unit based on the information contained in the first byte of the instruction. We 

illustrate what has been said with an example of the execution of the STA D3D2 

(Store Accumulator Direct) command, which transfers the contents of the battery to a 

memory cell with direct addressing, i.e. specifying the cell address in the command 

itself. The command is three-byte, for its transmission to the MP, three machine 
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cycles are required, in the first of which byte b1 is transmitted to the register of IR 

commands, in subsequent bytes b2 and b3 are transferred to the temporary storage 

registers W and Z. After receiving the entire command, the MP executes it by 

transmitting the byte from the battery to the memory cell whose address is in the MP. 

Thus, the command cycle will be composed of four machine cycles in the following 

OF-MR-MR-MW order. 

Each machine cycle is divided into clock cycles (states) - intervals between the 

same edges of clock pulses. Typical actions performed in cycles of a machine cycle: 

а) T1 – the memory address or the slave is set to AD7-0 and A15-8, an ALE 

signal is generated to fix the AD7-0 bits. On the lines IO / M, S1 and S0, information 

is set that determines the type of cycle. The HALT flag is checked; 

b) Т2     – Ready and Hold inputs are checked. The program counter is 

incremented if the given machine cycle is part of the instruction sample. In all 

machine cycles except the BI cycle (tire free), one of control gates RD, WR and 

INTA goes from a single state to an active zero; 

c) Tw – appears when the memory or slave is not ready for exchange (low 

voltage level on the READY line). The states of the address, data, and control lines 

remain the same as at the end of the measure. The READY signal is checked at each 

sleep cycle; 

d) Т3 – a byte of command or data is transferred to or from the 

microprocessor. The level of the active control gate changes from zero to one. 

e) Т4 – the contents of the instruction register are decoded; 

f) Т5,6 – used if necessary to complete some commands. System buses are 

not used. 

A machine cycle always contains measures T1 ... T3, sometimes it has a larger 

number of measures, but only three measures are required for reading or writing. 

 

4.2.4 Interrupt system. 

When the microprocessor system is operating inside or outside of it, events 

may occur that require an immediate response. Such a response is provided by the 

interruption of the program and the transition to servicing the sources of interrupt 

requests. Inside the system, requests arise when there are malfunctions, overflow of 

the bit grid, an attempt to divide by zero, etc., as well as in case of service 

requirements from external devices. Can from outside emergency signals in 

controlled facilities, malfunctions of power sources, etc. 

Interruptions on requests from slow-acting external devices increase system 

performance, allowing the control unit to take up processor time only when they are 

ready for exchange. When the slave needs maintenance, it sets an interrupt request 

trigger, and the request signal is stored until it is received and processed by the 

microprocessor. In response to the received interrupt request in the microprocessor 

system, the current command is completed, the state of the MP is stored, the interrupt 

service routine is executed, the state of the MP is restored, and then control is 

returned to the corresponding command of the main program. 
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The Intel 8085 microprocessor has five interrupt inputs and one INTA control 

output. The interrupt should trigger the CALL command, according to which the 

status of the PC program counter is pushed onto the stack, and the IP address of the 

subroutine to be executed is loaded into IP. The CALL command input initiative 

belongs to the hardware of the microprocessor system. If interrupts are enabled, they 

are performed by the microprocessor at the end of the current command. 

MP inputs associated with interrupts are called TRAP; RST 5.5; RST 6.5; RST 

7.5; INTR. When organizing interrupts, the tasks of masking requests are solved and 

their priority levels are determined in case of conflicts due to the simultaneous receipt 

of several requests. 

Masking consists in prohibiting the action of the corresponding input. Interrupt 

request inputs can be masked or not masked, that is, always accepted. 

The TRAP input is non-maskable and has the highest priority. It cannot be 

prohibited by program commands. To this input are connected signals that inform 

about the most important events in the microprocessor system, the appearance of 

which requires an unconditional response (for example, a signal that signals a power 

failure that requires immediate action). The start address of the TRAP interrupt 

service routine is located in a fixed memory location with address 24H. Thus, the 

appearance of an interrupt request on the TRAP input will, regardless of anything, 

cause a corresponding interrupt after completion of the current command. 

The designation of the inputs RSTn (n = 5.5; 6.5; 7.5) comes from the word 

Restart. Interrupts on these inputs are masked, that is, they can be enabled or disabled 

by the commands El (Enable Interrupt) and Dl (Disable Interrupt) acting on all three 

inputs simultaneously. An initial microprocessor reset prohibits the servicing of these 

requests; for their subsequent resolution, an EI command should be issued. There is 

also the possibility of separately masking RSTn requests using the special SIM (Set 

Interrupt Mask) command, no of which masks are set in accordance with the values 

of bits A0 ... A2 of the contents of the battery. By pre-loading 1 into the 

corresponding bit, you can disable (mask) this or that input. The priorities of the 

RSTn inputs are fixed, they decrease in the order of RST 7.5; RST 6.5; RST 5.5. The 

start addresses of interrupt routines such as RSTn are known. RSTn commands end 

with loading the number 8n into the program counter. The numbers are 5.5; 6.5 and 

7.5 determine the starting addresses 002CH, 0034H and OOZSN. In other words, for 

inputs of this type, interrupt vectors are automatically detected and they do not need 

to be transmitted to the MP from external devices. 

The RST 7.5 input is dynamic, responds to a positive edge of the signal, and 

the RST 6.5 and RST 5.5 inputs are static, respond to the signal level and, therefore, 

are automatically removed when requests for these inputs disappear. The RST 7.5 

request, received by the trigger with a dynamic input, is not removed after the request 

signal is removed and remains until the interrupt is processed or until the SIM or 

RESET command. 

When a request is received at the INTR (Interrupt) input, the interrupt vector 

must be transmitted to the MP from the outside. In particular, an interrupt controller 

is connected to this input - a unit that accepts several requests from external devices, 

solves the priority and masking problem, and generates a single INTR signal for the 
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MP, with the corresponding interrupt vector being sent to the MP. In this case, the 

RSTn command is also executed, but n depends on the source of the interrupt. The 

appearance of an INTR request with enabled interrupts leads to a microprocessor 

response by the INTA signal, which is fed to the output enable inputs of the buffer 

amplifiers. 

During interrupt processing, until an EI command is executed, interrupts other 

than TRAP are disabled. The non-maskable interrupt TRAP blocks other interrupts, 

but retains the enable state of an interrupt signal that has already arrived. 

 

4.2.5 Serial input / output system. 

The microprocessor has two outputs for transmitting serial data, these are SOD 

and SID (Serial Output Data and Serial Input Data). The SOD pin is controlled by the 

SIM command, and the signal from the SID pin is read by the RIM command.  

These commands were previously referred to as set and reset masks for RSTn 

interrupt inputs, and they are also used to control serial I / O. Before the SIM 

command is executed, a control word is generated in the battery (table 4.3). 

 

T a b l e 4.3 

 

 

 

The bits of the control word are interpreted as follows:  

a) SOD - serial data output; 

b) SOE – a signal, the unit value of which transmits serial SOD data 

to the corresponding microprocessor output; 

в) R7,5 – request reset signal for input RST7.5 (recall that the signal at this 

input is received by a trigger with dynamic control); 

c) MSE (Mask Set Enable) – a signal whose active state permits the 

action of bits 2 ... 0; 

d) М7,5...М5,5 – masking requests for inputs RST7.5 ... RST5.5, if the 

corresponding bit has a single value. 

For example, setting SOD = 1, resolution RST 6.5, resetting the trigger RST 

7.5 and masking RST 7.5 and RST 5.5 will be performed by two program commands: 

MVI А, b2 

SIM  

 

; setting battery bits; change masks and bits  

  SOD 

 

7 6 5 4 3 2 1 0 

SOD SOE x R7,5 MSE M7,5 M6,5 M5,5 
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The MVI command A, b2 transfers byte b2 to the accumulator, that is, it 

performs the action of sending data to the accumulator with direct addressing. Byte 

b2 in this case has the form: 11x11101. 

To enter serial data through the SID pin, use the RIM command, which 

provides input of serial data and reading interrupt masks. After executing the RIM 

command, the word (table 3.4) is fixed in the accumulator with the following bit 

value: 

а) SID – serial data input via the SID pin; 

b) I7,5; I6,5; I5,5 – logic levels on RST7.5 pins; RST6.5 and RST5.5, 

respectively; 

c) IE – interrupt enable signal; 

d) М 7,5...М 5,5 – logical levels of masks. 

 

T a b l e 4.4 

 

7 6 5 4 3 2 1 0 

SID I7,5 I6,5 I5,5 IE M7,5 M6,5 M5,5 

 

Bits I7.5 ... I5.5 indicate the corresponding levels during the RIM command. 

The IE bit indicates which of the EI and DI commands was executed last; it is also 

affected by the presence of an interrupt mode at this time, since it is accompanied by 

a reset of the IE trigger, inhibiting other interrupts. Bits M7.5 ... M5.5 indicate the 

current state of the interrupt masks. 

 

4.3 Intel 8085 Microprocessor Command System 

 

MP commands are given in table 4.5. In the first column of the table, 

mnemonic codes of commands are given with designations of registers through r, 

pairs of registers through rp, memory cells through M, third and second bytes of the 

command through b3b2, addresses WU through port. References to memory cells M 

imply indirect addressing — the addresses of these cells are taken from register pair 

H (registers H and L) and, therefore, do not need to be indicated in the command 

itself. 
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T a b l e 4.5 

Mnemonic 

code 

Code Flags Byte Tact Cycle Explanations 

1 2 3 4 5 6 7 

Forward commands 

MOV r1, r2 01DDDSS

S 

– 1 4 1 r1 ← (r2) 
MOV M, r 01110SSS – 1 7 2 [(HL)] ← (r) 
MOV r, M 01DDD110 – 1 7 2 (r) ← [(HL)] 
MVI r, b2 00DDD110 – 2 7 2 r1 ← b2 
MVI M, b2 36 – 2 10 3 [(HL)] ← b2 
LXI rpb3b2 00PP0001 – 3 10 3 rp ← b3b2 
LDA b3b2 3A – 3 13 4 A ← b3b2 
STA b3b2 32 – 3 13 4 b3b2 ← (A) 
LHLD b3b2 2A – 3 16 5 HL ← b3b2 
SHLD b3b2 22 – 3 16 5 b3b2 ← (HL) 
LDAX rp 00PP0010 – 1 7 2 A ← [(rp)] 
STAX rp 00PP1010 – 1 7 2 [(rp)] ← (A) 
XCHG EB – 1 4 1 (HL) ↔ (DE) 
Arithmetic and Logic Operations Commands 

 ADD r 10000SSS + 1 4 1 A ← (A) + (r) 
ADD M 86 + 1 7 2 A ← (A) + [(HL)] 
ADI b2 C6 + 2 7 2 A ← (A) + b2 
ADC r 10001SSS + 1 4 1 A ← (A) + (r) + (TC) 
ADC M 8E + 1 7 2 A ← (A) + [(HL)] + (TC) 
ACI b2 CE + 2 7 2 A ← (A) + b2 + (TC) 
SUB r 10010SSS + 1 4 1 A ← (A) – (r) 
SUB M 96 + 1 7 2 A ← (A) – [(HL)] 
SUI b2 D6 + 1 7 2 A ← (A) – b2 
SBB r 10011SSS + 1 4 1 A ← (A) – (r) – (TC) 
SBB M 9E + 1 7 2 A ← (A) – [(HL)] – (TC) 
SBI b2 DE + 2 7 2 A ← (A) – b2 – (TC) 
INR r 00DDD100 (+) 1 4 1 r ← (r) + 1 
INR M 34 (+) 1 10 3 [(HL)] ← [(HL)] + 1 
DCR r 00DDD101 (+) 1 4 1 r ← (r) – 1 
DCR M 35 (+) 1 10 3 [(HL)] ← [(HL)] – 1 
INX rp 00PP0011 – 1 6 1 rp ← (rp) + 1 
DCX rp 00PP1011 – 1 6 1 rp ← (rp) – 1 
DAD rp 00PP1001 – 1 10 3 [(HL)] ← [(HL)] + (rp) 
DAA 27 + 1 4 1 A ← (A)2-10 
ANA r 10100SSS + 1 4 1 A ← (A) ۸(r) 
ANA M A6 + 1 4 1 A ← (A) ۸[(HL)] 
ANI b2 E6 + 2 7 2 A ← (A) ۸b2 
XRA r 10101SSS + 1 4 1 A ← (A) (r) 
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C 

1 2 3 4 5 6 7 

XRA M AE + 1 7 2 A ← (A)  [(HL)] 

XRI b2 EE + 2 7 2 A ← (A)  b2 

ORA r 10110SSS + 1 7 2 A ← (A) ۷(r) 

ORA M B6 + 1 7 2 A ← (A) ۷[(HL)] 

ORI b2 F6 + 2 7 2 A ← (A) ۷b2 

CMP r 10111SSS + 1 4 1 (A) – (r) 

CMP M BE + 1 4 1 (A) – [(HL)] 

CPI b2 FE + 2 7 2 (A) – b2 

CMA 2F – 1 4 1 
 

A ← (A)  

STC 37 C 1 4 1 TC ← 1 

CMC 3F C 1 4 1 
 

TC ← 
(T )  

 

RLC 
 

07 
 

C 
 

1 
 

4 
 

1 
A7-1 ← (A6-0), A0 ← (TC), 

TC←A7 
 

RRC 
 

0F 
 

C 
 

1 
 

4 
 

1 
A6-0 ← (A7-1), A7 ← (TC), 

TC←A0 
 

RAL 
 

17 
 

C 
 

1 
 

4 
 

1 
A7-1 ← (A6-0), A0 ← (A7), 

TC←A7 
 

RAR 
 

1F 
 

C 
 

1 
 

4 
 

1 
A6-0 ← (A7-1), A7 ← (A0), 

TC←A0 

Control commands 

JMP b3b2 C3 – 3 10 3 PC ← b3b2 

Jcond b3b2 11CCCC01 – 3 10 3 Cond = 1: PC ← b3b2 

CALL b3b2 CD – 3 18 5 SP ← (PC), PC ← b3b2 
 

Ccond b3b2 
 

11CCC100 
 

– 
 

3 
 

2/5 
 

9/18 
Cond = 1: 

SP ← (PC), PC ← b3b2 

RET C9 – 3 10 3 PC ← [(SP)] 

Rcond 11CCC100 – 3 17/11 5/3 Cond = 1: PC ← [(SP)] 

RST n 111nnn111 – 1 11 3 PC ← 8n 

SPHL E9 – 1 6 1 SP ← (HL) 

Special commonds 
 

PUSH rp 

 

11PP0101 
 

– 
 

1 
 

11 
 

3 
SP ← (SP) – 2; 

[(SP)]; [(SP) + 1]← (rp) 
 

PUSH PSW 
 

F5 
 

– 
 

1 
 

11 
 

3 
SP ← (SP) – 2; 

[(SP)], [(SP) + 1]←(A),(F) 
 

POP rp 
 

11PP0001 
 

– 
 

1 
 

10 
 

3 
rp ← [(SP)],[(SP) + 1], 

SP ← (SP) + 2 
 

POP PSW 
 

F1 
 

– 
 

1 
 

10 
 

3 
F,A ← [(SP)], [(SP) + 1]; 

SP ← (SP) + 2 

XTHL E3 – 1 18 5 (HL) ↔ [(SP)], [(SP) + 1] 

PCHL F9 – 1 5 1 PC ← (HL) 

IN port DB – 2 10 3 A ← (port) 

OUT port D3 – 2 10 3 port ← (A) 

EI FB – 1 4 1 Разрешение прерывания 
 

T a b l e 4.5 (continuation) 
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T a b l e 4.5 (continuation)  

1 2 3 4 5 6 7 
ВI F3 – 1 4 1 Prohibition of interruption 

 HLT 76 – 1 7 2 Stop 
NOP 00 – 1 4 1 No operation 
RIM 20 – 1 4 1 Read Interrupt Mask 
SIM 30 – 1 4 1 Write Interrupt Mask 

 

In the second column, the codes of the first byte of command b1 are given in 

binary eight-digit representation, if it is required to indicate the addresses of operands 

in them, or in two-digit hexadecimal representation in other cases. The bits of the 

generalized addresses of the registers that are the data sources are expressed with the 

letters S (Data Source), the registers that are the receivers of the data, the letters D 

(Data Destination), the pairs of registers with the letters P (Pair). Substituting certain 

addresses instead of alphabetic characters, we obtain codes of specific variants of the 

command. Codes of conditions under which the operation specified in the command 

is carried out are indicated by the letters C (Condition), the decoding of which is 

presented in table 4.6. 

 

T a b l e 4.6  

ССС Mnemonic code Conditions 

000 NZ Inequality to zero 

001 Z Equality to zero 

010 NC No transfer 

 011 C Transfer Availability 

 100 PO Oddness 

 101 PE Parity 

110 P Plus 

111 M Minus 

 

Signs are generated in the register of flags, the format of which is presented in 

table 4.7. 

 

T a b l e 4.7 

7 6 5 4 3 2 1 0 

S Z 0 AC 0 P 1 C 

 

In the RST restart command code, three digits marked with the letters n are 

formed by the interrupt system or indicated by the programmer. The comparison 

operation is performed by subtracting the operands and setting the signs of the result 

(Z and S). 

In the third column, a dash means that the execution of the command is not 

accompanied by the development of flag flags, the plus sign indicates the installation 

of all signs, the plus sign in brackets indicates the installation of all signs except the 
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sign of the presence or absence of transfer C, and the symbol C means that only a 

sign of the presence or absence of transfer is being developed. 

 

4.4 Addressing Methods 

To perform the operation corresponding to a specific command, along with the 

operation code, the data source and receiver must be indicated. The Intel 8085 

microprocessor generates addresses in four ways: direct addressing, register 

addressing, indirect addressing and direct addressing. 

In direct addressing, the address code is contained in the command. Due to the 

fact that the number of bits of the address code is determined by the amount of 

memory, this addressing method increases the amount of instruction. For example, 

for a memory containing 216 cells, addressing is performed by a sixteen-bit code, and 

such instructions are three-byte. Addressing external devices is eight-bit code, and 

such commands are double-byte. 

In case of register addressing, the operand is contained in one of the internal 

registers of the microprocessor. Due to the fact that the Intel 8085 microprocessor 

contains no more than eight general-purpose registers, a three-bit address is sufficient 

for addressing them, so such commands are single-byte. 

In indirect addressing, a register pair is indicated containing the address of the 

required operand. Such commands (as well as register-addressing commands) are 

compact, but they require the preliminary entry of the address in the corresponding 

register pair. The Intel 8085 microprocessor uses an HL register pair as an indirect 

address register. Indirect addressing is convenient for processing serial data, in this 

case the address is set once, and the next address is determined by its increment (or 

decrement). 

With direct addressing, the operand (one- or two-byte) is contained within the 

instruction itself, respectively, such instructions are two- or three-byte. 

In addition to those described, there are more complex addressing methods 

(index addressing, relative addressing, etc.), but they are not used in simple 

microprocessors such as Intel 8085. 

Using various addressing methods provides an opportunity to reduce the 

volume of the program and its execution time. 

 

5 Microprocessor programming 

 

The operation of microprocessor systems is carried out under the control of 

programs composed in the form of sequences of commands. Programs for specialized 

digital systems are usually compiled in assembly language. A special program 

designed to translate programs written in assembler into machine language is also 

called assembler. A machine language program is stored in memory modules, and in 

the future, the work of this program is carried out by sequentially selecting its 

commands and their execution. Writing a program in assembler is carried out in a 

certain order: 

 

{Метка:} Мнемокод {Операнд(ы)} ; {Комментарий} 
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Curly brackets contain elements that may or may not be present. The label, 

mnemonic code, and operands are separated by spaces. Label - the symbolic address 

of the command to which there is a transition in the program. In jump and call 

routines, the label name is used as the operand. 

Mnemonic code - designation of a command in assembly language. The 

mnemonic codes of the commands are based on the corresponding semantic concepts: 

ADD (ADDition), SUB (SUBtraction), XCHG (eXCHanGe). The operands are 

separated by a comma. If there are two operands in the command, the first of them is 

the data receiver, and the second is the source. Comments are intended only to 

explain the actions performed and should be preceded by a semicolon. 

Next, we present various program structures using different sizes (bytes) and 

the method of addressing commands, which will allow us to evaluate the presented 

program structure and determine the advantages and disadvantages of the commands 

used in them. The performance of the programs under consideration, i.e. the absence 

of both spelling and functional errors in them can be checked using the software 8085 

Simulator IDE. 

The structure of the simulator, the organization of work with it and its 

functional capabilities (work with various tools in its composition) will be considered 

in the course of studying the relevant programs. 

 

5.1 Data forwarding 

 

The program proposed in this section is designed to study the nature of actions 

when executing various (in size and in the way of addressing) data transfer 

commands. 

In the first part of the program (Writing to Memory), composed in the form of 

several blocks, data are transferred from the microprocessor to the memory: in the 

Single Data block, a single transfer is performed by a command with direct 

addressing; in blocks Data Array-1 and Data Array-2 - transfer of an array of data 

(generated as values of members of an arithmetic progression) by commands with 

indirect addressing. 

In the blocks (Conversion-1, Conversion-2 and Single Access) of the second 

part of the program (Data Access), using the same commands used earlier, data is 

accessed from one memory location and after corresponding conversion, they are sent 

to another section of memory. Entering the initial value from which the formation of 

the values of the members of the arithmetic progression begins, and the data values 

transferred between the microprocessor and the memory are displayed using a 

peripheral device.  

Work with the simulator is carried out in the following order: 

 

 run the simulator program with an icon     and select Tools / Assembler 

in the main simulator window that opens (figure 5.1), and File / New in the 

Assembler window; 
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Figure 5.1 

 

 By moving the cursor to the tabulated distance (for example, by pressing the 

Tab key), enter the first command of the program below and press Enter. Similarly, 

continue to enter the remaining program commands. Labels are written at the 

beginning of the line; 

 Save the program (File / Save As) under the name Data Transfers, as a result 

of which a file with the extension asm is created. Then, in the Assembler window, 

select Tools / Assemble & Load. Files with extensions hex, lst, obj are created;  in 

the simulator window, open the Tools / Peripheral Devices window. In the opened 

Peripheral Devices window, click the Device 1 button and define the port address as 

01, and then set this port to IN. Similarly, having determined the addresses of the 

following ports as 02, 03 and 04, set them to OUT;  in the main window of the 

simulator by selecting Tools / Memory Editor open the memory window; 

 in the main window of the simulator, select the step-by-step simulation 

mode (Rate / Step By Step) and start the operation of the simulator (Simulation / 

Start), as a result of which the Step command option appears in the menu bar of the 

main simulator window; 

by giving the Step command, i.e. by clicking on the corresponding option, 

by the changes in the microprocessor registers and in the corresponding memory 

cells, analyze the results of the execution of program commands; 

After the program is completed, using the File / Load Program command, 

restart the program, as a result of which the memory window will be updated, i.e. 

only the program command codes will remain there;  in the main window of the 

simulator, select Tools / Breakpoints Manager and set breakpoints after each program 

block, i.e. in the first commands of the next block of the program;  in the main 

window of the simulator, select the simulation speed (Rate / ...), for example, Rate / 

Normal and start the simulator (Simula-tion / Start); 

 after each program stop at the control points, analyze the actions of the 

commands in the executed block and the results obtained, i.e. corresponding data 

transfers (in microprocessor registers and in corresponding memory cells). 
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The text of the program is presented below: 

 

;**************************************************** ; 

Data Transfers 

;**************************************************** ; 

Writing to Memory  

;============================================= 

;      Single Data 

;----------------------------------------------------------------------------- 

  MVI A,0Fh 

OUT 02h  

STA 00D0h 

;============================================= ; 

Data Array-1 

;----------------------------------------------------------------------------- 

  MVI C,07h 

LXI D,00D0h 

IN 01h ;Initial Data 

 DT_1: ADI 13h ;Step 

OUT 02h 

INX D 

STAX D 

DCR C  

JNZ DT_1 

;============================================= ; 

 Data Array-2 

 

;----------------------------------------------------------------------------- 

XCHG 

MVI C,08h 

DT_2: ADI 09h ;Step  

  OUT 02h 

INX H 

MOV M,A 

DCR C  

JNZ DT_2 

;**************************************************** ;  

 Data Access ;============================================= 

; Conversion-1 

;----------------------------------------------------------------------------- 

  LXI D,00EFh 

MVI C,08h 

CNV_1: MOV A,M 

OUT 03h  

RRC 
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OUT 04h  

STAX D 

DCX H  

DCX D  

DCR C 

JNZ CNV_1 

;============================================= ; 

 Conversion-2 

;----------------------------------------------------------------------------- 

  MVI C,07h 

CNV_2: MOV A,M 

  OUT 03h  

  RAR 

OUT 04h  

XCHG 

MOV M,A  

DCX H  

DCX D  

XCHG 

DCR C 

JNZ CNV_2 

;============================================= ;  

Single Access 

;----------------------------------------------------------------------------- 

  LDA 00D0h 

OUT 03h  

CMA 

OUT 04h  

STA 00E0h 

;=============================================  

HLT 

;----------------------------------------------------------------------------- 

 

5.2 Single Byte Arithmetic 

 

The program presented in this section (Single-Byte Arithmetic) is devoted to 

the study of the nature of actions when performing various (in size and in the way of 

addressing) arithmetic commands (addition and subtraction) for single-byte data. 

In the Entry Data block, the initial parameters are entered (n is the number of 

members, d is the progression step, a0 is the initial value), according to which data is 

generated in the Data Array block (in the form of values of the arithmetic progression 

members) and written to memory. 

In the Cumulative Summation block, the sum of the values of the arithmetic 

progression members recorded in the memory in the previous block of the program is 
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calculated. In the Direct Summation block, the data addition command is executed 

with the direct addressing command. 

Saving the obtained summation result in memory is carried out in the Result of 

Summation block. The Series Subtraction and Direct Subtraction blocks implement a 

process of sequentially subtracting the data used to summarize from the previously 

obtained value of the sum.  

The text of the program is as follows: 

 

;**************************************************** ; 

Single-Byte Arithmetic 

;**************************************************** ; 

 Entry Data (for Linear Series) 

;----------------------------------------------------------------------------- 

   LXI H,00D0h 

IN 01h ;Data Quantity  

MOV C,A 

MOV M,A 

IN 01h ;Step  

MOV D,A 

IN 01h ; Initial Data  

;============================================= ; 

 Data Array (Linear Series) 

;----------------------------------------------------------------------------- 

DT:  ADD D  

   OUT 02h  

   INX H  

   MOV M,A 

   DCR C  

   JNZ DT 

;============================================= ; 

 Cumulative Summation 

;----------------------------------------------------------------------------- 

   LXI H,00D0h 

MOV C,M  

MVI A,00h  

MOV B,A 

SUM:  INX H  

   ADD M   

   JNC NC_M   

   INR B 

;…………………………………………………………………...  

 NC_M: OUT 03h 

MOV E,A 

MOV A,B ;Temporary OUT 04h 
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MOV A,E ;Recovery 

;…………………………………………………………………... 

DCR C  

JNZ SUM 

;============================================= ; 

 Direct Addition 

;----------------------------------------------------------------------------- 

   ADI 0E5h 

JNC NC_D  

INR B 

;…………………………………………………………………...  

NC_D: OUT 03h 

MOV E,A  

MOV A,B  

OUT 04h  

MOV A,E 

;============================================= ; 

 Result of Summation 

;----------------------------------------------------------------------------- 

   LXI H,00F0h 

MOV M,A  

INX H 

MOV M,B 

;**************************************************** ; 

 Series Subtraction 

;----------------------------------------------------------------------------- 

   LXI H,00F0h 

MOV A,M  

INX H  

MOV B,M 

;…………………………………………………………………...  

   LXI H,00D0h 

MOV C,M  

SUB: INX H 

SUB M  

JNC NB_M  

DCR B 

;…………………………………………………………………...  

NB_M: OUT 03h 

MOV E,A  

MOV A,B  

OUT 04h  

MOV A,E 

;…………………………………………………………………...  

   DCR C 
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JNZ SUB 

;============================================= ; 

Direct Subtraction 

;…………………………………………………………………... 

SUI 0E5h  

JNC NB_D  

DCR B 

;…………………………………………………………………...  

NB_D: OUT 03h 

MOV E,A  

MOV A,B  

OUT 04h  

MOV A,E 

;=============================================  

HLT 

;----------------------------------------------------------------------------- 

This program can also be analyzed in the order described earlier, i.e. first - in a 

step-by-step mode (Rate / Step By Step), and then - in a fast-speed mode (Rate / 

Normal). 

 

5.3 Double Byte Arithmetic 

 

The program presented in this section (Double-Byte Arithmetic) is devoted to 

studying the nature of actions when performing various (in size and in the way of 

addressing) single-byte arithmetic instructions (addition and subtraction) to 

implement the corresponding operations on double-byte data. 

In the Entry Data block, the initial parameters are entered (n is the number of 

members, d is the progression step, a0 is the initial value), according to which data is 

generated in the Data Array block (in the form of double-byte values of the arithmetic 

progression members) and written to memory. 

In the Cumulative Summation block, the sum of the double-byte values of the 

arithmetic progression members recorded in the memory in the previous block of the 

program is calculated. 

In the Direct Summation block, the operation of adding double-byte data with 

direct addressing commands is performed. Saving the obtained summation result in 

memory is carried out in the Result of Summation block. The Series Subtraction and 

Direct Subtraction blocks implement the process of sequentially subtracting the two-

byte data used to sum the data from the previously obtained sum value. The text of 

this program is presented below: 

 

;****************************************************  

Data Transfers 

;**************************************************** ; 

Writing to Memory 

;============================================= 
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; Single Data 

;----------------------------------------------------------------------------- 

    MVI A,0Fh 

OUT 02h  

STA 00D0h 

;============================================= ; 

 Data Array-1 

;----------------------------------------------------------------------------- 

    MVI C,07h 

LXI D,00D0h 

IN 01h ;Initial Data  

DT_1:  ADI 13h ;Step 

OUT 02h  

INX D  

STAX D  

DCR C 

JNZ DT_1 

;============================================= ; 

Data Array-2 

;----------------------------------------------------------------------------- 

XCHG 

MVI C,08h 

DT_2:  ADI 09h ;Step  

    OUT 02h 

INX H  

MOV M,A  

DCR C  

JNZ DT_2 

;**************************************************** ; 

    Data Access  

;============================================= 

;   Conversion-1 

;----------------------------------------------------------------------------- 

    LXI D,00EFh 

MVI C,08h  

CNV_1:  MOV A,M 

OUT 03h  

RRC 

OUT 04h  

STAX D 

DCX H  

DCX D  

DCR C 

JNZ CNV_1  

;============================================= ; 
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 Conversion-2 

;----------------------------------------------------------------------------- 

    MVI C,07h 

CNV_2:  MOV A,M  

    OUT 03h  

    RAR 

OUT 04h  

XCHG 

MOV M,A  

DCX H  

DCX D  

XCHG 

DCR C 

JNZ CNV_2 

;============================================= 

; Single Access 

;----------------------------------------------------------------------------- 

    LDA 00D0h 

OUT 03h  

CMA 

OUT 04h  

STA 00E0h 

;=============================================  

HLT 

;----------------------------------------------------------------------------- 

 

5.4 Organization of work with the stack 

 

The program presented in this section is devoted to studying the principles of 

organizing data transfers between the stack and registers of the microprocessor and 

the implementation of double-byte data addition operations using the DAD 

command. 

In the Entry Data block, the initial parameters are entered (n is the number of 

members, d is the progression step, a0 is the initial value), according to which data is 

generated in the Data Array block (in the form of double-byte values of the arithmetic 

progression members) and written to memory. In the Cumulative Summation block, 

the sum of the double-byte values of the arithmetic progression members recorded in 

the memory in the previous block of the program is calculated. 

In the Direct Summation block, the double-byte data addition command is 

executed with direct-addressing commands. 

The text of this program is presented below: 

 

;**************************************************** ; 

 Stack  

;**************************************************** ; 
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 Entry Data (for Linear Series) 

;--------------------------------------------------------------------------- 

   IN 01h ;Data Quantity  

   MOV B,A 

IN 01h ;Step (Low Byte)  

MOV E,A 

IN 02h ;Step (High Byte)  

MOV D,A 

IN 01h ;Initial Data (Low Byte)  

MOV L,A 

IN 02h ; Initial Data (High Byte)  

MOV H,A 

;============================================= ; 

 Data Array (Linear Series) 

;--------------------------------------------------------------------------- 

   LXI SP,00B0h ;Stack Pointer 

;......................................................................................................  

   MOV C,B 

DT:  DAD D 

;...................................................................................................... 

MOV           A,L  

OUT             03h  

MOV           A,H  

OUT             04h 

;......................................................................................................  

   PUSH H 

DCR C  

JNZ DT 

;============================================= ; 

 Cumulative Summation 

;--------------------------------------------------------------------------- 

   MOV C,B 

LXI H,0000h ;Doublet-Byte Accumulator  

SUM: POP D 

DAD D 

;...................................................................................................... 

MOV           A,L  

OUT             03h  

MOV           A,H  

OUT             04h 

;......................................................................................................  

   DCR C 

JNZ SUM 

;============================================= ; 

 Direct Addition 
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;--------------------------------------------------------------------------- 

   LXI D,2C1Dh 

DAD D 

;...................................................................................................... 

MOV           A,L  

OUT             03h  

MOV           A,H  

OUT             04h 

;=============================================  

HLT 

;--------------------------------------------------------------------------- 

 

5.5 Implementation of the operation of multiplication 

 

The proposed program for multiplying single-byte binary numbers is compiled 

according to the matrix multiplication algorithm:  due to the fact that the result of 

multiplying eight-digit numbers will be a sixteen-digit number and due to the fact that 

partial additions are also performed on sixteen-digit numbers, a register pair H was 

accepted as a sixteen-bit accumulator, which is cleared at the beginning of the 

program; 

The first number (multiplicable) is entered into the register E of the register 

pair D, and the register D is reset, as a result of which the multiplicative becomes a 

sixteen-digit number; 

 to ensure the possibility of shifting, the second number (factor) is placed in 

register A (eight-bit battery); 

to provide control over the number of shift operations, the number of bits of 

the multiplier (eight) is placed in register C; 

 before each partial multiplication is performed, the result accumulated before 

(in the register pair H) is shifted to the left (by doubling); 

 The next value of the digit of the multiplier is determined by shifting the 

contents of register A (the multiplier) to the left and, if it is equal to zero, partial 

multiplication by this is completed (i.e., by the previous shift of the register pair H), 

and if it is equal to unity, to the contents of the register pair H the contents of the 

register pair D is added; 

 after each partial multiplication, the contents of the shift counter are reduced 

by one and if it is equal to zero, the multiplication program finishes its work. 

The input of single-byte data over which it is necessary to perform the 

operation of multiplication, as well as the output of the multiplication is carried out 

using a peripheral input / output device. 

The text of this program is presented below: 

 

;**************************************************** ;  

 Multiplication  

;**************************************************** ; 

 Preparation 
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;--------------------------------------------------------------------------- 

   IN 01h ;Multiplicand 

MOV E,A  

MVI D,00h 

IN 02h ;Multiplier  

LXI H,0000h ;Result 

MVI C,08h  

;Digit Counter  

;============================================= 

; Implementation 

;--------------------------------------------------------------------------- 

SH:  DAD H ;Double-Byte Shift 

RLC 

JNC NC 

DAD D ;Double-Byte Addition  

NC:  DCR C 

JNZ SH 

;………………………………………………………………….. 

MOV           A,L  

OUT             03h  

MOV           A,H  

OUT             04h 

;=============================================  

HLT 

;--------------------------------------------------------------------------- 

 

5.6 Organization of work with subprograms 

 

The program presented in this section is devoted to the study of the principles 

of organizing work with subprograms. At the beginning of the main program, a 

memory area is allocated for the stack by assigning a specific value (address) to the 

stack pointer SP. In each of the blocks Mul1 and Mul2, data for multiplication is 

entered and the multiplication subroutine (MUL) is called, and then the display 

subroutine (PER) is called. 

In block Sum0, data is entered for summing and the summation subroutine 

(SUM) is called up, and then the display subroutine (PER) is called. 

In the block Sum = ... of the main program, the final result is determined, i.e. 

the sum of the partial results obtained in the previous steps and stored in the stack 

part of the memory is calculated. 

The program uses three routines: 

1) Multiplication multiplies the two numbers entered before calling the 

subroutine.  

2) Cumulative Summation determines the sum of the values of the members of 

the arithmetic progression, the parameters of which are set before calling this 

subprogram.  
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3) Displaying displays the results obtained in subprograms and saves them on 

the stack.  

The text of this program is presented below: 

 

;**************************************************** ; 

 Composite Program 

 

;****************************************************  

; SUM=a1*a2+a3*a4+sum(ai,n,d) 

;--------------------------------------------------------------------------- 

   LXI SP,00FFh 

;============================================= ; 

 Mul1=a1*a2 

;--------------------------------------------------------------------------- 

   IN 01h ;Multiplicand  

   MOV E,A 

IN 02h ;Multiplier   

CALL MUL 

PUSH H  

CALL PER 

;============================================= ; 

 Mul2=a3*a4 

;--------------------------------------------------------------------------- 

   IN 01h ;Multiplicand  

   MOV E,A 

IN 02h ;Multiplier  

CALL MUL 

PUSH H  

CALL PER 

;============================================= ; 

 Sum0(ai,n,d) 

;--------------------------------------------------------------------------- 

   IN 01h ;Data Quantity - n  

   MOV C,A 

IN 02h ;Step - d  

MOV D,A 

IN 01h ; Initial Operand – a0  

MOV E,A 

CALL SUM  

PUSH  H  

CALL PER 

;============================================= ;

 Sum=Mul1+Mul2+Sum0 

;--------------------------------------------------------------------------- 

   POP H 
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POP D  

DAD D  

POP D  

DAD D  

CALL PER 

;============================================= 

 

HLT  

;****************************************************  

MUL: ;Multiplication (subroutine) 

;--------------------------------------------------------------------------- 

   MVI D,00h 

LXI H,0000h  

MVI C,08h 

ML:  DAD H  

RLC 

JNC NC  

DAD D 

NC:  DCR C  

   JNZ ML  

   RET 

;=============================================  

SUM: ; Cumulative Summation (subroutine)  

;--------------------------------------------------------------------------- 

LXI H,0000h  

SM:  MOV A,E 

ADD D  

MOV E,A  

MOV A,L  

ADD E  

JNC NCS  

INR H 

NCS:  MOV L,A  

   DCR C  

   JNZ SM  

   RET 

;=============================================  

PER: ; Displaying 

;--------------------------------------------------------------------------- 

   MOV A,L 

OUT 03H  

MOV A,H  

OUT 04H  

RET 

;--------------------------------------------------------------------------- 



68 
 

5.7 Binary decimal conversions 

 

The program presented in this section is devoted to the study of the principles 

of binary-decimal conversion. 

In the proposed program, the binary-decimal conversion subroutine is added to 

the previously studied multiplication program, with the help of which the 

corresponding conversion of both the entered single-byte factors and the double-byte 

result is carried out. The values of the corresponding digits in the decimal 

representation of a number are determined by dividing the converted number by the 

weight values of the corresponding digits of the decimal system. Due to the fact that 

there is no division command in the Intel 8085 microprocessor instruction system, the 

division operation is carried out programmatically using subtraction instructions. 

The hexadecimal values of the converted numbers and the results of the 

corresponding conversion are displayed in the allocated memory cells. In order to 

ensure clarity of observation of the conversion results, they are displayed in an 

environment of cells with FFh content.  

The text of this program is presented below: 

 

;**************************************************** ; 

BinDec 

;**************************************************** ; 

Setup Cleaning 

;--------------------------------------------------------------------------- 

   LXI H,00D0h 

MVI             C,2Fh  

MVI             A,00h 

CLR  MOV M,A  

   INX H  

   DCR C  

   JNZ CLR 

;============================================= ; 

 Multiplication 

;--------------------------------------------------------------------------- 

   IN 01h ;Multiplicand 

;..........................................................................................................  

   LXI H,00D0h 

MOV M,A  

INX H  

MVI M,00h 

;..........................................................................................................  

   MOV E,A 

MVI D,00h 

IN 02h ;Multiplier 

;.......................................................................................................... 

LXI H,00E0h  
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MOV M,A  

INX H 

MVI M,00h  

;.......................................................................................................... 

LXI H,0000h  

MVI C,08h 

;================================================  

SH:  DAD H 

RLC 

JNC NC  

DAD D 

NC:  DCR C  

   JNZ SH 

;--------------------------------------------------------------------------------- 

 MOV A,L 

OUT             03h  

MOV           A,H  

OUT             04h 

;..........................................................................................................  

XCHG 

LXI H,00F0h  

MOV M,E  

INX H 

MOV M,D 

;================================================ ;  

Preparation to BinDec 

;================================================ 

LXI H,00D0h  

MOV E,M  

INX H 

MOV D,M  

LXI H,00D8h  

CALL BD 

;--------------------------------------------------------------------------------- 

   LXI H,00E0h 

MOV E,M  

INX H  

MOV D,M 

LXI H,00E8h  

CALL BD 

;--------------------------------------------------------------------------------- 

   LXI H,00F0h 

MOV E,M  

INX H  

MOV D,M 
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LXI H,00F8h 

CALL BD 

 

;--------------------------------------------------------------------------------- 

HLT 

 

;******************************************************  

BD: ;BinDec 

;--------------------------------------------------------------------------------- 

   MVI M,0FFh 

;------------------------------------------------ 

Dig4:  DCX H 

D4:  MOV A,E 

SUI 10h ;Dec(10000)=Hex(2710)  

MOV C,A 

MOV A,D  

SBI 27h  

MOV B,A  

JC Dig3 

;--------------------------------------------------------------------------------- 

   INR M 

MOV E,C         

 MOV D,B         

 JMP D4 

;--------------------------------------------------------------------------------- 

Dig3:  DCX H 

D3:  MOV A,E 

SUI 0E8h ;Dec(1000)=Hex(03E8)  

MOV C,A 

MOV A,D  

SBI 03h  

MOV B,A  

JC Dig2 

;--------------------------------------------------------------------------------- 

   INR M 

MOV E,C  

MOV D,B  

JMP D3 

;--------------------------------------------------------------------------------- 

Dig2: DCX H 

D2: MOV A,E 

SUI 64h ;Dec(100)=Hex(0064)  

MOV C,A 

MOV A,D  

SBI 00h  
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MOV B,A  

JC Dig1 

;--------------------------------------------------------------------------------- 

   INR M 

MOV E,C  

MOV D,B  

JMP D2 

;--------------------------------------------------------------------------------- 

Dig1 : DCX H 

D1:  MOV A,E 

SUI 0Ah ;Dec(10)=Hex(0A)     

 MOV C,A 

JC D0 

;--------------------------------------------------------------------------------- 

   INR M 

MOV E,C  

JMP D1 

;--------------------------------------------------------------------------------- 

D0 DCX H 

MOV M,E 

;--------------------------------------------------------------------------------- 

   DCX H 

MVI M,0FFh 

;================================================ 

RET 

;================================================ 

 

 

5.8 Organization of work with interruptions 

 

The program presented in this section is devoted to the study of the principles 

of organization of work with interruptions. In the main program (located starting 

from memory cell 0050h), double-byte numbers are sequentially generated with their 

display in ports 1 and 2 of the peripheral device. 

In the interrupt routines, dynamic images are created (displayed on ports 3 and 

4 of the peripheral device) using logical commands. 

The text of this program is presented below: 

 

;**************************************************** ; 

 Interrupts  

;**************************************************** 

JMP 0050h ;Jump to Main Routine 

;============================================= 

ORG 002Ch ;Interrupt Routine 5.5 

;--------------------------------------------------------------------------- 
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   JMP Rst55 

;=============================================  

   ORG 003Ch ;Interrupt Routine 7.5 

;--------------------------------------------------------------------------- 

   JMP Rst75 

;****************************************************  

   ORG 0050H ;Main Rountine 

;--------------------------------------------------------------------------- 

   LXI SP,00FFh 

MVI A,00h  

MOV B,A  

OUT 01h  

OUT 02h 

;--------------------------------------------------------------------------- 

MR0:  MVI A,00h 

MR:  INR A  

   OUT 01h  

   JNZ MR  

   INR B  

   MOV A,B  

   OUT 02h 

;................................................................................................   

   RIM ;Read Interrupt Mask 

;................................................................................................  

   MVI A,0BH ;Interrupt Mask 

SIM ;Set Interrupt Mask  

EI ;Enable Interrupts 

;................................................................................................  

RIM 

;................................................................................................  

   JNZ MR0 

DI ;Disable Interrupts 

;................................................................................................ 

RIM 

 ;................................................................................................ 

JMP MR0  

HLT 

;**************************************************** 

;=============================================  

Rst55: ;Interrupt Routine 5.5 

;--------------------------------------------------------------------------- 

   PUSH PSW 

PUSH B 

;--------------------------------------------------------------------------- 

   MVI E,00h 
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MVI B,08h  

MVI A,00h  

OUT 04h 

Int5_0: MOV C,B  

   MVI A,80h 

Con5_0: RLC 

MOV H,A  

ORA E  

MOV L,A  

OUT 04h  

MOV A,H  

DCR C 

JNZ Con5_0  

DCR B  

MOV E,L  

JNZ Int5_0 

;--------------------------------------------------------------------------- 

   MVI B,08h 

Int5_1: MOV C,B  

   MVI A,07Fh 

Con5_1: RLC 

MOV H,A  

ANA E  

MOV L,A  

OUT 04h  

MOV A,H  

DCR C 

JNZ Con5_1  

DCR B  

MOV E,L  

JNZ Int5_1 

;…………………………………………………………………...  

   POP B 

POP PSW  

;…………………………………………………………………... 

RET ;Return from Interrupt 

;=============================================  

Rst75:                              ;Interrupt Routine 7.5 

;--------------------------------------------------------------------------- 

   PUSH PSW 

PUSH B 

;…………………………………………………………………... 

MVI             E,00h  

MVI             B,08h 

MVI A,00h  



74 
 

OUT 03h 

Int7_0: MOV C,B  

MVI A,01h 

Con7_0: RRC 

MOV H,A  

ORA E  

MOV L,A  

OUT 03h  

MOV A,H  

DCR C 

JNZ Con7_0  

DCR B  

MOV E,L  

JNZ Int7_0 

;--------------------------------------------------------------------------- 

   MVI B,08h 

Int7_1: MOV C,B  

   MVI A,0FEh 

Con7_1: RRC 

MOV H,A  

ANA E  

MOV L,A  

OUT 03h  

MOV A,H  

DCR C 

JNZ Con7_1  

DCR B  

MOV E,L  

JNZ Int7_1 

;…………………………………………………………………...  

   POP B 

POP PSW  

;…………………………………………………………………... 

RET ;Return from Interrupt 

;--------------------------------------------------------------------------- 

 

6 Microprocessor system model 

 

The material in this section is devoted to considering the possibilities of 

practical implementation of the general principles of building a microprocessor 

system using the example of developing a model of such a system with an original 

instruction system. The model was developed in ElectronicsWorkbench [2] software 

for circuit modeling, designed for modeling and analysis of electrical circuits. 
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The proposed model provides students with the opportunity to gain a complete 

picture of the structural principles of building a micro-processor system, the system 

of its teams and acquiring their initial skill in developing such systems. 

In order to ensure the greatest simplicity of the model and the visibility of its 

functioning, it was calculated for working with 4-bit data (notebooks) and built on the 

basis of general principles for constructing a microprocessor system. 

 

 

 

6.1 MP4M Model Structure 

 

A general view of the model of a 4-bit microprocessor system, containing a 

microprocessor (MP4M), a data input device (In), a memory system (Mem), and a 

system mode selection unit (Regime), is shown in Figure 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 

 

The microprocessor (figure 6.2) includes the following blocks integrated into 

the corresponding sub circuits: 

 set of specialized registers (RGs, Registers); 

 arithmetic logic device (ALU, Arithmetic-LogicUnit);  

 register of teams (IR, Instruction Register); 

 command decoder (DC_16, Decoder 16-bit);  

 timer (CLK, Clock); 

 firmware device  (Combi, Combinational Circuit). 
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Figure 6.2 

 

6.2 Functional nodes of the MP4M model  

 

The set of registers (RGs) contains in its composition (Figure 6.3) the 

following registers, each intended for execution 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 
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-  register A performs the function of a battery (Accumulator), where one of the 

operands involved in performing arithmetic and logical operations is stored, or the 

result of the operation. The battery is loaded from memory (LDA command) or from 

ALU (after arithmetic or logical operation);  

- register A1 is intended for the accumulation of transfers during the 

organization of cyclic summation. It is reset when the program starts and when the 

battery (register A) is loaded by the LDA command. The output of its contents to the 

indicators (battery) is carried out by briefly pressing the Space key; 

-  register B serves as an address register for transfer commands between the 

memory and internal microprocessor registers (LD C, LD IP, LD SP, LD A 

commands). After executing the LD C, LD SP, LD A commands, the contents of 

register B are incremented (i.e., an increase by one). This register is loaded using the 

LD B command, for which register C is used. It is reset to zero when the program 

starts; 

-  register C performs the function of an address register for the second operand 

involved in arithmetic and logical operations. After executing these commands, the 

contents of register C are incremented, but unlike register B, the increment sign of 

register C can be changed, it is set with the key I. Its status is shown by the indicator 

(I) - Dcr / Inr: at I = 0 - positive ( Increment), and for I = 1 - negative (Decrement) 

increment. Its contents can also be left unchanged, which will be described in the 

description of the operating modes of the system. This register is loaded with the LD 

C command. When a program starts, this register is set to state 1111. Due to the fact 

that any program contains forwarding commands, the first command of the program 

should be loading register B (LD command B) with the data contained in the cell data 

memory with address 1111. The structure of register C includes a circuit designed to 

determine the zero state of the register, according to which a conditional transition is 

made when organizing cyclic operations; 

- SP register performs the function of a stack pointer (Stack Pointer), i.e. it 

performs the function of the address register when executing PUSH and POP 

commands: before executing the PUSH command, its contents (Predecrement) are 

negatively incremented, and after the POP command is executed, it is incremented 

(Postincrement). This register is loaded by the LD SP command. When the program 

starts, this register is set to state 1111; 

- the IP register acts as an Instuction Pointer. After fetching the code of the 

current command and saving it in the command register, its contents are incremented. 

Download this register implemented by the LD IP command. Its contents also change 

when the transition conditions are met, which are determined in some alternative 

system modes. It is reset to zero when the program starts. 

The inputs of all the registers are connected to the internal data bus of the 

microprocessor, and the outputs are connected to the data bus or to the system 

address bus (via buffer elements with three states), respectively, by the functions 

performed by them. 

Arithmetic-logical device (ALU, Arithmetic-LogicUnit) implements arithmetic 

and logical operations and contains various subunits (sum, not, and, or, xor) designed 
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to implement the corresponding operations and buffer registers for temporary storing 

operands and the result of the operation performed. 

The command decoder (DC_16), depending on the command code, includes 

the appropriate firmware for controlling the execution of the current command, i.e. 

determines the line for generating signals that control the operation of devices 

involved in its implementation. A timer (CLK) determines the time distribution of 

control signals transmitted to devices involved in command execution. A 

combination firmware device (Combi, Combi-national Circuit) generates spatial and 

temporal control signals that ensure the execution of the current command. 

The input device is based on encoders, the inputs of which are connected to the 

corresponding keys. The system’s memory consists of two subunits of 16 cells, one 

of which is used to store command codes as part of the system’s program of work, 

and the other is used to store data involved in operations performed in the program 

and information necessary to control the program’s work (for example, organization 

of cyclic program structures). 

The memory control unit (MCon, Memory Control) provides the choice of one 

of the memory units (codes or data) and its operation mode (input, write, read) 

depending on the control signals received from the input device or from the 

microprocessor. 

 

6.3 Modes of Operation and Command System Model MP4M 

 

The system can work in several modes, which are determined depending on the 

states of the keys in the block for selecting its operating mode (Regime). The status 

of these keys is indicated by the corresponding indicators. We describe these modes. 

Downloading memory from the input device is carried out at M = 1. If at the 

same time P = 1, then the recording takes place in program memory (the program 

must end with a stop command with code F), and at P = 0, it is written into the data 

memory. Checking the contents of the memory by changing the address of the cell pa 

by briefly pressing the Space key. When you switch the P key, the address of the 

corresponding memory block is reset. 

The program is launched to work by switching the M key to the state M = 0. If 

at the same time P = 1, then when executing arithmetic and logical commands, the 

contents of register C change (corresponding to the value of I), and with P = 0 its 

contents remain unchanged. 

At S = 0, the ADS (without transfer) and ACS (with carry) commands perform 

addition operations, and at S = 1, the corresponding subtraction operations are 

performed. 

For V = 0, the AND operation performs the usual operation of logical 

multiplication between two operands, and for V = 1, a bit operation is performed to 

search for a single bit in a specific data category, for which a number containing only 

one in the desired number must be loaded into the battery discharge. The described 

bit operation imitates the search for a request signal from an external device or 

acknowledgment in real application systems. 
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Mnem

onics 

codes Operations 

Hex V=0 P S V=1; I=1 

LD B 0 B←[(C)]; C←(C)+1    

LD C 1 C←[(B)]; B←(B)+1    

LD IP 2 IP←[(B)]    

LD SP 3 SP←[(B)]; B←(B)+1    

LD A 4 A←[(B)]; B←(B)+1    

ST 5 [(B)]←(A);B←(B)+1    

INR 6 A←(A)+1    

NOT 7 A← (A

) 
    

 

ADS 

 

8 

 

A←(A)±[(C)]; TC 

P=1: 

C←var(I) 

P=0: C = invar 

S=1: SUB (–) 

S=0:ADD,ADC 

(+) 

Zc = 0: 

IP←IP+1 

ACS 9 A←(A)±[(C)±TC; TC    

 

AND 

 

A 

 

A←(A)۸[(C)] 
  

Zc۸Za=0

: 

IP←IP+1 OR B A←(A)۷[(C)]    

XOR C A←(A) [(C)]    

 

PUSH 

 

D 
SP←(SP)–1; (SP)]←(A)    

 

POP 

 

E 
A←(SP)]; SP←(SP)+1    

HLT F IP = invar    
 

keys and 

indicators 

 

M/R = 1 

M/R→0: Running: A,B,IP ← 0; C,SP ← F 

P=1: C←var(I); P=0: C = invar 

S = 0  

 

 

P/D = 1: 

MemPr←

IN 

 

 

 

P/D = 0: 

MemD←I

N 

Addition (+) A ← (A) + [(C)] 

S = 1 Subtraction (–) A ← (A) – [(C)] 

I = 1 PostDecrement C←(C) –

1 

C←(C)–1; (C)=0: Zc ← 

0 I = 0 PostIncrement C←(C) 

+1 

C ← (C) + 1 

V = 0 Logical Operation A ← (A) {۸ / ۷ / } [(C)] 

V = 1 Verifying of Byte (A)=0010…bi = 1: Za 

←0  

The system is transferred to one of the described modes before the program is 

launched, but can also be implemented during the program. For example, in the 

process of work, you can change the addition operation to subtract and vice versa. 

Similarly, the conjunction can be changed to a bit operation to determine a single bit 

in a particular bit of data. 

The order of setting the operating modes of the model of the micro-processor 

model under consideration (MP4M) is presented in Table 6.1, and the command 

mnemonics and descriptions of the actions performed by these commands are shown 

in Table 6.2.  

T a b l e 6.1  

 

 

 

 

 

 

 

 

 

 

T a b l e 6.2  
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6.4 Examples of organization of work of the MP4M model 

 

To illustrate the capabilities of the model, we give descriptions of two 

programs for organizing its work. The program presented below is intended for 

summing the data placed in the cells of the data block of the memory system of the 

model in question (in the above program, in cells 1-5). 

 

Аddress Cоmmands Cоdes Аddress Date   Аddress   Date   

0 

1 

2 

3 

4 

LD B   

LD C 

ADS 

LD IP 

HLT 

0 

1 

8 

2 

F 

0 

1 

2 

3 

4 

5 

… 

A 

B 

C 

D 

E 

… 

7 

8 

… 

 

F 

… 

5 

2 

… 

 

7 

 

After completing this program, the value of the least significant row of the 

summation result is displayed in the indicators of register A (number C), and the 

value of the high order is determined by briefly pressing the Space key (number 3). 

The following program, by performing bitwise operations, implements the process of 

detecting a single bit in the third digit among the data placed in cells with addresses 1 

... 5 (in this particular case, the number D located in the cell with address 2). 

 

Аddress Cоmmands Cоdes Аddress Date   Аddress   Date   

0 

1 

2 

3 

4 

5 

LD B   

LD C 

LD A 

AND 

LD IP 

HLT 

0 

1 

4 

A 

2 

F 

0 

1 

2 

3 

4 

5 

6 

8 

D 

A 

9 

B 

… 

7 

8 

9 

… 

F 

… 

5 

4 

3 

… 

7 

 

After finding the desired number, the program informs that the search is 

completed by flashing the indicator (Bit) and exits, and the detected number is 

displayed in the indicators of register A1 (number D). The original structure of the 

considered model, consisting in the multivariance of its operation modes and its 

multivariate system of commands, provides opportunities for compiling various types 

of programs for the system and contributes to the development of creative capabilities 

of its users. 
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