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ABSTRACT

SYSTEMC IMPLEMENTATION WITH ANALOG AND MIXED SIGNAL
MODELING FOR A MICROCONTROLLER

MERT, Yakup Murat
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Murat Askar

May 2007, 129 pages

In this thesis, an 8-bit microcontroller, PIC 16F871, has been implemented using
SystemC with classical hardware design methods. Analog modules of the
microcontroller have been modeled behaviorally with SystemC-AMS which is the
analog and mixed signal extensions for the SystemC. SystemC-AMS provides the
capability to model non-digital modules and synchronization with the SystemC kernel.
In this manner, electronic systems that have both digital and analog components can be

described and simulated very effectively.

The PIC 16F871 is a well known and very common microcontroller. Its architecture,
peripheral modules and analog components makes this microcontroller pretty good
model for a System on Chip (SoC) concept. Designed microcontroller’s peripheral
modules, instruction set and addressing modes have been verified utilizing the test codes.
Besides, designed microcontroller has been tested with 16-bit CRC code. Moreover, a
synchronous demodulator system that involves designed microcontroller and additional

analog units has been constructed and simulated. Finally, SystemC to hardware flow has

v



been demonstrated with implementation of arithmetic logic unit of the 16F871 into

FPGA based hardware.

Keywords: SystemC, SystemC-AMS, PIC 16F871, Microcontroller



(0Y/

BIiR MiKRODENETLEYICININ ANALOG VE KARMA SINYAL OLARAK
MODELLENMESI VE SYSTEMC ILE GERCEKLESTIRILMESI

MERT, Yakup Murat
Yiiksek Lisans., Elektrik Elektronik miithendisligi boliimii
Tez Yoneticisi: Prof. Dr. Murat Agkar

Mayis 2007, 129 sayfa

Bu tezde 8 bitlik mikro denetleyici olan PIC 16F871, SystemC dilinin klasik donanim
tasarlama yontemleriyle tasarlanmmstir. Mikrodenetleyicinin analog bilesenleri ise
SystemC dilinin analog ve karma sinyal eklentisi olan SystemC-AMS ile
modellenmistir. SystemC-AMS, analog ve sayisal olmayan modiillerin modellenmesini
ve de SystemC cekirdegi ile esgiidiimii saglamaktadir. Boylelikle hem sayisal hem de
analog bilesenleri iceren elektronik sistemler etkili bir sekilde modellenebilir ve

calistirilabilir.

PIC 16F871, ¢cok iyi bilinen ve oldukc¢a yaygin bir mikrodenetleyicidir. Mimarisi,
cevresel birimleri ve analog bilesenleri onu SoC kavrami icin oldukga iyi bir 6rnek
yapmaktadir. Tasarlanan mikrodenetleyicinin ¢evresel birimleri, komut seti ve adresleme
yontemlerinin dogru calistig1 sinama kodlariyla gosterilmistir. Bunun yaninda, 16 bitlik
CRC koduyla ayrica test edilmistir. Bunun yaninda, tasarlanan mikrodenetleyici ve ek

analog birimler kullanilarak eszamanli demodulator 6rnegi calistirilmistir. Son olarak,

vi



SystemC dilinden donanim sentezleme yontemi, bu mikrodenetleyicinin aritmetik ve

mantik biriminin FPGA tabanli bir donanim ile sentezlenmesiyle gosterilmistir.

Anahtar kelimeler: SystemC, SystemC-AMS, PIC 16F871, Mikrodenetleyici
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CHAPTER 1

INTRODUCTION

Today, application specific integrated circuits (ASIC) contain millions of transistors and
embrace several end product components integrated into the same chip. As technology
enhances, design complexity also grows in parallel with the increasing complexity of the
ASICs and design process becomes harder to deal with. Besides, handling hardware and
software design processes separately fuels the complexity of the design process and
increases the design flow. The only way to overcome this problem is combining both
hardware and software design processes in the same framework. SystemC is one of the
tools that satisfies this important need and closes the gap between hardware and software
with co-design and co-simulation concepts. It utilizes C++ syntax for design and

supports different levels of abstraction.

Integrating ASICs within a system is known as system-on-chip (SoC). On the other
hand, system-on-chip implementations are becoming more and more complex,
heterogeneous and include not only software and digital hardware, but also analog/RF
and non-electronic components such as sensors or actuators. The design and verification
of such complex systems require appropriate design environment and -efficient
simulation [1]. Current languages and tools such as VHDL-AMS (analog and mixed
signal extensions for VHDL) [2], Modelica [3] and Matlab/Simulink [4] are very useful
to support the system level design of mixed analog-digital systems. However, they do
not offer a single consistent framework in which complex heterogeneous systems can be
designed. They are neither simulation efficient enough nor sufficient to interact with the
discrete models [5]. These factors imply that, it is crucial to include analog and mixed
signal components for any design environment that claims to be applicable to system-on-
chip design. SystemC is becoming leading environment for system design but, current

SystemC versions still lack support for continuous-time systems [6].



Idea of SystemC-AMS, analog and mixed signal extensions for SystemC, emerged from
the need for system level design and verification of heterogeneous systems easily and
efficiently. SystemC is already an unmatched environment for digital system modeling
since it supports hardware and software co-simulation and co-design, but continuous
time systems can not be modeled with SystemC. Design of such systems require
additional model of computations (MoC). The rules to model a specified system are
known as the model of computation [1]. SystemC currently supports only discrete-event
models of computation which is ideal to describe digital systems. However, this model
of computation is not appropriate for modeling continuous time systems. Analog and
mixed signal extensions aim to close this gap by means of applying another computation
method named synchronous (or static) dataflow (SDF) [7]. With libraries provided by
SystemC-AMS, SystemC gains capability to design and simulate multiple domain
systems in the same framework with very high level abstraction and very good

simulation performance.

SystemC-AMS libraries have been developed considering the three main application
areas, namely, (i) signal processing applications (telecommunication and multimedia),
(i1) RF applications and (iii) power electronics and automotive [5] [7]. Signal processing
and RF applications require both time and frequency domain modeling and simulation
capabilities. On the other hand, power electronics applications call for electrical network
components and nonlinear system modeling. Also, automotive applications imply non-
electronic component modeling such as mechanic and fluidic [8] [10] [11] [12]. Current
SystemC-AMS release does not support all requirements. However, it supports modeling
in time and frequency domains. Also linear systems can be described behaviorally via
transfer functions or differential equation sets. Besides, linear networks can be
constructed using linear elements such as resistors and capacitors etc. SystemC-AMS is
planned to cover the nonlinear description capabilities described above [5]. Also, its non-
electronic modeling capabilities will be extended with mechanical elements library that

will allow to model sensors and actuators explicitly [22].

Although SystemC-AMS is rather new concept and it does not cover all design areas,

most of the continuous time systems can be designed and simulated with it. There are



already reported case studies of modeled hybrid systems in SystemC-AMS [13] [14]
[15].

The aim of the thesis is to study the digital and analog SystemC descriptions through the
design of an 8-bit microcontroller. In this study, an extended PIC 16F871
microcontroller and its peripheral modules are implemented with SystemC using
register-transfer-level (RTL) and behavioral-level description. Its core and peripherals
are very well known member of the PIC micro midrange microcontroller family. With its
8-bit main core, special function registers, several peripheral units and analog inputs, it is
a very good model to study system on chip concept. The analog to digital converter
(A/D) of the microcontroller is modeled behaviorally using SystemC-AMS. In order to
extend the study, a digital to analog converter (D/A) which, normally the PIC 16F871

does not involve, is added and also modeled in the same way.

Currently there isn’t any EDA tool that directly synthesizes SystemC codes to hardware
[16]. In order to employ the SystemC codes for hardware synthesizing, it should be
converted to traditional hardware description languages (HDL) using some programs
such as SystemCrafter [17], CoCentric SystemC compiler [18] or Prosilog [19]. This
hardware synthesis flow of SystemC is studied with synthesis of arithmetic logic unit of

PIC 16F871.

In this thesis, SystemC 2.0.1 release is used with Microsoft Visual 6.0 C++ compiler
during the design, debugging and simulation stages. Results of the simulations are
received in .ved format and SynaptiCad WaveViewer 10.20b tool is utilized to observe
the digital waveforms. Assembly codes are compiled using MPLAB 7.40 tool and
necessary .hex files for the simulations are generated. Behavioral design and simulations
of analog modules have been done using SystemC-AMS 0.15 RC1 and SystemC 2.1.1
libraries. However, current SystemC-AMS version can only be compiled with gnu gcc
compiler on linux environment. For this purpose, cygwin which is linux emulator for
windows is used as console. Also, analog waveforms are traced using gplot 1.2 or octave
workshop 1.0 which is known as the MATLAB clone. Besides, trial version of
SystemCrafter 2.0 is utilized for SystemC to VHDL synthesis of the arithmetic logic unit



of the PIC 16F871. In order to perform FPGA synthesis of the generated code, Xilinx ISE
8.1i is employed.

This thesis consists of six chapters. Chapter 1 is devoted to introductory study. Chapter 2
describes the specifications of the SystemC-AMS language in detail. In order to clarify
the concept of the analog and mixed signal modeling, some examples are provided. At
the end of the chapter, a complete analog behavioral design example is presented with

the simulation results.

In Chapter 3 fundamental features of the main core of the PIC 16F871 microcontroller is
given without involving peripheral modules. This chapter aims to introduce the designed
digital core. In Chapter 4, SystemC implementation of the extended 16F871
microcontroller is covered including microcontroller structure, register set, and

information about the peripherals that accompany their implementation details.

Chapter 5 is allocated for simulations and verification of the design. Test-bench
environment, instruction set verification, addressing mode simulations and verification
of each peripheral module are explained separately. This chapter also covers the
simulations of the CRC test code. At the end of the chapter, synchronous demodulator
example that utilizes the designed microcontroller is given as a hybrid system modeling

application of SystemC-AMS.

Chapter 6 concludes the thesis. An overview of the thesis and important issues

encountered during the study is stated in this chapter.

Appendix A covers the details of the instruction set summary. Assembly test codes of the
main core are given in Appendix B. In Appendix C, embedded functions and linear
network elements of the SystemC-AMS are described in detail. Special function registers
of the main core which is very important to understand the features of the
microcontroller are given in Appendix D. FPGA synthesis of the arithmetic logic unit is
described briefly and synthesis results are given in Appendix E. Finally, CRC test code

and assembly code of the synchronous demodulator example is provided in Appendix F.



CHAPTER 2

SYSTEMC AS AN INTEGRATED ANALOG AND
DIGITAL DESIGN ENVIRONMENT

2.1 Analog And Mixed Signal Extensions To SystemC

SystemC supports very high level design and simulation of digital systems. However,
today’s electronic system designs, especially multimedia and communication systems
contain significant analog components. On the other hand, analog system design
environments are separated from digital design tools and vice versa. Analog and mixed
signal extensions (AMS) aim to close this gap for SystemC. Design environment that

includes AMS libraries in the design process for SystemC is named as SystamC-AMS.

User view Layer View View View
1 2 N
Solver layer Solver 1 Solver N SystemC
layers
Synchronization AMS Synchronization
layer
SystemC Layer SystemC Kernel

Figure 2- 1: Layered approach of SystemC-AMS



The AMS extensions to SystemC are being defined using the layered approach as given
in Figure 2.1. They are built on SystemC kernel which constitutes the base layer. On top
of the base layer there are two sets of layers. One of them covers the existing SystemC
layers and other one is for the new set of layers related with AMS extensions. The user
view layer provides different descriptive methods to write executable continuous-time
models such as transfer functions and state space formulation. The solver layer provides
different implementations of solvers that are required to simulate specific AMS
descriptions. The synchronization layer implements a mechanism to organize the
simulation of the SystemC-AMS model that may include different continuous time

views and discrete-event parts [7].
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model
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C++ compiler
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Figure 2- 2: SystemC and SystemC-AMS design flow



2.2 Synchronous Data Flow (SDF) Module

An SDF module is a basic building block that has continuous time behavior in SystemC-
AMS. An SDF module is a container class that holds the member of the module which
may not instantiate other modules [21]. SystemC-AMS uses the Synchronous Data Flow
(SDF) formalism to model the continuous time systems. Processes which are described
with SDF formalism communicate with each other using unidirectional FIFO channels.
They receive tokens, process it and send it to output channel. In SystemC-AMS
environment, tokens correspond to sampled data and processes correspond to modules.
For this reason, analog modules are named as SDF modules. Typical SDF modules

contain:

e Port declarations. Decelerated ports maybe either SDF ports which provide
communication between other SDF modules or converter type ports provide

communication between SystemC modules (Discrete Events).

e Data member declarations of the module.

e  SDF member functions or other functions.

SDF modules do not express a real analog circuit and they are not synthesizable models.
They can be used to describe an idealized system. For this reason data members can be
manipulated in anyway. In other words, all data transfers are immediate assignments.

Moreover, any data member can be re-assigned several times during process.

Hierarchical SDF modules follow the standard SystemC hierarchical channel

instantiation procedure. This standard procedure is as followed,

1. Create component instance declarations at the top module.
2. Allocate these instantiated modules by giving them different name.

3. Bind ports of instantiated modules via sdf signals.



Primitive sdf modules can be connected to each other in order to construct hierarchical
modules through sca_sdf_signal, which is quite similar to sc_signal of

SystemC.

Behavior of the module is described using embedded sdf member functions. In the

following part SDF functions are described.

2.2.1 Synchronous Data Flow (SDF) Module Member Functions

Unlike SystemC modules, SDF modules do not have sensitivity list or processes like

SC_METHOD. Behavior of SDF module is described using SDF member functions.

Port attributes like sampling rate, sampling period and delay are declared in
attributes () member function. Details about this function and its embedded
functions will be explained in Section 2.2.2. This function is executed in elaboration
time. In other words, attributes like sampling rate can not be changed during simulation.
Initial values for input and output ports are announced in an optional init () member
function. This function is executed just before the simulation. Continuous time behavior
of the SDF module is described in sig_proc () function. It can be considered as the
heart of the module. This function is executed each time module needs to be evaluated
[21]. For frequency domain models, ac_sig_proc () member function is used.
Details about this function will be given in Section 2.4. Post_proc () is another
optional member function that may be used for post processing tasks such as FFT (Fast
Fourier Transformation). This function is executed just after the simulation, but it should

be called with sca_terminate () function in the main file.

2.2.2 Synchronous Data Flow (SDF) Module Ports

Each module has ports for communication with other modules or reception of data from
the surrounding. Modules may have any number of ports. In contrast to SystemC
modules, SDF modules may have only unidirectional SDF ports. To read data from
another SDF module sca_sdf in port is used while sca_sdf out port is used for

delivering data. Addition to these ports, SDF modules have particular converter ports to



interact with SystemC modules. For discrete event inputs sca_scsdf_in ports, for discrete

event outputs sca_scsdf_out ports are utilized [17].

SCA_SDF_MODULE(module_name)
//Port declarations

sca_sdf_in<double> in;
sca_sdf_out<double> out;

void attributes( ) {
/I Sampling period, rate declarations

void init( ) {
/[ initial values of output ports

}

void sig_proc( ) {
/I Continuous time domain behavior

}

void post_proc( ) {
//Post processing tasks

1
SCA_CTOR(module_name){ }

Figure 2- 3: General form of SDF module [9]

In contrast to SystemC, some properties of SDF modules such as sampling rate depend
on the ports. SDF ports’ attributes are controlled in attributes () member function

and their initial values are assigned in init () member function.

Sampling periods of ports are set using port .set_T () function. Here, port denotes
the name of the port. In brackets period duration should be given in Systemc time
domain. SDF module must have at least one port with this attribute. Ports that are

connected with sca_signal must have sampling rates commensurate with each other.
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Otherwise an error will arise. Number of the samples to be read or written per evaluation
duration is set using port.set_rate () function. An integer number should be
placed in the brackets to express sampling rate. Default value is 1 for this function.
Normally, modules begin to sample at time “0”. This can be modified using
port.set_tO0 () function which sets absolute time of first sample to be processed at
the port[21]. Time value for first sample should be written in brackets in SystemC time
domain. Another attribute for a port is waiting for a definite number of samples before
reading or writing to port again. For this purpose, port.set_delay () function
should be used. Default value for this function is zero. Otherwise, it should be revealed

with an integer value between the brackets.

There are also some functions that returns the port attribute values that can be used in
main code. For example, port.get_T () function returns the sampling period of that
port. Similarly, port.get_t0() and port.get_delay () functions return the
absolute time of the first sample and delay respectively. For multi-rate ports
port.get_time () function is used instead of port.get_tO0 () function. Finally,
Port.get_sample_cnt () function returns number of the samples has processed

by port since beginning of the simulation.

A module can read from or write to a port by simply using read () or write ()
functions. But for multi-rate functions (sampling rate greater than 1) read and write
functions can be used for reading or writing nth sample, where n is an integer which
should be smaller or equal to sampling rate of that port. Port.read (n) instruction
returns nth sample of the current module evaluation. It can also be written as port[n]. In
order to write nth sample to the output port.write (val,n) or Port[n]=var

instructions should be used, where val denotes the data that will be written to output.

2.3 Analog Linear Behavioral Models

Linear analog systems can be described in SystemC-AMS with their; (i) Laplace transfer
functions in polynomial form, (ii) transfer functions in zero-pole representations or (iii)
state-space equations [21]. Z domain modeling may also be used as explained in section

2.4.
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Figure 2- 4: (a) Schematic description and transfer function of Low-Pass filter (b) SystemC-
AMS model of Low-Pass filter [9]
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Each method has particular data class. These data classes contain the parameter variables
for coefficients of the functions or equations which may be numerator or denominator
coefficients. Each method should be defined as an object of class. In order to receive
system output, class should be loaded with parameter values. For transfer functions,
these parameters are defined with sca_vector while state-space description
parameters are defined with sca_matrix variables. Besides, parameters of the
models can be configured during simulation where needed. Returned output response
can also be manipulated as an ordinary variable. Formalisms of these methods are given

in APPENDIX C.

In Figure 2.4, behavioral description of a low-pass filter in SystemC-AMS is given.

2.4 Frequency Domain Specifications

Frequency domain specifications provide to model the continuous time system with set
of equations in frequency domain. During frequency domain analysis, this equation
system is solved for given frequencies [21]. As mentioned previously, this specifications
must be described in optional ac_sig_proc () member function. This member
function and its members are quite similar with sig_proc () function. However,
functions used in ac_sig_proc() member functions return complex values.
Moreover, each member function has additional prefix “ac”. General method is
describing a model in time domain in sig_proc () function and describing in
frequency domain in ac_sig_proc() function so that both time and frequency
domain responses of same system could be viewed. Each function is simulated
separately and their results should be saved in different files. Frequency domain
simulations can be performed for a single frequency point or for a specified frequency
range. Simulation will return the real and imaginary components of the signal for

corresponding frequencies.
Members of ac_sig_proc() function and their specifications are given in

APPENDIX C. In Figure 2.5 frequency domain description of a comb filter in SystemC-
AMS is presented.
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Figure 2- 5: (a) Schematic description and transfer function of digital comb filter (b) SystemC-
AMS model of digital comb filter [9]
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2.5 Linear Electrical Networks

In order to describe analog systems, SystemC-AMS also contains linear elements library.
These elements are most common elements used on analog systems such as resistors,
capacitors and inductors. Exact list of linear elements are listed in APPENDIX C. It is
reported that next versions of SystemC-AMS will also have mechanical elements, such

as mass, spring and dumper, for MEMS applications and modeling [9].

/I
/I RC Network
/I

/I Rest of the code....

sca_elec_node w_node; //electrical node
sca_elec_node f_node; //electrical node
sca_elec_ref gnd; /Ireference node

sca_rr_it(“r_it");
w_hode r_1 f_node
r_it.value = 2e83;

r_it.p(w_node); N\'
r_it.n(f_node);

sca_c c_it(“c_it");

c_it.value=100e-9;
c_it.p(w_node);
c_it.n(gnd);

// Rest of the code ...

(@ (b)

Figure 2- 6: (a) SystemC-AMS model of a linear network (b) Schema of the network [9]

Electrical elements are connected to each other as in SPICE. There are reference nodes
that every element should be connected. Also, there can’t be any dangling port for linear
elements. Linear network library also includes converter elements in order to connect

these elements to SDF modules. In this way, linear elements can be controlled by pure
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digital blocks via SDF modules, while some elements can be directly controlled by
SystemC modules. Linear elements can be described in a single module. In this case,
they have particular ports that linear elements terminate named as sca_elec_port.
Linear elements can also be tied to other modules in main file as if independent modules.

In Figure 2.6, SystemC-AMS description of a simple RC network is given.

2.6 A Design Example

In order to demonstrate the design of an analog system with SystemC-AMS, a simple
example will be given. A low-pass filter (LPF) has been designed and simulated in
SystemC-AMS environment. This may be the simplest model that can clarify the linear
modeling approach. Described LPF has both analog and digital ports. It will be simulated
using gnu gcc compiler on Linux environment. Schematic description the testbench

model is given in Figure 2.7.

LPF
g ) I Y AN out
Signal (sdf signal) ¢ \ (sdf signal) .
generator > A% » Monitor
y 'y
xgain
(SC signal)

Digital control

Testbench module
environment

Figure 2- 7: Test-bench of the low-pass filter

15



LPF module has two inputs and one output port. Analog signal is applied to “in” port
and filtered signal is sent to out port. The signal xgain, which is connected to a
digital module, controls the amplification factor. This filter is described via laplace

transfer function of a low-pass filter whose cut-off frequency is 10 kHz.

Figure 2- 8: SystemC-AMS model of the low-pass filter [9]
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(a) (b)

Figure 2- 9: SystemC-AMS model of (a) sinus signal source (b) digital gain controller module [9]

Figure 2- 10: Main source file of the LPF [9]
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Signal generator provides a stable sinus signal which oscillates between -1 and 1 volt in
order to test the filter. This module can be considered as an analog stimulus. For this
simulation 5 kHz and 20 kHz sinus signals are generated to observe the response of filter

to different frequencies.

Filter output

Voltage (V)

o 0.0005 onot 0.0015 ono2

time (s)

(a)

Filter autput

Voltage (V)

0 0.0002 0.0004 0.0006 0.0008 0.001

time (s)
(b)

Figure 2- 11: Output waveform at (a) 5 kHz (b) 20 kHz
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The digital control module configures the gain of the output by means of switching the
port xgain . When this port is low, unity gain will be observed. If it becomes high,
magnitude of the output signal will be amplified by two. This module can be considered

as a digital stimulus.

Monitor module collects the output of the low-pass filter and directly writes to a file.
SystemC-AMS does not have an integrated analog waveform viewer. Saved file should
be read by another program like Matlab. In this simulation, octave, which is known as
Matlab clone, is used to trace the analog waveform of the output. In Figure 2.11
simulation results for different input frequencies are given. Figure 2.12 depicts the effect

of the digital gain controller.

Filter output

05 - ,

Voltage (V)

ns |

) | I | I L

1} 00002 0.0004 0.0006 00008 0.001 0.0012 0.0014 0.0016 00018 0002

time (s)

Figure 2- 12: Effect of the digital gain controller.

19



CHAPTER 3

MAIN PROPERTIES OF THE PIC 16F871 CORE

Microcontrollers are today’s one of the most important digital structures. Since the first
digital microprocessors, there is still a need for microcontrollers. Fundamental difference
between microcontrollers and microprocessors is their architecture. Microcontrollers are
simpler processors that have sub-components integrated on same chip. Besides, main
task of the microcontrollers is supervising the peripheral elements during their
operations. Currently, microcontrollers have several digital peripheral modules that
increase their capabilities. In addition to digital elements, recent microcontrollers have

analog peripherals in order to improve their interaction with analog systems.

PIC midrange family is the one of the most common microcontroller group in use. There
are several different members of family that are specified for the user’s needs. Main core
is common in different models of the midrange microcontrollers while peripheral

modules changes from model to model.

The PIC 16F871 microcontroller is the one of the most known member of the mid range
family. It has 35 instructions set which is very easy to learn. Fundamental operation
instructions are executed in four oscillator cycle while branching instructions need eight
oscillator cycles or two instruction cycles. The 16F871 has on-chip 2 kilobyte flash
program memory, Data-RAM and Data-EEPROM memories. Data RAM has four banks
and plenty of register set. Architecture of the PIC 16F871 microcontroller is given in

Figure 3.1.

Main reason for selecting the 16F871 microcontroller as a case study is its architecture.
Its main core is very well known and it houses several peripherals. Despite to its reduced

instruction set, it can perform several operations which make it one of the unique
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controllers on market. Secondly, although there are many models for main core of the
mid-range family in different hardware description languages, there is no particular PIC

16F871 model in SystemC language.
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Program hH' / :
Memory vV RAM R H RAZ'IANQ.-:\;P EF—
8§ Level Stack File s RAJAN3INRes+
(13-bit) Registers Ty Revtad
=t | RAGIAN4/SS
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LV F o 7 =
Instruction reg 4 rA_Addr MU)S\ Ty ngl
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| Direct Addr 7 | 4 RB3PGM
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" i +—=X| RCOMIOSOMICKI
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Decode & [ | Start-up Timer & RC4/SDI/SDA
Control o b RC5/SDO
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; A - RCTIRX/DT
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Low-Voltage i 5 RD%I_PSPA
Programming & RD&/PSP5
| RDE/PSPE
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Note 1: Higher order bits are from the STATUS register.

Figure 3- 1: Block digram of PIC 16F871 [23]
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A SystemC model of a mid-range family member may also helpful for undergraduate
project applications of PIC microcontroller. Considering the development of the
SystemC-AMS, thel6F871 model in SystemC may also be a platform for AMS
applications. Modeled analog modules can easily be connected directly to main core or
through A/D converter. An appropriate assembly code would be enough to simulate the
whole system described with SystemC and SystemC-AMS. In this chapter, main features

of the PIC 16F871 microcontroller core will be given.

3.2 Type of Memories

The 16F871 microcontroller has three different memory resources. They are listed and

explained below

¢  On-chip Program memory; It is a Flash memory in this device. It can be ROM or
EPROM in different PIC micro family.

e On-chip Data Memory (RAM).

® On-chip EEPROM data storage memory.

Main core does not directly support external data or program memory. External memory

usages must be supported with software.

3.1.1 Program Memory Organization

The program memory stores the programs that main core is to be execute. The PIC mid-
range devices have a 13 bit counter capable of addressing 8 Kbytes x 14 program
memory spaces. The 16F871 has 2 Kbytes x 14 on-chip flash program memory [23].
Devices have higher memory capacities than 2 Kbytes need memory paging. Memory
paging implies that 8 Kbytes memory is divided into 4 equal pages. In order to start a
code pack in other pages, ORG directive must be employed that points the starting

address of program code. Program memory paging will be explained in later sections.

Main core begins to read program memory from 0x0000 location which is also Reset

vector address. In other words, when reset occurs program counter is cleared and it
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jumps to main code starting address location. In Program memory, 0x0004 address is
allocated for interrupt vector. When an interrupt occurs program counter is loaded with

0x0004, then it begins to execute interrupt vector code.

3.1.2 Data Memory Organization

The data memory is partitioned into multiple banks which contain General purpose
registers (GPR) and Special function registers (SFR) [23]. The 16F871 microcontroller
has 4 banks and each bank extends up to Ox7F (128 bytes) and 4 banks offers Ox1FF
(512 bytes) memory area. However, all data locations are not implemented. Lower
portion of the memory banks are reserved for special function registers while upper

locations are reserved for general purpose registers.

BSF STATUS, RPO
BCF STATUS,RP1 ;// Bank 1

Table 3- 1: Bank selection using RP0 and RPO bits

RP<1:0> BANK
00 BANK 0
01 BANK 1
10 BANK?2
11 BANK3

Bank selection is achieved via setting or clearing bank selection bits, RP1 and RPO,
which are 6™ and 5" bits of STATUS register respectively. Instruction given above
selects Bank 1 by means of setting RPO bit and clearing RP1 bits. Bank selection
configurations are given in Table 3.1. In order to manipulate correct registers on memory

bank, bank selection should be carried out done properly. However, some configuration
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registers, such as STATUS register have reserved locations in each bank for

convenience.

The Working Register (w)

The working register (w) is the only and unique accumulator of the 16F871
microcontroller that holds 8 bit data. Most of command directly involves the working
register into operation since literal values can only be loaded to it. After that, literal value
can be transferred to target special function registers. Data transfers between registers
and the working register are bi-directional. However, a special function register cannot
be assigned to another without assistance of the working register. The working register is
also an invariable source for all arithmetic operations, and second target option for

arithmetic results.

Bit Addresses

The PIC 16F871 allows user to reach and manipulate any register’s any bit, if it is
writable. BSF and BCF commands are particular instructions that set or clear declared
register’ target bit respectively. For this purpose, 3 bits are allocated in instruction word

of BSF and BCF in order to address bit locations.

BSF w,0
BSF w, 1
BCF w,2
BCF w,3

First two lines of code that is given above sets 0" and 1*' bits of working register (w).
Following 2 lines clears 2™ and 3™ bits of w register. This property is important since
peripherals are started, stopped or configured using dedicated bit of the appropriate

control register.
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The Program Counter

The program counter of the PIC 16F871 is a 13 bit counter that is incremented regularly
after every 4™ clock pulse. Initial value for program counter is 0x0000 and it is
incremented by one after execution of each instruction. Subroutine calls or unconditional
GOTO commands load program counter with starting address of sub-code. In case of
interrupts, program counter is loaded with 0x0004 hexadecimal value, which is the start

address of the interrupt service routine (ISR).

Lower byte of the program counter, PCL register, is a readable and writable register.
However, higher 5 bits of program counter is neither directly readable nor writable.
Higher 5 bits come from the PCLATH register. Contents of the PCLATH register is
transferred to upper byte of program counter when the PC is loaded with new value [23].
In section 3.4, different situations for program counter manipulations will be explained

in detail.

The Stack

The PIC 16F871 core has 13 bit 8 level stack. The stack is controlled by hardware in
case of either subroutine calls or interrupts. There are no commands such as PUSH or
POP. Besides, stack pointer cannot be controlled by software. When a subroutine is
called using CALL command, present Program Counter value is transferred to stack. At
the end of the subroutine RETURN or RETLW commands dictates main core to return

where it was called from.

Similarly, when interrupt occurs program counter value is pushed to stack. At the end of
the interrupt service routine, the RETFIE command pops the address properly so that

microcontroller can continue the normal process from where it was interrupted.
The stack of the 16F871 has a circular structure. That is, 8 consecutive subroutine or

interrupt operations can be evaluated properly. After that, stack pointer will overflow

and become zero again which will lead to inconvenient processes.
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3.2 Special Function Registers

Since the main core of the PIC 16F871 has RISC architecture, it has very large set of
registers. RISC architecture reduces instruction set, but increase in register set is a
compromise for this configuration. These registers control almost every property of the
device, even interrupts. Before main part of the code, microcontroller should be
configured by means of adjusting special function registers (SFR) in order to make it
operate in an appropriate way. SFRs can be re-assigned during program execution. In
this way, device can be re-configured in a completely different manner during any

process.

3.3 Addressing Modes Of The 16F871

The 16F871 offers two main methods to reach the memory locations and their values

which is called addressing modes. These addressing modes are,

e Direct Addressing

e Indirect addressing

3.3.1 Direct Addressing

In direct addressing mode, name of special function registers come after specific
instructions. This provides only 7 bit address information that comes from an op-code.
However, 7 bit only allows addressing up to Ox7F. In order to address further memory
locations, 2 more bits are needed. These bits come from Bank Selection bits which are
stored in STATUS register’s 5™ and 6™ bits. Before modifying value of any register,
Bank selection should be performed properly. Otherwise, another register will be
evaluated as the operand. Special Function Registers can only be loaded with content of
the working register since they cannot be immediate addressed as described in previous

section.
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First example given below describes an assignment. Content of the working register will
be transferred to T2CON register. When this instruction compiled and linked, assembly
compiler will automatically generate lower 7 bit of address of the T2CON register. For
this reason, first and second expressions are completely identical. Similarly, when 3
instruction is compiled, assembly compiler will generate lower 7 bit of address of the
PR2 register which is same with the T2CON. Switching to Bank 1 will yield to proper

operation. Otherwise 3 instructions will have same effect.

MOVWF T2CON
MOVWEF 0x12
MOVWF PR2

3.3.2 Indirect Addressing

Indirect addressing offers easier and more flexible way to reach a memory range in the
RAM. There are two specific registers for the indirect addressing. First one is the file
select register (FSR), which holds the lower 8 bit of address of any memory location.
Other one is INDF register which is not a physical register. Any instruction followed by
INDF will lead to an access to the location that FSR points to. STATUS register’s 7™ bit

holds the bank selection bit for indirect addressing mode.

Indirect addressing allows reaching any point in RAM. It is not limited with General
purpose registers. Though, it is mostly used for GPR registers for wide memory range
accesses. Assembly script below describes how to clear the RAM locations between
0x20-0x2F using indirect addressing [23]. Please note that, same purpose can be

achieved with very long code with direct addressing.

MOVLW 0X20 ; Starting point

MOVWF FSR
NEXT:
CLRF INDF ; Clear indirect addressed location
INCF FSR,F
BTFSS FSR,4 ; Equal to 0x2F ?
GOTO NEXT ; No
CONTINUE: ; Yes
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3.4 Program Flow Control Operations

As mentioned in Section 3.1, the program counter starts with 0x0000 value and
increments sequentially unless program counter is altered. There are particular
instructions that change program flow. These instructions may lead to unconditional
jumping, branching to subroutines, conditional skipping the next instruction and freeze
in program counter. Additionally, interrupts, if enabled, changes the program counter
and jumps to dedicated address in order to perform pre-defined tasks. If the program
flow alters, the program counter is loaded with new program memory address and main
core continues to execute from this new location. In next sections details about program

flow control operations will be given.

3.4.1 Unconditional Branching

The unconditional jump is one of the most important operations for a microprocessor. It
is generally needed several times to fetch new instruction address during execution
which is referred as unconditional jumping. This operation has higher importance for the
PIC mid-range devices since each conditional skipping instruction is followed by
unconditional jumps. It is carried out using the GOTO instruction. This instruction can be
used in two different forms with same effect. A label name may point instruction
location as given in first line. In this case program execution continues from that
location. Second line describes the other method that tells main core to go back to “n”

[T ]

lines above, where n is an integer. In order to jump “n” line below, with “-” sign must be

9

replaced with “+” sign. Forever loop will be generated If “n” is zero.

GOTO Label_name
GOTO $-n

The GOTO instruction is performed by loading the program counter with 11 bit address
information comes from op-code, and 2 bits come from the PCLATH register. 3 bits of
the op-code provide recognition of the GOTO instruction; other 11 bits point an address
location. The GOTO instruction also supports long jumps. Long jumps refer to branching

operations to other program memory pages. In order to jump to other pages, upper 2 bits
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of the PCLATH register should be configured for proper page selection, before the GOTO

instruction.

ORG 0x500 ; Page 0 (0x000 — Ox7FF )

BCF PCLATH 4
BSF PCLATH,3 ; Select Page 1
GOTO label_1 ;Jumpt to Label_1 at page 1

ORG 0x900 ; Page 1 (0x800 — OxFFF)

label_1:

Instructions given above perform a GOTO operation to a location in different program

memory page [23].

3.4.2 Direct Calls

Direct calls are another important tasks that main core must perform. The CALL
instruction is used to achieve this purpose. In contrast to unconditional jumps, call
operations are needed to execute short subroutines. After execution of the subroutine,

program flow returns to the main program.

The CALL instruction is accomplished in similar way with the GOTO instruction.
However, before loading the program counter with new program memory address, its
present value is transferred to stack not to loose it. Afterwards, the program counter is
loaded with 11 bit address information of subroutine code. Upper two bits are for the
page selection. Page selection is performed literally explained in previous section. After
execution of a subroutine, program counter is loaded with former address saved in stack.
Subroutines must end with either RETURN or RETLW instructions. Only difference

between these two instructions is RETLW loads working register with a literal value
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before leaving the subroutine. RETLW command also provides computed GOTO

operation which will be described in next section.

3.4.3 Computed GOTO

The main core has also unique property which is names as computed goto. This goto
operation is achieved by adding an offset value to program counter [23]. Computed goto
operation is needed for table reading or data decoding. The table consists of several
RETLW instructions. The first instruction in the table computes the target line by means
of adding offset to the PCL register and consequently, the program branches to the

appropriate RETLW instruction line [25]. This is also known as relative addressing.

MOVLW offset_value
CALL TABLE

TABLE:
ADDLW PCL, offset_value
RETLW  0xAA
RETLW 0xCC
RETLW  OxFF

Example given above briefly describes computed goto. If the offset_value is 0, program
will branch to first line which will load working register with OxAA. If the offset_value

is 1, program will branch to second line and so on.

3.4.4 Conditional SKipping

The PIC 16F871 device has particular commands called as conditional skipping
instructions. These instructions skip a program line if specific conditions are met. The
BTFSS instruction tests target bit of a register if it is set then main core skips next
program line. Target bit is declared by user. Similarly, the BTF SC instruction skips a line

if target bit of register is zero. On the other hand, the INCFSZ and the DECFSZ
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instructions increments or decrements any register and after each incrementing or
decrementing they check register if it is overflowed. Similarly, if condition is satisfied,
main core skips the next program line. As mentioned previously, each conditional
skipping operation is followed by a GOTO instruction. In this way, the IF...ELSE...

structure can be built with combination of a couple of instructions.

3.4.5 Interrupts

Interrupts are special events that changes program flow if enabled. In case of interrupt,
main core breaks normal code execution and performs a special task. When an interrupt
event arises, the program counter is immediately pushed to stack and loaded with the
address of interrupt service routine (ISR). The ISR routine’s beginning address is
0x0004. End of ISR is declared by the RETFIE instruction. Then, the program counter

pops original value from the stack and resumes its operation.

3.4.6 Sleep

The SLEEP instruction does not change program flow as same as previous commands.
However, the SLEEP instruction freezes program flow via locking state machine in one
state. This instruction is applied in order to reduce power consumption when
microcontroller is idle. System can only saved from this condition with an external
interrupt. This implies that, with the SLEEP instruction the main core is forced to wait

an external event without any operation while consuming little power
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CHAPTER 4

DESIGN OF THE EXTENDED PIC 16F871

The PIC 16F871 microcontroller consists of several peripherals including analog and
digital modules and main core. Digital components are divided into modules and
implemented with SystemC while analog modules are described behaviorally using

SystemC-AMS.

The biggest digital module named as Core includes main state machine, arithmetic logic
unit (ALU), parallel slave port (PSP), Timer O and watch-dog timer (WDT) units. Serial
port (USART) is implemented as a separate module. Due to the strong relation among
them, Timer 1, Timer 2 and capture, compare and pulse width modulation (PWM) unit
(CCP) are implemented as a single module. Analog components such as A/D converter
and additional D/A converter modules are also described behaviorally as separate

modules.

4.1 The Main State Machine

PIC midrange devices has main state machine that has four instruction execution states
namely Q1, Q2, Q3 and Q4 states. Each clock pulse drives main core into next state and
four oscillator cycles corresponds one instruction cycle. The instruction fetch and
execute is pipelined such that fetch takes one instruction cycle while decode and execute
takes another instruction cycle. However, due to the pipelining, each instruction is

effectively executed in one instruction cycle [24].

Execution starts with fetching the instruction and saving it in Instruction Register (IR).
This instruction is decoded and executed in next oscillator cycles. Data memory is read

during Q2 cycle and written during Q4 cycle .
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EXTENDED PIC 16F871
CPU ALU
. Adder
Instruction SFRs & GPRs
Fetch
Instruction Interrupt 3
Decode control Logic
operations
Instruction
Execute
A/D
Timers Capture converter
Timer 0
Compare D/A
Timer 1 converter
Timer 2 PWM
WDT (CCP)
Serial
Port
Paralel Slave Port (PSP) (USART)

Figure 4- 1: Block diagram of the extended 16F871 microcontroller

Majority of the instructions can be fetched, decoded and executed in one instruction
cycle. Only branching and conditional skipping instructions spends two instruction
cycles to complete the operation. However, for these commands second cycle is a no-
operation cycle. In other words state machine does not perform any operation. At the end

of the second instruction cycle, main core resumes to normal operation.
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Figure 4- 2: Clock/Instruction cycle of main core

Main core has five different operation modes and each of them has different behavior.

1. Reset mode: Reset mode drives the CPU into a known state which is called
RESET state. In this state each register is set to preset values. Program Counter
is cleared and it begins to increment from the 0x0000 value. Main core returns
to normal mode when reset conditions are killed.

2. Normal mode: In this mode, state machine fetches, decodes and executes
instructions as pictured above. Four states follow each other continuously
during normal mode.

3. No-operation mode: During this mode main core changes its state from one to
another. But it does not perform any operation. This mode is applied for
conditional skipping or NOP instruction. It is also a stop for every program
flow changing operation.

4. Interrupt start mode: Normal mode is still valid even an interrupt occurs.
However, it spends two dummy cycles before branching to interrupt service
routine. These dummy cycles are equivalent with NOP instruction except all
interrupts are disabled by clearing global interrupt enable flag (GIE) during
this mode in order to avoid another interrupt. Interrupt start mode ends when
program counter jumps to interrupt vector.

5. Sleep mode: This mode starts with when SLEEP instruction executed. The
16F871 does not have an idle mode. So, in sleep mode state machine is stuck

in Q1 state. Peripheral modules also stop during this mode since they use
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internal oscillator unless they can be used with an external clock and external
clock is utilized. Only an external interrupt can make state machine switch to

normal mode.

All main core components such as state machine, program counter and bus structure are
compatible with the original microcontroller. Designed main core supports all features
discussed in previous chapter. Moreover, designed main core supports program memory
paging feature which implies that designed main core can handle 8 Kbytes program

memory while original device has 2 Kbytes program memory.

- 8 bit
Bb .
L register
literal value
W
W Register
Special
v, Function
Registers and
General
Purpose
RAM
| | Y
d=0 d=1

Figure 4- 3: Block diagram of ALU
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4.2 Instruction Set

As a PIC micro family member, 16F871 has 14-bit instruction code and 35 instructions
as other family members. The instruction set is highly orthogonal and can be divided into

three main categories [24].

e Byte oriented file register operations
e Bit oriented file register operations

e Literal an control operations

For byte oriented instructions, “f” represents the target register and “d” represents
destination designator. As mentioned previously if destination designator is equal to ‘1°,
ALU result is placed into target register; if destination designator is equal to ‘0’ ALU
result is written into working register. For bit oriented instructions, ‘b’ represents the bit
select designator. For this purpose, three bits are allocated for bit select designator to be
able to reach any bits. Also, “k” represents 8 bit literal value while for CALL and GOTO

instructions ‘k’ represents the 11 bit literal value.
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Byte oriented file register operations

13 8 7 6 0

OPCODE d f (File #)

d=0 for destibation w
d=1 for destination f
f= 7-bit file register address

Bit oriented file register operations

13 10 9 76 0

OPCODE | b (bit#) f (File #)

b= 3-bit bit address
f= 7-bit file register address

Literal and control operations

General

13 8 7 0

OPCODE k (literal)

k = 8-bit literal (immediate) value

CALL and GOTO instructions

13 11 0

OPCODE k (literal)

k = 11-bit literal (immediate) value

Figure 4- 4: Instruction format of the 16F871

4.3 Arithmetic Logic Unit (ALU)

The 16F871 has 8-bit Arithmetic Logic unit (ALU) that can perform arithmetic and
Boolean logic operations between working register and any register. Instructions can
process only one register as an operand at most. This implies that, for every arithmetic

and logic operation, working register (w) is a fix operand while other operand may be a
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literal value or a register. ALU module is capable of addition, subtraction, shift and logic
operations. It is also an unchangeable stop for each data since all data buses terminate at
this unit. Destination of data is determined by second operand of an instruction. If
destination operand is equal to ‘1’, result of the ALU is written to destination register. If
destination operand is ‘0, result of the ALU is transferred to working register. By means
of this switching methodology, any data can be transferred to any memory location.

Schematic description of ALU is given in Figure 4.3.

ALU interacts with main core strongly and it is an inevitable stop for every data. For
this reason designed ALU module is mounted into main core. Besides, it is hundred

percent compatible with original Arithmetic Logic Unit that thel6F871 involves.

4.5 Data Memory and Special Function Registers

Data memory houses the Special Function Registers (SFR) and General purpose registers
(GPR). General purpose registers are implemented as RAM module while special
function registers are designed as internal registers. Data memory is divided into four

equal RAM Banks.
The 16F871 core has very large set of special function registers due to main core has

RISC architecture and several peripheral modules. Implemented SFRs and their

addresses are given in Table 4.1 which is grouped according to their banks.
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Table 4- 1: Special Function registers reside in (a) Bank 0 (b) Bank 1 (c) Bank 2 (d) Bank 3

Address Name Description
0x00 INDF Used for indirect addressing. Not a physical register
0x01 TMRO Timer 0 module Register
0x02 PCL Lower 8 bits of Program Counter
0x03 STATUS Status Register
0x04 FSR File Select Register. Indirect Data Memory access pointer
0x05 PORTA Port A Data Latch
0x06 PORTB Port B Data Latch
0x07 PORTC Port C Data Latch
0x08 PORTD Port D Data Latch
0x09 PORTE Port E Data Latch
0x0A PCLATH Upper 5 bits of Program Counter
0x0B INTCON Interrupt control Register
0x0C PIR1 Peripheral Interrupts Flag Register 1
0x0D PIR2 Peripheral Interrupts Flag Register 2
0x0E TMRI1L Holding Register for Least Significant byte of 16-bit TMR1 Register
0xOF TMRIH Holding Register for Most Significant byte of 16-bit TMR1 Register
0x10 TICON Timer 1 Control Register
Ox11 TMR2 Timer 2 Module Register
0x12 T2CON Timer 2 Control Register
0x15 CCPRIL Capture/Compare/PWM Register 1 (LSB)
0x16 CCPR1H Capture/Compare/PWM Register 1 (MSB)
0x17 CCP1CON | Capture/Compare/PWM Module Control Register
0x18 RCSTA USART Receive Status and Control Register
0x19 TXREG USART Transmit Data Register
Ox1A RCREG USART Receive Data Register
Ox1E ADRESH A/D Result Register High Byte
0x1F ADCONO A/D converter Module Control Register

(a)
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Table 4.1: ( Continued )

Address Name Description
0x80 INDF Used for indirect addressing. Not a physical register
0x81 OPTION_REG | Option Register
0x82 PCL Lower 8 bits of Program Counter
0x83 STATUS Status Register
0x84 FSR File Select Register. Indirect Data Memory access pointer
0x85 TRISA Port A Data Direction Register.
0x86 TRISB Port B Data Direction Register.
0x87 TRISC Port C Data Direction Register.
0x88 TRISD Port D Data Direction Register.
0x89 TRISE Port E Data Direction Register.
0x8A PCLATH Upper 5 bits of Program Counter
0x8B INTCON Interrupt control Register
0x8C PIE1 Peripheral Interrupts Enable Register 1
0x8D PIE2 Peripheral Interrupts Enable Register 2
0x92 PR2 Timer 2 Period Register
0x98 TXSTA USART Transmit Status and Control Register
0x9E ADRESL A/D Result Register Low Byte
0x9F ADCON1 A/D Module control register

(b)
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Table 4.1: ( Continued )

Address Name Description
0x100 INDF Used for indirect addressing. Not a physical register
0x101 TMRO Timer 0 module Register
0x102 PCL Lower 8 bits of Program Counter
0x103 STATUS Status Register
0x104 FSR File Select Register. Indirect Data Memory access pointer
0x106 PORTB Port B Data Latch
0x10A PCLATH Upper 5 bits of Program Counter
0x10B INTCON Interrupt control Register
0x10C EEDATA EEPROM Data Register
0x10D EEADR EEPROM Address Register
0x11D DACONO D/A module control register
Ox11E DADATH D/A data register high byte
Ox11F DADATL D/A data register low byte
(c)
Address Name Description
0x180 INDF Used for indirect addressing. Not a physical register
0x181 OPTION_REG | Option Register
0x182 PCL Lower 8 bits of Program Counter
0x183 STATUS Status Register
0x184 FSR File Select Register. Indirect Data Memory access pointer
0x186 TRISB Port B Data Direction Register.
0x18A PCLATH Upper 5 bits of Program Counter
0x18B INTCON Interrupt control Register
0x18C EECONI1 EEPROM Read/Write Configuration Register 1
0x18D EECON2 EEPROM Control Register 2. Not a Physical Register

(d)
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Only unimplemented registers are EEDATH and EEADRH registers which are used for
flash memory (program memory) read and write operations. Addition to original register
set, there are three more registers namely DACONO, DACDATH and DACDATL which are

the control and data registers of D/A converter.
4.6 The Parallel Slave Port (PSP)

The 16F871 has parallel Slave Port module for parallel communication. Slave term
implies that, data read or write operations are performed if external master device orders
it. When PSP module is activated, data transmission and reception is performed through
Port D pins, and synchronization controls are performed via Port E pins. For reading or
writing operations PORTD register is used as a buffer register. PSP module can directly
interface an 8 bit microprocessor data bus [26]. Parallel slave port module is first
designed separately from main core. But, Since it is strongly synchronous with main
core, data read and write operations are performed with PORTD register and in order to
reduce hand-shakings between these modules, designed PSP module is mounted to main
core and it is hundred percent compatible with the original parallel port that the 16F871

has.

Parallel Slave port is controlled using TRISE register. Lower 3 bits of TRISE register
determines the direction of Port E which is a three pin port. Other bits are Parallel slave

port control and status bits. Bit map of the TRISE register is given in Table D.3.

When PSP module is enabled, in other words PSP mode is activated, Port D becomes a

parallel data bus as mentioned. Also, enabling PSP module turns Port E pins into CS ,

RD and WR input pins, which control chip selection, read and write operations

respectively.
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Write operation

A write to PSP from external system occurs when both CS and WR pins are first
detected low [26]. This is the start signal for write operation. When either CS or

WR pins are high again input buffer full status flag (IBF) is set which declares that,

data write is completed and 8 bit data is waiting to be read. This flag is cleared when
PORTD register is read. If another write operation is attempted before previous data read,
Input buffer overflow detect bit (IBOV) will become high that indicates inappropriate

operation. Parallel slave port interrupt flag (PSPIF) is set after write operation.

Read Operation

A read from the PSP from the external system, occurs when both CS and RD pins

are first detected low. This is a start signal for read operation. Then, Output buffer full

flag (OBF) is cleared indicating that PORTD output latch is read by the external module.

In other words, PSP output port is ready for read operation. When either CS or RD

pins become high, Parallel Slave Port interrupt flag (PSPIF) becomes high indicating
that read operation is complete. OBF bit will remain clear until another data is written to

output data latches by software [26].
4.7 The Universal Synchronous/Asynchronous Receiver Transmitter (USART)

Designed serial port (USART) is implemented as a separate module. This is the most
complicated module after main core. It has four state machines with nine states. State
machines perform synchronous/asynchronous transmission and reception operations.
Designed serial port is completely compatible with original one and it exactly follows

the original procedure during data transmission and reception.
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USART module supports following modes

¢ Asynchronous (full duplex)
e Synchronous — master (half duplex)

¢ Synchronous — slave (half duplex)

Synchronous mode implies that, data transmission is performed in accordance with
clock. In slave mode synchronization is achieved by external device’s supervision while
in master mode clock pulses are generated by USART module. Asynchronous data
transmission or reception begins after detection of start bit which is ‘0’ and finishes after
detection of stop bit which is ‘1°. Full-duplex term means transmission and reception can
be carried out simultaneously, while synchronous mode can either transmit data or
receive data at a time. USART module is configured with TXSTA and RCSTA registers
which correspond to transmission and reception control registers respectively. TXSTA
and RCSTA registers are given with details in Table D.4, D.5. Data that will be
transmitted should be transferred to a buffer register which is called TXREG. Received
data is transferred to another buffer register which is named as RCREG register. This

register is a double buffered register, in other words it is a two deep FIFO [32].

USART data transmission or reception speed depends on the Baud rate generator. Baud
rate generator makes interfaced devices remain in accordance. Baud rate clock speed
depends on the speed of the devices and baud rate value which is saved in SPBRG
register. Before any operation, proper baud rate clock values must be calculated for each

device.

USART module supports the 8-bit or 9-bit data transmission. 9" bit is generally used as
parity bit. Parity bits are stored in 0" bit of TXSTA register while transmitting a data or
in 0" bit of RCSTA register while receiving a data. Data receptions can be continuous or

single byte in synchronous mode.

Interrupt behavior of serial port a little bit different than the other modules. Transmission
or reception interrupt flags are read only bits and they cannot be cleared by software.

Transmission interrupt flag bit remains high till TXREG is written. In other words,
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transmission interrupt occurs when serial transmission is started. When a new data is
written to TXREG, interrupt flag is cleared until transmission starts. Reception interrupt

occurs when data receive is complete and it is cleared when RCREG has been read [32].

4.8 Timers

The 16F871 microcontroller has four timers namely Timer O, Timer 1, Timer 2 and
Watch-dog timer (WDT). Timer 0, Timer 1 and Timer 2 can be used as a timer or
synchronous/asynchronous counter. Two timer modules, Timer 1 and Timer 2 are
designed as a separate module while Timer 0 and Watch-dog timer modules are
embedded to main core. Except some limitations of the WDT, timer modules are
compatible with original PIC 16F871 timers. Details about each timer will be discussed

separately.

4.8.1 The Timer 0

Timer O is an eight bit timer/ counter module which can be used with external clock
source with edge sensitivity selection option. It has also 8 bit programmable pre-scalar.
Timer O overflows at OxFF and when overflow occurs, the Timer O interrupt flag (TOIF)

is set. OPTION_REG register is a control and configuration register for Timer 0.

When Timer O is activated, it will increment regularly at every instruction cycle (without
pre-scalar). TimerO and watchdog timer (WDT) shares the same pre-scalar mutually
exclusively [23]. Prescalar assignment is configured using PSA bit. Assigned prescalar
values are different for WDT and Timer 0. Please refer to Table D.2 for details and bit

descriptions of OPTION_REG register.

4.8.2 The Timer 1

Timer 1 is a 16 bit timer/counter consists of two 8 bit registers namely TMR1H and

TMR1L which are readable and writable registers. Timer 1 register pair increments from

0x0000 to OXFFFF (if another value is not written) and rolls-over to 0x0000 [27].
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Timer 1 is configured via T1CON register and it can be used as

e Synchronous timer
e Synchronous counter

e Asynchronous counter

In timer mode, Timer 1 module uses the internal clock which is equal to fosc/4. In

synchronous counter mode it is triggered by rising edge of the external clock source.
Synchronization implies that, in SLEEP mode Timer 1 will not increment. If T1SYNC

bit is set, Timer 1 is in asynchronous counter mode. Asynchronous mode ensures
increment of Timer 1 even in SLEEP mode. Timer 1 has a three bit pre-scalar and it can
be used for different frequency values for either internal or external clock sources.
Another duty of Timer 1 module is controlling the Capture and Compare modes of CCP

module.

4.8.3 The Timer 2

Timer 2 is an 8-bit timer with pre-scalar and post-scalar. TMR2 register which is a
readable and writable register holds the value to be incremented. Although it is an 8-bit
counter and with highest pre-scalar and post-scalar configurations, overflow time can be
configured as same as a 16 bit counter’s overflow time [28]. It only uses internal clock as

clock source. For this reason in sleep mode it does not operate.

Timer 2 overflows when TMR2 register is equal to PR2 register, and then Timer 2
interrupt flag (TMR2IF) is set. PR2 is also a readable and writable register. Timer 2
module can be configured via T2CON register which is given in Table D.6. It also
controls the PWM mode of the CCP module.

4.8.4 The Watch-dog Timer

Watch-dog timer is a free running eight bit timer. WDT enable or disable is declared in

software during program loading stage. WDT generates a reset signal when it overflows.
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Thanks to this operation, it protects main core from dead-locks. For this purpose, during
program execution WDT must be cleared regularly by CLRWDT instruction. The TO

bit of the STATUS register will be cleared upon WDT reset [23]. WDT is configured
using OPTION_REG register. As mentioned in previous sections, Timer 0 and WDT
modules are embedded into main core. Timer O is fully compatible with original module
while designed WDT module is excluded from pre-scalar which Timer O and WDT

modules are supposed to share. In other words, designed WDT does not utilize prescalar.

4.9 The Capture/Compare/PWM module (CCP)

CCP module is designed in a super module that contains Timer 1 and Timer 2 since
capture and compare modes are controlled by Timer 1 and PWM mode is controlled by
Timer 2. Designed CCP module is hundred percent compatible with the CCP module of
the 16F871.

CCP module contains 16-bit register which can operate as a 16-bit capture register, as a
16-bit compare register or 10-bit pulse width modulation (PWM) master/slave duty cycle
register [31]. This 16-bit register named as CCPR1 register consists of two separate 8-bit
registers namely CCP1H and CCP1L. CCP module is configured using CCPCON

register which is given in Table D.7.
Capture mode

In capture mode, 16-bit TMR1 register is captured and transferred to CCP1H and CCP1L

registers when an event detected on CCP1 pin. An event is defined as

e Every falling edge
e Every rising edge
e Every 4" rising edge

e Every 16" rising edge

47



Event selection can be handled through CCPCON register. After a capture operation,
hardware sets the CCP interrupt flag (CCPIF). Capture mode is quite useful to measure

the duration between two consecutive events.

Compare mode

In compare mode, 16-bit CCPR1 register is constantly compared with TMR1 register

pair. When a match occurs, the CCP1 pin is [31].

e Driven high
¢ Driven low

¢ Remains unchanged.

An interrupt generation accompanies the match. Behavior of the compare mode is

configured with CCPCON register.

Pulse width modulation mode (PWM)

In pulse width modulation mode, CCP module produces up to 10-bit resolution PWM
output. As mentioned previously Timer 2 module controls the PWM mode of the CCP
module. When TMR2 register is equal to PR2 register, PWM duty cycle is latched from
CCPR1L into CCPR1H and CCP1 pin is driven high. In next cycle of TMR2 register,
when concatenation of TMR2 and T2CON<1:0> is equal to duty cycle register, CCP1
pin is driven low. Duty cycle register is concatenation of CCPR1H register and
CCP1CON<5:4>. PWM mode does not generate an interrupt and continuously produce

modulated signal.

4.10 The A/D Converter

A/D converter is described behaviorally using SyctemC — AMS library. Designed core
has 14 bit A/D converter despite to original A/D converter that 16F871 involves is a 10

bit module. A/D converter is designed and simulated separately, and then it is connected
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to main core. Designed converter module operates exactly same with described one. But
in this design data acquisition module is not used. In other words, analog voltage is
directly applied to A/D converter module. There is single channel for analog voltage
input and reference voltages. Last restriction is, designed A/D converter can only be used
with common clock source which implies that it cannot be used with an external RC
clock. At first sight there seems several deviations from original module but these
differences do not directly affect the operation of the A/D conversion. Fundamental

properties of the A/D converter module are saved.

A/D converter module is controlled and configured with two registers namely ADCONO
and ADCONL1. ADCONO register configures the conversion clock frequency, analog
channel selection and A/D conversion start/stop operation. ADCON1 register controls the
result format and channel selection. In Table D.8a and D.9, A/D converter control
registers are given in detail. However, ADCON1 register’s channel selection bits are not
applicable since single channel is defined in this design. High byte of converted digital
data is saved in ADRESH while low byte of converted digital data is saved in ADRESL

register [29].

For A/D conversion operation A/D converter module must be turned on via setting

ADON bit of ADCONO register. A/D conversion is started by means of setting
GO/ DONE bit. When the conversion is over GO/ DONE bit is cleared by hardware

automatically. Conversion of each bit calls for at least 2 clock cycles if A/D converter
clock is configured as fosc/2. If clock selection of A/D converter module is configured as
fosc/4, in order to convert each bit, at least 4 clock cycles are needed and so on. When
the conversion is over, A/D conversion interrupt flag (ADIF) is set. Besides, A/D

converter module can operate even the main core is in the SLEEP mode.

4.11 The D/A Converter

Normally, the PIC 16F871 microcontroller device does not have a D/A converter. This
module is implemented in order to enhance the properties of main core and extend the
SystemC-AMS study for the thesis. Before D/A converter design, several D/A converters

are evaluated.
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Implemented module is a 12-bit D/A converter. For this purpose, three additional
registers are defined namely DACONO, DADATH and DADATL. DACONO is the control
register of the D/A converter module while the following two registers hold the data to

be converted to analog signal.

Clock frequency of the D/A converter is the half of the main core. It samples and updates
the digital data at Q1 cycle, then updates the analog output signal at Q4 cycle. Data
conversion is completed in one instruction cycle. Thanks to this way, consecutive data
can be sent to D/A converter in order to gain a signal waveform. 12-bit digital data
transferred through DADATH and DADATL registers where lower byte is stored in
DADATL. 1* bit of the DACONO register is cleared when a data is written to DADATH
register and it is set when 4 bit data is written to DADATL register. This bit allows digital
data update and hinders erroneous results. Otherwise when low byte of the 12-byte data
is assigned with new data output will change in same instruction cycle. D/A converter

module doesn’t generate an interrupt.

4.12 Interrupt Controller

As the name implies, an interrupt is some event that interrupts normal program
execution. As stated earlier, program flow is always sequential and it can be altered only
by those instructions that expressly cause program flow to deviate in some way [30]. But
interrupts change program flow temporarily. They force program flow to branch and
execute a subroutine code, and then it resumes normal program flow. Interrupts provide
ability to main core to interact with the external events. Designed main core handles the

interrupt operations and sources exactly same with the original PIC 16F871.
The 16F871 microcontroller has following interrupt sources
RB Port change interrupt

RBO/INT external interrupt

Timer 0 overflow interrupt

N

Timer 1 overflow interrupt
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5
6
7.
8
9

Timer 2 overflow interrupt

EEPROM read/write complete interrupt
Parallel Slave port read/write interrupt
A/D converter interrupt

USART Receive interrupt

10. USART Transmit interrupt

11. CCP module interrupts.

Interrupt sources given above have equal priority.
control register for interrupts given in 1, 2 and 3. These are generally called main core
interrupts while others are known as peripheral interrupts. Each interrupt has a
declaration flag bit and an enable bit on the control registers. Peripheral interrupts are
declared via PIR1 and PIR2 registers and each peripheral interrupt is enabled or

disabled via PIE1 and PIE2 registers. In Table D.11 and D.12 these registers and task

of each bit are given in detail.
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CHAPTER 5

VERIFICATION OF THE DESIGNED CORE

In order to verify the design, it is needed to perform some simulations to observe the
response of the modeled system. For this purpose, a test-bench setup is built that consists
of stimulus modules and display modules. Test bench architecture is depicted in Figure

5.1.

Stimulus module sends appropriate signals to main core through data ports (Port A, Port
B etc.) which main core collects information from outer world. Also reset and interrupt
pins which changes program execution flow in case of asynchronous events are

connected to stimulus module.

TestROM module contains the program code in hexadecimal format that main core will
execute. It can be considered as a pseudo EEPROM which consists of a C++ code that
reads .hex file which is generated by compiler, and transfers this data to an array
conveniently. When address of a memory location is sent to TestROM by means of
program address ports, it releases the hex code of corresponding instruction via program

data ports.

Some digital peripheral modules have particular display module which simulates
corresponding system they should be connected to. In the beginning, peripheral modules
are designed and simulated independently. Then, they are wired to main core using
SystemC signals. Second simulation also checks accordance with main core and re-
simulates the peripheral if module operates accurately. For second simulations, a
particular test program is written and executed for each peripheral. Besides, second
verification checks if control registers’ of the peripheral module operates conveniently.

This is important since there is a set of registers associated with each module. Analog
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components have separated stimulus and display modules as well. Analog stimulus
modules provide reference voltages and channel voltages while analog displays collect

analog output data and writes to a file for tracing.

. .
Test-ROM > > Display
- -
— EE—
Stimulus > > Serial Display
- -
Extended
EE—
( K ) PIC a| Parallel Display
Analog stimulus I >
16F871 —
E—
> CCP Display
~——

Testbench N
environment _’[ Ideal level shifter _’[ Analog Display ]
J

Figure 5- 1: Testbench and the extended PIC 16F871 design for testing

Main point of verifying the design is building a testbench and TestROM such that, it
contains all possible combinations of events that can be executed. For this purpose,
several test programs have been written. One of this program checks almost all
instructions whether the system performs appropriate operation. Other programs are
either for checking asynchronous operations such as resets and interrupts or for

peripheral components’ verification. This test programs are written in assembly

53



language, compiled and linked with MPLAB tool. After compilation the .hex file is
received which contains the hexadecimal values correspond to written instructions.

TestROM module directly reads this file and generates a pseudo ROM array as

mentioned previously.
to simulation

ASM  jo——> MPLAB IDE
file compiler
ﬂ environment
Program
hex file [ I——=> Test-ROM on—— =

Figure 5- 2: Test-ROM generation flow

Results of simulations are received in .vcd format for digital modules and in .dat format
for analog ones. First group can be observed using VCD viewers while additional

programs are needed like “octave” for .dat files.
5.1 The Main Core

The PIC 16F871 has an 8 bit core. This core performs several operations in 4 oscillator
cycles which is called 1 execution cycle. Branching operations are performed in 2

execution cycles which corresponds to 8 oscillator cycles.

Main core receives instructions from program memory. It directly sends program
counter’s value through prog_adr_o pin and receives corresponding instruction.
Instructions are in hexadecimal format and received through prog_dat_i pin. For this
study, a test_ROM module is implemented which is a C++ code that reads .hex form of a
compiled and linked assembly code. Communication signal waveforms between main

core and test_ ROM are given in Figure 5.3.
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Figure 5- 3: ROM signals of the extended 16F871
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Figure 5- 4: RAM signals of the extended 16F871

Handshaking of main core and the data RAM are a little bit different. Before reading or
writing operations, main core should send signal that informs RAM memory about the
process whether it is a read or write operation. When main core attempts to write to data
RAM, it asserts write_ram_o pin then sends address and data through ram_adr_o and
ram_dat_o respectively. Similarly, read operation starts with assertion of read_ram_o
pin. Then, main core sends address of memory location and receives data from
ram_dat_i pin. Waveform of the communication between RAM and main core is given
in Figure 5.4. The 16F871 has on-chip ROM and RAM modules. External RAM or
ROM memory usages require specified software for handshaking between

microcontroller and external device.
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5.1.1 The Instruction Architecture Test

The 16F871 has instruction set with 35 instructions. All instructions except NOP,
RETFIE and CLRWDT instructions are tested individually and their operations are
approved by the test program given in APPENDIX B. Idea of this test program is giving
initial values to the registers, comparing the results after execution of the instruction and
checking the result if it is the expected value. If the result is correct, code jumps to next
command’s block. Otherwise, assembly code returns a decimal number corresponds to
that instruction so that instruction which works improperly can be determined. If all
instructions pass, the examination assembly code returns OxFF value which is received

after execution of the test code.

5.1.1.1 Arithmetic & Logic Instructions

The 16F871 can perform arithmetic and logic instructions including addition,
subtraction, increment, decrement, logical and, logical inclusive or, logical exclusive or,
byte swap, left and right shift and complement. Instructions are executed after assigning
some values to target registers. Expected result is subtracted from the register and then
zero flag is checked. Zero flag becomes high if result of the arithmetic operation is zero.
Each instruction passed the test program which implies that arithmetic and logic
instructions operate correctly. List of verified arithmetic and logic instructions are given

below.

ADDWF Registerl, W
ADDLW literal_value
ANDWF Registerl, W
ANDLW literal_value
SUBLW literal_value
SUBWF Registerl, W

COMF Registerl
DECF Registerl
INCF Registerl

IORWF Registerl, W

TIORLW literal_value
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XORLW literal,value
XORWF Registerl, W
RLF Registerl
RRF Registerl

SWAPF Registerl

5.1.1.2 Data Transfer Instructions

Data transfer instructions can be grouped into two main categories. Byte oriented
instructions and bit oriented instructions. Byte oriented data instructions perform 8-bit
data transfer between registers. Special function registers can only be loaded with
working register whereas working register can be loaded with either a literal value or
special function register. Bit oriented instructions assign either O or 1 value to target bit

of destination register.

There are also particular commands such as CLRW that directly assigns O to the working

register (w). Verified data transfer instructions are listed below.

CLRW

CLRF Registerl

MOVEFE Registerl

MOVWE Registerl

MOVLW Literal_ value

BCF Registerl, bit_number
BSF Registerl, bit_number

5.1.1.3 Flow Control Instructions

Flow control instructions changes the normal sequence of the assembly code by means
of changing the content of program counter. The PIC 16F871 does not have conditional
branching operation. Instead, it skips next line of code if a certain condition is satisfied.
This can be formulized as, conditionl - next linel, else - next line2. GOTO command
should be used in linel to retain examination of the condition. A real conditional

branching can be emulated with combination of a couple of commands. These conditions
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are based on contents of registers or their specified bits. List of verified flow control

instructions are given below.

INCEFSZ Registerl

DECFSZ Registerl

BTFSC Registerl,Bit number
BTFSS Registerl,Bit number
CALL Label_name

GOTO Lable_name

RETURN

RETLW

5.1.1.4 Other Instructions

One of the important instructions of 16F871 is SLEEP command. This command traps

state register in Q1 so that main core and peripherals that are synchronous with main

core would

stop temporarily which aims to reduce power consumption of controller

when it is idle. There is no command that makes the device awake. This can only be

achieved with a PORTB external interrupt. Response of the device to SLEEP command

is given in Figure 5.5. Awakening of device will be covered in Section 5.9.
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BystemC.dack
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SyetanC o, da {13.0) | ] 7082 ] 306 [ 0098 [ OO | 0% {003 | W ] e
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Figure 5- 5: SLEEP instruction and power-down mode
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5.1.2 Addressing Mode Verifications

The 16F871 microcontroller supports two addressing modes which are described in

Chapter 3 previously. In order to verify if designed microcontroller performs the

addressing modes properly two verification programs are prepared. Since addressing

mode is handled during code decoding, there is no need to check each instruction with

both addressing modes. For this purpose, different memory locations in different

memory banks are written using direct and indirect addressing modes. Then, same

memory locations are read again and same results are received. Waveforms of

addressing mode verifications are given in Figure 5.6.

3 i 98.56ns | ‘SDns' [ns [fOns ffns {ns [100ns [110ns [120ns [130ns [140ns ‘15[1
Ll S I § i S 4 S § SR S S | T 4 i ) M 1 i i S S N S | ] ol I e | et S ) § L
SystemC clock _ IMAAMAAAMAMAAMA
SysternC.ram_dat_i[7:0] TAAT 00 TBBTY Il fcC 00 JODf oo
SystemC.ram_dat_of7.0] (58 | CC Y78 [ OO J&5J1E [ AA J3BBE| 18 JBBY18 58 CC |78 [DD {56 J 16 | [ili]
SystemC.ram_adr_o[6:0] [§¥14C {T7F 103 {TOO]TFF 183 {103 J07F 1006 1003 JOFF {083 {005 005 | 005 T17F 106 103 {TFFI163 103 TI06 00d
SystemC.readram_o || '] J | JiE ) / | / [ ol | |
SystemC writeram_o n !
SystamC.portb_o[7:0] T AL I BB 1 CC I i
(@)
! 79.36ns s ‘FDns |BDns |90ns ¥ |1DDns |HDns |12Dns |13Dns |1ADns |150ns ‘WBDns ‘17
Ll | | S I Ll | s e 2§ | o A R e L a2k O | A S N | o/ O 1 i 4t | i |

SystemC.clock

WA AN AARA AR

sternC.ram_dat_i[7:0]

temC.ram_dat_o[7:0]

temC.ram_adr_o[8:0]

] NN I N T P2 I T3y o Ififi): ] I ]
[ 33 § FF [ 40 ¥ 98 | T JEg{XZy 98 [Ze{biy 3 [FEIM[DE:(BB:( 44|
33 [17F |07F {004 J044 {TFFY_ 003 J07F |00 {005 JOFF (083 D03 {0067 003 {T7F 1106 103 [1FF {153 [ 103 (006 | 1FF

SystemC.readram_o

LA AN A ANANNAARNMAARNANNAANANRDND N

SystemC writeram_o

— N

SystemC. portb_o[7:0]

I i I i | kX i a_

(b)

Figure 5- 6: Addressing modes (a) direct addressing (b) indirect addressing
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5.2 The Parallel Slave Port (PSP)

In order to verify parallel slave port (PSP), parallel port is enabled. For this purpose, 5™
bit of TRISE register is set. Parallel port supports read and write operations. Write mode
allows a write operation to be performed by master processor. Transferred data will be

written into the 16F871’s PORTD register. When PSP module detects both chip select
( CS ) and Write ( WR ) pins low a write operation occurs. When either CS or WR

pin becomes high again, IBF becomes high and in same cycle interrupt flag (PSPIF) is
set. In Figure 5.7 write operation of PSP port is shown. 0xDE value was received from

parallel display module and transferred to PORTD register.

A read operation will begin when both CS and RD pins become low. After that
output buffer full (OBF) becomes low immediately. This indicates that data at the Port
D was read by the master. When either 'CS or RD pins become high again, read

operation will be completed after interrupt flag becomes high (PSPIF). Read operation of
Parallel port is shown in Figure 5.8. 0x50 hexadecimal value was read by the parallel

display module.

I 25.57ns ns  |2ns 4ns [Ens
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Figure 5- 7: Parallel port write operation
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Figure 5- 8: Parallel port read operation

5.3 The Serial Port (USART)

Serial port was verified by means of configuring it for transmission and reception
separately. Serial port is controlled by two main registers; TXSTA, transmit status and
control register and RCSTA, receive status and control register. TXREG and RCREG keep
the data that will be transmitted or received respectively. This device supports full-
duplex operation for asynchronous mode which means it can perform transmission and

reception simultaneously.

For Transmission operation RCSTA and TXSTA registers are loaded with 0x90 and 0x24
hexadecimal values respectively. This configuration enables asynchronous serial
transmission and reception. Serial output generates continuous high value when it is idle.
To inform the receiver module that an 8-bit data is coming it asserts serial out low. This
is called start bit. After sending start bit, it begins to send the data bit by bit starting from
LSB. When data transmit is complete, serial output is driven high again in order to
inform the receiver that data transmission is completed. In this simulation TXREG was
loaded with 0x8 and OxCC values in sequence. For this reason after completing the first
data transmission, serial output was driven high first, then driven low again to start the
second data’s transmission. Transmission operation of designed USART is as in Figure

5.9.
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Figure 5- 9: USART transmission operation
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Figure 5- 10: USART reception operation

In order to verify reception operation a serial display which is simple serial transmitter is
connected to Serialin port. Since this module can perform full-duplex operation
configurations of control registers were saved. Serial display module was configured to
send 0x53 hexadecimal data. It detects the start bit first, and then gains the serial data bit
by bit. After receiving the stop bit, serial data is loaded into RCREG. Serial reception

operation is shown in Figure 5.10.

5.4 Timer Modules

The 16F871 device has 3 timers. In this chapter Timerl (16 bit timer) and Timer2 (8 bit
timer) operations will be verified for convenience. For this purpose, Timerl module was

set as synchronous counter and TIMER1H and TIMER1L registers are loaded with
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values OxFF and OxFA respectively. Internal clock (fosc/4) was selected and it is divided
by 8 using prescaler. VCD waveform of simulation result is depicted in Figure 5.11.
Timerl register was overflowed at OxXFFFF and generated Timerl interrupt which made
Timerl interrupt flag set. It should be noted that after overflow timerl still keeps

counting. For this reason, it should be turned off at ISR or in normal program code.

In contrast to Timer1, Timer2 overflows when TMR2 register matches PR2 register since
Timer2 module also controls PWM block. PR2 register was loaded with Ox7F
hexadecimal value. When these two register matches, Timer2 module generates an
interrupt that sets Timer2 interrupt flag. If PWM was enabled Timer2 register increments
till it is stopped by software. For this simulation prescaler value is assigned as 1:16 and
postscaler value assigned as 1:1. 'VCD waveform of Timer2 operation is given in Figure

5.12.
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Figure 5- 11: The Timer 1 operation
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Figure 5- 12: The Timer 2 operation
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5.6 The Capture, Compare, PWM Module (CCP)

The Capture, Compare and PWM (CCP) module supports different modes and each
mode was simulated separately. For convenience, CCP module was configured for
Capture mode operation first. CCPCON register was loaded with 0x5 for rising edge
capturing. When a rising edge comes to CCP pin, contents of TIMER1H and TIMER1L
registers were assigned to CCPR1H and CCPR1L registers respectively. Then, capture
mode was switched to each falling edge capturing and CCPCON register was loaded with
0x4. When falling edge comes to CCP pin, contents of TIMERIH and TIMER1L
registers were transferred as described. This procedure is for measuring duration
between two events. In software only thing that the programmer should do is subtracting
the captured results. Of course CCPR1H and CCPR1L registers should be assigned to
temporary registers. Otherwise former values will be lost. Verification of capture mode

is depicted in Figure 5.13.

Secondly, CCP module was configured for compare mode such that CCP pin would be
forced to be low when a match occurs between TIMER1H, TIMER1L and CCPR1H,
CCPRI1L registers respectively. For this purpose, CCPCON register was loaded with 0x9.
After the match, capture interrupt flag was set. Simulation waveform of compare mode is

given in Figure 5.14.
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To generate a pulse width modulated output, at first PWM output period and duty cycles
should be determined. Formula of the PWM period is given in equation 5.1 and PWM
duty cycle is given in equation 5.2. Clock cycle of main core was adjusted to 20 Mhz and
Prescaler of the Timer2 was configured to 1:16 and PR2 register’s value was assigned as
0x7F as mentioned previously. Expected PWM output period is 409.6 us (~2441 Hz) and
aimed duty cycle is %25. For this purpose, 10 bit PWM register was assigned with
0x82. This register’s upper 8-bit comes from CCPR1L register and lower 2 bit comes
from CCP1CON [5:4]. Assigned values are calculated from equation 5.1 and equation

5.2. Output waveform of the PWM simulation is given in Figure 5.15.

PWM period = [(PR2) + 1] * 4 « TOSCe (TMR?2 prescale value), specified in units of time (5.1)

PWM duty cycle = (DCxB9:DCxBO bits value) ® Tosc * (TMR?2 prescale value), in units of time (5.2)

5.7 The A/D Converter Module

Main point of verification of A/D converter is simply applying voltage and receiving
digital value. First of all, reference voltages Vref+ and Vref- were assigned as 5 V and 0
V respectively. 1.3 V was applied to analog input channel. 0" bit of ADCON turns A/D
converter on and 2" bit expresses the status of converter. If this bit is 1, A/D converter is
in progress otherwise not. Conversion of each bit requires at least 1 clock cycle. Since
pre-scalar was configured as 1:2, conversion took 28 clock cycles. Expected
hexadecimal value for the applied potential is Ox10A3. After conversion A/D interrupt
flag was set and ADCON register’s 2™ bit became low which means A/D controller was
turned off. Hence, ADCON register’s value became Ox1. Simulation of A/D conversion is
depicted in Figure 5.16. Also a sweep analysis for A/D converter was performed in order

to observe transfer function of A/D converter. It is given in Figure 5.17.
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Figure 5- 16: A/D converter transfer function (a) -1V / 6V range view (b) Close view of transfer

function around 4V. Vref+ is equal to 5V and Vref- is equal to 0.
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Figure 5- 17:A/D conversion process

5.8 The D/A Converter Module

In order to simulate the D/A converter another code was written that generates a data
table of sinus wave. Since it is a 12-bit converter, number of the samples can be 4096 at
most. For this simulation, number of the samples was selected as 1000 and main core
frequency was configured to 40 MHz. Another factor that should be mentioned is the

ideal level shifter.

D/A converters cannot generate negative voltages. As a result, in order to observe a
bipolar waveform, a level shifter is attached to the analog output. D/A converter is
turned on by means of setting 0™ and 1% bits of DACONO register. For convenient digital
to analog conversion, DADATL and DADATH registers should be written consecutively.

Generated sinus waveform is given in Figure 5.18,.
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Figure 5- 18: D/A converter sinus signal output

5.9 Interrupts

The 16F871 has several interrupt sources. All peripheral modules generate an interrupt
after completing their task. Also microcontroller’s PORTB has 4 pins sensitive to
changes and one pin is sensitive to rising or falling edges depending on the control bit.
All interrupts can be masked using enable/disable bits. If an interrupt source enabled and
that interrupt occurs, program counter value will pushed to stack and its value becomes
0x004. This address is the starting address of the interrupt vector table. Interrupt vector
table routine must end with a RETFIE command. This instruction pops the former
content of program counter and microcontroller returns to normal operation. All interrupt

sources have equal priority and leads to same result.
As mentioned previously, Port B interrupts awaken the microcontroller from SLEEP. In

Figure 5.19, result of an external interrupt can be seen while the 16F871 is in SLEEP

mode.
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Figure 5- 19: Interrupt and awakening from SLEEP mode.

5.10 CRC Algorithms

Instruction set, special function registers and addressing modes of main core was verified
with test assembly codes. However, all test programs are written particularly for this
study. Hence, executing other test programs will be beneficial for the verification of the

designed microcontroller.

For this purpose, 16-bit CRC code was employed which is downloaded from internet site
of Charles Ader that provides several codes for the all microcontrollers [33]. This code is
adapted from CRC code released by Dallas Semiconductor [34]. In other words, this
CRC code is actually written for 8051 and translated for PIC midrange microcontrollers.

Downloaded CRC code is given in Appendix F.

This CRC code loads seed value to working register and calls the CRC subroutine. After
each call, subroutine returns 16-bit hexadecimal result whose high byte is saved in
crc_hi register and low byte is saved in crc_lo register. In order to observe these
registers they are transferred to Port B and Port C respectively. Expected results of CRC

code and obtained simulation results are given in Table 5.1 and Figure 5.20 respectively.

70




Table 5- 1: Expected results from 16-bit CRC algorithm

Initial value of
accumulator Expected CRC Result
0x80 crc_hi:crc_lo =00 00
0x75 crc_hi:crc_lo = A0 01
O0x8A crc_hi:erc_lo =27 A0
0x0B crc_hi:erc_lo = DF A6
0x75 crc_hi:erc_lo=BD 1E
0xC7 crc_hi:erc_lo = EF FC
OxAA crc_hicrc_lo = D3 AE
0x75 crc_hi:crc_lo = C3 D2
0xC7 crc_hi:crc_lo = BA 82
0x55 crc_hi:crc_lo=F3 7B
0x43 crc_hi:crc_lo=1C 73
0x1C crc_hi:crc_lo=141C
0x14 crc_hi:crc_lo = 00 00
483 Ins s |QDDns |ADDns |BDDns |SDDns| Dlus |1 2us 3 | TR
SystemC.clock
prog_adr_o[12:0)
stemC state[70] ||}
emC.parth_a[7:0] _
emC.portc_o[7.0)|_ 0 x I x i ] I TE x FC x 2E x 2 x i) 7B x

ternC.pan_rat_n_i

=

BystemC.melr n i

Figure 5- 20: Obtained results from 16-bit CRC verification code
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5.11 A Demodulator Example
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Figure 5- 21: Demodulator setup

In order to demonstrate the system level simulation capabilities of the Systemc-AMS and
verify the designed microcontroller, a demodulator set up is constructed. This is a well
known synchronous demodulator system. In this model, the PIC 16F871 samples signal
1 via its A/D converter module and reads the external data memory which houses the
signal 2, connected through its Port B. Using a multiplication algorithm, the 16F871
multiplies these two discrete signals. Afterwards, it generates resultant continuous time
signal via its D/A converter. This multiplied signal carries dc, high and low frequency
components. Low pass filter extracts the both dc component and message which is the

low frequency signal. Unfortunately, it also attenuates the message signal. Then, level
shifter kills the all dc components. Hence, at the output only message signal will be

observed.
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Frequency of message signal is a cosines signal with 50 Hz frequency while the carrier

signal is another cosines signal with 4 KHz frequency.

Signall: (1 + O.Sm(t))cos w,t where m(t) =coswt (5.3)

Signal2: cos(w,t + 6) (5.4)

Signal at the output of the level shifter is given in Equation 5.5. Output of message
signal is identical with the original message except the magnitude. Results of the level

shifter are given in Figure 5.22 for 0 is equal to 0°, 30°, 60° and 90° respectively.

.Zm(t))cos .
0.2 o 5.5
025 T T T T T T T T
— O deg
---- 30 deg.
=== B0 deg. ||
— 50 deg.

magnitude

u] 0m 0.0z 0.03 0.04 0.0s 0.06 0.o7 0.0s 0.09 0.1
time (s)

Figure 5- 22: Demodulator output for different phase angles
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CHAPTER 6

CONCLUSIONS

In this thesis, an 8-bit microcontroller whose architecture, peripheral modules and
instruction set is fully compatible with the PIC 16F871 microcontroller is implemented
in SystemC language. Designed microcontroller involves an additional digital to analog
converter (D/A) besides the core of the PIC 16F871. The original and the additional
analog components of the microcontroller are described behaviorally using analog and
mixed signal extensions of the SystemC, named as SystemC-AMS. Since it is rather new
approach, before the design procedure, fundamentals of the SystemC-AMS have been
discussed. Afterwards, main features of the core are given in details. Finally, verification
approach and simulation results of the designed extended PIC 16F871 microcontroller

are presented.

The designed microcontroller consists of 8-bit RISC core, parallel slave port, serial port,
timers and capture, compare and pulse-width modulation unit. It also involves
behaviorally described analog to digital and digital to analog converters. Main core of
the microcontroller is a state machine that has five states including reset state. It has 35
instructions and more than forty special function registers. Besides, main core supports
two addressing modes namely direct and indirect addressing. Designed peripheral units
that are strongly synchronized with the main core such as parallel slave port (PSP), are
integrated with main core. However, other modules such as serial port and timers are
implemented as independent modules. These peripheral modules communicate with the
main core through the data-bus. Utilizing this, new peripheral modules can easily be

added to the main core if needed.

In order to verify the design, a particular test environment has been constructed. This

testbench consists of several stimulus and display units. TestROM, which is one of the
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stimulus units, pretends the ROM memory that houses the hexadecimal form of the
assembly code to be executed. Other stimulus units imitate the environments that main
core and peripherals interact. On the other hand, display units collect the responses of the
main core or peripherals. Utilizing this testbench, several test codes in assembly
language are prepared and applied. In particular, verification programs that test
instruction set and addressing modes are fixed. Besides, each peripheral module is
simulated with its particular verification code based on the assembly codes that are taken
from the sources provided by the manufacturer. In addition to the output waveforms, the
contents of the internal registers are also tracked. Obtained simulation results are
compared with the signal waveforms given in the datasheets. Furthermore, designed
main core is also verified using 16-bit CRC algorithm for the PIC midrange family. All

simulation results were literally compatible with the expected results.

In this study, assembly codes are transferred to simulation environment through test-
ROM module. This module reads the compiled .hex file and generates pseudo ROM
array. In this way, different modules and different assembly codes could be simulated
without any change on SystemC code. This provides ease of simulation of different

software.

The 16F871 core, designed testbenches and verification codes, which have been
developed in this study, can also be used as a design and simulation platform for
hardware and software projects in future. Especially, designed new analog or mixed
signal modules can easily be attached to main core directly or through another analog
module such as A/D converter. A synchronous demodulator model including designed

core and analog modules is built as an example.

SystemC-AMS is a new concept for system on chip design. Since non-digital and non-
electronic components are becoming more common for systems on chip, it is essential to
include these components into the same design and simulation environment for easier
and flexible modeling. In this way, system domain simulation results can be easily

observed for systems that have several digital, analog and non-electrical units.
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Simulation time is another vital factor for such design environment that provides hybrid
system modeling in unique framework. It is observed that simulation performance of
SystemC significantly remains even after addition of analog and mixed signal
extensions. Assembly code used for simulating the D/A converter has more than four
thousands of lines and simulation duration is only on the order of seconds. This implies

that very complex hybrid systems can be simulated within a reasonable time period.

Normally, PIC 16F871 microcontroller doesn’t involve a digital to analog converter.
However, an additional D/A converter module has been modeled using SystemC-AMS
and added to the PIC 16F871 structure. Described D/A converter module can generate

analog output up to 12-bit resolution.

In this study, SystemC to hardware flow is also demonstrated with synthesis of the
Arithmetic logic unit of the 16F871. Synthesis flow begins with conversion of the
SystemC code to VHDL code and ends with synthesizing generated VHDL code using
the FPGA synthesis tool. In this study, as the tool for the SystemC to VHDL conversion,
the trail version of SystemCrafter 2.0 is employed. This tool is currently devoid of high
level synthesis capabilities. Therefore, rest of the design cannot be synthesized due to the
limitations of the SystemCrafter. It also does not support combinational logic systems.
For this reason, a register is added to output of the arithmetic logic unit. With this small
modification, SystemC to VHDL conversion of arithmetic logic unit is achieved without
a glitch. Generated code is a gate level VHDL code and ready for synthesis. However,
this VHDL code can not be modified by user after conversion since it is very low level
and complex. Corrections should be performed on the SystemC code and whole

procedure should be repeated.

After conversion of the SystemC code to VHDL, Xilinx ISE 8.1i is employed for the
synthesis operation and synthesized arithmetic logic unit is embedded into XC3S200
FPGA. Mapped logic uses 168 slices which corresponds the 8% of the available slices
and maximum clock frequency for the synthesized arithmetic logic unit is 73.556 MHz.
Although the clock frequency achieved in this study is found almost twice that of the
commercial controllers, synthesized VHDL code is poor in terms of the chip area. This is

caused by the low performance of the SystemC to VHDL synthesis tool SystemCrafter.
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APPENDIX A

THE PIC 16F871 INSTRUCTION SET SUMMARY

Table A- 1: Descriptions of (a) ADDLW (b) ADDWF (c) ANDLW (d) ANDWF instructions.

ADDLW ADDWF
Syntaz: ADDIW k Syntax: ADDWE £, d
0= £ = 127
: £k = :
Operands: 0 = k = 255 Operands: 4 e [0,1]
Operation: (W) +k = (T Operation: (W) +f —(destination)
Status Status
Affected CDCZ Affected G DC.Z
The contents of w remster are Add the contents of w register
Descrintion: added to & it literal “k and result I with register ‘f. If d 12 *07 result 12
PUOLL | G placed in w register. PROI ) ctored in w register. If dis 17 result
1z stored back m " register.
(a) (b)
ANDLW ANDWF
Syntaz: ANDLW k Svntax: ADDWF f, d
0= £ = 127
: £k = :
Operands: 0= k = 255 Operands: 4 e [0,1]
Operation: (W) AND. (k) = (W Operation: (W) .AND. (k) = (destination)
Status 7 Status z
Affected Affected
The contents of w register are AND the w register with register
Descrintion: AND’ed wath & bit literal k™ and Descriotion: ‘O Ifd s 07 result 15 stored m ow
BEEHEMON. | ool is placed in w regster. EaCroplin. regster. If d 15 *17 result iz stored
hack i “f register.

(c)
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Table A- 2 :Descriptions of (a) BCF (b) BTFSS (c) BSF (d) ANDWEF instructions.

BCF BTFSS
Synta: ECF f, d Syntaz: ETFSS £, h
o= £ =127 o= £ =127
Operands: g Operands: g
Operation: | 0 - f<k> Operation: gkip if f<h> = 1
Status Hone Status Hone
Affected Affected
If bit “b" 1n register ‘£ 13 “0°, the
Bit ‘b’ inremster ‘£ 1z cleared nezt nstruction s executed.
Descrintion: Descrintion: Ifhit “b” 1z 1, then next mstriction
v ) v © | 18 discarded and WNOP 15 executed
mstead, making this 15 2Tey
mstruction.
@ (b)
BSF BTFSC
Svnta: BaF £, d Svnta: BTF&S f, b
0= £ = 127 0= £ = 127
Operands: D £p <7 Operands: D £p <7
Operation: | 1 » f<k=> Operation: gkip 1if f<h> = 1
Status None Status None
Affected Affected :
Ifbit ‘b" 1 register ‘f 15 1", the
Bit ‘b’ inremster *f° 15 cleared next mstruction is executed.
Descrintion: Descrintion: If bit “b” 1z 0, then next mstruction
v ) v " | 18 discarded and MNOP 15 executed
instead, making this is 2Ty
nstruction.

(c)
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Table A- 3 :Descriptions of (a) CALL (b) CLRWDT (c¢) CLRF (d) CLRW instructions.

CALL CLEWDT
Syntas: CALTL k Syntaz: CLEWDT
Operands: |0 £ k = 2047 Operands: None
PO+l & Tyg 0x00 + WDT
Operation: | k - PC<10:0= . 0 - WDT pre-scalar
PCLATH<5:4> » PC<1Z:11> Operafion. | 1, 1o
1l » FD
Status .
Affected: one Status
Affected: | PP
Call  subroutine.  First, return ’
address is pushed (FC+1) onto
stack. The eleven bit wmmediate CLEWDT resets the Watch-dog
Description: | address 15 loaded into PC hits e timer. It also resets the WDT pre-
<10:0= The upper hits of PC are PHOR | ccalar. TO and PD bits are set
loaded from PCLATH. Call 15 a 2
cycle mstruction
(a) (b)
CLRF CLRW
Syntax: CLRF f Syntas: CLRW
< <
Operands: u=1f=127 Operands: Hone
|0 = (f) |0 = (w
Ciperation: B Operation: B
Status Status
Affected: z Affected: None
L The contents of “f regster are I W oregister 13 cleared and zero hit (Z)
Deseription: | jeared and Z bit is set. PHOR ) s set

(c)
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Table A- 4: Descriptions of (a) COMF (b) SLEEP (c) DECF (d) DECFSZ instructions.

COMF SLEEP
Synta: COME £, d Syntaz: SLEEP
_ 0= £ %127 _
Operands: 4 € [0,1] Operands: None
T ] . 0 - WDT
Opetration: (1) —+{destination) 0 tion: 0 -+ WDT pre-scalar
peration: 1 4 7o
Status 7 0 > ED
Affected : Afo!:eacit:;;esd . TO, PD
The contents of register °f are :
complemented. If d 15 *0° result is . .
L . . . The processor 15 put in the
Description: | stored in w register. If d iz *17 result o i .
: 2 5 Description, | SLEEP mode  with  ozcillator
15 stored back i ‘£ remster.
stopped.
@ (b)
DECF DECFSZ
Syntax: DECF £, d Swnta: ADDWE £, d
Cloo= g 1z . D= £ =127
Cperands: 4 € [0,1] Cperands: 4 € [0,1]
. (f) — 1 —s(destination) . (f) — 1 —s({destination)
Operation: Operation: skip if result = 0
Status Status
Affected: z Affected: None
The contents of remster T
decremented. If d 1 0" result 1is
Decrement register °f. I£d 13 °0° stored in w register. If dis “1° result
Descriotion: result is stored i w register. 1f d s I 1s stored back in ‘£ register.
BSCOPMON: 1 eys peoult is stored back i °F sserphon. If the result iz ‘1", the next
register. mstruction executed. If the result i3
‘0" then MOP executed mstead
making it 2Ty

(c)
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Table A- 5: Descriptions of (a) INCF (b) INCFSZ (c) GOTO (d) IORLW instructions.

INCF INCFSZ
Syntaz: INGF £, d Syntaz: INCFSZ £, d
_ 0<f< 127 _ 0 <f < 127
Operands: 4 e [0,1] Operands: 4 € [0,1]
. [ f1 + 1 —idestination) L [ f1 + 1 —(destination)
Operation: Operation: D el = O
Status Status
Affected = Affected : HE
The contents of register °F
The contents of *f register are incremmented. If d iz 07 result is
incremented.  If d is *0° result is stored it w register. If d is *17 result
oo | stored i w register. If d iz °17 result .| iz stored back in °f register
Description: is stored back in *f register. REEERS [f the result iz °1°, the next
instruction executed. If the result iz
‘0" then MNOFP executed instead
making i 2Ty
(a) (b)
GOTO IORLW
Syntaz: GOTO k Syntax: ADDWE f, d
Operands: 0=k = 2047 Operands: 0 £k = I55
L k = PC<10:0> . (W) .OR. (k) —(destination)
Operation’ | poparmed:3> ~ PeeclZ:lls Operation.
Status Status
Affected tids Affected Z
GOTO is unconditional branch
The eleven bit immediate value iz
loaded into PC bits<10:0