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Abstract

This paper presents a novel method of interfadiegRPGA to a HD44780 based
Text LCD based on using delay elements with a &idtate Machine (FSM).
There exist many pre-written source codes and imetfor microprocessor and
microcontroller based implementations where the usk only have to call the
functions perform a read or write operation on Hi244780. However, few to
little sources actually place focus on interfacihg HD44780 to a programmable
logic device, such as an FPGA, to the HD44780. Heirt this paper, a simple
FSM is devised to create a simple controller witthie FPGA to output text onto
the HD44780 based Text LCD. The process undergoaegign the FSM and its
additional control hardware is illustrated in apshy-step manner. The FSM is
then implemented on a XESS XSA-200 board which ésuke Xilinx Spartan-2
XCS200 FPGA. The Place and Route report from thgldmentation indicates
that the design occupie87 slices with a maximum achievable clock
frequency of 108.98 MHz.

1. Introduction

For various electronics based projects ranging fn@fbyist electronics to industrial
based projects, the HD44780 based Text LCD is drtbeomost preferred choice when it
comes to selecting a display output unit.

Typically, the HD44780 is interfaced to a microgoiier (uC) or a microprocessor
(uP) in order to generate text on the LCD. This is thost cost and time effective
implementation since one can easily generate @k needed in order to write to the LCD
simply by writing a program in assembly or otheghtr level languages, such as C. Also,
this task is made even easier with the availabditjarge amounts of pre-written codes and
libraries, allowing hobbyists and engineers to oarthe HD44780 based Text LCD directly
by just calling the function when writing the pragr.

On the other hand, to interface the HD44780 ba¥eD ko a programmable logic
device such as a CPLD or an FPGA would requiresigdeof higher complexity in terms of
hardware as opposed to using a microcontroller hiscsoftware based. For the case of
using programmable logic device, to generate thheass and waveforms required by the
HD44780 would require extremely deep amounts otckhgAn easier way to go about this is
to have a Finite State Machine (FSM), which acts aentroller to control the timing and
generation of the necessary signals to communiéte the HD44780. The section that



follows explains the process that was undergon@aduce a FSM using delay elements to
accomplish this simple design for interfacing aifGARo a HD44780 based Text LCD.

2. HD44780 Oper ational Char acteristics

This section illustrates the electrical, timing andntrol characteristics of the
HD44780 Based Text LCD. Only the most relevantisastof the HD44780 characteristics
for this paper are included here in a summarizedn®a For the complete specifications and
functionality of the HD44780 controller, pleasearefo its datasheet.

2.1. Electrical Char acteristics of the HD44780

From [1], it is stated that for a given HD4478@cVinput of 4.5V to 5.5V, the
absolute minimum and maximum voltage levels fohdogic ‘1’ and ‘0’ are 2.2V and 0.6V
respectively. For logic ‘0’ it will not be a pradh since the FPGA will just have to pull the
voltage to the ground level. For logic ‘1’, most&Rs will not have a problem fulfilling the
requirement that the voltage level must be at labstve 2.2V. This is made possible since
most modern FPGAs are able to operate in Low Veltdgansistor-Transistor Logic
(LVTTL) mode, where the voltage on the output paishe FPGA are typically 3.3V if the
FPGA is powered by 3.3V on the FPGA’sMine, which is more than enough to satisfy the
minimum voltage requirement.

2.2. Timing Char acteristics of the HD44780

The timing characteristics for the HD44780 for atevioperation can be acquired
from [2] and it is reproduced in the Figure 2.2dvel It should be noted that the timing
diagram here is not drawn to scale and it is jpsthtow the important setup times in order to
have the FPGA to drive the HD44780.

While a more detailed timing diagram is provided[i}, the author of [2] has
simplified the timing diagram such that it is eadier to interpret. In the Figure 2.1, the
author considers the case where both the RS bitren8-bit Data are simultaneously written,
as compared to [1], where the RS bit and 8-bit Ragaapplied at different times. By writing
both the Data and RS bit at the same time, oneacaaunt for the setup time for RS and
Data, rather than accounting for them separatdiptii RS and Data were written at different
times.

In this paper, only the write operation is usedtfe FPGA hardware to communicate
with the HD44780. Due to this, the RW pin is alwdied to the ground. Therefore, the
timing characteristic for the RW pin can be ignofedfurther simplification of the timing
diagram in Figure 2.1. With this in mind, one wouwldly need to work out the necessary
hardware for generating the 40ns, 230ns, and tleeution time delay for the HD44780
instruction being issued. The 10ns delay can balysajnored, since a large delay will have
to be generated after the write operation in otdeensure that the process is successfully
completed, before beginning with another write atien. Such large delays are usually at
least 40us, which is exceedingly more than enoagittount for the 10ns delay.
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Figure 2.1. A simplified timing diagram for a writg@eration from [2].
2.3. Control Characteristics of the HD44780

Again, only the most relevant sections of the aantharacteristics from the
HD44780 datasheet are presented here. For furétarlsion the control of the HD44780,
please refer to its datasheet.

In this paper, the following instructions of theDB4780 were used and they are
tabled below in Table 2.1.

Function RS | RIW Data Bits
DB7 | DB6 | DB5 | DB4 | DB3 | DB2 | DB1 | DBO
Clear Display 0 0 0 0 0 0 0 1
Display On/Off 0 0 0 0 1 D C B
Entry Mode Set 0 0 1 I/ S

Function Set 0 0 1 DL N F -

Flolo|@lo
Olo|o|®|o
o
o
o

Write Data D7] D6| D5 D4 D3 D2 D] DO

Table 2.1. Instruction set used for the FPGA impletakon.

The control bits are listed as follows in the taiddow.



Display On/Off

Entry Mode Set

Function Set

D =1, Display on.
D =0, Display off.

C

1, Blinking enabled.
0, Blinking disabled.

B
B

=1, Cursor is displayed. | S
0, Cursor not displayed, S

I/D = 1, Cursor moves right
I/D = 0, Cursor moves left.

1, Display shift enabled|
0, Display shift disabled

DL =1, 8 bit data length.
DL =0, 4 bit data length.

N =1, 1/16 Duty
.N =0, 1/8 Duty
F =1, 5x10 Dots
F =0, 5x7 Dots

Table 2.2. Control bits for selected HD44780 indfrurs.

Also from the HD44780 datasheet the execution fionéhe instructions in Table 2.3

above is also included below.

Function Execution Time
Clear Display 1.52ms
Display On/Off 37us
Entry Mode Set 37us
Function Set 37us
Write Data 37us

Table 2.3. Execution time for selected HD44780 ircitons.

2.3.1. HD44780 I nitialization

The initialization sequence can be summarizedhénarder as shown below as taken
from the HD44780 datasheet. This process is negeskauld the power up conditions for
the automatic initialization is not fulfiled. Hower, assuming the worst case scenario, it
would be safer for perform the initialization seqoe when interfacing the HD44780 to the
FPGA, as illustrated in Figure 2.2 below. The DagpDFF instruction can be replaced with a
Display ON/OFF instruction that sets the bit tanttine display on, enable the cursor and its

blinking.




Wait for 45ms or
more after Vi
reaches 4.5Y,

RS RW)| DB, DB,| Busy flag cannot be checked before this
instruction.
o oo o o1 1 = * * * Function Set (interface data length : 8 bits)

Wait for 4. 1ms or mare,

RS RAW| DB, DB | Busy flag cannot be checked before this
Instruction.
o oo o 1+ 1+ =~ * * = Function Set (interface data length : 8 bits)

Wait far 100us or more,

,

RS RAW| DB DB,| Busy flag cannot be checked before this
instruction.
o ofo o 1 1 == * * Function Set (interface data length : 8 bits)

Busy flag can be checked from the

RS RMW) DB, DB L ,
J ¢l following instructions,
o ofo o 1 1 N F * * Function Seat
0o ojlo o0 0 0 1 0 0 O] DisplayOFF
0o ojo o0 0 0 0 0 0 1| DisplayClear
o ojo 0 O O 0 1 D 5 Entry Mode Set

Figure 2.2. Initialization sequence for the HD44w8ten power supply conditions are not satisfiefl. [1
3. FSM and Hardwar e L ayout

For the purpose of demonstrating the interface éetwhe FPGA and the HD44780
based LCD, the following process flow will be used.

=  Wait 45ms.

= Write 0x38, wait 4.1ms.

= Write 0x38, wait 100us.

=  Write 0x38, wait 40us.

=  Write 0x38, wait 40us.

= Write OxOF, wait 40us. (Display ON, Cursor ON, Biimg ON)



=  Write 0x01, wait 1.64ms. (Clear display)
=  Write 0x06, wait 40us. (Entry Mode Set, Auto-Inceary No Shift)
=  Write ASCII ‘H’, wait 40us.

=  Write ASCII ‘e’, wait 40us.

= Write ASCII ‘', wait 40us.

=  Write ASCII ‘I, wait 40us.

=  Write ASCII ‘o’, wait 40us.

=  Write ASCII ‘7, wait 40us.

=  Write ASCII ‘a’, wait 40us.

=  Write ASCII ‘I, wait 40us.

= Write ASCII ‘', wait 40us.

It can be observed from the above that there aaetlgx16 write operations. In this case,
it is possible to round up all of the 16 write mstions and have them tied to a 16 to 1
multiplexer. Also, a 4-bit counter can also be usedequentially select the instructions
according to the prescribed process flow aboveurgig3.1 below shows the hardware
diagram for both the counter and the 16 to 1 mieltgx, which in essence forms the
instruction counter. The counter is controlled b@hap Enable (CE) signal in order to ensure
that thelnst_Cnt selects the correct instruction at any given tifitee CE signal is asserted
high when the Finite State Machine (FSM) reaches.dad Next Data state.

|s State SEEZ==z===
= | pad_Mext Data?

+3.3V booopoporrrTETEEEE-
| some—ox L
4
'’ —— Resat Cnt} a 16

1 Inst_Cnt

— CE

0 O

4-bit Count Up Counter

1 g

RS Data
Figure 3.1. Instruction counter for relaying commhalata to the HD44780 LCD.

Following this, a Finite State Machine (FSM) is @d to ensure the process flow above
is followed. Figure 3.2 below shows the FSM devige@dccordance to the above process
flow.
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Figure 3.2. The Finite State Machine for interfading FPGA with the HD44780 based LCD.

Following thePwr_Up state which happens as soon as the power is dpyli¢he
circuit, the FSM enters thBwr_Up_Delay state in which it will wait for 45ms before
proceeding to the next state. For a given clockitirgg 50 MHz, or period of 20 ns, 45ms
would translate to 2,250,000 clock cycles. To immeat this delay element, a 21-bit count-
up counter with a Chip Enable (CE) signal is uge@1-bit count-up counter is used since
2?' = 2,097,152, is approximately close to 2,250,8@®k cycles. The number of bits
required by subsequent delay elements that wilinkeationed will also be computed in the
same manner.

The hardware diagram for this implementation isvaihdelow in Figure 3.3. A
multiplexer is use to switch CE between output(3a'3V) and ‘0’ (Ground), depending on
the state. The CE signal is asserted high durieg?ir_Up andPwr_Up_Delay states, to
have the counter counting up during these two st&@e other states, CE will be driven low,
and the clock pulses are ignored by the counterenMthe delay element counter finally
reaches its maximum value, the FSM will switch be Off Pwr_Up_Delay state. The
propagation to th&ff Pwr_Up_Delay will automatically disable the counter.

Is State
=Pwr Up ?0OR
= Pwr_Up Delay ?

+3.3V
VAN 50 MHz —| Clk
21
U —— Reset Cnt 74
1
CE
0
Power Up
Delay Elament

Figure 3.3. Hardware implementation of the PoweDéiny.



From the Off Pwr_Up_Delay state, the FSM switches to th&rite Data state,
entering the Enable pulse generation state machihe. Enable pulse generation state
machine is formulated such that it would complyhatite timing and the waveforms shown
in Figure 2.1 above. From tiWgrite_Data state, the FSM proceeds to fbata Setup Delay
state, where a delay is generated to ensure thatetfup time prior to the rising edge of the
Enable pulse is sufficient. From [2], it is statdtht the minimum setup time is 40ns.
Therefore, technically, a 1-bit counter will be fauént, given an input clock of 50 MHz.
However, a 1-bit counter is unrealistic for praaticnplementations hence a 2-bit counter is
used instead. As the result, 80ns of delay is geeerinstead. A counter with CE similar to
that in Figure 3.3 above is used. Figure 3.4 bedbaws a circuit for controlling the CE of
the 2-bit count up counter.

Is State
= Write_Data? OR
= Data_Setup Delay?

3.3V

AN

1
—— Delay Bins E
8]

Figure 3.4. Hardware implementation of the ciréaitcontrolling CE for the 80ns delay element.

An Enable pulse must be at least 240ns to be deresd valid by the HD44780. This
is taken care of by the next 3 states, nantelfpulse Hi, E Hi_Time andE Pulse Lo. A 4-
bit counter is used as a delay element to ensattetitle Enable pulse width is greater than
240ns. The figure below illustrates the hardwarpl@mentation for generating the Enable
pulse. The E wire which is connected to the E fithe HD44780 LCD is controlled by the
FSM. The FSM sets the pin high duriggPulse Hi andE_Hi_Time states while keeping it
low during other states. Also, the delay elemewinly enabled during the same states, which
results in the Enable pulse being generated pigdsethe duration of the delay element, as
shown in the timing diagram in Figure 2.1 above.

Iz State
=E _Pulze Hi? OR
=E_Hi_Time?
+3.3V +3.3Y
AN AN
1 1
—— Delay 240ns E — E
0 0

Figure 3.5. Circuits for generating an Enable pédse duration of at least 240ns.



From E_Pulse Hi state, the next state that follows & Pulse Lo which will
automatically drive the E pin low. After this, tl&M enters thé’roc_Comp_Delay state
which activates the corresponding delay for theriurcsion that is being processed by the
HD44780. Figure 3.6 below illustrates the hardwlareswitching the delays for each of the
instructions.

Inst_Cnt
4 4
Is State

“000° —— =E Pulse Lo ?0OR =
N0" —— = Proc_Comp_Delay 7
“0oo1T ——
“‘0o01T ——
00017 ——
g;g? Delay d4ms —— Delay 4ms TO
. . 4
LN 4 Delay_2ms |— Delay_2ms_TO | » Delay TO
L : Delay_100us Delay_100us_TO
“0001” eday 100us —— Delay 100us_ .
:gg?é' Delay 40us —— Delay 40us TO
"0o01T —— —
A1) p— -
00017 —— o

Figure 3.6. A bulk delay controller to select tipprpriate delay for the instruction being executed

Thelnst_Cnt signal selects the appropriate delay to enabldiaralits completion in
the Time Out (TO) entity as shown in Figure 3.6\@&bd he TO circuit comprises of a layers
of AND gates to ensure that all the output bitshef selected delay element are ‘1’. Hence,
when any of the delay elements reaches the maxiwalone, TO entity will output logic ‘1’
to indicate the selected delay time has elapse@nWblay TO is set to ‘1’, the FSM moves
on to the next staté,oad Next Data. Otherwise, the FSM stays at tReoc_Delay Comp
state. Note that the delay elements here corresmmtite actual delay needed by the same
sets of instructions as selectedlbst_Cnt in Figure 3.1 above.

Referring back to Figure 3.1 above, the CE ig®@et’ when the FSM is in the state
of Load Next Data. When CE is asserted high, the counter incremdstdf iand this
automatically selects the next instruction to bets®e the HD44780. However, if the
Inst_Cnt has reached its maximum value, i.e. 16, EBM will then move to the final
End Sate. Otherwise, the FSM will continue sending instrigs to the HD44780 by
making a transition back to thiite_Data state.

4. FPGA Implementation

The FSM and hardware layout proposed earlier islampnted on a Spartan-li
XCS200-5 FPGA. Both the FSM and hardware layoutsgrghesized using the Xilinx ISE
8.1i VHDL Compiler. The resulting area occupancyimthe maximum setting for the place
and route effort is 87 out of 2352 slices. The mimin period for the clock signal applicable
to the design is 9.176 ns, which translates to x@man clock frequency of 108.98 MHz.



5. Field Testing

Running a test bench simulation for this design lkdae computationally heavy,
considering the fact that the delays are much higihen the period of the applied clock
frequency (50 MHz). Therefore, simulation is ondt@nd a field test is directly conducted.
The test circuit is implemented on a XESS XSA-2@ard which houses the Spartan-Ii
XCS200 FPGA. Figure 5.1 below shows the circuitusefield test the design.

HD44780 Based LCD

a0 W g = S — o ® ¥ O © ~
v S Pef . BB BBEEEER
jl | & o <] | ©f ~| o o 2| T o 9 T
10kQ
10Q 10Q(10Q]10Q|102|102(10Q2[10Q[10Q]10Q
10kQ

Reset RS
50 MHz E
8
@7 Clk Data
LCD State
Machine
Controller

Figure 5.1. Test circuit for performing a field test the hardware design.

The Reset pin is pulled low by a X®@lpull-down resistor. When the button is pushed,
the LCD State Machine Controller is placed in adResate. A 50 MHz clock input is fed
into the FPGA clock pin to drive the LCD State MaehController. The RS, E and Data
pins are connected accordingly to the HD44780 LGDav1@ resistor to prevent the FPGA
from sourcing out too much current. Finally, a mbi@meter is connected to thep/pin
between \¢cand Vssso the level of contrast of the LCD may be adjuskedure 5.2 below
shows the circuit in Figure 5.1 being field tested.



Figure 5.2. Testing the controller with an actual44@80 based Text LCD.

6. Conclusion

A simple and compact way of controlling the HD44t#ed Text LCD is presented
and its delayed Finite State Machine (FSM) is @rgld. The delayed FSM can too be
modified to accommodate more complex designs, sintgyl modifying the size of the
multiplexer to one that can select more instrugjdor e.g. using a 32 to 1 multiplexer for
instance, in addition of increasing the data widthithe Inst_Cnt count-up counter. Also,
modifications can be easily made to the bulk detaytroller by expanding the multiplexer to
accommodate for more HD44780 instructions.
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