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 However, I do feel that LEDs are products that will see 
an exponential growth in the future. There is no question 
that their efficiency and versatility make them the perfect 
choice for almost all general lighting needs. Although cost 
is an issue today, that will soon disappear because the cost 
of LEDs is on a steady downward trajectory.

 You have likely seen large outdoor displays used for sporting 
events and concerts. These are very expensive, highly 
specialized displays, but a similar idea is now being found 
in  smaller commercial displays used for promotional and 
advertising purposes. Such displays are usually a square 
meter and upwards in size, and are made up of thousands 
of individually-driven LEDs. Although displays like this 
used for traffic notifications are generally only one color, 
most of the units used for any form of advertising use RGB 
LEDS and can reproduce the whole color spectrum.

While the cost of such a large number of RGB LEDs is not 
insignificant, what is more of an issue is the problem of 
driving them in such a way that they can be individually 
controlled. You have probably built projects using 
multiplexed 7-Segment LED displays, so you are familiar 
with that method of reducing the number of wires/drivers 
needed to handle multiple LEDs. Multiplexing of LEDs 
works because the human eye has a persistence of vision, 
which means it can't respond to changes in a light source 
at a frequency much beyond about 40 Hz. So, when we 
look at a 4-digit LED multiplexed display, our brain will 
mask out the fact that, at any given moment, only one of 
the 4 LED digits is actually lit. While you can certainly use 

multiplexing techniques for large panels of LEDs, as you 
increase the multiplexing ratio, the “perceived” brightness 
will decrease as this ratio increases. Since brightness is a key 
factor for outdoor displays, this is definitely a limitation.

To facilitate the design of large LED display panels (and 
other related display products), the concept of the NeoPixel 
LED was invented. Initially, the idea was to develop a small 
IC that could control 3 LEDs (Red,Green,Blue) utilizing 
8-bit PWM drive for each LED. Theoretically this gives 
“24-bit” color resolution: in practice the LEDS don't really 
yield this high a color resolution, but it is nonetheless very 
good. To further simplify the wiring, these LED driver IC's 
used a single-wire control protocol, and each IC device 
contained both a Data in and a Data out pin, allowing 
many such devices to be strung together in a “daisy-chain” 
configuration.

In practice, it's possible to string up to about 100 RGB 
LED driver IC's in this fashion, using only three lines 
(Vcc, ground and data). This is a tremendous reduction 
in the amount of wiring and circuitry needed to drive 
300  completely independent LEDs (100 X Red,Green and 
Blue). While the original idea was to have this IC used with 
seperate Red,Green and Blue LEDs (or a single RGB LED 
unit), it soon made sense to manufacture RGB LEDs with 
this driver IC built-in. Such LED/driver modules units are 
called NeoPixel LEDs. These driver IC's were developed 
by World-Semi in ShenZhen, China, and, as far as I can 
tell, all of the NeoPixel modules come from the far-east. 
Let's look at some technical details of the most common 
NeoPixel IC driver chip, the WS2812.

Using NeoPixel LED's 
to Build a Unique Wall Clock

Like everyone interested in electronics, I'm hearing daily about the “Internet of Things” as well as “wearables” 
which I think is driven by an industry desperate to find the next “Great New Product”  to sell us. I'm not sure 
how useful these new ideas will be.
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The World-Semi 
WS2812
Readers are unlikely to want to 
purchase the WS2812 as a discrete IC, 
since it is generally found integrated 
into many different RGB LED 
packages. The most common of these 
is the 5050 package, which refers 
to a LED in a 50mm X 50mm SMT 
package. Multiples of these 5050 LEDs 
are available in many formats- Figures 
1 and 2 show a few of these products. 
A link to the WS2812 datasheet is 
found at Ref. 1.

The first thing to note is the power supply required. The 
WS2812 has a maximum voltage rating of 7 volts, and a 
normal operating voltage range of 4.5-5.5V. Therefore it 
works nicely with 5V MCUs such as the Atmel AVR, most 
Arduino boards, etc. The logic level needed by its Data In 
pin is specified as:

   HIGH LEVEL      0.7*Vcc  minimum   
   LOW LEVEL       0.3*Vcc  maximum

From this you can see that VHIGH requires 3.5V with 
the rated 5V power supply. This is greater than what can 
be supplied by any MCU running on 3.3 Volts, such as 
the Raspberry Pi, and certain Arduino boards such as 
the Due, so these are not good candidates unless level 
shifting is used.

In using NeoPixel modules, I have chosen to follow a few 
cautions offered by the Adafruit company in their tutorials 
[REF 2]. They recommend that you place a large electrolytic 
capacitor (1000uf) directly across the NeoPixel module's 
Vcc and GND pins. I suspect this helps to dampen any 
voltage drops  or spikes in Vcc which might occur when 
the module switches large numbers of its LEDs on/off. 
They also recommend placing a low value resistor (i.e. 470 
ohms) in series with the MCU line running to the Data In 
pin. I presume that this means that the WS2812 may not 
have great static protection built-in to the Data In line.

Although the WS2812/NeoPixel modules simplify the 
wiring significantly, they do so at the expense of requiring a 
somewhat strange signalling protocol. That is, you cannot 
simply drive them using a UART pin or the 1-Wire protocol 
(developed by Dallas Semiconductor), both of which have 
existing  Bascom-AVR or Arduino drivers. In fact, the only 
way for common AVR devices to drive these devices is by 
using a bit-banged I/O routine, which must be coded in 
assembly language to meet the necessary timing restraints. 
While this may seem bothersome to you, there are routines 
available, which I'll get to later in the article.

Lets take a look at the waveforms needed to communicate 
with the WS2812, as well as the corresponding timing 
constraints. Before examining the timing in detail, it's 

useful to note that the typical data 
transfer rate for these devices, as 
specified by the data sheet, is about 
800 KHz. This is pretty fast. Figure 
3 shows the waveforms needed to 
produce a “0” and a “1” bit, as well as 
the reset signal.. The timing ranges for 
the 5 timing parameters are as follows 
(Table 1).

From Table 1 you can see that one bit 
time will be between 0.85 and 1.6 us 
long,depending upon whether you 
use the minimum stated values, or 

the maximum ones. You can see from Figure 3 that what 
differentiates a “1” bit from a “0” bit is the proportion 
of the bit cell that the data line is held high. In some ways 
this scheme is similar to that used by IR remote controls 
(except that IR remote control signals are modulated at 
a 30-60 KHz rate). The last row, RES, defines the amount 
of time that the signal must remain low, after the last 
data bit has been shifted out to the NeoPixel string. It is 
this 50+ us long low level  signal that actually latches the 
8-bit data into each of the 3 LED PWM drivers in each 
NeoPixel module. Note: regardless of how long the string 
of NeoPixel modules is, or how long it takes for the data 
stream to be loaded into all of the NeoPixel modules, the 
light levels of all of the LEDs will remain at their current 
values until this RES signal is received, at which time all 
LEDS will switch to their new settings simultaneously. So, 
you see instantaneous updates of all LEDs, instead of 
seeing the new values “shifted in”.

Given this bit-level protocol, the next consideration is how 
the 8-bit data for each of the 3 (R,G,B) LEDs per NeoPixel 
LED is formatted. This is shown below with g=green, r=red, 
b=blue (Table 2).

Given a string of NeoPixel modules, the first 24-bit value 
that you send is the one that you want loaded into the 
last  module in the string. This works just like any series-
connected string of shift registers.

Parameter Minimalni 
čas 

Maksimaln
i čas 

T0H 0.20 us 0.50 us 

T1H 0.55 us 0.85 us 

T0L 0.65 us 0.95 us 

T1L 0.45 us 0.75 us 

RES 50 us Anything > 
50 us 

Table 1
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Looking at the bit-level timing, you can see that while 
the exact timing isn't critical, you do have to be able to 
generate “0” and “1” bit timings in the sub us range. Also, 
you have to insure that this pulse stream is coming out of 
the MCU in an un-interrupted fashion for all of the bytes 
needed to load all of the NeoPixel LEDs  that you have 
strung together.

If you examine closely the way that an MCU's UART or SPI 
port works, you will see that they are designed to transfer 
data with some fixed bit-time which depends upon the 
Baud rate or the SPI rate that you choose. Neither UART 
nor SPI ports are designed to generate a bit cell which has 
low and high portions that depend upon the value of that 
bit. Also, in the case of the UART, there is the constant 
presence of a “0” start bit at the beginning of each byte, 
which does not correspond to anything in the NeoPixel 
protocol. Also, in both UART and SPI ports, there are 
limitations on how fast these ports can be clocked. In the 
case of the AVR's UART it is system clock/8- for the AVR 
SPI it is system clock/2. Using a SPI or UART byte transfer 
to represent only 1-bit of the NeoPixel data is not practical, 
as those ports aren't fast enough for this. If you spend 
some time examining Table 1, you can find some time 
intervals for the “0” and “1” bits which could be handled 
using two combinations of 3 bits as part of an 8 bit SPI 
transfer, but the remaining 5 bits would not be suitable for 
the next NeoPixel bit that needed to be sent.

I spent a lot of time looking into this, but in the end, I 
decided that there is no practical way to use either the 
SPI or the UART ports of an AVR MCU to send data to a 
NeoPixel module (although I've seen that it can be done 
on a PIC MCU). The only two viable options for the Atmel 
8-bit AVR family of MCUs are as follows:
• Use an assembly-language routine to bit-bang the 

necessary data out to the NeoPixel module(s). This can 
be done as part of an Arduino “C” library, or imbedded 
in  Bascom-AVR program code, as both compilers 
are capable of having assembly language mnemonics 
inserted as inline code.

• Use an Atmel Xmega chip. These chips contain, 
amongst other high-level hardware features, a DMA 
controller which could be used to transfer data from 
SRAM memory directly out to an I/O port, with the 
timing set by one of the on-board Timer modules.

There are advantages/disadvantages to both of the above 

options. For option 1 you can use most AVR MCUs 
(running at 5V and an 8/16 MHz clock) which is nice. 
However, during the amount of time that it takes for the 
bit-banged code to transfer the data to the entire array 
of NeoPixel modules, you can't do any other process(es)  
concurrently. The library routine disables all interrupts 
when it is transferring data to the NeoPixel module array, 
so if you use interrupts, you will have to take this into 
consideration.

In the case of option 2, you are now forced to use a much 
more complex Xmega MCU, and since it runs at a nominal 
Vcc of 3.3 Volts, you need to provide a logic level shifter 
between the Xmega and the NeoPixel module to attain the 
5V logic levels needed for the NeoPixel module.

While I have used the Atmel Xmega family on a few occasions 
in the past, I much prefer to use the more common non-
Xmega AVR MCUs as they are available in DIP packages. 
Therefore, I chose option 1 for my clock project.

NeoPixel Driver Routines
The problem of driving NeoPixel modules, mentioned 
in the last section, has been nicely solved by an Adafruit 
NeoPixel library written for the Arduino. This library is 
maintained by Adafruit on Github [Ref 3].  Like many 
Arduino libraries, it is quite versatile, and hides most of 
the underlying driver complexity from the programmer. For 
example, it handles both the 800 KHz protocol NeoPixel 
modules mentioned earlier in the article, as well as older 
NeoPixel chips that communicated at 400 KHz. It has 
separate, hand-assembled routines for each case, as well 
as dedicated routines for MCUs running at either and 8 
or 16  MHz  clock rates. The assembly code for the 800 
KHz  NeoPixel modules, using an 8 MHz  MCU clock is very 
slick, as there is virtually no time to spare to do all of the 
necessary operations!

If you are not an Arduino fan, there is  Bascom-AVR code 
written to handle these modules  at Ref. 4.

Let's look at the Arduino NeoPixel library in more detail, 
as that is what I used in my project. To start out, you must 
download the library, from the link at Ref. 3 and place it 
in your Arduino library folder. At the top of your Arduino 
sketch, you have to include the following lines (possibly 
customized for your particular project), program 1.

G7 G6 G5 G4 G3 G2 G1 G0 R7 R6 R5 R4 R3 R2 R1 R0 B7 B6 B5 B4 B3 B2 B1 B0 

Table 2

#include <Adafruit_NeoPixel.h>
#define PIN            3
Adafruit_NeoPixel pixels = Adafruit_NeoPixel(60, PIN, NEO_GRB + NEO_KHZ800);

Program 1
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The second line specifies that Arduino DIGITAL 3 pin is used 
to connect the NeoPixel module(s), but you can change 
this to another Arduino Digital I/O pin if it fits better in 
project. For those of you not familiar with Arduino, Digital 
3 corresponds to the AVR PORTD3.  

In the third line, you are creating an instance of the 
Adafruit_NeoPixel class labelled pixels. In the parameter 
list you first define how many NeoPixel LEDs you have 
(60 for my clock), and which I/O pin is being used for the 

data transfer. The last two parameters define how the RGB 
array is defined ( different NeoPixel modules use one of 
two different ordering schemes for the RGB values), and 
lastly, the transfer rate (for this project. the 800 KHZ rate 
was the correct value for the modules used.).

After this setup is done, your program is then responsible 
for transferring the RGB data to all of the connected 
NeoPixel modules. This action is performed with the 
following pixels class function:

    pixels.setPixelColor(i,r,g,b);

 where i is the Neopixel module number in the string, and 
r,g,b are the 8-bit RGB colors.

Initially all of the LED values must be loaded, but later 
on you may only need to update a smaller number if only 
small changes are being made to the display.

 Next a call is made to
 pixels.show();

This routine actually takes the numbers stored in SRAM by 
the Adafruit_Neopixel driver , and sends them out, in one 
continuous burst, to the NeoPixel modules. It terminates 
this burst with the mandatory 50 us logic low Reset signal . 
During the actual data transfer, all interrupts are disabled, 

Figure 4

Figure 5

d
a
tw
a
w

A
fo
N
fo

w
r,

IFi 4

d
a
t
l
w

A
f
N
f

r

( y ), / p g g , p ,

i

PC61

PD02

PD13

PD24

PD35

PD46

Vcc7

GND8

PB69

PB710

PD511

PD612

PD713

PB014 PB1 15PB2 16PB3 17PB4 18PB5 19AVcc 20ARef 21GND 22PC0 23PC1 24PC2 25PC3 26PC4 27PC5 28

U1

ATMEGA328P

VCC

C1

.1

Y1

16 MHz
C3
22 pf

C4
22 pf

R1

47K

VCC

S2

HOURS

S1 MINS

C2 .1

VCC

+

C5
680/10V

R2

470

Quant. 4  Adafruit PN 1768
15 Element 1/4 Circle
NeoPixel Ring

1 2
3 4
5 6

JP1
ISP

Jumpers for Vcc,Din-Dout, GND
at 3 module intersections

VCC

Wall adapter

VCC
NeoPixel Clock

5V 500 mA

5VD
in

G
nd

VCC

12 O'Clock position

PC61

PD02

PD13

PD24

PD35

PD46

Vcc7

GND8

PB69

PB710

PD511

PD612

PD713

PB014 PB1 15PB2 16PB3 17PB4 18PB5 19AVcc 20ARef 21GND 22PC0 23PC1 24PC2 25PC3 26PC4 27PC5 28

U1

ATMEGA328P

VCC

C1

.1

Y1

16 MHz
C3
22 pf

C4
22 pf

R1

47K

VCC

S2

HOURS

S1 MINS

C2 .1

VCC

+

C5
680/10V

R2

470

Quant. 4  Adafruit PN 1768
15 Element 1/4 Circle
NeoPixel Ring

1 2
3 4
5 6

JP1
ISP

Jumpers for Vcc,Din-Dout, GND
at 3 module intersections

VCC

Wall adapter

VCC
NeoPixel Clock

5V 500 mA

5V5V5VD
in

G
nd

G
nd

VCC

12 O'Clock position



SVET ELEKTRONIKE     7    www.svet-el.si/englishwww.svet-el.si/english

PROGRAMMING

colors are quite vivid and distinguishable in this case. This 
very bright display is not objectionable during the day. 
However, the clock is in my “home-entertainment” room, 
and we generally use this in the evenings. At that time, the 
fully-driven NeoPixel modules are much too bright and are 
a distraction when reading, using my iPad, or watching TV.

To correct this, I define an iBrightness[60] array. I fill this 
array with a constant of 4, and then multiply all of the 60 
R,G,B values stored in the iColor array by this number. If 
you think about this for a moment, you will realize that I 
have basically reduced the 8-bit color resolution of each 
color LED down to 2 bits. So, I don't get the smooth 
blending of colors that I would get if I used the full 8-bit 
PWM range for each color. However, in my case, this is the 
trade-off that I had to make in order to dim the display 
enough for it to be useful in a completely darkened room 
that we use to watch TV, etc. You may want a brighter 
display, in which case you can make these variables larger.

The last complication concerns the method I use to display 
the hour and minute “hands” on the clock. I decided to 
display the hour hand by lighting up 3 adjacent LEDS at a 
value defined by the variable hiBrightness, which I chose to 
set at 70 (about 28% full brightness) For the minute hand, 
I use the same hiBrightness value, but I also swap two of 
the RGB values, to make the minute hand stand out as a 
distinct, complementary  color from its adjacent LEDs.

The Real-Time Clock
So far I haven't mentioned how I keep track of time. I 
played with the idea of using a DS1307 RTC chip, as I have 
used these often in the past, and the driver for this device 
is included in the Arduino libraries. However, I instead 
decided to let the ATMega328P MCU handle the RTC 
using Timer1 and some software. Using a 16 Mhz clock, 
it is possible to set up Timer1's prescaler and counter 
values to yield a timer overflow exactly once per second. 
My program merely polls this overflow flag, and when 
detected, it advances the RTC variables for second,minute 

but they are re-enabled at the end of the transfer. All 
NeoPixel LEDS will now update simultaneously.

The actual SRAM array that is filled up using the pixels.
setPixelColor(i,r,g,b) function is hidden from the 
programmer. Therefore, in many cases it is necessary to 
define an equal-sized array that is accessible by your sketch, 
which you then use to manipulate the color scheme being 
sent to the NeoPixel modules. In my clock program this is 
called the iColor[60][3] array, where the first dimensional 
index is the NeoPixel module number in the string, and the 
second dimensional indices are  0 for Red, 1 for Green and 
2 for Blue.  

For my clock, what I had in mind was a “rainbow” of colors 
that was spread out around the 60 LEDS in the circular 
NeoPixel module. It turns out that a “rainbow” spectrum is 
readily defined using the HSV (Hue, Saturation and Value) 
method of color representation. Referring to Figure 4, you 
can see how a simple  linear function of the three RGB 
values can produce the “rainbow” spectrum shown at the 
top of the figure. For my program, I decided to scale the 
360º H (Hue)  scale into a 10-bit range (0-1023). Since I 
had 60 LEDs which I wanted to assign a distinct color, I 
step through this 1024 range in increments of 17 (which 
is the closest integer increment that would come close to 
filling the whole range : 60 X 17 =1020). I have a function 
called palletteToRGB which is passed the pallette value 
in the 0-1023 range, and returns the  8-bit R,G,B values 
according to the function shown in Figure 4.

All 60 of the rainbow spectrum colors are fed to the 
NeoPixel circular module exactly once per second. Since 
the full number of steps through the table equals 1020, 
and the table is 1024 units long, every 1 second the values 
assigned to the 60 LEDs will “slip” a bit, causing a small 
shift in the color. This makes the rainbow pattern rotate 
slowly around the clock face, which is the effect that I 
desired.

There are a few other complications that need to be 
addressed. If you use the full 8-bit PWM range for the 
LEDs, you will get a very bright display. The individual 

Figure 6
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and hour accordingly. When the timer overflow occurs, the 
program picks it up immediately, and therefore has a full 
1 second to update these RTC variables, manipulate the 
Neopixel values for each of the 60 LEDs, and send them all 
out to the NeoPixel module. No interrupts are used in my 
part of the program, so the fact that the Adafruit_Neopixel 
library disables all interrupts when it is run, has no effect.

I use two pushbutton switches for setting the time: hour 
advance and minute advance.

Circuit Details
The circuit itself is shown in Figure 5, and is very 
straightforward. You could build it easily on a small perf. 
Board, use an Arduino Uno, or any other Arduino clone 
board that contains a ATMega328P running at 16 Mhz. 
However, you do have to insure that the '328P is clocked 
by a real crystal and not a ceramic resonator, or your clock 
will not keep accurate time.

Figure 8

While I earlier referred to the 60 LED Neopixel array that 
I used, it is actually four NeoPixel modules containing 15 
LEDs spaced over a 90º arc. Four of these must be wired 
together at 3 junctions as shown in Figure 6. The Vcc, 
GND and Data wires from the circuit board are wired up 
to the 4th junction, on the side which has the Data In 
connection.

The Finished Product
Figure 7 shows the back of the clock  where the circuit 
board (a mini Arduino328 clone) and the adjust 
switches are mounted. The power is provided by a 5V 
wall adapter- any one capable of supplying 100 mA is 
suff icient. Figure 8 shows the front of the clock. I am 
an amateur carpenter and fabricated the clock using  
Bubinga and Birch. I have a DIY CNC router which I 
used to engrave the numbers into the birch clock face. 
The NeoPixel LED coloring is a bit “washed-out” in this 
picture since I had to use the camera's f lash to show the 
details of the wooden case.

The Arduino code (sketch)  for this project is available on 
the Svet Elektronike web-site.
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