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ABSTRACT 

Simple seven segment light emitting displays are used in many situations for information display such as
in digital clocks, event timers or process controllers. For such displays, the brightness of the displayed digits
depends on the number of illuminated light emitting diode segments forming the digit. The variation in
brightness of the digits displayed is unsatisfactory being detectable by the human eye. To obtain uniform
brightness levels for all digits, light emitting diodes should be driven by a constant current source which can
be provided by incorporating extra circuitry. This paper suggests a technique to control light emitting diode
current using pulse width modulation to achieve a uniform brightness level for all digits. The pulse width
modulation current control is embedded in the digit multiplexing software for the display. In this paper, the
technique is applied to control current in a seven segment light emitting diode display system for a seminar
presentation alarm clock. The paper shows that the technique improves the display appearance by removing
the dependence of brightness on the displayed digit. The advantage of the technique is that the extra circuitry
that would be used in the conventional seven segment display and its corresponding power consumption are
done away with.

Key words: Pulse width modulation, seven segment, multiplexed display, LED brightness control, PWM
current source.

Introduction

Seven segment light emitting diode (LED) displays are used to roughly display decimal numbers (0 to 9)
or hexadecimal numbers (0 to 9, A to F). Within an integrated circuit package pin count is reduced by
typically sharing one common terminal, either the common cathode or the common anode (Dave Takagishi,
1990). In an application current limiting resistors are used to control the current flowing through each LED
(typically 1 to 10 mA). The current limiting resistor is either connected to the common terminal or individually
to each anode for the common cathode or to each cathode for the common anode connections respectively.
The connection in which current limiting resistors are individually connected to each anode for the common
cathode or cathode for the common anode is preferred since it provides an equal current in each LED, thereby
giving a uniform brightness from each LED segment. This assumes that the common point is supplied with
enough current for each LED. If this condition is not met the current available is divided by the active LEDs
leading to a reduced brightness as the number of active LEDs increases. Although the connection with a single
current limiting resistor connected to the common terminal provides an equal current through each LED, the
value of the current depends on the number of active LEDs. This is because the currents in the active LEDs
flow in the current limiting resistor causing a potential drop that is proportional to the number of active LEDs.
This potential drop reduces the voltage across the LEDs. Therefore, the current in each LED and the
corresponding LED brightness is a function of the number of active LEDs on the displayed digit.

To obtain a uniform brightness for all displayed digits a constant current should flow in each active LED.
The current source can be obtained by incorporating a transistor in each of the segment diode path. However,
this approach requires a seven fold replication of the current source circuitry. In this paper, the constant current
source is provided using a pulse width modulation scheme (David Cook, 2009; MAXIM, 2005; Ronald Willem
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B., 2009) to control the average current in each LED. In this scheme, the average current supplied is dependent
on the number of active LED segments for each displayed digit. By controlling the pulse width of the digit
driver pulse the average current can be controlled, thereby obtaining uniform brightness for all the digits. Note
that the schemes in (David Cook, 2009; MAXIM, 2005; Ronald Willem B., 2009) use pulse width modulation
to vary the overall display brightness and do not take care of the possible inter-digit brightness variation that
depends on the values of digits being displayed.

Multi-Digit Seven Segment Display System

A multi-digit display system requires a large number of signals (8 per digit). The number of signal lines
required can be reduced by multiplexing LED drive lines. Figure 1 shows a multiplexed 4-digit display system.
To activate a digit a drive voltage is supplied to a chosen digit (via the common terminal) while information
to activate the LEDs to be illuminated is put on the segment drive lines (A to G). For example to display the
number 2 as the first digit, a drive voltage is applied to anode-3 and the information to activate cathodes A,
B, D, E, and G is provided. By alternately moving the digit drive voltage to each digit at a fast rate and at
the same time providing the segment drive lines with the corresponding decoded digit, an impression is created
that all the digits are active at the same time.

Figure 2 shows the waveforms associated with a 4-digit multiplexed display for a common anode display
driver. For a 45 Hz refresh scheme the entire display would be refreshed every 22 milliseconds and each digit
is illuminated a quarter of the refresh period i.e. 5.5 milliseconds. The microcontroller must put correct
information to activate the anode (Anode-0, Anode-1, Anode-2, or Anode-3), and the corresponding cathodes
(Digit-0, Digit-1, Digit-2, or Digit-3) as indicated in Figure 2. This type of display lights one digit at a time
but since the refresh rate is too fast for a human eye to notice a dimming LED the user perceives all the digits
at the same time. 

The seven segment digit drive may be obtained directly from the microcontroller while the cathode drive
can be obtained via a binary coded decimal to seven segment decoder or directly decoded from a
microcontroller. Note that to display the digits 0 to 9, each digit requires a number of LED segments to be
activated (2 to 7). This results in a variable load being presented to the digit driver as the digits to be
displayed change. Therefore the digit driver should supply sufficient current for up to seven active LED
segments. 

Fig. 1: 4-Digit 7 Segment Multiplexed Display System

Constant Current Source Digit Driver

In a conventional seven segment display digit driver, the current to drive the LEDs is usually obtained
by a current boosting transistor supplying the common terminal as shown in Figure 3a. Note that the common
terminal current drawn is not constant but depends on the number of active LEDs forming the displayed digit.
This arrangement can supply each LED with up to 20mA whereas the source current from the microcontroller
is limited to 20 mA (Microchip Technology Inc., 1998). In simple applications where LEDs need not be
operated at high brightness values, the transistor is done away with. In such applications LEDs are operated
with a current of about 4 to 5 mA; allowing the source current  to satisfy  current demand for digits with a
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Fig. 2: Waveforms in a 4 Digit Multiplexed Display Driver

reasonable number of active LEDs. However there is a cost since the drive voltage at the common terminal
will reduce as load current increases with numbers of active LEDs (Microchip Technology Inc., 2005). This
results in the brightness of the LEDs varying with the displayed digit. Note that the current requirement to
display digits can change by a factor of 3.5 since the number of active LEDs forming a digit varies from 2
to 7. 

A uniform brightness can be obtained by incorporating a constant current source in each segment LED
of a digit. This may be achieved by the circuit shown in Figure 3b. Although the total current taken by the
digits still varies by a factor of 3.5 the brightness of the LEDs is fixed by the constant current source. As long
as the digit driver is able to source or sink the maximum current a constant brightness of the LEDs is
obtained. However, the circuit requires 7 transistors, 14 diodes and 14 resistors for each digit. Savings can be
made by multiplexing so that a single set is used for all the four digits. 

Pwm Current Source Digit Driver

Pulse width modulation (PWM) can be used to control the average current through an LED (David Cook,
2009). It has already been shown that current drawn from the common terminal is dependent on the number
of active LEDs on the displayed digit. Focusing on the simple circuit shown in Figure 3a, the current drive
to the common terminal should be adjusted to depend on the number of active LEDs. Taking the maximum
source current available from the microcontroller output to be 20 mA (Microchip Technology Inc., 1998), the
total current taken from the common point by the active LEDs should be less than the source current. By
varying the duty cycle on the digit driver the average current supplied to the common terminal can be
controlled. Table 1 shows the relationship between the displayed digit, the corresponding number of active
LEDs, and the calculated duty cycle for the digit driver. The duty cycle is calculated from the number of
active LEDs on the digit expressed as a fraction of the total number of LEDs. In the test application, the time
for displaying a digit is divided into 16 intervals each representing a duty cycle of 6.25 percent. The PWM
value is obtained by multiplying the duty cycle by 16 and taking the nearest integer. 

Table 1: Duty Cycle Control for Displayed Digits
Displayed Digit Number of Active LEDs Duty Cycle[Percent] 16 Point Scale PWM Value
0 6 85.7 13.7 14
1 2 28.6 4.6 5
2 5 71.4 11.4 11
3 5 71.4 11.4 11
4 4 57.6 9.1 9
5 5 71.4 11.4 11
6 5 71.4 11.4 11
7 3 42.9 6.9 7
8 7 100 16 16
9 5 71.4 11.4 11

Figure 4 shows PWM waveforms when the number on the display is 1208, the dashed lines indicate the
locations of the un-modulated waveform i.e. 100 percent duty cycle of the digit illumination time. As presented
in Table 1 above, the duty cycles to display digits in the number 1208 are 28.6, 71.4, 85.7 and 100 percent
respectively. On a sixteen point scale, these values correspond to the integers 5, 11, 14 and 16 respectively.
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Fig. 3a: Drive Current Boosting.

Fig. 3b: Constant Current Drive.

Fig. 4: PWM Waveforms (4 Digit Display Driver)

Embedding Pwm Current Source Digit Driver on a Microcontroller

To test the PWM current source, a seminar presentation alarm clock (SPAC) developed by the authors is
used. The clock works in two modes; a presentation mode and a normal time of a day clock mode. In the
presentation mode, the clock is used to time presentations at seminars, or conferences. In this mode the
presentation duration time and a warning alarm are set to give audible alarms at a set time before the end and
at the end of a presentation. To display the countdown or normal time a four digit seven segment LED display
is used. The SPAC provides a suitable basis for evaluating performance of the conventional display and a
display system with the PWM current source control algorithm. 

In the SPAC application, a PIC16F84 microcontroller with a 3,000,000 Hz crystal is used for the
implementation. The real timer clock is obtained by programming timer 0 of the microcontroller to generate
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2929.6875 timer overflow interrupts per second. In the interrupt service routine the digit multiplexer accesses
digits at a rate of 183.25 digits per second. Using a multiplexed 4 digit seven segment display system, each
digit has a refresh frequency of about 45 Hz. This gives a display time for each digit of 5.5 milliseconds. The
real time clock is implemented by tolling the interrupts to give a second on which a clock implementing
routine is called to update the hours, minutes and seconds. For a four digit display, only the hours and minutes
(2 digits each) are displayed. A flashing (0.5 Hz) right hand decimal point on the second seven segment
display is used to separate the hours from the minutes and also give a visual indication that the clock is
running. The digit multiplexer isolates a digit to be displayed from the hour or the minute bytes. The display
system uses four 5082-7651 seven segment LED displays (Avago Technologies, 2006). The LED current is
limited to 32 mA. Since the display is multiplexed, each LED operates in a pulsed mode with an average
current of 8 mA. 

To implement the PWM current control scheme, the display time for each digit is obtained from an array
holding the PWM values from Table 1 indexed using the value of the current digit to be displayed. The PWM
value therefore provides the pulse width duration using a sixteen point scale. Using this value, the digit driver
is switched on for a period determined by the PWM value epochs which are counted by the interrupt service
routine. When the time determined by PWM value has elapsed, the digit driver for the current active digit is
switched off. In this way the value of the digit displayed determines both the duty cycle of the display driver
and the average value of the current that flows in the LED segments and hence their brightness. The pseudo
code for the interrupt service routine activities is given in Figure 5.

Fig. 5: Interrupt Service Routine Pseudo Code

Results and Discussion

To compare the performance of the PWM current source, the same hardware is used for both the
conventional display system and the one with the PWM current source. The PWM current source is
implemented by additional software in the test application.

Figure 6a shows a display for a conventional system (CD) without the PWM current control to mitigate
LED displayed digit brightness dependency. The Figure shows that digit 1 (2 LEDs) is much brighter compared
to other digits. This is followed by the digit 4 (4 LEDs), 3 (5 LEDs) and 8 (7 LEDs). This confirms the
brightness of the digit displayed is dependent on the number of active LEDs on the digit. The fewer the
number of active LEDs the more the current is supplied to each LED since the voltage across the segment
LED and its limiting resistor increases due to low load. Note that the current limiting resistors limit the current
to 32 mA peak or an average of 8 mA. As the number of active LEDs increase more current is demanded
from the common terminal but the current supply to the common terminal is limited to 20 mA, meaning each
active LED gets less and less current as the number of active LEDs increases. If the supply current is not
source limited, the maximum (7 active LEDs) source current required by the LEDs would be an average of
56 mA. Note that a human eye can notice variation in luminous intensity when it varies by a factor of 2
(Avago Technologies, 2007). In this display the number of active LEDs changes from 2 to 7 i.e. a factor or
3.5. The resulting variation in the LED current produces luminous intensity changes with the displayed digit
that are visible to the human eye.

Figure 6b shows a display for a conventional display system with PWM current control (CDPWM) scheme
embedded in the software. The figure shows that all the digits have uniform brightness. The dependency of
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digit brightness on the displayed digit has been removed since the PWM current control scheme is controlling
the average current supplied to the common terminal to depend on the number of active LEDs on the digit
displayed. The balancing of the supplied current with the current demand in the active LEDs results in the
common terminal voltage remaining the same meaning that current in the LED not to depend on the number
of active LEDs.

Note that the two schemes are equivalent when they are handling the digit 8 i.e. maximum number of
active LEDs, since for both these cases the digit has a 100 percent duty cycle. The minimum luminous
intensity of each LED segment is obtained for this digit. Whereas the scheme with PWM current control
maintains this luminous intensity for other digits by reducing the duty cycle, the other scheme doesn’t mitigate
the increasing current that results from a reduced load.

Figures 6c to 6h shows the variations in the brightness of the consecutive digits corresponding to a change
in the number of active LEDs of 4, 2 and 1 respectively. The figures show that CDPWM give a uniform
intensity even when the display has digits with a large difference in the number of active LEDs. For example
in figures 6c and 6d consecutive digits differ in the number of active LEDs by 4. The smallest change in the
number of active LEDs between consecutive digits i.e. 1 is shown in Figures 6g and 6h. As the number of
active LEDs increase by 1 there is a small decrease in the corresponding brightness for the conventional
display. Again for the CDPWM display uniform brightness can be observed.

Comparing the two displays systems, the PWM current control display produces a subjectively more
pleasing display due to its uniform brightness of the digits on the display.

Fig. 6a: Conventional Display (CD)

Fig. 6b: Conventional Display with PWM (CDPWM)

Fig. 6c: 4 Segments Increase per Digit for CD

Fig. 6d: 4 Segments Increase per Digit for CDPWM

Fig. 6e: 2 Segments Increase per Digit for CD

Fig. 6f: 2 Segments Increase per Digit for CDPWM
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Fig. 6g: 1 Segment Increase per Digit for CD

Fig. 6h: 1 Segment Increase per Digit for CDPWM

Conclusion

Since LED luminous intensity is directly dependent on the current, brightness of an LED can be controlled
using PWM to control the average current taken. In a multiplexed multi-digit seven segment LED display the
average current is dependent on the rate at which a particular digit is accessed. The average current can be
controlled by varying the duty cycle within the digit access period. The paper has shown that digit dependent
variation in LED segment brightness can be reduced by using PWM to control the average current supplied
to the common terminal. The paper has also shown that LED segment brightness appearance can be improved
by embedding the PWM current control technique in the display system software. The technique proposed is
simple to implement and saves on power requirements that are associated with hardware based constant current
source circuitry. Although the paper has focused the application of the PWM current control technique on
seven segment LED displays, the technique is also applicable to 16 segments LED displays. 
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