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Circuit uses two reference voltages to improve hysteresis accuracy
Resistor network sets gain for fixed-gain differential amplifier
LED flasher checks fiber-optic strands
Circuit routes audio signals between equipment
Microcontroller provides an alternative to DDS
Excel spreadsheet measures analog voltages
Schottky diodes improve comparator’s transient response
Algorithm keeps data safe
P-channel power-MOSFET driver uses unity-gain op amp

February 2010
Spice simulators provide behavioral sources to mere mortals
Multidecade BCD DAC uses resistors of only six values
Converter translates Bayer raw data to RGB format
Drive 12 LEDs with one I/O line
Circuit precludes common-mode conduction
Use eight timers with PIC16Fxxx microcontrollers
Tilt/fall detector has staggered thresholds
Electronically generate rotating magnetic fields
Voltage reference stabilizes current sink

March 2010
Circuit lets you test sample-and-hold amplifiers
Add hysteresis to a voltage comparator
Broken-coil detector is simple yet robust
Battery simulator has variable ESR response
Rectangular-waveform generator produces 25 and 75% duty cycles
Strategy processes video in RAM
Control stepper motors in both directions
Create LED-lighting patterns without a controlle

April 2010
Single IC forms precision triangular-wave generator
MSP430's port-interrupt-request logic helps debounce contacts
Efficient LED power supply has battery backup
Use a low-cost PWM ramp generator in switch-mode power supplies
Tables ease microcontroller programming
Three-transistor modulator-amplifier circuit works with swept-control frequencies
Monitor alarm and indicator display multiple deviation boundaries
Read multiple switches and a potentiometer setting with one microcontroller input pin
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Pulse generator with precision output-duty cycle operates at a repetition rate beyond 50 MHz
Bicolor LED driver uses two leads
Supervise and power-sequence an SOC
Circuit may save property and life
Photoresistor provides negative feedback to an op amp, producing a linear response
Three-phase digital-signal generator sweeps frequency
Water-leak detector uses 9V batteries

June 2010
Isolated FET pulse driver increases power rate and duty cycle
Detect missing pulses to avoid losing data
Circuit lets you measure zener voltages and test LEDs
Switched-capacitor voltage multiplier achieves 95% efficiency
Bootstrap circuit speeds solenoid actuation
Low-cost RF synthesizer uses generic ICs
Tricolor LEDs create a flashing array
Image-capture system uses USB and LabView
Notch filter autotunes for audio applications

July 2010
Pulse generator with precision output-duty cycle operates at a repetition rate beyond 50 MHz
Tables ease microcontroller programming
Bicolor LED driver uses two leads
Single IC forms precision triangular-wave generator
DC-voltage doubler reaches 96% power efficiency
Microcontroller serial port measures pulse width
Count objects as they pass by
Eight-digit counter works with common anode or common cathode
Modified DDS functions as baud-rate generator
Pulse generator corrects itself
Methods measure power electronics’ efficiency
Circuit extends battery life

Reflective object sensor works in bright areas
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August 2010
Get four colors from 2 bits
Simple battery-status indicator uses two LEDs
Hardware watchdog timer accepts range of frequencies
Implement trapezoidal velocity profiles in software
Control a dc motor with your PC
Look-up table eliminates the need for an IC
Microcontroller supervises 0- to 20-mA protection circuit
Operate circuits at voltages as high as 540V ac
LED indicates power source



September 2010
Current monitor compensates  for errors
Buck regulator handles light loads
Sense multiple pushbuttons using only two wires
Tricolor LED emits light  of any color or hue
Acquire images with a sensor and a microcontroller
Amplifiers deliver accurate complementary voltages
Circuit lets you isolate and measure current
Power-supply circuit operates from USB port
LED-flashlight circuit works at voltages as low as 0.5V

October 2010
Perform hexadecimal-to-BCD conversion in firmware
Ceramic speaker driver also drives motors
Light collar helps you find your pet in the dark
Accurately simulate an LED
Circuit synchronizes  sensors and cameras
Circuit measures  capacitance or inductance
Set LEDs’ hue from red to green 

November 2010
Circuit achieves constant current  over wide range of terminal voltages
Limit inrush current  in low- to medium-power  applications
Electronically tinge  white-light source
Transistor boosts  regulator current
Detect live ac-mains lines
Microcontroller drives DSEC motors
CMOS circuit latches relays
Power USB devices from a vehicle
Microcontroller interfaces to 24V
Use LEDs as photodiodes
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December 2010
LEDs light LAN-cable tester
Instrumentation amplifier is less sensitive to resistor mismatch
Circuit keeps wandering children and pets nearby
High-side current-shunt monitor offers reduced error
Make a quick-turnaround PCB for RF parts
PLL filter blocks undesired frequencies
Logic probe uses six transistors
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In advanced IC comparators, 
programmable hysteresis elimi-

nates 0V-centered differential-input-
voltage noise (Reference 1) and im-
proves the comparator’s response if its 
differential-input voltage is low or var-
ies slowly over time. For example, the 
ADCMP609 comparator from Analog 
Devices (www.analog.com) lets you 
program its hysteresis from 0 to 160 
mV with a single resistor that con-
nects between the HYS (hysteresis) 
pin and ground. That voltage range 
may be too narrow for some applica-
tions, however. The circuit in Figure 1 

lets you widen the hysteresis by using 
two reference voltages applied to the 
noninverting input. The circuit uses 
IC3, an Analog Devices ADR390B, 
to generate a high reference volt-
age, VREFH, of 2.048V. Resistor divider  
R1/R2 produces a low reference volt-
age, VREFL, of 0.2048V, or a difference 
of 1.8432V. Thus, the hysteresis equals 
the high reference voltage minus the 
low reference voltage. IC2, an Analog 
Devices ADG772 dual-SPDT (single-
pole/double-throw) switch, routes the 
voltages to the comparator’s nonin-
verting input (Reference 2).

Whenever the input voltage at the 
comparator’s inverting input exceeds 
the high reference voltage, the output 

Circuit uses two reference voltages 
to improve hysteresis accuracy

Figure 1 An analog switch changes the comparator’s reference voltage, thus increasing hysteresis.

edn091112di45151    DIANE
(PLACED IN THE 11-26 FOLDER)

IC3
ADR390B

IC2
ADG772

IC1
ADCMP609

R1
1.8k
0.2%

R2
200

0.2%

SHDN
SHDN

GND

VOUT

VOUT

VIN

FORCE

SENSE

2.2 nF 2.2 nF

2.048V

VREFH

VREFL

VREFL=0.2048V

S1A

S1B

�

�

CD

D1

IN1

IN2

GND

0V

S2A

VDD

S2B CD

D2

VEE

VCC

2.7 TO 3.6V

100
nF

IN

1 pF

1 pF

Q

HYS

NC

Q

OUT

OUT


Marián Štofka, Slovak University of technology, Bratislava, Slovakia



44  EDN  |  January 7, 2010

designideas

goes to a logic low. That action forces 
S1B to connect the low reference volt-
age to the comparator’s noninverting 
input. The circuit remains in that state 
until the input voltage drops below the 
low reference voltage. At that point, 
the switch connects the high reference 
voltage back to the comparator. For 
fast-ramping waveforms at the input, 
the hysteresis increases because of sig-
nal-propagation delays in both IC1 and 
IC2. The 35-nsec propagation delay in 
the ADCMP609 occurs at approxi-
mately 10 mV of input overdrive, and 
this overdrive roughly doubles in effect 
as an addition to the hysteresis voltage, 
increasing it by approximately 1%.

Because ADCMP60x comparators 
are rail-to-rail I/O devices, the low 
reference voltage could be 0V. In this 

case, however, the value of 0.2048V 
lets the comparator cooperate with 
other rail-to-rail I/O ICs from the 
same supply voltage. The outputs of 
these ICs can swing between 0V and 
the power-supply voltage with a mar-
gin of millivolts to tens of millivolts, 
depending on the load. An ADR390B 
provides the reference voltages (Ref-
erence 3). The 2.2-nF decoupling ca-
pacitors suppress variations of these 
voltages during voltage transitions at 
the Q output. These values are suf-
ficient because the parasitic-charge 
transfer from the switch’s control in-
put, IN1, to the respective channel’s 
source electrode is typically 0.5 pC. 
The short-term variation of the de-
coupled reference voltages is less than 
250 mV.EDN

R e fe R e n ce s
 “ADCMP609 Rail-to-Rail, Fast, 

Low-Power 2.5 V to 5.5 V, Single-
Supply TTL/CMOS Comparator,” 
Analog Devices, 2007 to 2008, www.
analog.com/static/imported-files/
data_sheets/ADCMP609.pdf.

 “ADG772 CMOS Low Power 
Dual 2:1 Mux/Demux USB 2.0 (480 
Mbps)/USB 1.1 (12 Mbps),” Analog 
Devices, 2007 to 2008, www.analog.
com/en/switchesmultiplexers/ 
analog-switches/ADG772/products/
product.html.

 “ADR390/ADR301/ADR392/
ADR395 Micropower, Low Noise 
Precision Voltage References with 
Shutdown,” www.analog.com/static/
imported-files/data_sheets/ADR390_
391_392_395.pdf.
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When a fixed-gain amplifier 
doesn’t offer the optimum gain 

for your application, you can adjust the 
gain to a lower value by adding an ex-
ternal resistor network. This attenua-
tion circuit works like a voltage divid-
er but with a key difference: Resistors 
inside the fixed-gain amplifier load 
down the external network (Figure 
1). For the differential-input configu-
ration, you can reduce this system to 

an equivalent half-circuit for analysis 
(Figure 2).

You determine the voltage gain 
for the differential configuration as  
follows:

where gain is the amplifier’s fixed-volt-

age gain in decibels. Maxim’s (www.
maxim-ic.com) MAX9705 differen-
tial-audio amplifier, for example, is 
available in fixed-gain versions of 6, 
12, 15.5, and 20 dB, and its input re-
sistance is typically 20 kV. For single-
ended configurations, the gain is:

These gain equations assume that 

Resistor network sets gain  
for fixed-gain differential amplifier
Miles thompson, Maxim integrated Products, Sunnyvale, Ca
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Figure 1 You can configure this fixed-gain audio amplifier for signals that are differential (a) or single-ended (b).
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the frequency is much 
higher than the cutoff 
frequency of the high-
pass filter comprising 
CIN and the equivalent 
input resistance of the 
circuit.

The fixed gain of the 
MAX9705 amplifier 
is typically within 5%, 
but the internal input 
resistors have an abso-
lute tolerance of 640%, 
which you must con-
sider when calculating 
the resulting system gain. You must 
also account for the tolerance of the 
external resistors, using a worst-case 
approach for calculating the gain tol-
erance. Replacing the resistor values 
with their maximum deviations from 
normal—that is, the extreme values 
at the positive and negative tolerance 
limits—yields the worst-case scenario 
(Table 1).

For the tightest tolerance, choose 
a smaller value for R1 than for RI and 
remember to account for the source 
characteristics of the input voltage, 

which must be able to drive the equiv-
alent load of the network. When de-
termining the final gain for the system, 
remember that the output impedance 
of the input voltage forms a voltage di-
vider with the input impedance of the 
attenuation circuit. You can determine 
this load, the input resistance, as fol-
lows: For the differential configura-
tion, RIN5R11RI,(R2/2). RIN and CIN 
form a highpass filter whose cutoff fre-
quency, F

23 dB, is 1/(23p3RIN3CIN). 
For the single-ended configuration, 
RIN5R11RI,(R21R1,RI). Input imped-

ance for the attenuation network is:

where ZIN is the input impedance and F 
is the input-signal frequency.

Deriving the highpass cutoff fre-
quency for the single-ended case is less 
straightforward. To find the cutoff fre-
quency, you must know the resistor val-
ues. Once you know them, you can solve 
the following equation for the cutoff 
frequency: ZIN(f)5=23ZIN(f55000).

A spreadsheet is useful for determin-
ing the correct resistor values and sys-
tem tolerances. Remember that resis-
tors come in discrete values of resis-
tance, and you must match rather than 
simply calculate them. A spreadsheet 
for determining custom gains and gain 
tolerances for single-ended and differ-
ential configurations of the MAX9705 
is available at www.maxim-ic.com/ 
an-4559-supplement.EDN
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Figure 2 For the differential configuration of Figure 
1a, an equivalent half-circuit simplifies analysis.

Table 1 WorsT-case-Tolerance calculaTion
lowest gain single-ended Differential Highest gain single-ended Differential

R1A Positive tolerance Positive tolerance R1A Negative tolerance Negative tolerance

R1B Positive tolerance Positive tolerance R1B Negative tolerance Negative tolerance

R2 Negative tolerance Negative tolerance R2 Positive tolerance Positive tolerance

RI1 Negative tolerance Negative tolerance RI1 Positive tolerance Positive tolerance

RI2 Positive tolerance Negative tolerance RI2 Negative tolerance Positive tolerance
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The circuit in Figure 1 allows 
you to verify fiber-optic strands, 

especially in cases in which a link goes 
through several patch panels. It uses 
two high-intensity LEDs that you can 
see at the far end. The flasher shuts it-
self off after about 50 minutes and has 
minuscule power drain when off. The 
circuit works on multimode fiber at dis-

tances greater than 1 km. It also works 
with single-mode fiber, but is more dif-
ficult to see on the receiving end. With 
short fiber, it is best to look at the far 
end at a slight angle due to the LED 
brightness.

IC1B, a Schmitt-trigger oscillator 
running at approximately 5 Hz, drives 
IC2, a 4020 binary divider. IC3A is the 

control flip-flop. Pressing pushbutton 
switch S1 sets the flip-flop, which starts 
the oscillator and enables the 4020 to 
start counting from its all-zero state. It 
also enables gates IC1A and IC1D, which 
control the PNP LED-driver transis-
tors. Pressing pushbutton switch S2 re-
sets the control flip-flop; alternatively, 
the 4020 reaches the end of its count 
sequence, resetting the flip-flop. IC3B 
divides the oscillator frequency by two 
to provide a 50% duty cycle to the LED 
drivers. The T1-¾ LEDs fit nicely into 
ST barrel connectors with some glue 

LED flasher checks  
fiber-optic strands
Edwin a Mack, Port republic, nJ
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to hold them in place. You can use a 
patch cable to match the fiber connec-
tors in your network. Using a yellow 
LED works, considering the fiber at-

tenuation. If you choose to use two red 
LEDs, however, then drive one of the 
LEDs at the oscillator frequency and 
drive the other at half the oscillator 

frequency. The component values and 
placement are not critical; the circuit 
in Figure 1 resides in an old, surface-
mount fiber-outlet box.EDN
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Figure 1 This circuit allows you to verify fiber-optic strands when a link goes through several patch panels.

The audio-signal router in this 
Design Idea can automatically 

redirect cable connections between 
the audio equipment and an ampli-
fier/receiver for dubbing or playback 
purposes without causing distortion or 
noise to the signal (Figure 1). It can 
be useful for older-model amplifier/

receivers and any type of tape-deck-
playback or -recorder equipment. 
The circuit uses four Maxim (www.
maxim-ic.com) 4606 quad-SPST (sin-
gle-pole/single-throw) CMOS analog 
switches to accommodate as many 
as eight playback and record signals 
for two pieces of audio equipment. 

Each MAX4606 contains two nor-
mally open and two normally closed 
logic switches. These switches have  
a maximum on-resistance of 5V and 
an on-resistance match of 0.5V be-
tween channels to minimize distor-
tion. They can also handle rail-to-rail 
analog signals.

The circuit consumes little current 
and therefore requires no heat sinks on 
the power supplies. Because this circuit 
targets use with audio signals, it needs 
positive and negative supplies to pre-

Circuit routes audio signals  
between equipment
roger Khourey, los angeles, Ca
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Figure 1 This audio-signal router automatically redirects cable connections between the audio equipment and an amplifier/
receiver for dubbing or playback purposes without causing distortion or noise to the signal.
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vent imbalance of the audio signal. It 
also needs a 5V supply for the logic 
input (VL), which lets you control the 
switching of the logic gates. Figure 2 
depicts the power-supply circuit, which 
requires a 10V-ac, 300-mA input. You 
can connect the enable input to a set/
reset circuit or a flip-flop to toggle the 
internal switches from normally open 
to normally closed or from normally 
closed to normally open.

Assume that you have a cassette-
tape deck and a reel-to-reel tape deck, 
in which the cassette deck connects to 
Tape 1 and the reel-to-reel deck con-
nects to Tape 2 or another input in 
your amplifier/receiver. You want to 
record from the reel-to-reel to the cas-
sette tape, but you can instead only 
record from the cassette deck to the 
reel-to-reel tape. When you apply a 
logic level, you will be able to switch 
your recording and playback direction 
to the target equipment with a single 
push of a button.

When wiring the circuit, you should 
shield and ground all wires from the 
equipment to the input switches and 
out to the equipment with reference 
to the audio cables’ return path. This 

approach minimizes noisy signals due 
to a lack of proper grounding from one 
channel to another. Most of the circuit 

uses SMD-technology devices and can 
fit into a 2.533.5-in. enclosure and 
minimal installation space.EDN
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Figure 2 This ac/dc power-supply circuit powers the audio-signal router.

Audio and low-frequency cir-
cuit systems often require a sig-

nal source with a pure spectrum. DDS 
(direct-digital-synthesis) devices often 
perform the signal generation by using 
these specialized integrated circuits. A 
DDS device uses a DAC but often with 

no more than 16-bit resolution, limit-
ing the SNR (signal-to-noise ratio). 
You can perform the same task with a 
microcontroller programmed as a DDS 
and use an external high-resolution 
DAC. To achieve 18 to 24 bits of res-
olution requires a large memory table 

containing the cosine function for any 
values of phase progression.

An alternative approach lets you 
use a standard microcontroller with a 
small memory and still implement an 
effective synthesizer. You can design 
a circuit to produce a sine wave using 
a scalable digital oscillator built with 
adder and multiplier block functions in 
a simple structure.

Figure 1 shows a microcontroller 
driving an audio DAC. To develop 

Microcontroller provides  
an alternative to DDS
daniele danieli, Eurocom-Pro, venice, italy
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your code to generate a sine wave, the 
circuit in Figure 2 comprises two inte-
grators with an analog feedback loop 
equivalent to that of an ideal resonator. 
Parameter F defines the frequency and 
ranges from 0 to 20.2, and Parameter 
A sets the amplitude of the output sig-
nal with a single initial pulse at start-
up. The following equation derives 
the frequency of generated signals: 
FOUT5(=.F.)/(23p3T), where T de-
notes the time for computing an entire 
sequence to obtain output data. The 
firmware for implementing this system 
is relatively straightforward. It requires 
just a few additions and one multipli-
cation. Thus, you can use a slow micro-
controller. Remember, though, that 
the precision of every operation must 
be adequate to warrant a complete 
signal reconstruction. Processing data 
with 8 or 16 bits isn’t sufficient. You 
must write your firmware to emulate a 
greater number of bits, which requires 
accurate code implementation.

If you properly develop your code, 
then you should generate the DAC 
output codes that produce a sine wave 

(Figure 3). Remember that Parameter 
F is nonlinear with respect to the out-
put frequency. If you need a directly 
proportional rate, you can square 
the value of F before applying it to 
the input. You’ll find it useful when 
you need to make an easy frequency  
setting.

You can use just about any micro-

controller to implement the oscil-
lator, together with a high-perform-
ance DAC. You can achieve an out-
put SNR greater than 110 dB. Many 
audio DACs operating in monophon-
ic mode have 20- to 24-bit resolution 
at a 192-kHz sampling rate. They also 
offer a dynamic range of 120 dB or 
more.EDN

Figure 3 Use DDS to generate a sine wave.
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You can use the parallel port, 
which many computers still 

have, with some VBA (Visual Basic 
for Applications) code and Microsoft 
(www.microsoft.com) Excel 2007 to 
measure, record, and analyze analog 
signals. The hardware comprises a 12-
bit Microchip (www.microchip.com) 
SAR (successive-approximation-regis-
ter) ADC (Figure 1). The binary code 
that represents this signal passes to the 
parallel port through an SPI (serial-
peripheral-interface)-compatible port, 
which includes three signal lines.

The analog input signal on Pin 2 
of the MCP3201 ranges from 0 to 5V. 
The ADC’s reference voltage is 5V, 
which provides an LSB (least-signifi-
cant bit) of 5/212, or 1.2207 mV. You 
can substitute the MCP3201 ADC 
with the Linear Technology (www. 
linear.com) LTC1286 chip, which is 
pin-compatible with MCP3201, but 
this replacement requires some chang-
es in the source code. The circuit in-
cludes a 1- to 10-mF bypass 
capacitor that you should 
place as close as possible to 
the MCP3201’s power pin. 
You can improve perform-
ance by placing a lowpass 
active filter between the 
signal source and the con-
verter’s input (Pin 2).

The design uses the 
PC’s default parallel in-
terface, LPT1, which has 
three hardware registers: 
data, status, and control. 
Most PCs have only one 
parallel port with the base 
address 0x378 assigned to 

the data register. The status register 
has the address 0x379, and the unused 
control register has the 0x37A address. 
These settings are the defaults for most 
motherboards. This design uses ad-
dresses 0x378 and 0x379. The parallel 
port sometimes uses hardware address-
es in the range of 0x278 to 0x27A. The 
hardware addresses may also vary when 
you apply a PCI (Peripheral Compo-
nent Interconnect) expansion board 
with a built-in parallel interface. You 
should check the hardware addresses of 
the selected parallel interface and set 
appropriate values in the source code.

The program uses the inpout32.dll 
library, which is free and accessible for 
downloading at www.logix4u.net. The 
inpout32.dll includes two useful func-
tions, Inp32 and Out32. The Inp32 
function reads a data byte from the 
hardware register (port), and Out32 
writes the byte into the hardware port. 
Before using the inpout32.dll, you 
should copy the inpout32.dll into the 

\system32 directory so that the VBA 
application can find it. You can down-
load Listing 1, the VBA code, from 
the online version of this Design Idea 
at www.edn.com/100121dia.

To write a VBA control program, 
you should create a new Excel work-
book and open the Visual Basic edi-
tor where you enter the source code. 
After doing so, you must insert a new 
user form (Figure 2). You need to drop 
a button component from the toolbox 
onto the user form. When the appli-
cation is running, clicking the button 
causes the value of the analog volt-

age to appear in the cur-
rent cell of Column A of 
Spreadsheet 1.

You should declare 
functions Out32 and 
Inp32  from the in-
pout32.dll library with 
the Declare  direc-
tive so that the applica-
tion can use them. The 
Out32 (port, port-
Val) holds the hardware 
address of the port to 
write data to. The value 
of the byte goes in the 
portVal  parameter. 
The Inp32  function 

Excel spreadsheet measures  
analog voltages

Figure 1 An MCP3201 ADC digitizes the input voltage.
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takes the port parameter where the 
address of the port is held. When suc-
cessful, this function returns the byte 
read from this port.

The program realizes the timing di-
agram of the conversion and outputs 
data when the CommandButton1_
Click event handler is called. The 
statements

Call Out32(dataPort, 
&H80)
Call Out32(dataPort, 
&HC0)
Call Out32(dataPort, 
&H40)
start the conversion. The for() 
loop passes data bits beginning from 
the MSB (most-significant bit) to the 

parallel port. The 12 bits of the result 
are saved in the binData variable, 
and the total variable holds the fi-
nal result. Figure 3 shows the main 
window of the running application. 
After you click the “get input volt-
age” button, the measurement result 
appears in the next cell in Column A 
of Spreadsheet 1.EDN

Figure 2 You can create a user form with a button to execute  
the conversion.

Figure 3 The VBA application collects data in an 
Excel spreadsheet.

In a previous Design 
Idea, a circuit switches 

precision dc reference voltages 
to the noninverting input of a 
high-speed IC comparator (Ref-
erence 1). The circuit uses a 2-
to-1 multiplexer that functions 
in a BBM (break-before-make) 
fashion. Multiplexers have a 
parasitic capacitance, whose in-
jection of charge, QD1INJ, into 
the D1 drain electrode of the 
multiplexer might cause error 
voltages at the comparator’s ref-
erence input (Figure 1). The 
following equation defines the 
approximate peak error voltage:

where CD1OFF is the capacitance 
of the D1 terminal of IC2, and 

CIN, approximately 1 pF, is the input ca-
pacitance of the comparator. IC2 has a 
BBM interval of approximately 3 nsec, 
and any Analog Devices (www.analog.
com) ADCMP608 and ADCMP609 
comparators’ signal-propagation delays 

are 10 times that value. Hence, 
they cannot change their state 
in 3 nsec. Analog Devices 
has 10-times-faster parts, the 
ADCMP601 and ADCMP602, 
in the same family. Unfortu-
nately, these devices can sense 
these spikes (Reference 2). The 
voltage excursion over the high-
level reference voltage, VREFH, 
can result in an abrupt short-
term elevation of the output 
voltage.

When the high reference volt-
age exceeds the voltage at the 
comparator’s inverting input, 
its output goes high again, or 
generates a glitch. As the com-
parator crosses an ideal level, 
the comparator’s output goes 
low with a delay. The positive 
error voltage starts to evolve 
with an additional delay of the 

Schottky diodes improve  
comparator’s transient response
Marián Štofka, Slovak University of technology, Bratislava, Slovakia
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turn-off time of Channel A of IC2. The  
ADCMP601’s data sheet shows a 
charge injection into the source elec-
trode. In this case, however, charge in-
jection to the drain electrode plays a 
role. As a rough estimate, you can use 
the data on charge injection in Refer-
ence 2. As the charge injection chang-
es its sign, depending on the value of 
the common-mode voltage, the charge 
is about 0.8 pC at VD1, which equals 
the high-level reference voltage, and 
it is approximately 20.3 pC when the 
reference voltage is low. This voltage 
ceases with the delay of the turn-on 
time of the channels in analog switch 
IC2, an ADG772 (Reference 3). The 
inadvertent return of the comparator’s 
output to high, although lasting no 
more than 5 nsec, might cause some 
logic circuits to respond unexpectedly. 
A similar situation might occur when 
the input ramp with a negative slope 
crosses the lower reference voltage.

To prevent these hazardous states, 
you can add two Schottky barrier diodes 

(Figure 2). Diode D1 starts to conduct 
whenever a positive voltage excursion 
of approximately 200 mV above the 
higher reference voltage occurs at the 
D1 terminal, whereas D2 conducts at 
excursions of 200 mV below the lower 
reference voltage. Further, the nonlin-
ear junction capacitance of these di-
odes rises with forward voltage from 
0.7 pF at a forward voltage of 0V to ap-
proximately 1.05 pF at a forward volt-
age of 100 mV. At input voltages close 
to the higher reference voltage, diode 
D2 is reverse-biased by almost 2V, and 
its capacitance drops to approximately 
2/3CD(0), where CD is the capacitance 
of the nonbiased diode. Diodes D1 and 
D2 have a combined capacitance of 1.5 
pF. This amount can increase the input 
capacitance. Because the charge injec-
tion doesn’t exceed 0.8 pC, the volt-
age excursions at the D1 terminal are 
less than 160 mV. Diodes D1 and D2 
reside within diode trio IC4, an Avago 
Technologies (www.avagotech.com) 
HSMS-282L (Reference 4), but you 

can also use a diode-pair IC.EDN

R e fe R e n ce s
 Štofka, Marián, “Circuit uses 

two reference voltages to improve 
hysteresis accuracy,” EDN, Jan 7, 
2010, pg 43, www.edn.com/article/
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Many embedded systems must 
regularly update multibyte data 

to EEPROM, flash memory, or a data-
base server. This Design Idea presents 
a robust algorithm for this process that 
prevents data losses and inconsisten-
cies due to program interruptions or 
power failures. You can avoid data loss-
es by maintaining two separate memory 
areas, duplicating critical variables in 
each. Memory can be battery-backed 
RAM, magnetic disks, flash memory, 
or local or remote storage subsystems. 
You can use a simple FSM (finite-state 
machine) that uses three or four states 
with appropriate Gray coding to track 

the status of each main variable and its 
mirrored value in the storage devices. 
The states run in a sequence that the 
software driver can use to write data 
to both the main and the backup vari-
ables. The driver sets and resets two 
variables, B0 and B1, as status bits. 
B0 is the main vari-
able status bit, and 
B1 is a mirror status 
bit. Both bits are re-
corded in the same 
storage medium as 
the data.

This algorithm 
prevents race condi-

tions and ambiguous situations. You can 
enter the power-up verification rou-
tine at any time, interrupting the main 
flow of the program without losing any 
data. Figure 1 shows the flow of the 
algorithm, which begins with a power-
up routine. Table 1 identifies and de-
fines each of the possible states for the  
variables.EDN

Algorithm keeps data safe
luis G Uribe C, Caracas, venezuela
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Table 1 Possible sTaTes of variables
bit state Description

B0 B1

0 0 Both variables are in steady state.

If the power-up routine finds this state, it may as-
sume that everything is fine; both values are prop-
erly stored in the main site and in the backup. Your 
program may read and use the data as needed.

When it’s time to modify a value, the driver sets a 
one at B0 to indicate a zero/one.

0 1 Data begins to write to the main variable.

If the power-up routine finds this state upon 
verification, you can assume that the main variable 
is corrupt and decide how to update it from the 
mirroring site.

When the driver finishes updating the main vari-
able, it sets a one at B1 and keeps B0 untouched 
at one to indicate two ones.

1 1 Data has written properly to the main variable, and 
the driver soon begins the next state to duplicate 
main data into its backup storage.

This state is transient to avoid changing bit values 
between zero/one and one/zero at once. Using this 
sequence, the two data repositories may be in dif-
ferent local or remote physical subsystems.

If the power-up routine finds this state, it may as-
sume that the mirror variable is corrupt, and it will 
proceed (next state) to update the mirror site from 
the main location.

At any convenient time from now on, the finite-state 
machine may leave this state and enter the next 
one, one/zero, which means: 

1 0 Data has properly written to the main variable state, 
and the driver now begins to duplicate the main 
data into backup storage (similar meaning to previ-
ous state, one/one).

If the power-up routine finds this state, the verifica-
tion routine may assume that the mirror variable is 
corrupt and update the mirror site from the main 
variable.

When the driver finishes updating the mirroring 
variable, it clears B1, and the finite-state machine 
reverts to the first state, two zeros, in the  
sequence.



36  EDN  |  january 21, 2010

designideas

P-channel MOSFETs can sim-
plify designs when you use them 

as high-side switches on circuits with 
voltages exceeding 100V dc. When 
driving a MOSFET, you must rapid-
ly charge and discharge the 
input capacitance between 
its gate and its source to re-
duce heat losses. The circuit 
in Figure 1 can accomplish 
that task. Q7, an Internation-
al Rectifier (www.irf.com) 
IRF5305 power P-channel 
MOSFET, switches 50V to a 
load. A series of pulses from 
a pulse generator or PWM 
(pulse-with-modulation) 
source drives the load at fre-
quencies as high as 60 kHz 
with a variable duty cycle. 
The circuit comprises Q4, R5, 
D2, R4, D3, and R3; provides 
a means of level-shifting; and 
ensures that the voltage drop 
between the gate-to-source 
voltage of Q7 never exceeds 
10V. When Q4 is on, 10V de-
velops across D3. This volt-
age drop turns on Q7 through 
op amp IC1A, one-half of an 
MC33072 from On Semi-
conductor (www.onsemi.
com). IC1A has a 13V/msec 
slew rate and can drive ca-
pacitances as high as 10 nF.

The combination of D4, R1, 
Q1, Q2, R2, and C1 provides 
“ground” for the op amp, 
which is at 38V—that is, 
12V below the 50V rail volt-
age. The positive voltage is 
50V, and ground is 38V. The 
anode of D3 connects to the 
noninverting input of IC1A, 
whose output drives Q7’s gate 
at 40V, which is 10V below 
the rail voltage of 50V. The 
circuit comprising R6, Q5, D1, 
R7, R8, Q6, R9, R10, and Q3 
rapidly switches D3’s anode 

to 50V, which turns off Q7. Transistor 
Q5 functions as an inverter that turns 
on Q6, which subsequently drives Q3 to 
rapidly switch D3’s anode to 50V and 
thus drives Q7’s gate. Schottky diodes 

D1 and D2 alternately enhance the 
switching speed of Q5 and Q4.

Unity-gain op amp IC1A, with its 
high slew rate, fast settling, capaci-
tive-driving capability, and feedback 
of the gate voltage, enhances Q7’s 
switching speed. Using this circuit, 
you can achieve a rise time and fall 
time of approximately 500 nsec at Q7’s 
output.EDN

P-channel power-MOSFET driver 
uses unity-gain op amp
Suded Emmanuel, Emmanuel’s Controls, auckland, nZ
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Spice simulators include three 
types of tools for voltage and 

current sources: independent, depen-
dent, and behavioral. Independent 
sources have two terminals and pro-
vide a specified number of volts or am-
peres you enter as a constant, just as 
a bench supply generates a set voltage 
or current. These simulators, like signal 
generators, also provide waveforms.

Figure 1a shows two independent 
sources. Voltage source V1 provides 
5V dc, and V2 provides a 1V-peak sine 
wave. Dependent sources have at least 
four terminals. A first terminal pair is 
a voltage or current output. Another 
terminal pair is an input that attach-
es in shunt or in series with two cir-
cuit nodes. The output responds to the 

voltage across or current through the 
input nodes. Some dependent sourc-
es have multiple input-terminal pairs. 
The output responds to the inputs ac-
cording to some linear mathematical 
rule. For example, a voltage-dependent 
voltage source set to the constant 100, 
such as E1 in Figure 1a, is an ideal volt-
age amplifier with a gain of 100.

Behavioral, or arbitrary, sources are 
the least-used but most powerful of 
these sources. They have only an out-
put-terminal pair, but they are more 
powerful than their simpler counter-
parts. They can implement a set of 
mathematical functions that roughly 
correspond to those available on scien-
tific calculators. Their outputs can be 
independent or dependent. In the sim-

plest case, a behavioral voltage source 
set to V55 produces 5V, just as a power 
supply does.

A behavioral source can also re-
spond to a designated voltage or cur-
rent somewhere in the simulated cir-
cuit. In Figure 1b, B1 responds to the 
voltage at the input node. Applying 
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Figure 1 Independent voltage source V1 provides 
5V dc, and V2 provides a 1V-peak sine wave (a). 
Behavioral source B1 responds to the voltage at the 
input node (b).
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Figure 3 Behavioral source B2 amplifies and half-wave-recti-
fies the voltage at the input node. Behavioral source B3 also 
amplifies and full-wave-rectifies the same voltage.
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A previous Design Idea uses 
a three-decade BCD (binary-

coded-decimal) DAC to precisely set 
the output current of a current source 
(Reference 1). The circuit acts as a 
code-to-conductivity converter. The 
values of resistors of this DAC are stag-
gered by powers of two within any of 
the decades, and the values of resistors 

at corresponding bits of the decades 
are staggered by powers of 10. Thus, 
the circuit needs 12 values of resistors, 
ranging from 125V to 100 kV. 

In comparison, the circuit in this 
Design Idea enables you to construct 
a BCD DAC using only six resistor 
values, regardless of the number of de-
cades. Moreover, these six resistor val-

ues vary within a relatively narrow 1:8 
range. The voltage-output DAC oper-
ates ratiometrically. That is, if the tem-
perature coefficients of the resistors are 
approximately the same—and you can 
assume they will be within this narrow 
range of values—then the variation of 
resistance with temperature has almost 
no detrimental effect on accuracy. This 
situation is not true, however, for code-
to-conductivity DACs, in which the 
temperature coefficient of the resistors 
directly influences the temperature co-
efficient of the DAC.

designideas

the equation beside B1 sets the behav-
ioral source to V51003VIN and ampli-
fies the voltage across R1 by 100V.

In this case, the behavioral source 
behaves as the dependent source 
when the input node and ground drive 
it, but the behavioral source’s input 
connection is purely mathematical. 
Figure 2 shows several possible plots 
for output signals. You can set behav-
ioral sources to become simulated 
electronic components that embody 
mathematical expressions. In the pre-
ceding example, if you set the behav-
ioral source to V5uramp(1003VIN), 
the amplified output is ideally half-
wave-rectified. If you substitute the 
abs function for uramp, you get full-
wave rectification.

In Figure 3, behavioral source B2 
amplifies and half-wave-rectifies the 
voltage at the input node. Behavioral 
source B3 also amplifies and full-wave-
rectifies the same voltage. Figure 4 
shows the results. Engineers common-
ly generate ABMs (analog 
behavioral models) for Spice 
simulations to represent en-
tire blocks of analog functions. 
Sometimes you need simple 
models when none are avail-
able, but you can use behavior-
al models to solve those prob-
lems. For example, you can set 
I5uramp(VFB21.25) as a be-
havioral current source to draw 
1 mA/mV at the FB (feedback) 
node that exceeds 1.25V (Fig-
ure 5). The behavioral source 

looks like an idealized three-terminal 
shunt regulator (Figure 6). If you need 
more refinement, you can set the feed-
back node to act as an RC filter or an-
other function.

Because behavioral sources can em-
body mathematical functions, you can 
use them to test the mathematical vi-

ability of a design before simulating 
the circuit. Long mathematical ex-
pressions can be difficult to read, so 
you should break the idea into small 
blocks and set a behavioral source to 
implement each block. Just because 
your idea works in math, though, 
doesn’t mean that its behavioral 
model is a practical circuit. In Spice, 
it is easy to make a model of a cur-
rent source with 1 MV of near-per-

fect compliance, sometimes 
without intending to do so, 
but most practical engineers 
would rather defer the real-
ization of such a circuit.

The caution to be realistic 
applies to Spice in general and 
to behavioral sources in par-
ticular. When you draw two 
equal resistors in your Spice 
schematic, they will be per-
fectly matched in simulation. 
The resistors in your stock-
room are not that good.EDN

Multidecade BCD DAC uses 
resistors of only six values
Marián Štofka, Slovak University of technology, Bratislava, Slovakia
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Figure 4 Behavioral source B2’s 
amplification and half-wave-recti-
fication of the voltage at the input 
node and B3’s amplification and 
full-wave rectification of the same 
voltage yield these results.
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Figure 5 You can set I5uramp(VFB21.25) as a behav-
ioral current source to draw 1 mA/mV at the FB (feed-
back) node that exceeds 1.25V.
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CMOS image sensors include 
the color filters of an RGB (red/

green/blue) Bayer array, which lets the 
sensor detect colors. The image data, 
the output from the image sensor, is 
Bayer raw data (Figure 1). Unfortu-
nately, most consumer-grade image-dis-

playing devices require an RGB-image-
data format with red, green, and blue in 
each pixel’s data. Therefore, you often 
need a Bayer-raw-data-to-RGB con-
verter between an image sensor and 
a displaying device. This Design Idea 
describes such a converter in Verilog 

HDL (hardware-description language). 
You can implement the code, available 
from the online version of this Design 
Idea at www.edn.com/100204dia, into 
a CPLD or an FPGA.

To make the design easy to under-
stand, the RGB data is only 24 bits 
deep. A 3203240-pixel test-bench 
pattern verifies the design (Figure 2). 
The image data for red, green, and blue 
are 88h, 66h, and 22h, respectively. 
Figure 3 shows the timing of the con-
verter, and Figure 4 shows the flow 

Figure 1 shows the voltage-output 
BCD DAC. The values of resistors are 
staggered by powers of two within each 
decade. The values of resistors at corre-
sponding bits of the decades are of equal 
values. The switched ends of the resis-
tors connect to either ground at logic 
zero or to the reference voltage at logic 
one. The voltage-output DAC thus 
has an advantage in that all the resis-
tors’ ends are at a defined potential. In 
a code-to-conductivity converter, on 
the other hand, one end of the resistor 
remains open at logic zero, and these 
open ends might act as capacitive sen-
sors or even antennas, which could in-
troduce additional errors. The common 
ends of four resistors in four bits of the 
MSD (most-significant decade) form 
the output. The common outputs of 

resistor quads in the less-significant de-
cades successively connect to the main 
output through the series resistors, RS, 
which all have the same value. Thus, 
RS5(108/25)R54.32R, where R is the 
value of the resistor at the MSB (most-
significant bit) of any of the decades.

The common ends of bit resistors in 
the LSD (least-significant decade) con-
nect to ground through terminating re-
sistor RT. This resistor represents the 
theoretically infinite number of decades 
having weight lower than the actual 
LSD, whereas these hypothetical de-
cades are all set to zero. Thus, they con-
tribute no voltage at the output. They 
do, however, influence the properties of 
the resistive network. RT sets this influ-
ence and is equal to (24/5)R, or 4.8R. 
The full-scale output of the voltage-out-

put BCD DAC is 3/53(12102N)VREF, 
where N is the number of decades—in 
this case, three.

To exploit a voltage-output BCD 
DAC in a single-supply programma-
ble-current source, connect the output 
of the voltage-output BCD DAC to 
the noninverting input of an op amp, 
which accepts input voltages as low as 
0V. The inverting input of the op amp 
connects to ground through resistor RB, 
which has the value of (3/5)3(VREF/
1022A).EDN

R e fe R e n ce
Diószegi, Gyula, and János Nagy, 

“Current-sense monitor and MOSFET 
boost output current,” EDN, May 28, 
2009, pg 44, www.edn.com/article/
CA6659409.

Converter translates Bayer raw data 
to RGB format
yu-Chieh Chen and tai-Shan liao,  
national applied research laboratories, Hsinchu, taiwan
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chart. In Figure 3, the PCLK (proces-
sor-clock) signal’s rising edge latch-
es the 24-bit RGB data. The LVAL 
(line-valid) cap signal is the synchro-
nized line-valid signal for reading the 
data. The process begins when the 
FVAL (frame-valid)-data signal goes 
high. When that action occurs, sensor 
data begins writing to FIFO1 (first-in/
first-out), FIFO2, and the data regis-
ter. After saving the data, FIFO1 reads 
out the data. FIFO2 and the data reg-
ister read their data at the same time. 
Those readouts occur one clock cycle 
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represents a 3203240-pixel array.
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Several Design Ideas expand 
the I/O of a pin-limited micro-

controller (references 1 through 4). 
The circuit in this Design Idea uses 
an alternative method (Figure 1). It 
limits external additional parts to one 
IC, and it drives as many as 12 LEDs 
in dot-bar or bar-graph mode. You can 
use the same technique in a dot-bar de-
sign (Figure 2). If you need a seven-

segment LED display, you can use the 
circuit in Figure 3, which shows how 
to rearrange the circuit according to 
a classic multiplexed, four-digit com-
mon-cathode display. The prototype 
display uses Kingbright’s (www.king 
bright-led.com) SC52-11EWA high-
efficiency LEDs, which emit 2000 to 
5600 mcd at a forward current of 10 
mA. The driver is a 12-stage NXP 

(www.nxp.com) 74HCT4040 binary 
counter or a 74HC4040 version for a 
lower power supply.

Listing 1, which you can down-
load at the online version of this De-
sign Idea at www.edn.com/100204dib, 
contains an assembly-language rou-
tine. It generates a precise quantity, 
Q, of high-frequency pulses, which 
deliver the number, N, that the out-
puts of the 74HCT4040 require. The 
relations are Q52N21 in dot-bar mode 
and Q52N21 in bar-graph mode. List-

designideas

after FIFO1 starts reading. The next 24-
bit RGB data remains the same in the 
data register, and it combines the data 
from FIFO1 and FIFO2, which read out 
at the same rising edge of the clock. 
The line-count signal shows whether 
the data is even or odd, which influ-

ences the combinational sequences 
of the data that reads out from FIFO1, 
FIFO2, and the data register.

Figure 5 is the ModelSim simulation 
waveform of the converter. The 24-bit 
RGB output-data values 88h, 66h, and 
22h are red, green, and blue data, re-

spectively. The figure shows the 24-
bit RGB data as having red, green, and 
blue values of 88h, 66h, and 22h, re-
spectively, during every line-data pe-
riod. The line-data period matches the 
default pixel value in the image data’s 
test-bench pattern.EDN

Drive 12 LEDs with one I/O line
Charaf laissoub, Maisons alfort, France
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When driving an H-bridge or a 
similar circuit, you usually must 

ensure that two or more transistors are 

not on at the same time. Eliminating 
multiple transistors from turning on 
reduces power consumption and low-

ers EMI (electromagnetic interfer-
ence). Crossover-delay circuits solve 
that problem. Figure 1 shows a simple, 
two-phase design that lets you adjust 
the crossover delays equally by chang-
ing the value of one component with 
minimal phase delay.

Each Schmitt trigger inverter is 
driven during one half-cycle through 

designideas

ing 2, which is also available at www.
edn.com/100204dib, is a full example 
of using this routine with Microchip’s 
(www.microchip.com) PIC10F202, a 
member of the PIC10F series, which is 
the company’s most pin-limited micro-
controller family.

Although the PIC’s internal unique 
clock frequency is 4 MHz, you’ll no-
tice little flicker effect. You can re-
duce the flicker by using a midrange 
pin-limited PIC microcontroller, such 
as the PIC12F629, which has an inter-

nal clock frequency of 20 MHz. List-
ing 3, also available at www.edn.com/
100204dib, uses a look-up table to con-
vert the desired number into seven-seg-
ment code to replace the 12 LEDs with 
a four-digit display.EDN

R e fe R e n ce s
Anonymous, “Microcontroller 

provides low-cost analog-to-digital 
conversion, drives seven-segment 
displays,” EDN, May 10, 2007, pg 80, 
www.edn.com/article/CA6437954.

Raynus, Abel, “Squeeze extra 
outputs from a pin-limited microcon-
troller,” EDN, Aug 4, 2005, pg 96, 
www.edn.com/article/CA629311.

Jayapal, R, PhD, “Microcontroller’s 
single I/O-port line drives a bar-graph 
display,” EDN, July 6, 2006, p 90, 
www.edn.com/article/CA6347254.

Lekic, Nedjeljko, and Zoran Mijan-
ovic, “Three microcontroller ports 
drive 12 LEDs,” EDN, Dec 15, 
2006, pg 67, www.edn.com/article/
CA6399101.

Circuit precludes 
common-mode conduction
Ken Herrick, oakland, Ca
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a diode. The RC delay occurs during 
the alternate half-cycle. Equal-value 
resistors R1 and R2 serve alternatively 
as delay elements and gate-coupling 
resistors. The waveform in Figure 2 
shows the result. For the two out-of-

phase half-cycles, leading edges are de-
layed equally with respect to the input 
transition, and trailing edges are coin-
cident with the transition within about 
one gate delay. If you need equal polar-
ity “on” half-cycles, insert an inverter 

in one of the two phase outputs. Al-
ternatively, if biphase drivers, such as 
those for driving coupling transform-
ers, will follow this circuit, merely in-
terchange the outputs of one of those 
drivers to effect the inversion.EDN
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Figure 2 For the two out-of-phase half-cycles, leading edges are delayed 
equally with respect to the input transition, and trailing edges are coincident 
with the transition within about one gate delay.
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The need for timing in embed-
ded programming often exceeds 

the small number of available hard-
ware timers in microcontrollers. For 
example, the Microchip (www.micro 
chip.com) PIC16F84A has one timer, 
but you can create as many as eight 
timers with the Timers8.inc assembly 
code, which you can download from 
the online version of this Design Idea 
at www.edn.com/100218dia.

Often, you need a timer while wait-
ing for some expected lapse to expire, 
which blocks your program until that 
time has elapsed. To accomplish that 
task, you can use a simple routine, such 
as Wait_on 2, .30, meaning that 
Timer 2 counts 300 msec. The time 
value is .30 ticks of 10 msec each. In 
this way, you can debounce input data 
(Listing 1).

Using Microchip’s MPLab assembler, 
you can’t guess whether a parameter is 
a constant value or a variable, so you 
need two macros, one for each kind of 
circumstance. In the following expla-
nation, use K if time is a constant and 
use V for variables, such as Wait_onK 
or Wait_onV. The same library for 

the TBM (timebase module) on the 
MCHC9S08GP32 microcontroller 
from Freescale Semiconductor (www.
freescale.com) uses only one macro, 
Wait_on, under the CodeWarrior as-
sembler. The function deals with both 
constants and variables.

The “tmr” always stands for a con-
stant from zero to seven. It designates 
the number of the timer you apply to 
a situation. You must always multiply 
time by 10, so .1 is 10 msec. You can 
therefore use it with times from 10 to 
2560 msec. Precision is plus or minus 
one tick. If you need to trigger an event 
with a 20-msec timer, you may end with 
10 msec. So use 30 msec to be safe. At 
the high end of the scale, you will have 
256061 msec, which is acceptable.

Timers8.inc programs the TMR0 on 
the PIC16F84A. You can extend be-
yond eight timers or use 16-bit vari-
ables, but remember that the PIC-
16F84A has only 68 bytes of RAM.

On some occasions, you need to start 
a timer but don’t need to block your pro-
gram to time-out; in this case, use the 
Setimer 7, .20 macro. You start 
Timer 7 to last 200 msec; doing so does 

not block your program. Whenever you 
need to know the status of your timers, 
test them using the TimeOut macro, 
TimeOut 2, Two_done, meaning 
that, if Timer 2 has expired, you will go 
to the “Two_done” label. Any of your 
main code labels will fit. Otherwise, 
your program will continue executing 
the next instruction in sequence.

Setimer comes in two versions.  
SetimerK 2, .20 sets Timer 2 to 
count 200 msec, using Constant time 
.20, and SetimerV 5, var sets 
Timer 5 to count, for example, 300 
msec, using variable time var, which 
you should have previously loaded 
with .30.

You may need to employ timers in 
ISRs (interrupt-service routines)—for 
example, to debounce the interrupt pin. 
This situation is awkward because the 
routine to serve the external INT pin 
runs with general interrupts disabled, 
as usually happens in the PIC16F84A, 
but timer routines require you to enable 
interrupts. This microcontroller archi-
tecture makes it difficult to enable in-
terrupts in ISRs. You may, however, use 
either ISRWait_onK or ISRWait_
onV to accomplish your purpose, as in 
ISRWait_onK 7, 3.

This approach works in a similar way 

february 18, 2010  |  EDN  39

readerS SOLVe deSIGN PrOBLeMS

EditEd By Martin rowE 
and Fran GranvillE

designideas
Use eight timers  
with PIC16Fxxx microcontrollers



DIs Inside
40 Tilt/fall detector has  
staggered thresholds

44 Electronically generate  
rotating magnetic fields

46 Voltage reference stabilizes 
current sink

ETo see all of EDN ’s Design 
Ideas, visit www.edn.com/design 
ideas.

luis G Uribe C, Caracas, venezuela

Loop1:
   btfss   PORTA, 0        ; Wait unitl PortA, Bit0, be equal to 1
   goto    Loop1         ; No? go to repeat test...
   Wait_onK 0, 3         ; Now, PortA, Bit0 = 1 so, set up Timer 0 for 30  
                        ; ..mSec to debounce it
   btfss   PORTA, 0        ; Time out! Re-test PortA, Bit0 input condition;
   goto    Loop1         ; ..if PortA, Bit0, = 0, discard it and go to Loop1  
                        ; ..to begin again
Cont:  ...          ; ..if PortA, Bit0, = 1 you are done

LIstIng 1 coDe for DebouncIng Data
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to its twin, the Wait_on macro, except 
that you can use the approach in any 
ISR—a nice added value for such an in-
expensive microcontroller. Use it with 
care, however. Interrupt latency in-
creases because you block the program 
in an ISR for several milliseconds with 
global interrupt disabled. If you choose 
to debounce your interrupt signal using 
programmed delays, you will probably 
encounter the same problem. If you use 
a specific timer number in the main 
program, don’t use it in the ISR.

To use the Timers8.inc library, you 
must include the library file and define 
some variables outside the timer’s code. 
To find the exact place to include the 
library and define variables, refer to 
the sample code. Look for <<< TMR0 
<<<, which overemphasizes portions 
of the code. In particular, inspect the 
lines “CBLOCK” and “INCLUDE 
<timers8.inc>”.

Follow this plan in your program: Use 
the macro Init8Timers to activate the 
hardware and set up the eight software 
timers. This macro defines eight vari-
ables, from Timer 0 to Timer 7, each 
using one unsigned byte. Each timer 
ticks once every 10 msec, covering a 
range of 10 to 2560 msec. You need not 
worry about these variables, though, 
because the macros will handle them. 
A 1-byte variable, TimerFlags, has bits 
that represent the ready state of timers 
zero through seven. You need not deal 
with this internal variable.

To initialize a timer from zero to 
seven, use the Setimer macro, as in 
SetimerK 2, .20 (set Timer 2 
to count 200 msec using a constant 
time of .20) or SetimerV 5, var 
(set Timer 5 to count 300 msec using 
a variable time of .30, which you pre-

viously stored in var). Setimer macros 
are not self-blocking; they initialize the 
software timers and continue. This fea-
ture comes in handy when you plan to 
loop, asking for several events to time 
out and do not need one of them to 
block you.

To test whether one timer has ex-
pired, use the TimeOut macro after 
Setimer: TimeOut 2, Two_on. If 
Timer 2 has expired, go to Two_on; oth-
erwise, execute the next instruction in 
the sequence. Wait_on combines these 
macros in one: Wait_onK 2, .30. 
Set Timer 2 to count 300 msec using 
a constant time of .30 and block until 
time-out. Alternatively, using Wait_
onK 5, var, set Timer 5 to count 
300 msec using a value of .30, which 
you previously stored in var. Wait_on 
macros are self-blocking; they initial-
ize the software timers and wait until 
time elapses. You can use ISRWait_on 
in ISRs: ISRWait_onK 6, .35. 
Set Timer 6 to count 350 msec using a 
constant time of .35 and then block. 

Alternatively,  you can use 
ISRWait_onV 5, var. Set Timer 
5 to count 2000 msec using a value 
of .200, which you previously stored 
in var. ISRWait_on macros are self-
blocking. You can use them in ISRs to 
initialize the software timers and wait 
until time elapses. You must include an 

interrupt handler; see the IntHandler 
in Listing 2, which you can download 
from the online version of this Design 
Idea at www.edn.com/100218dia. The 
library also includes TMR0ISR, Timer 
0’s ISR, and the UpdTmr (update-
timer) internal macro.

Each timer has a status bit, which 
helps when your variables have 16 bits, 
24 bits, or more. When the driver de-
tects that one multibyte timer variable 
reaches zero, it signals this situation 
by setting the timer’s status bit. That 
action spares you several instructions 
when you need to later decide wheth-
er the timer is zero. You can also use 
these bits as semaphores. You may start 
a timer with Setimer, and the hardware 
may interrupt you in the middle of the 
start-up to update your data structures, 
causing lots of problems. The software 
in this code, however, avoids touching 
or updating variables if the status bit is 
1. Setimer begins raising the status bit 
and then loads the variables. If Timer 0  
interrupts, it does not interfere with 
your data because it skips the updating 
process if the status bit is on. When 
Setimer is done, it clears the status bit, 
and Timer 0’s ISR will begin to update 
whenever a tick arrives.

This code doesn’t stop a timer be-
fore a time-out because the need 
never arises. If Setimer uses zero as a 
value for the time, it lasts for 256 10-
msec ticks. If you need a 1-msec tick, 
you can load Timer 0 with 20.125 in-
stead of 20.39 and use a prescaler of 8 
(b‘00000010’ in OPTION_REG) in-
stead of 256 (b 00000111), which are 
the values this code uses. The exact 
time is 1253851000 msec (1 msec). 
This approach provides a range of 1 to 
256 msec.EDN

Measurement-and-control ap-
plications may require action 

based on two distinct voltage levels. 
Crossing a threshold can produce a 
warning indication, whereas reaching 

a higher threshold may initiate emer-
gency action, such as a system shut-
down. In a fall-detector application, 
an apparent decrease in gravity below a 
lower threshold might be a controlled 

displacement, but a further decrease 
below a second threshold might indi-
cate an uncontrolled fall.

The circuit in Figure 1 uses a voltage 
divider to generate two reference volt-
ages. Comparators and Schmitt-trig-
ger-input NAND gates let you create 
two digital signals based on using ref-
erence voltages VREFA and VREFB. The 
sample circuit drives two LEDs, but 

Tilt/fall detector has  
staggered thresholds
Marián Štofka, Slovak University of technology, Bratislava, Slovakia
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you can use the digital signals to drive 
transistors or relays, as well.

The voltage divider comprising RS, 
RA, and RB sets the voltages for com-
paring the Z-axis output of an Analog 
Devices (www.analog.com) ADXL335 
accelerometer (Reference 1). The 
higher reference voltage, VREFA, corre-
sponds to the lower-threshold tilt angle, 
where aTA5458. The lower reference, 
with respect to the midvoltage supply 
minus VREFB, corresponds to the upper-
threshold tilt angle, where aTB5608. If 
you choose a value of 100 kV for RS, 
then you can calculate RA1RB:

The Z-axis voltage, VGZ5300 mV, oc-
curs when the accelerometer’s Z axis is 
oriented vertically. From the obtained 
value of RA1RB, you can calculate RB:

Based on the chosen values of the tilt 
angles, RB5(RA1RB)/=2. You can 
then solve for RA from the known 

values of RA1RB as well as RB.
The AD8609 op amp’s input-bias 

current causes errors, but these errors 
are negligible because the input-bias 
current at room temperature is just 1 
pA. The AD8609’s input offset voltage, 
which is typically 50 mV, also causes er-
rors, which are negligible as well (Ref-
erence 2). The signals at the outputs of 
comparators IC2A, IC2B and IC2C, IC2D 
are ORed in NAND gates IC3A and 
IC3B, respectively. NAND gate IC3C 
serves as an inverter, and the output 
of IC3D is the logic output of a window 
comparator in which logic low appears 
only when the Z-axis output voltage is 
between VREFA and VREFB, referenced to 
supply midvoltage VS/2.

Grouping the comparators into IC3A, 
IC3B and IC3C, IC3D pairs ensures inde-
pendent detection on whether the Z 
axis is 0 or 1808 in the vertical orien-
tation. LED1 and LED2 illuminate suc-
cessively upon slowly tilting the Z axis 
by 45 and 608 (Reference 3). Similar 
action occurs when you orient the Z 
axis steadily vertically while moving 
downward. LED1’s brightness is turned 

on at an apparent decrease of gravity to 
g/=2. LED1 dims, and LED2 simultane-
ously illuminates when the vertical ac-
celeration is equal to or lower than g/2. 
The operation of the detector is ratio-
metric and is therefore virtually insen-
sitive to supply-voltage variations.EDN

r e fe r e n ce s
1 “ADXL335 Small, Low Power, 3-
Axis 63 g Accelerometer,” Analog 
Devices, 2009, www.analog.com/en/
sensors/inertial-sensors/adxl335/
products/product.html.
2 “AD8603/AD8607/AD8609 Preci-
sion Micropower, Low Noise CMOS, 
Rail-to-Rail Input/Output Operational 
Amplifiers,” Analog Devices, 2003 to 
2008, www.datasheetcatalog.com/
datasheets_pdf/A/D/8/6/AD8609.
shtml.
3 “HLMP-EGxx, HLMP-EHxx, HLMP-
ELxx New T-1¾ (5mm) Extra High 
Brightness AlInGaP LED Lamps,” 
Avago Technologies, AV02-1687EN, 
April 21, 2009, www.avagotechlight 
ing.com/signageandsigns/signs/si_
new_products.
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Figure 1 An accelerometer’s Z-axis output, compared with two reference voltages, can generate two digital outputs.

Equations for DI SAVED IN THE FOLDER

Equation

R
R R

VS

A B

4554 12 3

1

( )−

+
= SS

GZ TA

B
TB

TA
A B

V

Equation

R R R

/
cos

.

cos
cos

( ).

2
1

2

×

= × +

α

α
α



Equations for DI SAVED IN THE FOLDER

Equation

R
R R

VS

A B

4554 12 3

1

( )−

+
= SS

GZ TA

B
TB

TA
A B

V

Equation

R R R

/
cos

.

cos
cos

( ).

2
1

2

×

= × +

α

α
α





44  EDN  |  february 18, 2010

Many applica-
tions, such as med-

ical therapies, magnetic 
stirrers, and induction 
heating, call for a rotating 
magnetic field, which you 
can generate by attaching 
multiple permanent mag-
nets to a dc motor. This 
technique involves prob-
lems, including noise and 
the need to maintain the 
moving parts. This De-
sign Idea describes how 
you can instead use a 
microcontroller and a 
full-bridge driver to gen-
erate variable magnetic 
fields without mechanical 
elements. The approach 
requires no maintenance, 
does not wear out, and 
provides high-precision 
speed control. It does, however, re-
quire large cores to achieve powerful 
magnetic excitation.

You can excite a stationary magnetic 
coil with an ac current, which induc-
es a north pole and a south pole that 

change at the frequency of the signal 
excitation. You can increase the num-
ber of poles by implementing a config-
uration with more magnetic coils. Fig-
ure 1 shows a practical arrangement 
of the coils and the typical excitation 

waveforms. Note that the terminals 
of each pair of coils connect in series 
opposition to always obtain magnetic 
fields with different polarity.

Multiple ICs can drive induc-
tive loads. This circuit uses an L6204 

dual full-bridge driver from 
STMicroelectronics (www.
st.com). Each bridge has four 
power-DMOS transistors with 
on-resistances of 1.2V. A 
PIC16F628 microcontroller 
from Microchip (www.micro 
chip.com) controls the switch-
es of the dual-bridge driver 
(Figure 2). Typical waveforms 
show how each circuit is excit-
ed (Figure 3).

To ensure the correct driving 
of high-side drivers, the circuit 
supplies a voltage higher than 
the supply voltage at IC2’s Pin 
20. External capacitors C1 
and C2 and diodes D1 and D2 
use a charge-pump method to 
produce this voltage. You can 
independently control the 
four half-bridges by means of 
the IN1, IN2, IN3, IN4, EN-

ABLE1, and ENABLE2 inputs.
The microcontroller timer’s inter-

rupt generates the IN1 to IN4 wave-
forms with high precision. Using a 
10-MHz oscillator crystal and fixing 
the postscaler to eight, the microcon-

designideas

Electronically generate  
rotating magnetic fields
F Ferrero, J Blanco, JC Campo, and M valledor,  
University of oviedo, Gijón, Spain



Figure 1 Two pairs of magnetic coils and their excitation 
waveforms show how to generate a rotating magnetic 
field.
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Figure 2 The circuit comprises a full-bridge driver and a microcontroller.
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troller’s counter increments every 3.2 
msec: 1/((10 MHz/four instructions)/
eight). Taking into account that the 
interruptions generate when the coun-
ter overflows and the maximum count 
is as high as 65,535, or 16 bits, you can 
program the interruptions at 3.2 msec 
and 210 msec: 3.2365,535.

From this wide range of interrup-
tions, the firmware lets the user select 
the precharge within a small subrange 
of frequencies divided into 10 levels, 

meaning that you must vary the inter-
ruption from 49.89 to 60.45 msec, a 
good range for this application. The 
new frequency of the interruption has 
a simple calculation that includes the 
level; the maximum frequency; and 
the separation between levels, which 
is a constant value that the opera-
tions include. You can download list-
ings 1 and 2, which have complete 
C source code, from the Web version 
of this Design Idea at www.edn.com/
100218dib.EDN
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Figure 3 Waveforms show how each coil is excited.

Analog circuits for long-term 
testing of passive components, 

such as 0.1%-tolerant resistors or high-
intensity white LEDs, often require a 
constant current. Using two op amps 
and a voltage reference, you can devel-
op a circuit that provides a constant-
current sink with a variable setting of 
0 mA to 0.99A. The circuit in Figure 
1 sinks a stable current through the 
load. The load current is insensitive to 
power-supply-voltage variations. IC1 is 

a voltage reference that gives a stable 
5V dc. It requires 500 mA of current 
from the power supply. IC2 is a Nation-
al Semiconductor (www.national.com) 
LM324 quad op-amp. Voltage follower 
IC2A buffers the reference voltage from 
the rest of the circuit, which increases 
stability.

Resistor R2 and potentiometer R3 
form a variable voltage divider that 
reduces the 5V reference voltage to 
a value between 0 and 3.26V. Unity-

gain amplifier IC2D drives the base of 
Q1, a Darlington power transistor that 
has a current gain of 750, through R4. 
R4 and C5 form a lowpass filter that 
prevents oscillation. You can drive Q1 
with a small base current. C4 connects 
between the collector and the base of 
Q1, adding further stability.

Operating as an emitter follower, Q1 
can drive an active or a passive load, 
such as a resistor or a high-bright-
ness LED. Q1’s emitter connects to 
R5, a 3.3V, 5W grounded power resis-
tor. The voltage at IC2D’s Pin 14 sets 
the voltage across R5, which fixes Q1’s 
emitter current. Because of Q1’s high 
gain, the current in the load is effec-
tively Q1’s emitter current.EDN

Voltage reference stabilizes  
current sink
Suded Emmanuel, Emmanuel’s Controls, auckland, new Zealand
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Figure 1 A voltage reference and two op amps provide a stable voltage to R5, which provides a stable load current.
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Sample-and-hold amplifiers 
sample an analog voltage and 

hold it until an ADC can digitize it. 
A perfect sampling circuit holds a volt-
age until digitizing is complete. Thus, 
the amplifier’s output is identical to its 
input. Real sample-and-hold amplifi-
ers, however, can gain or lose voltage, 
producing an error. Offset voltages in 
amplifiers cause a static additive error. 
Further, there occurs a specific additive 
error, the so-called voltage pedestal, 
which originates within the transition 
from the sample state to the hold state 
because of a parasitic charge transfer to 
the hold capacitor.

A sample-and-hold amplifier uses an 
analog switch to connect a signal to a 
holding capacitor. When the switch 
closes, thus having low resistance, the 
capacitor charges to the sampled input 
voltage. During the hold time, when 
the switch has high resistance, the 

sampling capacitor holds the voltage 
until the ADC digitizes it. During the 
transition from low to high switch re-
sistance, a parasitic charge injection, 
mainly from the gate of the switch 
to the hold capacitor, continues to 
charge the capacitor until the switch’s 
control voltage reaches a steady logic 
level. The injected charge produces 
an error voltage at the capacitor. Ad-
ditional errors may occur during the 
hold time. Leakage and bias currents 
in the amplifier combine with tens of 
picoamps of leakage current in the 
switch and capacitor to cause the ca-
pacitor to charge or discharge during 
hold time.

By applying a logic-control signal 
with a duty cycle of D and 12D, you can 
measure a mean output voltage differ-
ence, [DVOUT]5[VOUT2VIN], which the 
following equations show. [DVOUT]5 
VSTAT1(12D)VINJ1½(12D)2VDROPPEAK, and  

[DVOUT]5VSTAT1DVINJ1½D2VDROPPEAK,  
where DVOUT and DVOUT are the out-
put-voltage differences for D and 12D, 
respectively; VSTAT is the steady output-
voltage difference for a selected value 
of the reference input voltage, D is the 
duty cycle, VINJ is the voltage pedestal, 
and VDROPPEAK is the peak voltage drop. 
Figure 1 shows how the voltages in 
the equations change over time. If you 
apply a complementary control wave-
form with a duty cycle of 25%, you can 
measure another dc component of the 

sample-and-hold amplifi-
er’s output voltage. Finally, 
when the sampling switch 
is continuously on, you can 
measure the VSTAT voltage, 
which is a real dc volt-
age. VOUT and VOUT con-
tain a waveform superim-
posed onto a selected value 
of the reference voltage. 
Thus, you should measure 
the mean values of these 
voltages using a series re-
sistor with a value of, say, 
10 kV.

Multiplying the voltage 
pedestal, a simple rectan-
gular waveform, by the 
duty cycle yields the av-

readerS SOLVe deSIGN PrOBLeMS

EditEd By Martin rowE 
and Fran GranvillE

designideas
Circuit lets you test  
sample-and-hold amplifiers

Figure 1 A sample-and-hold amplifier’s holding capacitor experiences a voltage drop due 
to leakage and bias currents plus a voltage step, which results in a difference between the 
amplifier’s output and input voltages.
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Positive feedback is a typical 
technique for distributing hys-

teresis around a comparator, provid-
ed that you have a resistive path be-
tween the comparator’s output and the 
noninverting input. Positive feedback 

forms two threshold voltages that have 
(or assume) fixed values. In addition, 
they depend on the saturation values 
of the comparator’s output stage. Plus, 
the load conditions affect their accu-
racy. The circuit in Figure 1 provides 

an alternative for applications requir-
ing a comparator with hysteresis that 
has precise thresholds that you can eas-
ily and independently set. The circuit 
includes two inverting and noninvert-
ing threshold comparators whose out-
puts directly drive a set/reset latch. You 
can use a latch with either active-low 
or active-high inputs.

You can generate the positive and 
negative threshold voltages using a 

designideas

erage value. In contrast, the voltage-
drop waveform appears as a sawtooth. 
Its mean rises as one-half of the duty 
cycle squared. The peak-voltage-drop 
value denotes a hypothetical voltage 
drop at the end of a whole period, T, 
of the SAMPLE/HOLD logic-control 
waveform.

You can use the previous equations to 
find the values of the voltage pedestal 
and the peak voltage drop. A 75% duty 
cycle is a convenient value. The fol-
lowing equations are valid for this duty 
cycle: VINJ56[DVOUT]22/3[DVOUT] 
216/3VSTAT, and VDROPPEAK516[2 
[DVOUT]11/3[DVOUT]12/3VSTAT]. You 
must find the optimal repetition rate, 
fREP, of the logic-control signal. As the 
optimal repetition rate increases, the 
difference in output voltage from the 
input is almost purely due to dc volt-
age offset plus the voltage pedestal: 
(VOUT2VSTAT)/(VOUT2VSTAT)Q3. The 
following equation finds the maximum 
value for the optimal repetition rate: 
fREPm(0.01/4)31/(tON2tOFF), where 
tON and tOFF are the on and off times, 
respectively. This equation ensures 
that the difference in values between 
the turn-on and turn-off times of the 
sample-and-hold amplifier’s internal 
analog switch won’t affect the accu-
racy of the precision 25 and 75% duty 
cycles by more than 1%.

If you evaluate the equation for a 
high-performance analog switch, such 
as the Analog Devices (www.analog.
com) ADG1213, you get a repetition 
rate of 33 kHz or less. The difference 
due to voltage drop prevails at low-
value repetition rates. In this case, 
the repetition rate can be the value of 

the frequency at which VOUT2VSTATm 
1/103VINMAX, where VINMAX is the 
maximum input-voltage range. The 
best way to determine the lower limit 
of the repetition rate is through ex-
perimentation.

A tested sample-and-hold ampli-
fier using the circuit in Figure 2 uses 
a supply voltage of 21V, a drain-
to-drain voltage of 5V, and a sup-
ply voltage of 3.3V for logic circuits 
in the pulse generator. Two sets of 
measurements at 25, 75, and 100% 
duty-cycle values for the AGD1213’s 
internal switch control used input 
voltages of 0 and 2.5V. You will mea-
sure the output-voltage difference, 
approximately 20.0366 mV, and 
the pedestal voltage, approximately 
20.0333 mV, at a repetition rate of 
1.762 kHz. The value of the residual 
effective charge injection, QINJ, into 
the hold capacitor, CH52 nF, is QINJ5 
CH3VINJ. The value is negative and 

doesn’t exceed 275 fC. The follow-
ing equation defines the difference 
of charge injection within the 2.5V 
range of input voltage: DQINJ5QINJ 
(2.5V)2QINJ(0V) and yields a value 
of 26.7 fC. The following equation 
determines the residual effective 
leakage current from the acquired 
values of peak voltage drop at a rep-
etition rate of 160 Hz: ILEAK5CH3 
VDROPPEAK3fREP, where ILEAK is the 
leakage current. A leakage current at 
the input voltage of 0V is approxi-
mately 17 pA, and a leakage current 
at the input voltage of 2.5V is ap-
proximately 217 pA.EDN

R e fe R e n ce
1  “Low Capacitance, Low Charge 
Injection, 615 V/112 V iCMOSTM 
Quad SPST Switches,” Analog Devic-
es Inc, 2005, www.analog.com/en/
switchesmultiplexers/analog-switch 
es/adg1212/products/product.html.

Add hysteresis  
to a voltage comparator
luca Bruno, itiS Hensemberger Monza, lissone, italy
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The circuit in this Design Idea 
was originally designed to detect 

damaged conveyor belts in the mining 
industry. Thin coils are embedded in 

the conveyor belt. If the belt suffers 
damage, it stretches at the affected lo-
cation, causing one or more coils to 
break. The method for detecting the 

broken coil is to allow a “sensing” coil 
to magnetically couple with the pass-
ing coils in the belt, thus changing the 
total inductance of the magnetic pair. 
The sensing coil is part of an LC oscil-
lator (Figure 1). When an intact coil 
passes the sensing coil, the frequency 
of the oscillator changes. If the con-
veyor belt moves at a fixed speed, the 
frequency of the oscillator modulates 

designideas

precision voltage reference that 
powers a resistor divider (not 
shown) or by driving the inputs 
with DACs if you need a digitally 
programmable comparator. The 
circuit’s high input impedance 
facilitates this task. Because of 
its hold state, the latch nullifies 
the effects of frequent switching 
on the comparator’s outputs due 
to noise on the input signal. The 
circuit thus acts as a Schmitt 
trigger even if there is no posi-
tive feedback. The latch intro-
duces a propagation delay that’s 
normally a few tens of nanosec-
onds and is negligible in low- to 
medium-speed applications. Be-
cause the latch has complemen-
tary outputs, the circuit provides 
a noninverting characteristic on 
the Q output and an inverting 
characteristic on the Q output 
(Figure 1a and b).

Some integrated latches have 
only the Q output. If you need 
an inverted output, you need 
only to exchange the compara-
tor outputs with the latch inputs 
for both circuits; the upper com-
parator drives the reset input, 
and the lower comparator drives 
the set input. You can use open-
collector or open-drain compar-
ators to process bipolar or posi-
tive signals higher than the sup-
ply voltage of the latch. You can 
easily interface them without 
using clamping diodes. You must 
add only a pullup resistor that 
the logic supply powers.

The circuit uses IC1, an STMicro-
electronics (www.st.com) dual micro-

power comparator with a push-pull 
output stage. In this case, the supply 

voltage must be the same as that for 
the latch.EDN

Broken-coil detector is  
simple yet robust
Juan Pablo Caram, Santiago, Chile
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at a fixed rate. When a broken coil 
passes the sensing coil, there is more 
time between modulations (and this is 
what you want to detect).

The oscillator doesn’t generate a pure 
sine wave and is power-hungry but sta-
ble. It oscillates over a large range of 
LC pairs, even with a low quality fac-
tor and with almost any transistor. The 
amplitude is flat across a large band-
width. The frequency is 1/(2p=L1C1), 
where L1 is the inductance of the sens-
ing coil. R2 represents its resistance. L2 
and switch S1 represent either undam-
aged or broken coils in the conveyer 
belt. When S1 is closed, the coils are 
undamaged, and when S1 is open, the 
coils are broken. When the coupling 
between the sensing coil and a con-
veyor coil is perfect, it is equivalent to 
having the two connected in parallel, 
which would reduce the total induc-
tance and increase the frequency of  
oscillation.

The problem now becomes how to 
detect different frequencies by imple-
menting an FM demodulator or fre-
quency-to-voltage convert-
er. An easy way to accom-
plish this task is to pass the 
signal from the oscillator 
through an appropriately 
tuned lowpass filter. If the 
frequency range of the os-
cillator lies at the begin-
ning of the roll-off, a higher 
frequency causes higher at-
tenuation. At this point, an 
FM waveform has become 
an AM waveform, which 
you can easily demodulate 
using envelope detection.

Figure 2 shows a trivial RC lowpass 
filter comprising R5 and C2 and driv-
ing the envelope detector comprising 
D1, R6, and C3. To find out whether 
the sensing coil couples to an external 
coil, you can check at the output of 
this circuit to see whether the voltage 
is above or below a certain threshold. 

You can experimentally determine the 
best value for the threshold. You can 
perform the comparison with an ana-
log comparator or with a microcon-
troller after digitizing the signal. This 
last method would allow you to mea-
sure the time since the most recently 
detected undamaged coil passed. Fig-
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ures 3 and 4 show a simple and reli-
able analog method, using the enve-
lope signal, to detect that a bad coil has 
passed. The output from the envelope 
detector contains ripple, so lowpass fil-
tering allows a more precise discrimi-
nation in frequency. In this example, 
the filter in Figure 3 makes the ripple 
insignificant without deteriorating the 
frequency response of the system.

The output of the filter then feeds 
into the comparator (Figure 4). R14 
sets the threshold, which should be 
at the midpoint between the gener-
ated voltages with and without an ex-
ternal coil coupled to L1. D2, C6, R12, 
and comparator IC6 behave as a count-
down timer set to a time slightly longer 
than the period between passing coils. 
C6 quickly charges to a maximum volt-
age when a good coil passes and then 
slowly discharges. If the time between 
(sensed or detected) consecutive un-
damaged coils is below a certain max-
imum, the voltage across C6 should 
never go below the threshold that R15 
sets, thus keeping the output of IC6 low 

and lighting LED D3. If a damaged coil 
passes, the oscillator’s frequency should 
remain the same, allowing the voltage 
across C6 to drop enough to trigger the 
comparator, turning off the “all-good” 
light.

In a real-world application, you 
should latch the output to ensure that 
the operator notices the alarm con-
dition. The circuit could simply shut 
down the power to the conveyor belt, 
allowing immediate repairs and indi-

cating where the fault occurred. The 
circuit uses just a few common com-
ponents with large tolerances on their 
values. Its use of transistors, op amps, 
discrete linear and nonlinear compo-
nents, oscillators, filters, demodulators, 
converters, and magnetically coupled 
circuits make it an excellent teaching 
resource. It even gives some insight 
into how modern proximity-card tech-
nologies, such as RFID (radio-frequen-
cy identification) work.EDN
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Many video devices, such as 
the Analog Devices (www.ana 

log.com) ADV7179 DAC, have ana-
log-baseband-TV interfaces for PAL 
(phase-alternating-line) and NTSC 
(National Television System Commit-
tee) video signals. Unfortunately, these 
kinds of DACs accept video in inter-
laced-image format only, but you may 
need progressive-scan video instead. 
Furthermore, many of the progressive-
scan images vary in size, which makes 
it more difficult to convert a progres-
sive-scan image to an interlaced image. 
Therefore, you need a universal and ef-
ficient image buffer, such as SDRAM 
or DRAM, as a strategy for separating 
the image field.

Figure 1 shows the timing for a typi-
cal progressive-image data format. The 
upper four signals include the progres-
sive-image source, including a frame-
synchronization signal, a line-synchro-
nization signal, a signal, and a pixel 
clock with pixel-image data. The lower 
two signals are the frame-synchroni-
zation signal, which contains many 
line-synchronization signals when the 
frame-synchronization signal is high, 
and the line-synchronization signal.

The pixel clock writes the progres-
sive-image data into FIFO (first-in/
first-out) memory. A higher-rate data 
clock can then write the data into 
RAM when each line-synchronization 
signal is low. This procedure ensures 

that the progressive-image data will 
correctly write into SDRAM regardless 
of how the pixel clock changes because 
of the various progressive-image data 

sizes. When the RAM 
write-enable signal or 
RAM read-enable sig-
nal is high, the system 
writes data into or reads 
data from SDRAM.

Figure 2 shows the 
frame-synchronization  
signal of progressive-
image data and the 
frame-synchronization 
signal of interlaced-
image data. The write-
new-data and read-old-
data enable signal exe-
cutes at every line-syn-
chronization signal of 
the progressive-image 
data when at a low level 
and at every frame-
synchronization signal 
when at a high level. 
You can execute the 
read-old-data enable 
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Strategy processes video in RAM

Figure 1 The pixel-clock signal puts image data into FIFO memory, which later synchronizes 
and goes into system RAM.
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Test applications may call for 
a rectangular waveform having 

a precision duty cycle higher or lower 
than 50%. The circuit in Figure 1 is 
a free-running generator using just two 
ICs that produces rectangular-wave-
form duty cycles of both 25 and 75%. 
It holds the duty-cycle accuracy regard-
less of the duty-cycle accuracy from the 
signal source, an oscillator circuit com-
prising a Schmitt-trigger input NAND 
gate, IC1A. Flip-flop IC2A divides the 
oscillator’s frequency by two at its Q1 
and Q1 outputs. Flip-flop IC2B func-
tions as a modulo-two divider clocked 
from the Q1 output of IC2A. Thus, IC2A 
and IC2B divide the oscillator’s output 
by four.

NAND gates IC1B and IC1C generate 
the output waveform from the Q1 and 
Q2 signals. Figure 2 shows the output 
from NAND gate IC1B. You can gener-
ate the 25% duty cycle by simply re-

designideas

signal only when the frame-synchroni-
zation signal is low, however. This sce-
nario occurs when there are no valid 
image data in this period. Figure 3 
shows the data flow of the SDRAM-ac-
cessing procedure. A frame may, for ex-
ample, contain 15 rows, in which you 
define the row data to count from 00 
to 0e. Image data for odd rows are one, 

three, five, seven, nine, 11, 13, and 15, 
and image data for even rows are two, 
four, six, eight, 10, 12, and 14.

By using this SDRAM-accessing 
strategy, you can generate the in-
terlace data and synchronize it with 
the frame-synchronization signal of 
the original progressive data. Thus, 
you need not worry about image size. 

Moreover, it can easily tune the in-
terlaced-image data timing, chang-
ing the number of blank rows, with-
out changing the write-into- or read-
from-SDRAM sequences. You need 
to decide only which line-synchro-
nization signal in low-level periods 
reads the old image data from the 
SDRAM.EDN

Rectangular-waveform generator 
produces 25 and 75% duty cycles
Marián Štofka, Slovak University of technology, Bratislava, Slovakia
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You may lack experience and 
hardware when designing bat-

tery-operated products. The battery 
life of a product can depend more on 

the ESR (equivalent series resistance) 
than the terminal voltage. This situ-
ation is especially true when you use 
switching regulators to boost the bat-

tery voltage. The switching regulator 
creates a higher load as the battery 
voltage decreases. The ESR of a real 
battery is not constant. When you 

designideas

placing the waveform that IC1B outputsoutputs 
with the one that gate IC1C outputs. If. If 
the active level is low instead of high, 
you can simply interchange the out-
puts of IC1B and IC1C.

The repetition frequency, 1/TREP, 
of the oscillator employing IC1A is al-
most independent of the supply volt-
age within the range of 3 to 5V because 
both the positive and the negative 
thresholds of the input CMOS Schmitt 
trigger are roughly proportional to the 
supply voltage. Rough analysis gives a 
repetition frequency of approximately 
2.7/t, where where t5RC, the time constant, the time constant 
of the RC circuit around gate IC1A. 
Further, the oscillator’s waveform duty 
cycle is approximately 46.3%.EDN

Battery simulator has variable ESR response
Barry Galvin, Grae llC, Simi valley, Ca
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remove a battery load, it reacts and 
“heals” as its ions rediffuse. Portable 
electronics may include a low-power 
or a sleep mode. The device takes short 
high-power pulses from the battery.

The battery simulator in this De-
sign Idea duplicates a battery’s ESR-
response curve. If you place different 
values in the feedback network, you 
can obtain various ESR curves. The 
circuit simulates most battery types, 
including lithium ion and alkaline. 
It supplies 0.5 to 4.2V at several am-
peres to the device under test, and 
it can simulate the ESR of a variety 
of battery types. You can change the 
delay to the final value of ESR by set-
ting the ESR potentiometer. Some 
battery types exhibit this unique 

characteristic. It has a large influ-
ence on the delivery of pulsed cur-
rent to a load.

In the circuit, IC1 supplies a stable 
voltage, setting the unloaded out-
put voltage (Figure 1). IC2 provides 
the necessary inversions for the ESR 
function. IC3 and Q1 form a power-
output stage that receives a voltage of 
8V. Resistor R8 limits the power. IC4 
senses the output current through R9 
and provides a gain of 20. This signal 
goes to the ESR timing circuit, pro-
viding both the ESR effect and the 
response timing.

You can simulate battery chemis-
tries and sizes by varying the compo-
nent values. If you omit C4 and replace 
RESR1 through RESR4 with one 100-kV 

resistor, only the basic ESR function 
results. Figure 1 omits power and by-
pass capacitors.

Applying a 1A load pulse without 
the capacitor in the feedback network 
causes the simulator response to close-
ly follow the response of a 2000-mAhr 
lithium-ion 18650 battery (Figure 2). 
You can also add the capacitor to the 
feedback network to make the simula-
tor better represent the response of a 
small, 200-mAhr lithium-ion battery 
(Figure 3). With proper adjustment 
of the circuit, you can produce many 
response curves. You can download 
National Instruments’ (www.ni.com) 
LabView software and the voltage-ESR 
curves of selected battery types from 
Grae LLC (www.graellc.net).EDN

Figure 2 With no feedback capacitor, the simulator closely 
matches the response of a large lithium-ion battery.

Figure 3 Adding capacitive feedback causes the simulator 
to act like a much smaller battery.

This Design Idea describes a 
simple LED-lighting-effects cir-

cuit comprising only five chips and 
costing only a few dollars. When you 
first observe the circuit in action, you 
will think that it uses a PIC (periph-
eral-interface-controller) chip requir-
ing you to program hundreds of lines 
of code to generate the lighting effects. 
You can view the lighting effects in a 
video with the Web version of this De-
sign Idea at www.edn.com/100318dia.

The circuit comprises seven func-
tional blocks (Figure 1). IC1 is an 
LM556, which has two 555 timers in 
one package. The first timer produces 
the main clock frequency of approxi-
mately 0.105 Hz. It toggles high to low 
approximately every 10 seconds. The 
polarity of the clock’s signal chang-
es the frequency of the VCO (volt-
age-controlled oscillator) that makes 
up the other half of IC1 from low to 
high. Resistor R2 and capacitor C2 set 

the clock frequency. Changing either 
component changes the frequency.

The output from the first 555 timer 
feeds the control voltage input on 
the second 555 timer, letting it func-
tion as a VCO whose output frequen-
cy ranges from approximately 10 Hz 
when the first 555 timer output is 
high to approximately 33 Hz when 
the output is low. Components R4 
and C3 set the VCO’s frequency, and 
R6 and C4 control the smooth transi-

Create LED-lighting patterns without a controller
Jeff tregre, www.BuildingUltimateModels.com, dallas, tX
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tion of the VCO from 10 to 33 Hz.
LED3, C5, and R8 act as a self-start 

circuit. Without it, you would need to 
add a pushbutton switch to toggle the 
data input of IC3A from low to high 
during start-up. IC2, a CD4070 quad 
exclusive-OR gate, acts as a pseudoran-
dom-data generator. This circuit gives 
the illusion that bits of data span the 
bar graph.

IC3 and IC4 are CD4015 four-stage 
shift registers cascaded together. The 
data bits span the bar-graph displays 
in sequence from Output 1 to Output 
16. IC5, an LM555 timer, produces 
Clock 2’s frequency of approximate-
ly 0.144 Hz. The inverse of this fre-
quency toggles high to low approxi-
mately every 7 seconds, feeding the 
gates of N-MOSFET Q1 and P-MOS-
FET Q2, which act as the red/blue/vi-
olet LED-display driver. Clock 2 tog-
gles high, enabling Q1 and giving the 

blue LEDs a source to 
ground.

When Clock 2 tog-
gles low, Q2 turns on, 
giving the red LEDs a 
path to ground. C6 and 
C7, together with R9 
and R10, respectively, 
act as a slow discharge 
circuit on the gates of 
the MOSFETs, keep-
ing them on for ap-
proximately 2 seconds 
longer than Clock 2’s 
pulse. The delay lets 
both the blue and the 
red LEDs be on at the same time for 
approximately 2 seconds and produces 
the color violet. This circuit uses N- 
and P-channel MOSFETs from ST-
Microelectronics (www.st.com), but 
any general-purpose MOSFET should 
work. Just make sure that each one can 

handle at least 0.5A.
The four-segment 

red/blue-LED bar-graph 
displays are unique. 
Each bar-graph display 
comprises one red and 
one blue LED in the 
same bar (Figure 2). 
Each LED has its own 
anode and cathode 
connections, thereby 
keeping this circuit 
simple without the 
need to add extra tran-
sistor drivers for each 
LED. You’d have to add 

them if their anodes, cathodes, or both 
were connected. This circuit requires 
four bar-graph displays. If you install 
any of the LED bar graphs backward, 
you will see the second color displayed, 
so that, if you were expecting red, you 
would get blue, and vice versa.EDN

Figure 2 The bar graphs 
have both red and blue 
LEDs; turning on both 
yields violet.
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Stepper motors need bidirec-
tional control in automatic 

machines or robotic applications. 
The circuit in Figure 1 lets you con-
trol bipolar stepper motors and run 
them in both rotations. You can use 
the circuit in automatic devices and 
as an evaluation circuit for testing 
stepper motors. The circuit comprises 

clock oscillators IC3A and IC3B; a bidi-
rectional, two-phase translator using 
an SN74HC74D dual flip-flop, IC2, 
with a directional selector, IC3C and 
IC3D; and a push-pull L293DD chan-
nel-driver, IC1. The circuit needs one 
power source, which depends on the 
stepper-motor specification. You can 
use a step-down voltage regulator to 

provide 5V dc. In many applications, 
an L7805A voltage regulator is suit-
able. Switch S2 turns the motor on, 
and switch S1 controls the motor’s di-
rection. Both signals can come from a 
sensor or a circuit with an open-col-
lector output.

A circuit surrounding transistor Q1 
starts the motor. A forced starting is 
necessary because generators that em-
ploy two CMOS or TTL inverters 
are sometimes unstable after power-
ing and can oscillate at a frequency 
of approximately 18 MHz. Thus, you 
need a delay after applying power to 

Control stepper motors  
in both directions
vladimir rentyuk, Modul-98 ltd, Zaporozhye, Ukraine
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the circuit before send-
ing the “on” command. 
The delay must be at 
least 100 msec, but a 
delay of a few millisec-
onds is best. Capacitor 
C5 eliminates the nega-
tive influence of bounce 
from S2’s contacts. The 
rotation of a rotor of 
the stepper motor be-
gins when S2 presents a 
low level to Point A. C5 
is unnecessary if a low-
level signal from a cir-
cuit with an open col-
lector comes to Point 
A—but not mechani-
cal switches or buttons. 
Switch S1 can be any 
suitable signal, such as 
that from a safety stop 
switch with a timer, 
trigger, or any open-collector output 
that connects to Point B. LED D1 is a 
step indicator in “on” mode.

The speed of rotation of a stepper 
motor depends on its specification 
from a step angle of the stepper motor 

and the frequency of the clock oscilla-
tor. Figure 2 shows a timing diagram of 
the reversal mode of the circuit.EDN
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LEDs find wide use in emergen-
cy lighting because of their high 

efficiency and control simplicity. The 
circuit in Figure 1 provides a highly 
efficient and reliable design for emer-
gency LED lighting at 3 to 6W. The 
circuit’s input is 12V ac, which the full-
wave bridge rectifies and one or two 
capacitors filter into dc. The battery 
(not shown) is a 12V lead-acid type. 
IC1 compares the battery voltage to 
the supply voltage. When the rectified 
voltage drops below the battery volt-

age, the battery takes over to provide 
LED power.

The circuit has some small switch-
ing losses, which should be acceptable 
as long as IC2, a 12V PB137 battery-
charging circuit from STMicroelec-
tronics (www.st.com), keeps the bat-
tery from draining.+ If this switch-over 
is unacceptable, add a 470-mF electro-
lytic capacitor to filter the input volt-
age to maintain a certain level above 
the battery voltage. Note that adding 
this capacitor lowers the power factor. 

To get 12V ac, you can use an elec-
tronic transformer. These transformers 

Efficient LED power supply has 
battery backup

Figure 1 This circuit converts ac voltage to dc voltage, charges a battery, and drives LEDs from the ac source or the 
battery.
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provide 12V at a higher frequency, so 
a 10-mF capacitor can hold the voltage 
high as well as provide a high power 
factor.

IC1, a Linear Technology (www. 
linear.com) LTC4412, controls two 
external PFETs that create a near-ideal 
diode function for switching between 
ac and battery output. The PFETs’ 
voltage drop is only about 20 mV com-
pared with a normal 0.7V diode-volt-
age drop. Pin 5 is low when ac power 
is off, so you can use this pin to turn 
on a warning LED through another 
PFET. IC2 has an internal current limit 
of 1.5A. Resistor R1 limits IC2’s input; 
when the current reaches a certain 
level, Q4 turns off the charging circuit. 
This IC does not require reverse-diode 
protection.

IC3, an LT3517 LED driver from 
Linear Technology, acts as an invert-
ing buck-boost converter because the 
input can range from 8 to 17V for rec-
tified ac. R10 sets up the LEDs’ current. 
Because the voltage drop from each of 
the three LEDs varies from 3 to 4V, the 
IC’s output voltage can be higher or 
lower than its input voltage if all 300-
mA LEDs connect in series. 

By connecting a resistor divider, in-
cluding a photocell, to the analog-dim-
ming pin, Pin 8, you can achieve some 
dimming, which results in some power 
savings at higher ambient light. You 

can use IC1’s Pin 5 to turn on a tran-
sistor or an optoisolator to pull IC3’s 
control-pin voltage lower if you need 
to dim the LED when ac power is out. 
Resistor R7 programs IC1 to operate at 
1 MHz. The circuit’s efficiency is 82% 
when you power it directly from the ac 
power supply and about 70% from an 
electronic transformer.

With a few minor changes to the 
circuit, you can add LEDs. For exam-
ple, you can use Linear Technology’s 

LT3518, which is a pin-to-pin-com-
patible version of the LT3517 but with 
a higher switching-current limit. You 
may need to adjust the feedback-re-
sistor pair R8 and R9 for higher out-
put voltage. You may also need more 
input-filtering capacitance to hold up 
the voltage. 

Tests show that the circuit can 
power as many as six LED in se-
ries. Figure 2 shows the circuit in  
operation.EDN

Figure 2 LEDs provide enough light for emergency lighting.

The linearity of triangular 
waveforms makes the triangu-

lar-wave generator useful in sweep cir-
cuits and test equipment. For example, 
switched-mode power supplies and in-
duction motor-control circuits often 
include a triangular-wave oscillator as 
part of their PWM (pulse-width-mod-
ulation) circuit. 
The basic triangular-wave generator in-
cludes an integrator for generating the 
triangular-wave output and a compara-
tor with external hysteresis, such as a 

Schmitt trigger, for setting the output 
amplitude (Figure 1). You can imple-
ment these components with a Maxim 
(www.maxim-ic.com) MAX9000 IC, 
which includes a high-speed opera-
tional amplifier, a 185-nsec compara-
tor, and a precision 1.23V bandgap  
reference.

The integration of a constant cur-
rent, which you obtain by applying 
constant voltage across a resistor, pro-
duces a linear ramp at the op amp’s 
output. This output feeds a Schmitt 

trigger whose output feeds back to the 
integrator resistor. Abrupt state chang-
es in the Schmitt trigger’s output deter-
mine the peak voltages for the triangu-
lar-wave output. These changes in turn 
depend on the input threshold voltages 
you set for the Schmitt trigger.

Unfortunately for this circuit, the 
triangular-wave peaks must be sym-
metrical about the reference voltage 
you apply to the comparator’s invert-
ing input. To generate a triangular 
wave from 0.5 to 4.5V, for example, 
you must provide a reference voltage 
of (0.5V14.5V)/252.5V. 

It would be preferable to set this 
voltage range independently of the 
standard bandgap-reference voltage 

Single IC forms precision 
triangular-wave generator
akshay Bhat, Maxim integrated Products inc, Sunnyvale, Ca
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available, 1.23V. You can achieve this 
flexibility by adding resistor R3 to the 
hysteresis network in a single-IC ver-
sion of the circuit (Figure 2). R3 lets 
you set the triangular-wave peaks inde-
pendently of the reference voltage.

To build the Schmitt-trigger compar-
ator, you first select R2. The compara-
tor’s input-bias current at CIN1

 is less 
than 80 nA. To minimize the error this 
current causes, the current through R2, 
[(VREF2VOUT)/R2], should be at least 8 
mA. R2 requires two equations, corre-
sponding to the two possible compar-
ator-output states: R25VREF/IR2, and 
R25(VDD2VREF)/IR2. 

Use the smaller of the two resulting 
resistor values. For example, if the sup-
ply voltage is 5V, the reference voltage 
is 1.23V, and the reference current is 8 
mA, the two R2 values are 471.25 and 
153.75 kV, so this circuit uses the stan-
dard value of 154 kV.

Next, select R1 and R3. During a ris-
ing ramp, the comparator output is 
logic low (VSS). Similarly, the compar-
ator output is at logic high (VDD) dur-
ing a falling ramp. Thus, the compara-
tor must change state according to the 
required peak and valley points of the 
triangular wave. 

Two simultaneous equations result 
when you apply nodal analysis at the 
noninverting input of the comparator 
and solve for these two thresholds:

and

In this example, the voltage range of 
the triangular wave is 0.5 to 4.5V. You 
therefore substitute a value for VIH of 
4.5V, VIL of 0.5V, VDD of 5V, and VREF 
of 1.23V into the above equations to 
obtain a value of 124 kV for R1 and 
66.5 kV for R3.

You can now design the integra-
tor. Considering the comparator’s 
two possible output states, the magni-
tude of current flowing through R4 is: 
IR45(VDD2VREF)/R4, or IR45VREF/R4. 
The op amp’s maximum input-bias 

current is 2 nA. To minimize error, 
therefore, the current through R4 must 
always be greater than 0.2 mA. This 
constraint implies that R4’s value is less 
than 6.12 MV.

The triangular-waveform frequency 
is:

For this example, the frequency is 25 
kHz, the output voltage is 4V p-p, or 
0.5 to 4.5V for a triangular wave, and 
the reference voltage is 1.23V. Solv-
ing for the resulting time constant, 
R4C59.27 msec. Select a capacitance of 
220 pF and a value of 42.2 kV for R4.

The resulting output should match 
the desired frequency, provided that 
the op amp is not slew-limited. Be-
cause the feedback capacitor charges 
or discharges with a constant current, 
the output signal’s maximum rate of 
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change is:

To provide a margin against process 
variations, the op amp’s typical slew 
rate should be 40% higher than the 
maximum rate of change of the output 
signal—0.56V/msec or greater in this 
case. The op amp’s slew rate is 0.85V/
msec, which is therefore adequate for 
this 25-kHz waveform (Figure 3).EDN

R e fe R e n ce
1 Terrell, David L, Op Amps: Design, 
Application and Troubleshooting, But-
terworth-Heinemann, 1996.

Figure 3 The op amp’s slew rate is 0.85V/msec, which is therefore adequate 
for this 25-kHz waveform.
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The circuit in Figure 1 shows a 
PWM (pulse-width-modulated) 

ramp generator that you can use in low-
cost switch-mode dc/dc power supplies. 
Its supply voltage can range from 5 to 
35V dc, and you can set the output-
ramp amplitude of 0.3 to 1V. You can 
also set a minimum off time that lets 
you set a maximum 50% duty cycle for 
magnetic components that need duty-
cycle limiting.

The ramp generator (Figure 1a) uses 
one-half of an LM393 dual compara-
tor. The other half of the comparator 
is available to generate the PWM por-
tion of the converter. The ramp am-
plitude and frequency depend on the 
reference. An ordinary red LED can 
act as a low-cost reference. Its forward 
voltage of approximately 1.7V is rea-
sonably constant over indoor tempera-
ture ranges. The ratio of R1 to R2 sets 
the ramp amplitude relative to the ref-
erence, and R1, R2, and C1 set the min-
imum off time. R3 and C2 establish a 
time constant, which sets the period. 
Note that the R1, R2, and C1 network 
also affects the period. Table 1 shows 
examples of various configurations.

Figure 1b, a 70V-dc upconverter, 
employs the ramp generator. You can 
easily configure it at any output rang-
ing from the highest input voltage to 
whatever the FET can handle. This 

Use a low-cost PWM ramp generator 
in switch-mode power supplies
dwayne reid, Edmonton, aB, Canada
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example uses a 330-mH in-
ductor, but you can easily 
change that value by choos-
ing the appropriate PWM 
frequency. 

Note that the output FET 
does not turn on quickly, and 
it doesn’t need to, but it does 
turn off quickly. You can en-
hance the turn-off speed by 
adding a 2N4403 PNP tran-
sistor between the output 
of the comparator and the  
pullup resistor. Connect the 
base to the comparator, the 
emitter to the FET gate, and 

the collector to ground. 
Add a 100V resistor from 
the base to the emitter.

The circuit has slow 
load-transient response, 
which you can adjust by 
altering the time constant 
that R5 and C3 form. Note 
that R9 and R5 form a volt-
age divider that ensures 
the lowest error voltage 
at the PWM comparator 
is above the ramp’s low-
est point. The converter 
cannot operate without 
R9.EDN

Table 1 examples of configuraTions
frequency 

(Hz)
r3 
(V)

c2 
(nF)

r1 
(V)

r2 
(V)

c1 
(F)

approximate 
duty cycle (%)

500 120k 100 1M 220k 10n 100

700 100k 100 100k 22k 100n 100

62k 4.7k 10 100k 22k 10n 95

100k 4.7k 10 100k 22k 100p 100

200k 2.2k 3.3 100k 22k 3.3n 60

200k 1.8k 10 100k 22k 100p 95

400k 2.2k 1 100k 22k 10p 95

400k 5.6k 2.2 100k 22k 470p 50

Contact debouncing requires 
monitoring an input and wait-

ing for it to stop toggling or at least 
establish that it’s definitely switch-
ing from its initial state. You can use 
either analog or digital filtering plus 
hysteresis to accomplish contact de-
bouncing, but this approach uses a 
lot of resources, including parts, board 
space, and CPU time, when multiple 
inputs need to be conditioned. Alter-
natively, you can either detect just the 
first state change or sample the input 
at least twice as often as the contacts 
can bounce. Sampling at mechanical 
vibration frequencies must be avoided. 
Both methods also require time delays 
to ensure that the contacts have fin-
ished bouncing.

These 1-bit approaches are attractive 
when you must condition multiple con-
tact inputs. The first method requires 
conservative delay setting to avoid re-
suming the edge monitoring before the 
last bounce, and it’s unsuitable for re-

MSP430’s 
port-interrupt-
request logic 
helps debounce 
contacts
richard neubert, Manchester, nH



 
#define SwitchMask 0x01  // Port 1 bit(s) connected to 
switches. 
#define Ndebounce 3  // (# of consecutive checks w/o an edge 
to wait for valid state)-1 
     // (must be nonzero) 
void chk_sw(void); 
static unsigned char debounced_sw; // The debounced switch state(s) 
(output) 
 
void main() 
{ 
 P1DIR = ~SwitchMask; // Set unused pins to output mode, unless 
switched to a peripheral. 
 debounced_sw = P1IES = P1IN; // Init so we catch the first state 
change. 
 P1IFG = P1IE = 0;   // Keep Port 1 interrupts disabled. 
 
 _EINT();   // Set General Interrupt Enable (if 
used). 
 
 while (1) 
 { 
  .   // Main program loop. 
  chk_sw();  // Do this here if loop execution period 
is fixed by a timer, 
  .   // o/w use a timer to run chk_sw(). If 
chk_sw() is made a timer 
  .   // ISR, then debounced_sw will be 
volatile here. 
 } 
} 
 
void chk_sw()     // Port1 interrupt request 
checker, called periodically. 
{ 
 static int db_count = Ndebounce; // Initialize to force P1IES 
update on first pass of chk_sw(). 
 
 if (P1IFG & SwitchMask) 
 { 
  P1IFG &= ~SwitchMask; // Clear the switch interrupt 
flag(s). 
  db_count = Ndebounce; // Must see P1IFG not set for 
Ndebounce+1 passes. 
 } 
 
 if (db_count) 
 { 
  P1IES = P1IN;  // Cock for opposite edge (repeated 
in case we miss an    --db_count;   // edge 
while doing it). 
 } 
 else     // Finished debounce 
 { 
  debounced_sw = P1IES;  // Debounced switch output 
 
  // Can put code here that you want to run only when switch 
inputs are stable. 

#define SwitchMask 0x01  // Port 1 bit(s) connected to switches.
#define Ndebounce 3  // (# of consecutive checks w/o an edge to wait for valid state)-1
     // (must be nonzero)
void chk_sw(void);
static unsigned char debounced_sw; // The debounced switch state(s) 
     //(output)

void main()
{
 P1DIR = ~SwitchMask; // Set unused pins to output mode, unless 
     //switched to a peripheral.
 debounced_sw = P1IES = P1IN; // Init so we catch the first state 
     //change.
 P1IFG = P1IE = 0;  // Keep Port 1 interrupts disabled.
 _EINT();   // Set General Interrupt Enable (if used).

 while (1)
 {
  .   // Main program loop.
  chk_sw();  // Do this here if loop execution period
     // is fixed by a timer,
  .   // o/w use a timer to run chk_sw(). If
     // chk_sw() is made a timer  ISR, then
  .   // debounced_sw will be volatile here.
 }
}

void chk_sw()    // Port1 interrupt request 
     //checker, called periodically.
{
 static int db_count = Ndebounce; // Initialize to force P1IES 
     //update on first pass of chk_sw().

 if (P1IFG & SwitchMask)
 {
  P1IFG &= ~SwitchMask; // Clear the switch interrupt flag(s).
  db_count = Ndebounce; // Must see P1IFG not set for 
      //Ndebounce+1 passes.
 }

 if (db_count)
 {
  P1IES = P1IN;  // Cock for opposite edge (repeated in case we      
  --db_count;  //  miss an edge while doing it).
 }
 else    // Finished debounce
 {
  debounced_sw = P1IES;  // Debounced switch output

  // Can put code here that you want to run only when switch 
  // inputs are stable.
  // If you care about the switch inputs only in this block, you can read the debounced
  // read the debounced state directly from P1IES, no need to save it 
  // in debounced_sw.
 }
}

lisTing 1 inTerrupT-flag cHecKer
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jecting noise. The second method adds 
to the actual bouncing time only the 
delay necessary for bridging the longest 
quasistatic input state during bounce—
not the longest duration of bouncing. 
When you implement this function in 
software, however, it can add substan-
tial overhead for monitoring the input 
for further transitions when the system 
detects a transition.

The Texas Instruments (www.ti.com) 
MSP430-series microcontrollers have 
I/O ports with configurable interrupt 
logic for each bit. You can select the 
rising or falling edge of the bit as the 
trigger. Even with the interrupt dis-
abled, the microcontroller can read 
its interrupt-request flag to determine 
whether an active edge has occurred. 
You can use this technique in place of 
high-rate sampling in software. You 
must periodically check the interrupt-
request flag at a rate high enough only 
to keep the switch response delay to an 
acceptable time. Calling the routine at 
the frequency of a mechanical vibra-
tion isn’t an issue; the interrupt logic 

monitors the switch between calls.
You can use multiple switch inputs, 

provided that the switches either never 
change state simultaneously—for ex-
ample, with a keypad—or you don’t 
mind delaying response to a switch 
until all simultaneously changing 
switch inputs have settled. You would 
lose the sequence of switch operations 
in this case; in the debounced output, 
they would all change at once.

Listing 1 periodically calls function 
chk_sw() to check the interrupt-re-

quest flags and update the output value, 
debounced_sw. The time interval be-
tween calls times Ndebounce should 
be short enough to satisfy the required 
response time after the last bounce 
and longer than the longest time be-
tween transitions when the contacts 
are bouncing. In a noisy environment, 
making the delay too long is counter-
productive because noise transients 
during the delay extend the delay.

If your application has no task to run 
except in response to a switch, it’s fair-
ly simple to make a version in which 
the CPU sleeps with the port inter-
rupts enabled (P1IE5SwitchMask) 
and the P1IES bits set to the last input 
state when there is no switch input ac-
tivity. A port interrupt-service routine 
must respond to the first input change 
to set P1IE50 and set a timer to peri-
odically call chk_sw() until chk_sw() 
resolves the input state. When react-
ing to a brief noise impulse, the CPU 
would wake up once for the port inter-
rupt and Ndebounce11 times to run 
chk_sw().EDN

If yOur aPPLIcatION 
haS NO taSk tO ruN 
excePt IN reSPONSe 
tO a SwItch, yOu 
caN Make a VerSION 
IN whIch the cPu 
SLeePS wIth the POrt 
INterruPtS eNaBLed. 
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The circuit in this Design Idea 
provides a way to convey mixed 

analog and digital inputs into a micro-
controller using one input pin. The out-
put of the circuit connects to a micro- 
controller’s ADC-input pin. The circuit 
comprises a single variable resistor and 
a number of SPST (single-pole/single-
throw) switches (Figure 1). The push-
buttons allow the user to select modes, 
states, or options, and the analog input 
provides a method of conveying an ad-
justable parameter. The implementa-
tion requires you to analyze a parallel 
resistor circuit and a voltage divider. 
If you carefully select the resistor val-
ues, the circuit provides a discernible 
analog input as well as a number of dis-
crete pushbutton-input states.

Selecting the resistor values is a 

multistep process, and a spreadsheet, 
which you can download at www.edn.
com/100422dia, aids in performing the 
calculations. Say, for example, that you 
want 5-kV potentiometer RADJ to pro-
duce a 0 to 100% value into the micro-
controller. Typically, you would map 
the sampled value of 0 to 255 into a 
0 to 100 value to represent a percent-
age. However, by selecting the values 
of bias resistor RBIAS, you arrive at a di-
rect analog input centered on the 0 to 
255 range of the ADC—for example, 
78 to 178.

To compute the appropriate high- 
and low-side bias-resistor values, the 
following equations solve this circuit 
as a simple voltage divider:

Substituting and solving for RBIAS 
and given that the maximum voltage 
reports a value of 255, the maximum 
low voltage reports a value of 78, the 
maximum high voltage value reported 
is 178, and RADJ has a value of 5 kV 
yield the following equation:

The computed value of RBIAS is 
3875V. Using a standard value of 3.3 
kV, the potentiometer’s input rang-
es from 73 to 182. This range yields a 
larger dynamic range than you need but 
allows for a guard range between the 
potentiometer’s values and the push-
buttons’ values. Because the position 
of RADJ affects the overall resistance 
the circuit sees when you press either 
switch, the microcontroller must inter-
pret a range of values for each switch. 
To determine the switch resistance, 
RSW, for either S1 or S2, you use a paral-
lel-resistor network at both extremes of 
the potentiometer’s position.

When you press S1 and RADJ is at the 
maximum position, the effective resis-
tance of the bottom leg of the divider 
is RSW in parallel with the series combi-
nation of RADJ and RBIAS. At the mini-
mum position, the effective resistance 
is RSW in parallel with RBIAS:

Read multiple switches and  
a potentiometer setting  
with one microcontroller input pin

Figure 1 This circuit allows one 
microcontroller pin to read multiple 
switches and a potentiometer 
value.

edn100401di45911    DIANE
(PLACED IN THE 4-8 FOLDER)
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You determine the value when you 
press S1 by evaluating the voltage di-
vider that RBIAS and RRFFMAX form:

Observe that when RADJ is at its max-
imum value and you press S1, it must 
produce a value less than the smallest 
value RADJ produces by itself to unique-
ly determine that you have pressed the 
switch. So the maximum effective re-
sistance, REFFMAX, must produce a value 
less than the maximum low voltage, as 
the following equation shows:

Substituting and solving this equation 
for the switch resistance yields:

Using the spreadsheet to compute 
the switch resistance yields 1558V, 
and you can choose a nominal 1.5-
kV resistor. This selection causes S1 to 
produce a range of 28 to 71 when you 
press it, depending on the potentiom-
eter’s position. Likewise, choosing the 
same value for S2 produces a range of 
184 to 227. These ranges are bands of 
values that you can use to determine 
which switch you pressed regardless 
of the potentiometer’s position. Al-
though selecting symmetrical resistor 

values is not necessary, it minimizes 
the number of calculations you need 
to perform and simplifies the design. 
Furthermore, selecting smaller series 
switch resistors opens the guard range 
between them and the potentiometer, 
which may be desirable if the result-
ing values are too close together. The 
microcontroller uses a small subrou-
tine, Listing 1, which you can down-
load at www.edn.com/100422dia, to 
determine both switch positions and 
the potentiometer’s setting.

The limitation of this technique is 
that you cannot press more than one 
pushbutton at any time. In addition, 
the microcontroller can read the po-
tentiometer’s position only when you 
are not pressing any other pushbut-
tons. This example shows how to use 

two pushbuttons, but the number of 
pushbuttons can vary. Input ranges 
are available for as many as 10 push-
buttons and one potentiometer, all of 
which share the same input pin (Fig-
ure 2). Although the computed rang-
es do not overlap and are unique, it 
is doubtful that your ADC hardware 
can reliably distinguish these bands 
under all circumstances. Choosing 
smaller resistor values keeps these 
bands farther apart, creating a larger 
guard range. 

Using this technique with four 
pushbuttons and one potentiometer 
is well within reason. Experimenting 
with the spreadsheet helps make quick 
work of determining just the right se-
ries-resistor values for each switch and 
its output range.EDN

Figure 2 The circuit can have 10 pushbuttons and one potentiometer.
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Many applications require a 
circuit to perform pulse mod-

ulation and voltage amplification to 
drive a load with a train of impulses. A 
typical application is driving a piezo-

electric generator in a robot. Other ap-
plications include driving small motors 
or LEDs. Echolocation and ultrasound 
visualization use a sweeping-frequen-
cy, or chirp, signal. Nonlinear distor-

tion is not important in these applica-
tions. When you drive a piezoelectric 
load, its natural resonance removes any 
frequency components other than the 
fundamental. This circuit combines a 
modulator and an amplifier into a sin-
gle stage. The compactness of the cir-
cuit makes it appropriate for portable-
system applications.

The load is in series with two switch-
es (Figure 1). The input signal controls 
S2, S3 controls S1, and the modulating 
signal controls S3. This circuit’s mod-

Three-transistor modulator-
amplifier circuit works  
with swept-control frequencies
Horia-nicolai l teodorescu and victor Cojocaru,  
Gheorghe asachi technical University, iasi, romania
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ulation operation is similar to that of 
an AND gate. The switches must have 
internal resistance to dissipate the har-
monics that the resonant load reflects. 
This circuit uses transistors Q1 and Q2 
as switches, although they operate in 
the active region (Figure 2). Their op-
eration resembles that of controlled re-
sistors, and they perform voltage and 
current amplification. You drive Q2 
with a 42-kHz signal that matches the 
load’s resonance. You modulate the Q3 
transistor with a periodic low-frequen-
cy impulse signal. These impulses open 
Q3, which drives Q1 and Q2 toward sat-
uration. When Q3 opens, it drops the 
voltage across the base of Q1, blocking 

the state of Q2. Q1 and Q2 operate con-
jointly; Q1 conducts only when Q2 is 
conducting. You can view this scheme 
as a differential amplifier in which the 
signal in one branch controls the load 
of another branch.

Q2 and Q3 operate over large signals 
yet remain in the active region most of 
the time. The resistor values in the base 
and collector of Q1 are critical. When 
the frequency of the signal is higher 
than the load’s resonant frequency, D1 
protects Q1 from the effects of L1 and 
of harmonics on the LC circuit. The 
collector voltage has a spectrum rich in 
harmonics due to the nonlinear behav-
ior of transistors. This characteristic is 
not a serious disadvantage because the 
resonant load removes the harmonics.

The value of R1 is critical to the cur-
rent and voltage amplification of the 
Q1/Q2 stage. The swing of voltage in 
the collector of Q1 is sensitive to the 
value of R1 (Figure 3). Q1 operates in 
the active mode because its collector 
voltage increases slowly toward the 
maximal value. The significant glitch 
at small collector voltages shows that 
the blocking process partly occurs in 
the active regions of Q2 and Q3. If the 
load impedance varies, the circuit does 
not degrade the impulse shape. This 
situation is true even at twice the load’s 
resonant frequency. The circuit func-
tions with input voltages of 4.5 and 
11V. This voltage range allows you to 
drive the circuit with a 5V microcon-
troller (Reference 1).EDN

R e fe R e n ce
1  Teodorescu, Horia-Nicolai L, “Algo-
rithm for Adaptive Distance Estima-
tors for Echolocation in Air,” Interna-
tional Solid-State Circuits Confer-
ence, 2009, www.adbiosonar.ugal.ro/
ad/content/funding.
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When creating microcontroller 
firmware, you often need to 

work with data arrays. Tables make 
easy work of data arrays, such as those 
for digital-code transformation, correc-
tion for sensor linearity, sophisticated 
calculations, and multiple output orga-
nization. Table 1 shows how you can 
organize data in a table. Outputs A, B, 
and C have values based on the input 
value, V.

When using a lookup table, choose 
the proper microcontroller input and 
outputs. Assign values for input and 
outputs data in Table 2. These data can 
consist of constants in binary, hexadec-
imal, or decimal format or names. For 
names, you should assign a constant 
value to each one. For example:
data1  equ  $0a
data2  equ  $0b
data3  equ  $0c
data3  equ  $0d

Next, put the data from Table 2 in ei-
ther the beginning or the end of ROM, 
which makes the data easy to find. For 
definition of 1-byte data storage, use 
pseudo operators FCB or DB. For stor-
age of data comprising 2 bytes, use FDB 
or DW, as in the following example:

ORG ROM
Vx  FCB  0T,2T,4T,6T
Ax  FCB  data1,data2,data3,data4
Bx  FCB  $aa,$bb,$cc,$dd
Cx  FDB  $1122,$3344,$5566,$7788

Note that commas separate the data. 
Don’t place a comma after the last 
data, or it will be considered as $00.

When working with tables, you 
should always use indexed addressing 
mode. It provides access to data using 
variable addresses. Most microcon-
trollers have two index registers, X and 
H. Register X contains the low byte of 
the conditional address of the operand; 
H contains the high byte. The algo-
rithm of working with tables is straight-
forward. After you detect the input 
value, you should then compare it with 
the table’s input data. The X index de-
termines this value, starting with X50 
and ending with X5N. In this exam-
ple, N54. When you find table data 
equal to the input value, you use the 
corresponding X as an index to load the 
output registers with their values. In the 
case of 2-byte numbers, you should load 
the output registers separately, first with 
a high byte and then with a low one. 
Figure 1 illustrates this process.

The listing of assembler code is 
available from the online version of 
this Design Idea at www.edn.com/
article/100422dib. In the listing, you 
can double-check the table content 
in memory at addresses $F800 through 
$F813. The listing uses Freescale (www.
freescale.com) assembler because most 
of the appropriate applications employ 
inexpensive, 8-bit microcontrollers 
from Freescale’s HC08 Nitron family. 
You can, however, use this approach 
with any type of microcontroller and 
assembly language.EDN

Tables ease  
microcontroller programming
abel raynus, armatron international, Malden, Ma
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Figure 1 You can use a look-up table 
in microcontroller code.

Table 1 OuTpuT values versus inpuT values
input v Output a Output b Output C

V1 A1 B1 C1

V2 A2 B2 C2

. . . .  . . . .  . . . .  . . . .

VN AN BN CN

Table 2 inpuT and OuTpuT values
input v Output a Output b Output C

V1=0T data1 $aa $1122 

V2=2T data2 $bb $3344 

V3=4T data3 $cc $5566 

 V4=6T  data4  $dd $7788 

A low-cost monitor can visu-
ally indicate a process problem, 

such as a failed cabinet fan or other 

high- or low-temperature characteris-
tic. The microcontroller-based circuit 
in Figure 1 provided a simple visual 

indication of both the direction and 
the magnitude of the temperature’s de-
viation from a user-set mean in a sol-
der pot. Using a Microchip (www.mi-
crochip.com) 12F675 controller, the 
coded sequences allow the user to both 
set the mean and scale the range of the 
monitored variation. The application 
uses the controller’s internal clock and 

Monitor alarm and indicator display  
multiple deviation boundaries
william Grill, riverhead Systems, lenexa, KS
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two of the controller’s four ADCs.
Asserting switch S1 on Pin 4 copies 

the input voltage under test from Pin 
7, which becomes the mean value. The 
code then evaluates the input-voltage 
deviation from the mean and applies 

scaled boundaries to a corresponding 
display format. The processor moni-
tors both the input under test and a 
second analog level, on Pin 6, to scale 
the internal deviation/boundary tables. 
It then schedules as many as four se-

quences of one or both LEDs. The 
monitor also asserts an output on Pin 5 
when the measured variation exceeds 
the third tabled boundary.

The circuit provides independent 
positive- and negative-deviation ta-
bles and multiplies the ranges by inter-
preting the voltage on Pin 6, resulting 
in the application of a multiple from 
one to eight on the boundary limits. 
You configure the converter reference 
to use the controller’s VDD voltage. 
Using only 8 bits of the controller’s 
10-bit ADC, the deviation can be as 
small as one step or 1/2563VDD, the 
drain-to-drain voltage. For a 5V ref-
erence, this voltage is approximately  
9 mV. 

Figure 2 shows the boundaries and 
their possible spans, which Pin 6 and 
corresponding display-format num-
bers set (Table 1). Using the provid-
ed minimum value of the deviation/
boundary table, neglecting the error 
that results from the use of the 78L05 
as a reference, and assuming the scal-
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Figure 2 Pin 6 and the corresponding display-format numbers set the boundar-
ies and their possible spans.

Table 1 display-fOrmaT 
numbers and Table-based 
sequenCe
display-format 

number sequence

>5 Green, red/green,  
red/green, red/green

5 Green, green, green/red, 
green/red 

4 Green, red, green/red

3 Green, green, green, red

2 Green, green, red

1 Green

21 Red

22 Red, red, green

23 Red, red, red, green

24 Red, green, red/green

25 Red, red, red/green, 
red/green

,,<<  <5 Red, red/green,  
red/greeen, red/green

ing derived from Pin 6 result in 31, 
the first display-format step, in this ap-
plication, which occurs when the mea-
sured input deviates more than the de-
viation/boundary-table value times the 
scale derived from Pin 6 times 1/256 
times the drain-to-drain voltage equals 
235/25631, or 39 mV.

You can change the display-sequence 
formats for the five positive boundaries, 
beginning in a green-LED flash, and 
five negative boundaries, beginning in 
a red-LED flash, to suit simpler go or 

no/go applications or other needs. The 
circuit may also find a use in airflow or 
other physical-parameter monitors. 

Using the controller’s ADC, you 
can monitor any parameter that you 
can represent with a voltage. You can 
modify the code-based tables to ac-
commodate a variety of other display 
sequences, parameter nonlinearities, or 
error distributions. 

You can download Listing 1, code 
for the error monitor, from www.edn.
com/100422dic.EDN



A previous Design Idea de-
scribes an astable multivibrator 

that gets hysteresis from the positive-
feedback stage using a technique you 
can characterize as positive-capacitive 
feedback (Reference 1). It creates hys-
teresis by a charge transfer to its main 
timing-capacitor. The circuit uses two 
logic inverters to generate complemen-
tary logic outputs. In contrast, the cir-
cuit in Figure 1 uses a single fast ana-
log comparator that has complementa-
ry outputs, thus eliminating the need 
for an additional inverter. 

Comparators such as Analog Devices’ 
(www.analog.com) ADCMP603, IC1, 
have symmetry that results in a very 
low time skew of the transitions at its 

Q and Q outputs that are fractions of a 
nanosecond. Thus, the charge transfer 
to the main capacitor, C, theoretically 
starts immediately at the start of the 
level transition at the Q output, from 
which C is charged through a resistor, 
R. No additional propagation delay 
occurs at any stage besides Q, result-
ing in a further increase in operating 
frequency.

The output frequency of the pulse 
generator in Figure 1 is less sensitive to 
supply voltage variations than a gener-
ator with the ADCMP603, which uses 
the IC’s internal hysteresis. The charg-
ing current of C and the charge-trans-
fer-based hysteresis of the pulse genera-
tor rise almost linearly with the rising 

supply voltage, which results in an out-
put signal’s insensitivity. 

Contrarily, the internal hysteresis, 
which an external resistor sets at the 
comparator’s LE/HYS pin, varies non-
linearly with the supply voltage. If, for 
example, the external resistor’s value 
is 225 k�, the hysteresis has the same 
value of about 36 mV for supply volt-
ages of 2.5 and 5.5V.

At frequencies close to the upper fre-
quency limit of operation, the charge 
injection through capacitor CF is grad-
ual rather than steplike because the rise 
and fall times of waveforms at the Q 
and Q outputs are still of finite value. 
Figure 2 shows an idealized operation 
for the positive peak of voltage at ca-
pacitor C. Although the real voltages, 
VQ and VQ, have somewhat rounder 
“corners,” they resemble those in the 
figure. 

If you assume that the voltage swing 
at capacitor C is considerably lower 
than that at Q and Q, then a rectangu-
lar current pulse, ICF(t), charges capaci-
tor C during a positive-voltage transi-
tion at output Q. The current through 
resistor R, IRF(t), which also flows to 
capacitor C, changes its polarity at 
the midtransition at Q and Q outputs. 
The final current, which charges ca-

MAY 13, 2010  |  EDN  43

READERS SOLVE DESIGN PROBLEMS

EDITED BY MARTIN ROWE
AND FRAN GRANVILLE

designideas
Pulse generator with precision 
output-duty cycle operates at a 
repetition rate beyond 50 MHz

Figure 1 This pulse generator produces time-aligned complementary logic 
waveforms. The duty cycle holds at 50%. 
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pacitor C, is a sum of IRF(t) and ICF(t). 
Although the waveshape of the volt-
age at capacitor C depends on the final 
charging current, it gains in peak solely 
due to ICF(t). 

The following equation calculates 
the added peak:

where �VC is the added peak, 
C1�C�CIN, and C1�1 pF. The added 
peak is independent of IRF(t) due to the 
zero mean value of this current with-
in the level transition at the Q and Q 
outputs. 

For C�10 pF, C1�11 pF, CF�2.2 pF, 
and �VOUT�2.4V, a voltage you derive 
from the equation �VC�0.48V. 

The following equation calcu-
lates the nearly constant part of IRF(t) 
current:

IRF determines the slope, S, of the VC(t) 
waveform in Figure 2, which excludes 
the time interval of level transitions at 
the comparator’s Q and Q outputs. You 
calculate the slope with the following 
equation:

The following equation determines the 
absolute value of peak voltage of VC(t), 
referred to supply midvoltage:

Voltage VC(t) decreases from its peak 
value with a slope of �S. You calcu-
late the time interval, TDESC, when it 
reaches the reference level as:

By evaluating this equation for a tPD of 
approximately 3.5 nsec and R with a 
value of 1 k�, the time interval is ap-
proximately 6.8 nsec.

The following equation calculates 
the total time, when VC(t) is higher 
than the reference voltage, VCC/2:

The symmetry of the ADCMP603’s 
internal circuit architecture, TH, is the 
right half-period of logic waveforms at 
the Q and Q outputs. In other words, 
the duty cycle of the output pulse is 
50%. By evaluating the equation for 
TH, you get 11.4 nsec. Thus,

The circuit’s output frequency is 
56.75 MHz with a power-supply volt-
age of 2.052V. With a supply voltage 
of 3.51V, the frequency changes to 
56.12 MHz. Thus, the relative sensi-
tivity of the output frequency to the 

supply-voltage variation is approxi-
mately 8�10�3/V. You can attribute 
an increase of experimental frequency 
as compared with a theoretical value 
to the fact that, during the estimated 
signal-propagation delay, tPD, the com-
parator’s input overdrive rises gradually 
to about 330 mV, which is more than 
triple the value at which you define 
the propagation delay. You can there-
fore assume a lower propagation delay 
and a higher frequency.EDN

R E FE R E N CE
1  Larson, Robert, “Astable multivi-
brator gets hysteresis from positive-
feedback stage,” EDN, Oct. 22, 
2009, pg 43, www.edn.com/article/
CA6702271.
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You can use the circuit in Fig-
ure 1 to drive a bicolor LED 

with only two leads. This circuit de-
tects the correct closed condition of the 
left and right side bags in a motorcycle 
companion. The bag has two locks that 
you must close for protection. When 
you push the two momentary SPDT 
(single-pole/double-throw) switch-
es, they sense the correct closed bag. 
One bicolor red-and-green LED indi-
cates the bag’s status, with the red color 
showing the open-bag condition. To il-
luminate the LEDs, you must reverse 
the polarity of 
the applied volt-
age to the LED to 
change the color 
(Table 1).

Diodes D1 and 
D2 and resistor R1 
form a discrete 
OR gate. When 
either pushbut-
ton switch con-

nects to 12V, the voltage at Point A is 
positive with respect to Point B. Tran-
sistor Q1 conducts, let-
ting current illuminate 
the red LED. When nei-
ther switch connects to 
12V, neither diode con-
ducts. The base of Q1 
pulls low through R1 and 
R4, indicating that the 
bags are closed. Thus, the 
green LED illuminates as 
current passes through it 
and through R1 and R2. 

The diode, transistor, and resistor val-
ues are not critical, and you can adjust 
them according to your needs. You can 
also replace the bicolor LED with two 
discrete LEDs of different colors placed 
back to back.EDN

Bicolor LED driver uses two leads
Mario Marcoccia, United Circuits, Fort Lauderdale, FL
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Microprocessors, microcon-
trollers, and SOCs (systems on 

chips) often need a reset pulse to ini-
tialize properly. Many of these devices 
also use separate I/O- and core-voltage 
supplies. When you use multiple sup-
plies, you must turn them on in a spe-
cific sequence to prevent the circuits 
from ending up in an unknown state 
or burning out due to unexpected cur-
rent paths. You should also monitor 
the voltages to ensure that the device 
does not come out of reset until both 
voltages settle to levels within the op-
erating-voltage range.

A previous Design Idea presents a 
circuit performing the reset function 
(Reference 1). Unfortunately, this cir-
cuit suffers from a number of limita-

tions. For example, it does 
not monitor the voltage on 
the 3.3V rail. The 3.3V rail 
acts as a reference, so the 
1.8V rail suffers from poor 
monitoring accuracy. Fur-
ther, the reset delay may 
not be present if you se-
quence the power rails in 
the reverse order, and the 
reset pulse has a glitch that 
could cause problems with 
the SOC. Finally, the reset-
delay capacitor may reset 
incorrectly if you rapidly 
cycle power.

The circuit in Figure 1 uses a reset 
IC to provide a glitch-free reset pulse 
with a well-defined pulse width. It ac-

curately monitors both the 3.3 and the 
1.8V rails. You adjust resistors R1 and R2 
to set the monitoring threshold for dif-

Supervise and power-sequence 
an SOC
Eric Schlaepfer, Maxim Integrated Products, Sunnyvale, CA

�
�

�

�

�

3.3V

RESETIN

1.8V

5

3

R1

VCC

C1

R2

�

�

DELAY

GND
SRT

RESET

4

2

1

TO
SOC

IC1
MAX6418UK29�

Figure 1 This circuit provides a microprocessor 
or an SOC with a clean reset pulse.

Figure 1 This circuit detects the correct 
closed condition of the left and right 
side bags in a motorcycle companion.

TABLE 1 LOGIC CONDITIONS FOR THE CIRCUIT
Switches Bicolor LED

Bag condition S1 S2 Red Green

Open 1 1 On Off

Open 0 1 On Off

Open 1 1 On Off

Closed 0 0 Off On
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The circuit in Figure 1 sounds 
an alarm whenever the perime-

ter-protection line—a thin copper wire 
of appropriate length—breaks. You can 
get the thin wire from a used relay coil. 
Place the wire around a tent, a camp-
ing area, or another area. The wire is 
thin and invisible in the dark, especial-
ly when you place it in grass as high 
as 0.5m. Because the wire’s resistance 

is small relative to the 200-k� resis-
tor, the two form a voltage divider that 
keeps the MOS transistor off. When a 
human or an animal intruder breaks 
the protection wire, a transistor switch-
es on and a buzzer sounds. Because the 
blinking LED controls the transistor, 
the buzzer sounds at the LED’s switch-
ing frequency. The protection wire’s re-
sistance can be as great as 33 k�.

The circuit operates at a battery volt-
age as low as 4.8V. In standby mode, it 
consumes less than 50 �A. When the 
buzzer sounds, the circuit consumes 
about 30 mA using a 9.6V battery; 
this value decreases while the battery 
drains. The circuit uses a 9V-dc Varta 
Longlife Extra alkaline battery and op-
erates in standby mode 24 hours a day, 
with a test alarm switching on for 10 
seconds daily. Under those conditions, 
the daily battery voltage drain is 0.02V, 
so you can estimate battery life at about 
eight months while the battery voltage 

designideas

ferent core voltages using the equation 
VTH�1.263�(1�R1/R2), where VTH is 
the threshold voltage. You adjust C1 for 
different pulse widths. You calculate 
C1 using the following formula: C1�
(t�275�10�6)/(2.73�106), where t is 
the desired delay in seconds and C1 is 
in farads.

Two other previous Design Ideas 
present circuits for sequencing the two 
power-supply rails (references 2 and 
3). One circuit requires many compo-
nents to achieve a simple function, and 
the other circuit requires a microcon-
troller-firmware-development tool set. 
A simpler alternative implements a se-
quencing circuit using two ICs acting 
as voltage detectors (Figure 2). This 
circuit is useful when performing ex-
periments to determine the proper se-
quencing order. You adjust R1 and R2 to 
set the sequence delay for each power 
rail. Each IC monitors the voltage on 
the RC circuit and asserts its output 
when the capacitor voltage crosses the 
threshold.

Once you determine a sequence 
order, you can implement the power 
sequencing with a single IC (Fig-
ure 3). This approach monitors the 
output voltage of the previously se-
quenced power supply before enabling 
the next power supply. It also monitors 
the 5V rail. For cost-sensitive applica-
tions, you can devise a passive circuit 
(Figure 4). It works, although the se-
quence delay is not well-controlled 
and the voltages are not monitored. 
In this case, the open-drain output 
from the first supply holds the node 

low until power is good. When the 
open-drain output releases the node, 
C1 charges through R1, asserting the 
active-high enable of the second sup-
ply. You choose R1 and C1 to deter-
mine the sequence delay.EDN

R E FE R E N CE S
1  Ban Hok, Goh, “Reset an SOC 
only when power is ready,” EDN, Dec 

3, 2009, pg 40, www.edn.com/
article/CA6709555.
2  Karmann, Dan, “Circuit provides 
simpler power-supply-sequence test-
ing,” EDN, Dec 3, 2009, pg 44, www.
edn.com/article/CA6709556. 
3  Ban Hok, Goh, “Circuit eases 
power-sequence testing,” EDN, July 
9, 2009, pg 50, www.edn.com/
article/CA6668618.

Circuit may save property and life
Vladimir Oleynik, Moscow, Russia
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different sequencing delays and 
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Figure 3 C1 sets a delay to 
sequence two power supplies.
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declines from 9.6V when the battery is 
new to 4.8V when it is exhausted. If 
there were no alarm switching, the bat-
tery would operate for several years.

The circuit in Figure 2 reduces cur-
rent consumption to less than 0.5 �A 
and lets you use longer protection wire, 
thus enlarging the protected area. The 

protection wire can have resistance as 
great as 3.3 M�, and the circuit still 
works. Thus, you can calculate a pos-
sible perimeter-protection-wire length 
according to the appropriate wire di-
ameter and copper resistance (Ref-
erence 1). Both circuits can stay in 

standby mode for years.EDN

R E FE R E N CE
1  “Reference & Information, AWG 
Cable Description,” American Wire 
Gauge, www.interfacebus.com/
Copper_Wire_AWG_SIze.html.
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Figure 2 Adding a P-channel MOSFET cuts current consump-
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Figure 1 When the perimeter wire breaks, an LED 
lights and an alarm sounds.
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AGC (automatic-gain-con-
trol) amplifiers use the nonlin-

ear characteristics of control devices. 
The magnitude of the real component 
in some of their differential parame-
ters changes depending on variations 
in their dc operating points. A typical 
example is the VA characteristic of a 
silicon PN junction, which results in 
the differential conductance directly 
proportional to the passing dc current 
(Reference 1). In this form of con-
trol, the main problem is the control 

element’s nonlinear transfer charac-
teristic, which causes a relatively large 
degree of nonlinear signal distortion 
once the processed voltage amplitude 
exceeds millivolts (Reference 2).

A photoresistor, which has a VA char-
acteristic that’s linear in a large range 
of voltages, is up to the task. Common 
photoresistors remain perfectly linear 
for signal amplitudes of 100V or more. 
Therefore, the amplification-control 
device can be an optocoupler whose 
controlled element is a photoresistor. 

The circuit in this Design Idea uses a 
radiation source whose spectral char-
acteristic fits the spectral characteris-
tic of the photoresistor, and its radiat-
ed power should, if possible, be a linear 
function of the drive signal. Such op-
tocouplers are commercially available, 
but few have properties good enough 
for this purpose. Common photo- 
resistors have spectral characteristics 
close to the spectral characteristics of 
the human eye, whose peak sensitiv-
ity has approximately a 500-nm wave-
length. So a white or green LED (light-
emitting diode) is a good alternative. 
To obtain the highest possible sensitiv-
ity, this circuit uses a white HB (high-
brightness) LED.

Figure 1 shows the individual com-
ponents of the optocoupler and the as-
sembled device. The optocoupler com-
prises a cylindrical holder that accepts 
a standard 5-mm HB LED from one 
end and a photoresistor at the other 
end. An opaque nonconductive seal 
prevents external light from entering 
the device. The polished metallic inner 
wall of the holder results in minimum 
light loss between the LED and the 
photoresistor. Available off-the-shelf 
photoresistors include the LDR 05, the 
LDR 07, and a standard white, 5-mm 
HB LED type L-53MWC*E, with out-
put-light flux of 2500 mcd at a 20-mA 
drive current (Reference 3).
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feedback to an op amp,  
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Figure 1 A metal tube with an HB LED and a photoresistor forms the optocou-
pler (left). 
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Figure 2 shows the transfer func-
tion of the optocoupler using the LDR 
07-type photoresistor. The output re-
sistance of the device can vary from 
100V to 10 MV with LED-drive cur-
rents from 34 mA to 0.1 mA, respec-
tively. The photoresistor’s linear VA 
characteristic, even for large-amplitude 
signals, lets you use it as the control el-
ement even in situations that require a 
relatively large signal voltage, such as 
when the photoresistor is part of the 
feedback loop of an operational ampli-
fier. Figure 2 also shows that you can 
obtain a variation of linear output re-
sistance over at least five decades with 
a maximum LED-drive current within 
the limits of permitted output current 
of common monolithic operational 
amplifiers.

Such an amplifier can control the 
overall amplification of the system in 
the same range without additional cur-
rent amplification. Due to the photo-
resistor’s linearity, the resulting degree 
of processed signal nonlinear distortion 
is almost solely due to the nonlinear-
ity of the operational amplifier. Within 
the normal operating range, the overall 
linearity of the system improves with 
increasing input-signal amplitude be-
cause the amount of neg-
ative feedback increases 
with increasing signal  
amplitude.

Figure 3 shows the am-
plifier system. The basic 
signal-processing device 
is inverting op amp A1. 
Its inverting connection 
lets you set the absolute 
value of the overall am-
plification from input to 
output to a value small-
er than unity, permit-
ting correct processing 
of an input-signal ampli-
tude even larger than the 
regulated output value. 
Optocoupler IC1 is the 
core component of the 
system, whose output, the 
photoresistor, serves as a 
variable part of A1’s neg-
ative-feedback network. 
At no-signal conditions, 
the LED does not illumi-

nate the photoresistor. Thus, its resis-
tance rises to a high value, which can 
cause dc runaway and the loss of the 
quiescent operating point of A1. Such 
a condition is not harmful in principle 
because the signal path is ac-coupled, 
preventing the dc error value from 
getting any further. When a nonzero 
signal suddenly appears at the input, 
however, A1’s open-loop amplification 
would amplify it, causing a rapid rise in 

LED current. This action would drop 
the optocoupler’s output resistance al-
most stepwise to a value sufficient to re-
store the dc operating point of A1. The 
ac coupling transfers this transient to 
the output, and it may cause problems 
in signal-processing circuits follow-
ing the adaptive amplifier. To prevent 
this effect, you should limit the maxi-
mum value of the feedback resistance 
to a reasonable value, such as 47 MV, 

Figure 2 The optocoupler’s logarithmic response in a feedback loop produces 
a linear amplifier response.
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the value of R6. Because the op amps 
have JFET inputs, the value of R6 can 
be rather high. The value of 47 MV is 
a reasonable compromise, limiting the 
maximum absolute value of voltage 
amplification in A1 to approximately 
82 dB. The limiting factors for select-
ing a value for R6 are the noise and the 
open-loop amplification of A1.

Buffer A2 separates the nonlinear 
load through the rectifying diodes 
from the output signal, thus prevent-
ing the nonlinear load from the recti-
fying diodes from distorting the output 
signal. Diodes D3 and D4 compensate 
the threshold voltage, including its 
temperature coefficient, of rectifying 
diodes D1 and D2. If you do not need 
to set the regulated output-voltage 
amplitude to a value smaller than the 
threshold value that the bias current in 
R4 sets, you can replace D3 and D4 with 
a short circuit and omit R7. You can set 
a larger-than-unity voltage amplifica-
tion in A2 to obtain a regulated out-
put amplitude lower than the thresh-
old that the bias in R4 sets. Just insert 
an additional resistance in series with 
the D3/D4 pair.

The rectifier uses Schottky diodes, 
which have a lower threshold voltage 
than conventional PN diodes. They 
also have a short recovery time, keep-
ing the same rectification efficiency at 
high signal frequencies. The rectifier 
operates as a full-wave voltage doubler, 
providing peak-to-peak rectification 
even for signals with nonsymmetrical 
waveforms. The rectifier output feeds 
to A3, a voltage-to-current converter, 
which drives the LED in the optocou-
pler. A rectification threshold-shifting 
bias-current source connects to cur-
rent-sensing resistor R4. In this case R5 
simulates a current source, setting the 
regulated output-voltage amplitude. If 
the 15V supply voltage isn’t perfectly 
stable, obtain bias current from a sepa-
rate stable source. An opposite-polarity 
diode connects across the optocoupler’s 
input to protect the LED from reverse 
polarization at no-signal conditions.

This LED current-control circuit has 
an important advantage: It permits an 
almost-independent adjustment of the 
attack and release time. You can adjust 
the attack time through variable re-

sistor P1, using a higher value if nec-
essary. You can also adjust the release 
time using P2. The photoresistors used 
have a rather good response speed, and 
the introduced delay at a stepwise il-
lumination variation is acceptable for 
most practical requirements.

Figure 4 shows the overall response 
of the adaptive amplifier system. The 
output signal remains constant at 350 
mV rms 61 dB for input-signal volt-
ages of less than 70 mV rms to more 
than 1.2V rms—that is, over a more-
than-85-dB range. The no-signal out-
put noise is less than 6 mV rms, yield-
ing an SNR (signal-to-noise ratio), or 
processed-signal dynamic range, better 
than 20 dB at the onset of regulation 
in the worst-case condition and im-
proving proportionally with increasing 
input-signal level.

The key parameter this design fol-
lows is its linearity. Because of the 
photoresistor’s linearity and the sepa-
ration of the nonlinear rectifier load 
from the output, the gain control in-
troduces negligible nonlinearity. Thus, 
A1 alone, in principle, determines the 
overall linearity of the system. 

Harmonic analysis of the output sig-
nal at 1 kHz yields higher harmonics 
with amplitudes lower than A1’s noise 
level for all input voltages to 200 mV 
rms and below 275 dB for input volt-
ages to 1.5V rms. The nonlinear distor-
tion becomes noticeable only at large 
input amplitudes exceeding the regu-

lation range of the system, raising the 
second harmonic to 245 dB and the 
third harmonic to 240 dB at 2.5V-rms 
input.

Within the AGC’s range limits, the 
overall transfer linearity improves with 
increasing input-signal amplitude due 
to the increasing degree of negative 
feedback to A1 at increasing input-sig-
nal amplitudes. With a value of 10 kV 
for P1 and 1 MV for P2 and a stepwise 
input-signal variation between 100 
mV and 50 mV rms, the attack and re-
lease times are approximately 0.2 and 
2 seconds, respectively. The recovery 
time from a 1-kHz—more than 10V-
rms input overdrive—to full no-signal 
sensitivity is less than 2 minutes. You 
can adjust all of these time intervals in 
a wide range by varying the values of 
C4, C5, P1, and P2, with P1 setting the 
attack time and P2 setting the release 
time.EDN

R e fe R e n ce s 
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Figure 4 The amplifier system has a constant output from 0.1 mV to 1V-rms 
input.
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Many power ICs use frequen-
cy jitter, which spreads a con-

trol signal’s spectrum, to control EMI 
(electromagnetic interference). If you 
need to add frequency jitter to power 
ICs that control three-phase signals, 
you can use an FPGA and the code in 
this Design Idea, which is available at 
www.edn.com/100527dia. The digital 
three-phase signal sweeps over a 20-
kHz range of 100 to 120 kHz and back 
in 40 steps in 500 msec (Figure 1). 
The basic clock frequency can range 
from 600 to 720 kHz. You can develop 
the three-phase generator using Veri-
log (www.verilog.com) HDL code and 
Altera (www.altera.com) FPGAs. 

The three-phase generator starts 
with a 50-MHz clock and ends with 
three output phases (Figure 2). The 
circuit’s two main parts are the se-
quential frequency-scanning part and 
the three-phase model. The frequency-
scanning part comprises the frequency 
model and Model 2 blocks. The se-
quential frequency-scanning part gen-
erates a frequency of 600 to 720 kHz. 
The three-phase model receives the 
variable clock-period frequency from 
the output of Model 2. One phase pe-
riod comprises six clock periods from 
the three-phase input frequency. The 
relations of phases 1, 2, and 3 are 101, 
100, 110, 010, 011, and 001, respec-
tively, over six clock pulses. Together, 
they construct a three-phase waveform 
with a 1208 phase difference.

Using the source code, you can im-
plement the circuit using the Altera 
FPGA DE2 development tool, which 
has a basic frequency of 50 MHz, to 
control these circuits. The three-phase 
frequency sweeps in 40 1-kHz steps 
from 100 to 120 kHz and back in 0.5 
seconds (Figure 3). The sequential fre-
quency-scanning part generates an 80-
Hz, 20-steps-up/20-steps-down sweep 

designideas

Three-phase digital-
signal generator 
sweeps frequency
yi-Chu liao and Shao-wei leu, 
national taiwan ocean University, 
Keelung, taiwan
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A previously published Design 
Idea describes a practical gadget 

that has the potential to save a lot with 
little investment (Reference 1). How-
ever, the circuit uses 120V line voltage 
and, as such, it is not that convenient 
for many applications. This Design 
Idea describes a portable water-leak 
detector that uses a common 9V bat-
tery for power (Figure 1). The circuit 
consumes less than 10 mA during de-
tection mode, and a 9V alkaline bat-
tery has greater-than-500-mAhr ca-
pacitance. So one battery can last more 
than five years, which is equivalent to 
the battery’s shelf life. When the bat-
tery voltage drops below 6.5V, the de-
tector beeps to indicate that it is time 
to change the battery.

The design uses Maxim Integrat-
ed Circuits’ (www.maxim-ic.com) 

MAX934, an ultra-low-power quad 
comparator with a built-in 1.2V refer-
ence. The chip uses about 6 mA. IC1A, 
R1, and R2 provide water-leakage de-
tection. R1 is the water probe, which 
can be two bare copper wires wrapped 
in a sponge. R1 has high impedance 
when the sponge is dry, so IC1A’s output 
stays high. Once the circuit detects the 
water leak, R1’s value decreases to less 
than a few hundred kilohms, which 
forces IC1A’s output low. Through D1, 
it makes the output of IC1B high.

IC1B, R3, and R4 form a low-voltage 
detector. When the water probe is dry 
and the battery voltage becomes lower 
than 6.6V, the voltage on IC1B’s nega-
tive input is less than 1.2V. Because the 
reference voltage is 1.2V, IC1B’s output 
changes from low to high. So when the 
probe is dry and the battery voltage is 
higher than 6.6V, IC1B’s output is low, 
which forces IC1C’s output high, and 
IC1D’s output stays low.

Either a wet probe or a low-voltage 
battery can force IC1B’s output high, 
freeing a narrow-duty-cycle oscillator 
comprising IC1C, C2, R5, R8, and D3. 
The oscillation period is approximate-
ly 7 seconds, and IC1C’s output is low 
for about 0.3 seconds. That low output 
allows a 2.4-kHz oscillator comprising 
IC1D, C3, and R9 to operate. When the 
circuit detects a water leak or the bat-
tery’s power is low, the buzzer sounds 
for a fraction of a second every 7 sec-
onds. In this way, the warning sound 
can last for a long time before the bat-
tery gets too low. 
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by the internal divider from the 50-
MHz basic frequency. To obtain the 
100- to 120-kHz frequency as the out-
put frequency of the three-phase sig-
nal, you first generate clocks of 600 
to 720 kHz as the input clock of the 
three-phase generator because one of 
the output-phase clock periods should 
be in six equal periods of 608. The fol-
lowing equation shows how to get the 
frequency shift from the basic signal 
frequency:

The first phase starts on the posi-
tive edge of the first period, and the 
second phase starts after two peri-
ods of the input clock at the positive 
edge. The second phase now lags by 
two input clock periods, or 1208. The 
third phase then starts after two more 
input-clock periods. The counter starts 
with a value of 6000 because the period 
of the three-phase model requires six 
clock times, and the sweeping frequen-
cy is 1 kHz. The equation in Figure 3 

shows how the count number derives 
from the 50-MHz clock signal.

The counter increases in value to 
6000 in 0.0125 seconds, or 80 Hz, 
until it reaches 120,000. The count 
then decreases back to 6000. The vari-
able “count” is the input to the Model 
2 block, which generates clocks of 600 
to 720 kHz—the input-clock period 
of the three-phase block. Finally, the 
three-phase frequency changes in se-
quence, counting up from 100 to 120 

kHz and back down to 100 kHz in 1-
kHz steps over 0.5 seconds. Figure 4 
shows the relationships among the 
three phases.

Using this algorithm, you can de-
velop and implement a lightweight, 
low-cost, three-phase signal with a 
1208 relative phase difference and si-
multaneous sweeping on one FPGA 
chip. You can use three lowpass filters 
to create sine-wave signals from the 
outputs.EDN

Water-leak detector uses  
9V batteries
yongping Xia, navcom technology, torrance, Ca
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Resistors R6 and R7 increase IC1C’s 
hysteresis, which lets you use a smaller 
value for C2. R10 and R11 increase IC1D’s 
hysteresis to improve the sound frequen-

cy’s stability. All capacitors are ceramic, 
ensuring low leakage current.EDN

R e fe R e n ce

1  Tregre, Jeff, “Doorbell transformer 
acts as simple water-leak detector,” 
EDN, Dec 15, 2009, pg 48, www.
edn.com/article/CA6711862.
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In power converters, pulse-drive 
circuits transmit the pulses a con-

troller generates to the power transistor. 
Driver circuits must both transmit the 
controller’s switching on/off signals with 
galvanic isolation and provide energy to 
turn the switch on and off and to main-
tain the required on or off state. The re-
quired energy increases with the power 
transistor’s input capacitance, which 
also increases with the power that the 
transistor module manages. Thus, when 

the circuit requires high power, design-
ers typically parallel the power transis-
tors, increasing the input capacitance. 
When you need to operate IGBT (insu-
lated-gate-bipolar-transistor) modules in 
parallel, it is best to share the gate drive 
because using different driver circuits in-
troduces additional variation in turn-on 
and -off times and creates a possible im-
balance between each power module.

The basis of the circuit in Figure 1 is 
an earlier Design Idea (Reference 1). 

The operation of the circuits is basically 
the same as the one in the previous De-
sign Idea, but this one can drive MOS-
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Figure 1 This isolated pulse driver can transmit all duty cycles, even with high-power MOS-FET/IGBT modules that have large 
input-gate capacitance.

Isolated FET pulse driver increases 
power rate and duty cycle
Jaime Castelló, José M Espí, and Rafael García-Gil 
University of Valencia, Spain
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FETs or IGBTs with input capacitances 
higher than 5 nF. This circuit provides 
full galvanic isolation and requires no 
floating power supplies; it can transmit 
duty cycles that approach 100%.

This circuit adds transistors Q6 and Q7 
to the circuit in the previous Design Idea. 
Transistors Q1, Q2, Q3, and Q4 are now 
higher power because they can manage 
a larger current depending on the tran-
sistor they need to drive. Transistors Q1 
and Q2 are BUZ71 units, Q3 and Q4 are 
BUZ171 devices, and Q6 and Q7 are  
ZNV2106s. The differentiator circuits, 
C1/R1 and C2/R2, generate 1-μsec-long 
pulses, and you do not apply them di-
rectly to the gates of the Q1 and Q2 tran-
sistors, as in Reference 1, but to tran-
sistors Q6 and Q7. Although the input 
capacitances of Q1 and Q2 are nearly 
700 pF, the input capacitances of Q6 
and Q7 are approximately 75 pF, ensur-
ing that the narrow pulses will transmit  
properly. 

During the rising edge of the drive-
control signal, Q7 turns on, and its cur-
rent starts charging the input capaci-
tance of Q2 through the on-resistance 
of Q7. Because Q7’s on-resistance is only 
a few ohms and no additional drain re-
sistance exists, the charging process of 
Q2’s input capacitance becomes fast, al-
though its input capacitance is high.

As the gate voltage of Q2 increases, 
the gate-to-source voltage of Q7 de-
creases, and the transistor turns off. As 
a result, the narrow pulses that the dif-
ferentiator circuit generates transmit to 

transistors Q7 and Q2 through coupling 
transformer T1 to transistor Q3, which 
charges Q5’s gate-to-source input capac-
itance. The same process occurs with 
Q6, Q1, and Q4 during the falling edge of 
the drive-control signal to discharge Q5’s 
gate-to-source input capacitance.

With potentiometer P1, you can con-
trol the discharge time of Q1 and Q2 and 
thus adjust the offset of the drive signal 
you apply to the power transistor. Be-
cause Q6/Q1 and Q7/Q2 transmit narrow 
pulses and have fast rising and falling 
edges, you can obtain a great duty-cycle 
variation even for high switching fre-
quencies. You can control the duty cycle 
from 2 to 98% with a 20-kHz switching 
frequency. The circuit’s compact design 
lets you mount it close to the power 
module, which minimizes parasitic  
elements.

Figure 2 shows the driver prototype 
for a 10-kW/20-kHz three-phase power 
inverter for grid injection. The circuit 
uses SKM75GB128 power transistors 
from Semikron (www.semikron.com). 
The transistors have a measured input 
capacitance higher than 15 nF. In this 
situation, the total current consumption 
of the FET pulse driver is lower than 30 
mA.EDN

RefeRence
1 Espí, José M, Rafael García-Gil, and 
Jaime Castelló, “Isolated FET pulse 
driver reduces size and power con-
sumption,” EDN, March 30, 2006, pg 
98.

Figure 2 An isolated FET pulse driver in a 10-kW, three-phase inverter for grid injec-
tion requires few components and has galvanic isolation.
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In an SWIR (short-wave-infra-
red) indium-gallium-arsenide-

based imaging system, the system must 
detect every trigger pulse; otherwise, lost 
data will result. This Design Idea solves 
the problem of a data-conversion system 
that does not enable an acquisition in 
the first of 256 trigger pulses. Figure 1 

shows the SWIR sensor, IC1. The AD-
Trig signal, Pin 24, produces one pulse 
for each of 256 pixels. Figure 2 shows 
the AD-Trig pulses, Channel 1 (Trace 
1) and Channel 2 (Trace 2), as the two 
pulse trains. Channel 3 (Trace 3) is the 
electro-exposure time signal. The sig-
nal is active-high when you expose the 

image sensor to light. The signal goes 
low before the AD-Trig signals begin.

Oscilloscope Channel 4 (Trace 4) 
from the microcontroller’s I/O pin goes 
high during the second pulse, but it 
should go high during the first pulse. 
Thus, the microcontroller missed the 
first pulse and the first pixel of the sen-
sor image. A hardware and firmware re-
design solves the problem. The AD-Trig 
signals connect to a microcontroller’s 
PA0 pin, which you can use as an ex-
ternal interrupt input. Figure 3 shows 
the program flow, and Listing 1, which 
is available at www.edn.com/100610dia, 
shows the source code.

In Figure 3, the left side is the TD-
poll routine in the listing. It uses an I/O 
pin to detect the electro-exposure sig-
nal. When the electro-exposure time 
signal finishes, the firmware enters the 
external interrupt subprogram when you 
activate the AD-Trig signal. The inter-
rupt subprogram reads all of 256 pixels 
data. The pixel data is no longer lost be-
cause the time for firmware processing 
of the TD poll differs from that of the 
external interrupt subroutines, and the 
external interrupt has a higher priority 
than does the TD poll.EDN

Detect missing pulses  
to avoid losing data
Chien-Hung Chen and Tai-Shan Liao, 
National Applied Research Laboratories, Hsinchu, Taiwan
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Figure 3 Using an interrupt, the firmware code detects the first pulse, AD-Trig high.

Figure 2 A problem occurs because 
the microcontroller missed the first 
pulse on Channel 4.
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Figure 1 An SWIR sensor’s AD-Trig signals produce one pulse per pixel.
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To measure a zener diode’s break-
down voltage, you need a dc volt-

age source whose voltage exceeds that of 
the zener voltage. In Figure 1, resistor 
RSER provides voltage drop between VIN 
and VZEN. In any case, VIN should exceed 
VZEN. Resistor RSER must provide current, 
IZEN, that can keep the zener diode in re-
verse breakdown. That is, the current 
must be more than IZEN−IZENMIN and less 
than IZEN−IZENMAX. You also need to con-
sider the current that flows through the 
load. Otherwise, VZEN will be unregulat-
ed and less than the nominal breakdown 
voltage. Also, the power that the zener 
diode dissipates should not exceed the 
manufacturer’s specifications. Except for 
the value of IZEN−IZENMIN, all necessary 
data appears in zener-diode data sheets. 

The circuit in Figure 2 uses one 
or two AA/AAA cells, which en-
sures testing irrespective of the value 
of the tested zener voltage to ap-
proximately 20 to 25V. The heart 
of the circuit is a Zetex (www. 
diodes.com) LED driver, ZXLD381. 
It operates mainly from 1.5 or 1.2V 
cells, and it has a maximum input volt-
age of 10V. The LED driver generates 
constant-power pulses that charge out-
put of the 10-μF capacitor, which re-
quires low leakage current. The capaci-
tor’s voltage provides constant current 
through R1 and tthe zener diode that 
connects in series. When you connect 

output probes to a digital multimeter’s 
V and COM sockets, you can directly 
measure the zener’s voltage when the S2 
switch is in the position Figure 2 shows.

When S2 is in the upper position, 
the meter measures voltage across R1, 
a 1-kΩ resistor; the meter displays a 
negative-voltage-drop value. R1’s value 
ensures direct reading of the meter; the 
voltage drop across R1 corresponds to 
the zener’s current, so there is no need 
to switch over DVM (digital-voltme-
ter) ranges. R1’s voltage drop limits the 
zener diode’s voltage value that the cir-
cuit measures. If R1’s value is 1Ω, then 
the voltage drop across it is insignifi-
cant and, in millivolts, is equal to the 
zener diode’s current in milliamps. 

If you need to measure zener-diode 
voltage higher than 20 to 25V, you can 
add an LED driver (Figure 3). When 
the S2 switch is in the upper position, 
both LED drivers connect in series, and 
you can measure zener voltage to ap-
proximately 40V at 0.7 mA. With S2 
in the lower position, both LED drivers 
connect in parallel, and the tested zener 
voltage is approximately 20 to 25V at 
several milliamps of current. Both par-
allel and in-series connections pro-
vide zener-diode-voltage measurement 
at two current values. In some cases, 
IZEN values may not fit the equation 
IZEN−IZENMIN<IZEN<IZEN−IZENMAX, and the 
zener diode may go out of regulation.

DC VIN 
LOADVZEN

ZENER DIODE 
UNDER TEST

IZEN—MIN<IZEN<IZEN—MAX

DC  VIN>VZEN

_

+

IZEN+ILOAD

IZEN

ILOADRSER

Figure 1 Current through a zener diode creates a fixed voltage across the device.

Circuit lets you measure  
zener voltages and test LEDs 
Vladimir Oleynik, Moscow, Russia
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 The red LED provides visual indica-
tion of the current flowing through the 
resistor-zener-diode circuit. The higher 
the current, the brighter the LED will 
light. You can omit this LED if you 
don’t need such an indication. The 
voltage drop from the red LED lowers 
voltages by about 1.8 to 2V. If you con-
nect the zener diode’s conducting cur-
rent in the forward direction, its volt-
age drop is equal to that of an ordinary 
silicon diode, or approximately 0.6 to 
0.8V. When you apply forward voltage, 
Schottky and small-signal germanium 
diodes exhibit 0.2 to 0.25V and 0.35 to 
0.45V drops, respectively. 

Figure 4 shows an assembled zener-
diode-tester circuit. The zener diode 
under test is On Semiconductor’s (www.
onsemi.com) BZX55C15RL, which has 
a working voltage of 13.8 to 15.6V. The 
voltage in Figure 4 was measured at a 
zener-diode current of 2.8 mA.

You can use the circuits in figures 2 and 
3 to test LEDs, regardless of their color. 
Place the forward-biased LED you would 
like to test and set S2 to the lower position. 
The voltage drop across the 1-kΩ resistor 
corresponds to the current in milliamps 
that flows through the LED under test. 
The circuit can light up even HB (high-
brightness) LEDs because, due to their 

high efficacy, they start lighting at current 
values as low as a few milliamps.EDN
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A capacitor that you charge 
through a resistor operates at 

50% efficiency; hence, many engineers 
avoid using switched-capacitor dc/dc 
converters. That efficiency figure holds 
true only for capacitors with no initial 
voltage, however. If you decide to switch 
a precharged capacitor, you can transfer 
energy to an output with a power-effi-
ciency approaching 100%. 

To attain a four-thirds multiple of an 
input supply voltage, you can charge 
three capacitors to one-third of each 
supply voltage and then add that one-
third of the input voltage to the input 
voltage to yield an output voltage that 
is four-thirds of the input voltage. You 

series-connect three capacitors of equal 
value and then charge this series string 
to a voltage equal to the input voltage. 
Because the values are equal, each of 
the capacitors charges to one-third the 
input voltage. The circuit then connects 
these three capacitors in parallel on top 
of the input voltage and switches this 
increased voltage to the output (Figure 
1). The circuit repeats these two phases 
of operation at clock frequency F. 

CIN and COUT are filtering capacitors at 
the input and output, respectively. RP is 
a protective resistor, which limits the in-
rush current to the capacitors at power-
on. As the output voltage rises, it closes 
IC5 and shorts out this resistor. Schott-
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Figure 1 This charge-pump circuit raises the input voltage to a 1.33 multiple. You 
can use it as a 2.5-to-3.3V converter. The circuit works in environments with high 
magnetic fields that might interfere with an inductor-based converter.

Switched-capacitor voltage multiplier 
achieves 95% efficiency
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia 
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ky diodes D1 and D2 allow you to power 
the ICs using the input voltage until the 
output rises, at which time the higher 
output voltage powers the ICs. CDC is 
a storage and decoupling capacitor for 
this power bus. The higher power-supply 
voltage is necessary for proper operation, 
and it lowers the on-resistance of the an-
alog switches. The 0.4Ω on-resistance of 
IC1 results in low circuit losses and high-
efficiency operation. IC1, IC2, and IC3 
exhibit a break-before-make operation, 
which is essential in this case.

For a 50%-duty-cycle clock, you can 
calculate the theoretical power-efficien-
cy of the converter, according to the  

following equation:

1
2

COUT

3C 1
12RLCFCOUT

3C

2η   1− + .×
1+

 If the value of COUT is equal to the 
value of C, the power loss due to charging 
of the three capacitors is about two-thirds 
of the power loss during the discharging 
phase. The power consumption of the 
control circuit reduces the efficiency of 
this calculated value. For CMOS circuits, 
the power consumption rises linearly 
with the operating frequency. By choos-

ing the operating frequency, you can op-
timize the efficiency of the circuit. The 
optimum frequency is inversely propor-
tional to the load resistance, RL. Fortu-
nately, the efficiency maximum is flat, so 
you can achieve efficiencies higher than 
90% over a wide range of values for RL. 
You can attain 94% efficiency driving a 
120Ω load over clock frequencies of 100 
to 400 kHz. If you set a 229-kHz operat-
ing frequency, an input of 2.2V yields a 
2.87V output at an efficiency of 95.9%. 
The optimum clock frequency shifts to 
lower values at lighter loads. You can 
drive a 269Ω load at 100 kHz and achieve 
an output of 2.88V.EDN

The circuit in this Design Idea 
bootstraps a large capacitor in se-

ries with the solenoid to provide a large 
actuation voltage (Figure 1). This high-
er voltage provides substantially more 
current to operate the solenoid (Fig-
ure 2, which is available at www.edn.
com/100610dib), speeding the opera-
tion of the solenoid. You can also choose 
operating voltages or solenoid specifica-
tions that result in lower continuous 
current through the solenoid, reducing 

dc power consumption and resulting in 
a cooler-running solenoid with better  
reliability. 

When there is a 0V input to the cir-
cuit, both transistors are off. Resistor R1 
slowly charges the left side of capacitor 
C1 to the 24V power-supply voltage. D2 
clamps the right side of capacitor C1 to 
0.6V. When the input signal goes high, 
both the Q1 and the Q2 transistors turn 
on. This action quickly drives the left 
side of C1 to ground. Because voltage 

cannot change instantaneously across a 
capacitor, the right side of C1 goes down 
to −23.4V. D2 steers the solenoid current 
into the capacitor until it discharges, at 
which time the solenoid current con-
ducts through D2 to ground. D1 prevents 
a voltage-overshoot spike when the cir-
cuit turns off, and current suddenly stops 
flowing in D1. It clamps the bottom leg of 
the solenoid to 24.6V until the current 
decays in the solenoid. 

The time constant of the circuit de-
pends on the inductance of the solenoid 
and the value you choose for the capac-
itor, which you can calculate with the 
following equations:

R
2L

2

ω = ; and .− 2L
R

1
LC

τ =

t
τ(2 VIN − VD) e

                       ωL
sinh(ωt)

I(t) = ;

−

In these equations, e is the mathemat-
ical constant, ω is the radian angu-
lar frequency, and t is time in seconds. 
In addition, L is inductance and R is  
resistance.EDN
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Figure 1 This circuit bootstraps the power supply voltage across the solenoid to 
temporarily double the actuation voltage.

Bootstrap circuit speeds  
solenoid actuation
By Ralf Kelz, Seefeld, Germany
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Tracking notch filters find use 
in harmonic-distortion analyz-

ers; they also can remove heterodyne 
noise from ham-radio systems. A con-
ventional tracking switched-capacitor 
notch filter relies on a bandpass filter, 
a voltage-to-frequency converter, and a 
notch filter to track the incoming signal 
and remove undesired tones. The band-
pass filter in these circuits sometimes ad-
justs to the wrong frequency, meaning 
that the undesired tone would have no  
attenuation.

The circuit in this Design Idea uses IC1, 
a 74HC4046 PLL (phase-locked-loop) 
IC, which operates as fast as 1 MHz, to 

improve the noise immunity of the sys-
tem (Figure 1). IC2, an RDD104 IC from 
LSI Computer Systems Inc (www.lsicsi.
com), provides a 1000-to-1 divider in an 
eight-pin package. IC3, Mixed Signal In-
tegration’s (www.mix-sig.com) MSHN5 
1000-to-1 clock-to-corner switched-ca-
pacitor highpass/notch filter, comes in 
an eight-pin package.

You feed IC1’s VCO (voltage-con-
trolled oscillator) output into the clock 
input of IC2. IC2 can perform 10-, 100-, 
1000-, and 10,000-to-1 divisions using 
the DIV1 and DIV2 pins. You tie the out-
put of RDD104 to the COIN of IC1. By 
using IC1’s EX/OR phase comparator, you 

can improve noise immunity. You apply 
the input signal to both IC1 and the input 
of IC3, whose clock you derive from the 
CLKOUT pin of IC2.

The MSHN5, IC3, contains both se-
lectable highpass filters and selectable 

DIs Inside
46 Image-capture system uses  
USB and LabView

48 Low-cost RF synthesizer 
uses generic ICs

49 Tricolor LEDs create  
a flashing array

▶to see all of EDN’s design 
ideas, visit www.edn.com/design 
ideas.

Notch filter autotunes  
for audio applications
John R Ambrose, Mixed Signal Integration, San Jose, CA
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notch filters. When you tie the FSEL pin high, it selects notch; 
tying TYPE to AGND selects the narrow notch filter. This step 
ensures the removal of only one tone from the input signal with 
little information loss. IC3’s 1000-to-1 clock-to-corner ratio re-
duces the chance that aliasing signals will affect the output. For 
voice applications, for example, no signals of 500 kHz or higher 
would be available to alias into the passband. A sample setup 
uses an input frequency of 789.13 Hz at a clock frequency of 
789.13 kHz, 1000 times the input signal (Figure 2). The PLL 
tracks the input, moving the notch filter to 1.24 kHz.EDN

Figure 2 You feed the 
circuit an input tone 
(top trace) and get the 
output signal from the 
MSHN5 (second trace). 
The third and fourth 
traces represent the 
clock signal from the 
74HC4046 PLL.

Capturing and processing graphi-
cal images requires manipulating 

data into a form that you can use. This 
Design Idea describes an imaging system 
using a USB (Universal Serial Bus ) im-
age-capturing system that uses OmniVi-
sion’s (www.ovt.com) 640×480-pixel, 
8-bit-color OV7660 image sensor. The 
CY7C68013A-128AXC from Cypress 
Semiconductor (www.cypress.com) pro-
vides a USB interface between a PC and 
the image sensor (Figure 1). The con-
trol software is written in LabView from 
National Instruments (www.ni.com/ 
labview).

To avoid losing data from the image 
sensor, the system employs a data buffer in 
the image-processing algorithm. The buf-
fer uses system memory for data storage. 
The queue ensures that the system will 
not lose data regardless of how much time 
it takes to process each row in an image. 
This technique is useful in measurement 
systems in which the speed of data acqui-
sition and data processing may differ.

Figure 2 shows the programming flow 
chart. After the system starts, you must 
set the driver to NI-VISA (Virtual Instru-

ment Software Architecture), a software 
layer that provides a common program-
ming interface across many types of mea-
surement instruments and software driv-
ers. Once you set the driver, you can initi-
ate the USB device. LabView provides a 
driver wizard that helps you to build driv-
ers. The LabView code for this graphic-
system design can easily implant USB 
data transmission and its applications. 
You can download the LabView code 
from the online version of this Design 
Idea at www.edn.com/100624dia.

After initializing the USB device, the 
software allocates system memory in a 
FIFO (first-in/first out) configuration 
to become the data buffer. A memory 
endpoint sets the input buffer’s size to 4 
kbytes. The software then reads the image 
in rows and stores data from the sensor in 
the buffer memory. After reading the data 
from the buffer, the system image uses 
two threads to process the data.

Figure 3, available with the online 
version of this Design Idea at www.edn.
com/100624dia, shows the LabView pro-
gramming diagram for USB data transmis-
sion. The program includes for-loop pro-

cedures for storing the image in the buf-
fer memory, reading and processing image 
data, and performing state checking. 

Image-capture system uses  
USB and LabView
Chien-Hung Chen and Po-Jui Chen,
National Applied Research Laboratories, Hsinchu, Taiwan
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IMAGE DATA
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DATA-TRANSMISSION MODULE

Figure 1 A USB bus controller lets a PC control an image sensor.
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READ IMAGE DATA FROM USB
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PROCESS IMAGE DATA

INITIALIZE USB DEVICE
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FINISH?

Figure 2 This algorithm lets a host PC 
capture data from the image sensor.
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The main processing algorithm ob-
tains and displays red, green, and blue 
data of each pixel. Figure 4, available 
with the online version of this Design 

Idea at www.edn.com/100624dia, shows 
the test result. The element in the buf-
fer shows that the system processed 
614,400 pixels. The actual amount will 

vary based on the PC’s performance. A 
powerful PC can smoothly run this pro-
gram, whereas a weak PC will cause the 
data to accumulate in the buffer.EDN

You can design a hardware-based 
frequency synthesizer with one 

inexepensive IC and a few passive com-
ponents. Such synthesizer chips are not 
always available, however, because they 
are typically single-sourced and are not 
in stock with parts distributors. The need 
for a working circuit in a short time and 
using common parts prompted the cre-
ation of the circuit in this Design Idea. 
The synthesizer covers the US commer-
cial AM (amplitude-modulation) broad-
cast band. It tunes in 10-kHz steps from 
500 to 1800 kHz, but you can scale the 

frequencies for other applications.
The PLL (phase-locked loop) time 

base is a 100-kHz, tuning-fork-cut crys-
tal of the same size as those in wrist 
watches. Using a more common crystal 
requires some extra parts to scale the fre-
quency. Note that if you attempt to use 
one of these tiny crystals with a CMOS-
gate oscillator circuit, however, the cir-
cuit will either fail to start or exhibit vis-
ible jitter. A discrete-transistor Franklin 
oscillator, such as the one comprising Q3 
and Q4 works better (Figure 1). This cir-
cuit also works well in the VCO (volt-

age-controlled-oscillator) portion of the 
synthesizer.

You use IC4A, one-half of a 74HC390 
dual decade-divider IC, to divide the 
100-kHz reference into the 10-kHz fre-
quency that the PLL uses. This 10-kHz 
square wave feeds one input of the phase 
comparator, IC3, and drives a voltage-
tripler circuit comprising D12 through 
D15. This tripler creates approximately 
12V and obviates the need for a second 
higher-voltage power rail. You need the 
12V to bias the VCO’s varactor diode to 
the top of its tuning range.

The VCO, comprising Q1 and Q2, 
runs at twice the desired output fre-
quency. Varactor diode D1 and inductor 
L1 provide a tunable tank circuit. Any 
varactor for AM-radio tuning should 

Low-cost RF synthesizer uses  
generic ICs
James B Wood, Inovonics Inc, Felton, CA
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Figure 1 This AM-radio-band frequency synthesizer uses common off-the-shelf parts.
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You can build a matrix of RGB 
(red/green/blue) LEDs using a sim-

ple and inexpensive circuit comprising the 
control logic and driver circuit in Figure 
1 and some LEDs (Figure 2). The cen-

ter RGB LED is the first to come on, after 
which each sequential LED in the 8×8-
LED matrix follows. This process gives the 
appearance that the display is alive and 
moving outward. This sequence repeats, 

producing a rainbow effect of colors.
You can adjust the frequency of each 

clock by changing the values of R17, 
R19, and R23. Use different frequencies 
for each clock, which will display eight 
colors from the 65 tricolored LEDs, be-
cause using the same frequencies for all 
the clocks causes your display to appear 
white. The cost of building this circuit 

Tricolor LEDs create a flashing array
Jeff Tregre, www.BuildingUltimateModels.com, Dallas, TX

↘

work. The capacitance of these diodes 
varies from 500 pF with no dc bias to 25 
pF with a 12V reverse bias. IC1A divides 
the LC oscillator by two to yield a sym-
metrical output waveform.

IC2 further divides the VCO to the 
PLL’s frequency. IC2, an eight-stage bi-
nary counter, resets itself to zero when it 
reaches the desired count. IC1B, a pulse-
stretching one-shot, ensures that all sec-
tions of IC2 reset at the target count. You 
program the divider with DIP switch S1. 
Diodes D2 through D9 supply the neces-
sary AND-logic function.

To set the synthesizer frequency, you 
first calculate the required divisor. For 
a 1140-kHz output, you must divide 
the VCO by 114 to equal the PLL’s fre-
quency of 10 kHz. You can close the DIP 
switches in S1—in this case, switches 64, 
32, 16, and 2—so that the numbers add 
up to the divisor: 114.

The PLL comparator is a three-state 
phase and frequency detector (Reference 
1, in the online version of this Design Idea 
at www.edn.com/100624dib). When the 
divided VCO frequency is greater than 10 
kHz, the Q output of IC3B goes high and 

the Q output of IC3A pulses at a 10-kHz 
rate. This action turns on Q6, back-bias-
ing D16 to create a high-impedance state 
with respect to the 12V supply. Loop-filter 
capacitor C2 then discharges through R15 
and Q5. When the divided VCO is lower 
than the loop frequency, the Q output of 
IC3A goes low, turning off Q5 and creat-
ing a high-impedance state with respect 
to ground. Q6 now pulses on and off, al-
lowing C2 to charge through D15 and R16. 
At PLL lock, Q5 is off and Q6 is on, except 
for a narrow “keep-alive” pulse at the loop 
frequency.EDN
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Figure 1 Three 555 timers generate clock signals, and CD4017 counters provide the drive signals for the transistors.

should be $25 to $30. You can purchase 
100 5-mm RGB LEDs from eBay for a 
total of about $18. Be sure to use com-
mon-cathode LEDs.

This simple circuit comprises three 
clocks and three counters, one for each 

of the three LED colors. Setting each 
clock frequency to a different rate causes 
each color of each LED to appear to be 
random. All resistors are 0.25W, except 
for R3, R8, and R13, which are 0.5W; R4, 
R9, and R14, which are 1W; and R5, R10, 

and R15, which are 1.5W resistors. These  
high-wattage resistors and the 12 NPN 
transistors are necessary because all LEDs 
in this matrix, except the center one, 
connect in parallel. Start by bending all 
of the ground leads flat and connecting 
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them together. When wiring the LEDs, 
begin in the center and work outward. 
You can then mount the LED board 
onto the top of the PCB (printed-circuit 
board). See the online version of this De-

sign Idea at www.edn.com/100624dic for 
photos, a parts list, and a video of this cir-
cuit in action. 

To add the finishing touches to your 
project, use a small picture frame and in-

stall waxed paper onto the inside of the 
glass. Mount the LED board ¼ to 1 in. 
away. The magnifying lens of the LEDs 
will produce a beautiful effect when they 
shine through the waxed paper.EDN

Figure 2 The LED in the center lights first, and the light then moves outward until the circuit products an 8×8-LED display.
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A previous Design Idea de-
scribes an astable multivibrator 

that gets hysteresis from the positive-
feedback stage using a technique you 
can characterize as positive-capacitive 
feedback (Reference 1). It creates hys-
teresis by a charge transfer to its main 
timing-capacitor. The circuit uses two 
logic inverters to generate complemen-
tary logic outputs. In contrast, the cir-
cuit in Figure 1 uses a single fast ana-
log comparator that has complementa-
ry outputs, thus eliminating the need 
for an additional inverter. 

Comparators such as Analog Devices’ 
(www.analog.com) ADCMP603, IC1, 
have symmetry that results in a very 
low time skew of the transitions at its 

Q and Q outputs that are fractions of a 
nanosecond. Thus, the charge transfer 
to the main capacitor, C, theoretically 
starts immediately at the start of the 
level transition at the Q output, from 
which C is charged through a resistor, 
R. No additional propagation delay 
occurs at any stage besides Q, result-
ing in a further increase in operating  
frequency.

The output frequency of the pulse 
generator in Figure 1 is less sensitive 
to supply voltage variations than a gen-
erator with the ADCMP603, which 
uses the IC’s internal hysteresis. The 
charging current of C and the charge-
transfer-based hysteresis of the pulse 
generator rise almost linearly with the 

rising supply voltage, which results in 
an output signal’s insensitivity. 

Contrarily, the internal hysteresis, 
which an external resistor sets at the 
comparator’s LE/HYS pin, varies non-
linearly with the supply voltage. If, for 
example, the external resistor’s value 
is 225 k , the hysteresis has the same 
value of about 36 mV for supply volt-
ages of 2.5 and 5.5V.

At frequencies close to the upper fre-
quency limit of operation, the charge 
injection through capacitor CF is grad-
ual rather than steplike because the rise 
and fall times of waveforms at the Q 
and Q outputs are still of finite value. 
Figure 2 shows an idealized operation 
for the positive peak of voltage at ca-
pacitor C. Although the real voltages, 
VQ and VQ, have somewhat rounder 
“corners,” they resemble those in the 
figure. 

If you assume that the voltage swing 
at capacitor C is considerably lower 
than that at Q and Q, then a rectangu-
lar current pulse, ICF(t), charges capaci-
tor C during a positive-voltage transi-
tion at output Q. The current through 
resistor R, IRF(t), which also flows to 
capacitor C, changes its polarity at the 
midtransition at Q and Q outputs. The 
final current, which charges capacitor

Pulse generator with precision 
output-duty cycle operates at a 
repetition rate beyond 50 MHz

Figure 1 This pulse generator produces time-aligned complementary logic 
waveforms. The duty cycle holds at 50%. 
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C, is a sum of IRF(t) and ICF(t). Al-
though the waveshape of the voltage 
at capacitor C depends on the final 
charging current, it gains in peak sole-
ly due to ICF(t). 

The following equation calculates 
the added peak:

where VC is the added peak, C1 C-
CIN, and C1 1 pF. The added peak 

is independent of IRF(t) due to the zero 
mean value of this current within the 
level transition at the Q and Q out-
puts. 

For C 10 pF, C1 11 pF, CF 2.2 pF, 
and VOUT 2.4V, a voltage you derive 
from the equation VC 0.48V. 

The following equation calcu-
lates the nearly constant part of IRF(t)  
current:

IRF determines the slope, S, of the VC(t) 
waveform in Figure 2, which excludes 
the time interval of level transitions at 
the comparator’s Q and Q outputs. You 
calculate the slope with the following 
equation:

The following equation determines the 
absolute value of peak voltage of VC(t), 
referred to supply midvoltage:

Voltage VC(t) decreases from its peak 
value with a slope of S. You calcu-
late the time interval, TDESC, when it 
reaches the reference level as:

By evaluating this equation for a tPD of 
approximately 3.5 nsec and R with a 
value of 1 k , the time interval is ap-
proximately 6.8 nsec.

The following equation calculates 
the total time, when VC(t) is higher 
than the reference voltage, VCC/2:

The symmetry of the ADCMP603’s 
internal circuit architecture, TH, is the 
right half-period of logic waveforms at 
the Q and Q outputs. In other words, 
the duty cycle of the output pulse is 
50%. By evaluating the equation for 
TH, you get 11.4 nsec. Thus,

The circuit’s output frequency is 
56.75 MHz with a power-supply volt-
age of 2.052V. With a supply voltage 
of 3.51V, the frequency changes to 
56.12 MHz. Thus, the relative sensi-
tivity of the output frequency to the 

supply-voltage variation is approxi-
mately 8 10 3/V. You can attribute 
an increase of experimental frequency 
as compared with a theoretical value 
to the fact that, during the estimated 
signal-propagation delay, tPD, the com-
parator’s input overdrive rises gradually 
to about 330 mV, which is more than 
triple the value at which you define 
the propagation delay. You can there-
fore assume a lower propagation delay 
and a higher frequency.EDN

R E FE R E N CE
1  Larson, Robert, “Astable multivi-
brator gets hysteresis from positive-
feedback stage,” EDN, Oct. 22, 
2009, pg 43, www.edn.com/article/
CA6702271.
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TABLES MAKE EASY 
WORK OF DATA 
ARRAYS, SUCH AS 
THOSE FOR DIGITAL-
CODE TRANSFORMA-
TION AND SOPHISTICAT-
ED CALCULATIONS.

When creating microcontroller 
firmware, you often need to 

work with data arrays. Tables make 
easy work of data arrays, such as those 
for digital-code transformation, correc-
tion for sensor linearity, sophisticated 
calculations, and multiple output orga-
nization. Table 1 shows how you can 
organize data in a table. Outputs A, B, 
and C have values based on the input 
value, V.

When using a lookup table, choose 
the proper microcontroller input and 
outputs. Assign values for input and 
outputs data in Table 2. These data can 
consist of constants in binary, hexadec-
imal, or decimal format or names. For 
names, you should assign a constant 
value to each one. For example:
data1  equ  $0a
data2  equ  $0b
data3  equ  $0c
data3  equ  $0d

Next, put the data from Table 2 in ei-
ther the beginning or the end of ROM, 
which makes the data easy to find. For 
definition of 1-byte data storage, use 
pseudo operators FCB or DB. For stor-
age of data comprising 2 bytes, use FDB 
or DW, as in the following example:
ORG ROM
Vx  FCB  0T,2T,4T,6T
Ax  FCB  data1,data2,data3,data4
Bx  FCB  $aa,$bb,$cc,$dd
Cx  FDB  $1122,$3344,$5566,$7788

Note that commas separate the data. 
Don’t place a comma after the last data, 
or it will be considered as $00.

When working with tables, you 
should always use indexed address-
ing mode. It provides access to data 
using variable addresses. Most micro-
controllers have two index registers, 

X and H. Register X contains the low 
byte of the conditional address of the 
operand; H contains the high byte. 
The algorithm of working with tables 
is straightforward. After you detect the 

input value, you should then compare 
it with the table’s input data. The X 
index determines this value, starting 
with X 0 and ending with X N. In 
this example, N 4. When you find 

table data equal to the input value, you 
use the corresponding X as an index to 
load the output registers with their val-
ues. In the case of 2-byte numbers, you 
should load the output registers sepa-
rately, first with a high byte and then 
with a low one. Figure 1 illustrates this 
process.

The listing of assembler code is 
available from the online version of 
this Design Idea at www.edn.com/
article/100422dib. In the listing, you 
can double-check the table content 
in memory at addresses $F800 through 
$F813. The listing uses Freescale (www.
freescale.com) assembler because most 
of the appropriate applications employ 
inexpensive, 8-bit microcontrollers 
from Freescale’s HC08 Nitron family. 
You can, however, use this approach 
with any type of microcontroller and 
assembly language.EDN

Tables ease microcontroller programming
Abel Raynus, Armatron International, Malden, MA

START

CLEAR REGISTER X
CLEAR REGISTER H

GET THE INPUT VALUE, V

V=VX?

X>N?

INCREMENT X

NO

NO

YES

YES
AX REGISTER A
BX REGISTER B
CX REGISTER C

END

Figure 1 You can use a look-up table in microcontroller code.

TABLE 1 OUTPUT VALUES VERSUS INPUT VALUES
Input V Output A Output B Output C

V1 A1 B1 C1

V2 A2 B2 C2

. . . .  . . . .  . . . .  . . . .

VN AN BN CN

TABLE 2 INPUT AND OUTPUT VALUES
Input V Output A Output B Output C

V1=0T data1 $aa $1122 

V2=2T data2 $bb $3344 

V3=4T data3 $cc $5566 

 V4=6T data4 $dd $7788 
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You can use the circuit in Figure 
1 to drive a bicolor LED with only 

two leads. This circuit detects the correct 
closed condition of the left and right side 
bags in a motorcycle companion. The bag 
has two locks that you must close for pro-
tection. When you push the two momen-
tary SPDT (single-pole/double-throw) 
switches, they sense the correct closed bag. 
One bicolor red-and-green LED indicates 
the bag’s status, with the red color show-
ing the open-bag condition. To illuminate 
the LEDs, you must reverse the polar-
ity of the ap-
plied voltage 
to the LED 
to change 
the color  
(Table 1).

Diodes D1 
and D2 and 
resistor R1 
form a dis-

crete OR gate. When either pushbutton 
switch connects to 12V, the voltage 
at Point A is positive with respect 
to Point B. Transistor Q1 conducts, 
letting current illuminate the red 
LED. When neither switch con-
nects to 12V, neither diode con-
ducts. The base of Q1 pulls low 
through R1 and R4, indicating that 
the bags are closed. Thus, the green 
LED illuminates as current passes 
through it and through R1 and R2. 
The diode, transistor, and resistor 

values are not critical, and you can adjust 
them according to your needs. You can 
also replace the bicolor LED with two dis-
crete LEDs of different colors placed back 
to back.EDN

Bicolor LED driver uses two leads
Mario Marcoccia, United Circuits, Fort Lauderdale, FL
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1N4148
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B
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Q1

2N3904

12V

BATTERY

Figure 1 This circuit detects the correct closed condition 
of the left and right side bags in a motorcycle companion.

TABLE 1 LOGIC CONDITIONS FOR THE CIRCUIT
Switches Bicolor LED

Bag condition S1 S2 Red Green

Open 1 1 On Off

Open 0 1 On Off

Open 1 1 On Off

Closed 0 0 Off On

The linearity of triangular wave-
forms makes the triangular-wave 

generator useful in sweep circuits and test 
equipment. For example, switched-mode 
power supplies and induction motor-con-
trol circuits often include a triangular-wave 
oscillator as part of their PWM (pulse-
width-modulation) circuit. 
The basic triangular-wave generator in-
cludes an integrator for generating the tri-
angular-wave output and a comparator with 
external hysteresis, such as a Schmitt trig-
ger, for setting the output amplitude (Fig-
ure 1). You can implement these compo-
nents with a Maxim (www.maxim-ic.com) 
MAX9000 IC, which includes a high-
speed operational amplifier, a 185-nsec 
comparator, and a precision 1.23V bandgap  
reference.

The integration of a constant current, 
which you obtain by applying constant 
voltage across a resistor, produces a linear 
ramp at the op amp’s output. This output 

feeds a Schmitt trigger whose output feeds 
back to the integrator resistor. Abrupt state 
changes in the Schmitt trigger’s output de-
termine the peak voltages for the triangu-
lar-wave output. These changes in turn de-
pend on the input threshold voltages you 
set for the Schmitt trigger.

Unfortunately for this circuit, the tri-
angular-wave peaks must be symmetrical 
about the reference voltage you apply to 
the comparator’s inverting input. To gen-
erate a triangular wave from 0.5 to 4.5V, 
for example, you must provide a reference 
voltage of (0.5V 4.5V)/2 2.5V. 

It would be preferable to set this voltage 
range independently of the standard band-
gap-reference voltage available, 1.23V. You 
can achieve this flexibility by adding resis-
tor R3 to the hysteresis network in a single-
IC version of the circuit (Figure 2). R3 lets 
you set the triangular-wave peaks indepen-
dently of the reference voltage.

To build the Schmitt-trigger comparator, 

you first select R2. The comparator’s input-
bias current at CIN  is less than 80 nA. To 
minimize the error this current causes, the 
current through R2, [(VREF VOUT)/R2], 
should be at least 8 A. R2 requires two 
equations, corresponding to the two pos-
sible comparator-output states: R2 VREF/
IR2, and R2 (VDD VREF)/IR2. 

Use the smaller of the two resulting resis-
tor values. For example, if the supply volt-
age is 5V, the reference voltage is 1.23V, 
and the reference current is 8 A, the two 
R2 values are 471.25 and 153.75 k , so this 
circuit uses the standard value of 154 k .

Next, select R1 and R3. During a rising 
ramp, the comparator output is logic low 
(VSS). Similarly, the comparator output is 
at logic high (VDD) during a falling ramp. 
Thus, the comparator must change state 
according to the required peak and valley 
points of the triangular wave. 

Two simultaneous equations result when 
you apply nodal analysis at the noninvert-
ing input of the comparator and solve for 
these two thresholds:

and

Single IC forms precision 
triangular-wave generator
Akshay Bhat, Maxim Integrated Products Inc, Sunnyvale, CA
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In this example, the voltage range of the 
triangular wave is 0.5 to 4.5V. You there-
fore substitute a value for VIH of 4.5V, VIL of 
0.5V, VDD of 5V, and VREF of 1.23V into the 
above equations to obtain a value of 124 
k  for R1 and 66.5 k for R3.

You can now design the integrator. Con-
sidering the comparator’s two possible out-
put states, the magnitude of current flow-
ing through R4 is: IR4 (VDD VREF)/R4, or 
IR4 VREF/R4. The op amp’s maximum in-
put-bias current is 2 nA. To minimize error, 
therefore, the current through R4 must 
always be greater than 0.2 A. This con-
straint implies that R4’s value is less than 
6.12 M .

The triangular-waveform frequency is:

For this example, the frequency is 25 kHz, 
the output voltage is 4V p-p, or 0.5 to 
4.5V for a triangular wave, and the refer-
ence voltage is 1.23V. Solving for the re-
sulting time constant, R4C 9.27 sec. Se-
lect a capacitance of 220 pF and a value of 
42.2 k for R4.

The resulting output should match the 
desired frequency, provided that the op 
amp is not slew-limited. Because the feed-
back capacitor charges or discharges with a 
constant current, the output signal’s maxi-
mum rate of change is:

To provide a margin against process 
variations, the op amp’s typical slew rate 
should be 40% higher than the maxi-
mum rate of change of the output sig-
nal—0.56V/ sec or greater in this case. 
The op amp’s slew rate is 0.85V/ sec, 
which is therefore adequate for this 25-
kHz waveform (Figure 3).EDN

REFERENCE
1 Terrell, David L, Op Amps: Design, 
Application and Troubleshooting, Butter-
worth-Heinemann, 1996.

IC1A
1

4

3

2

R

V

V

VDD

R2

R1 8

COMPARATOR IC1B

4

5

6
V

V

VDD

8

7

OP AMP

REFERENCE

C

INTEGRATORSCHMITT TRIGGER
Figure 1 The basic triangular-wave generator includes an integrator for gen-
erating the triangular-wave output and a comparator with external hysteresis, 
such as a Schmitt trigger, for setting the output amplitude.
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Figure 2 A triangular-wave generator employs an IC that includes an op amp, a 
comparator, and a bandgap reference.

1 2 1 2 3

1 1 1
+ = + +

�

��
�

��
V
R

V
R

V
R R R

IL DD
REF .

f
V

V V
R COUT P P

CC REF
1 4= +
�

��
−/

( )
( )

V

V
R COUT P P

REF
4

�

��
− ( ) .
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↘ A classical design for directly 

driving eight seven-segment LED 
displays requires as many as 15 I/O lines. 
Previous Design Ideas have described 
many approaches for using a maximum 
number of LEDs with a minimum num-
ber of I/O lines (references 1 through 
5). The following idea reuses one of 
these approaches to drive a maximum 
number of seven-segment LED displays, 
and it may be useful in designing a low-
component-count, low-power, and low-
cost LED-display module for a 24-bit fre-
quency meter, for example.

You can use the circuit in Figure 1 to 
replace classical designs for digital coun-
ters that use TTL (transistor-transistor 
logic) or CMOS ICs. The single micro-
controller is less expensive and readily 

available. By using conditional assembly 
in your programming, you can choose 
between common-anode and common-
cathode configurations.

The algorithm uses double multiplex-
ing, driving one digit at a time, segment 
by segment. This technique suits battery-
powered designs because the circuit con-
sumes a constant current of less than 2 
mA when using superbright, seven-seg-
ment LED displays, such as KingBright’s 
(www.kingbright.com) SC52-11EWA, 
and 270Ω resistors R0 to R7. Assembling 
the eight digits, DS7, DS6, DS5, DS4, DS3, 
DS2, DS1, and DS0, on a PCB (printed-
circuit board) involves linking their cor-
responding pins A7, B6, C5, D4, E3, F2, 
G1, and CA0 to the I/O line, RB0. Figure 
1 shows the connections.

This circuit uses the Microchip (www.
microchip.com) PIC16F628A for test 
purposes. You can download assembly 
code at www.edn.com/100715dia and 
use it with any PICmicro midrange fam-
ily, providing that a full 8-bit port is 
available.EDN

DIs Inside
44 Count objects  
as they pass by

46 Modified DDS functions  
as baud-rate generator

48 DC-voltage doubler reaches 
96% power efficiency

49 Microcontroller’s serial port 
measures pulse width

▶to see all of EDN’s design 
ideas, visit www.edn.com/ 
designideas.

Eight-digit counter works with 
common anode or common cathode
Charaf Laissoub, Valeo Interior Controls, Créteil, France

NOTE: CHOOSE EIGHT COMMON-ANODE OR EIGHT COMMON-CATHODE, SEVEN-SEGMENT LED DISPLAYS AND UNCOMMENT 
ONE OF THESE TWO LINES IN THE INCLUDE FILE: “8dgtcacc.inc” #de�ne use CAdisplay IF USING COMMON-ANODE, 
SEVEN-SEGMENT, DISPLAY OR #de�ne use CCdisplay IF USING COMMON-CATHODE,SEVEN-SEGMENT DISPLAY. 
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Figure 1 This circuit can replace classical designs for digital counters that use TTL or CMOS ICs.
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↘ Counting objects is easy when 
the objects have regular motion, 

but it becomes more difficult when the 
objects vibrate or you have to manually 
move them. To deal with this problem, 
you need a reliable, error-free system of 
detecting an object. In this case, simple 
circuits with optical interruption switch-
es, IR barriers, or other sensors don’t 
work because objects may  cross a sensor 
more than once.

The circuit in Figure 1 solves this 

problem for objects such as cards, boxes, 
and even people. You can detect other 
objects if you use the proper sensors. The 
circuit produces two control pulses. One, 
OUT1, occurs if any object runs through 
this system. It produces another pulse, 
OUT4, only if an identified object passes 
through the system. These pulses let you 
count both the number of objects and 
the identified objects that pass through 
the system. The system doesn’t produce 
counting errors if objects repeatedly cross 

each sensor, even when the objects return 
to the system, provided the object does 
not move from Sensor 1’s zone. The sys-
tem requires no difficult mechanical unit 
for stabilizing the speed of the moving ob-
jects. The counter selects objects that are 
slightly longer than the distance between 
its sensors. Figure 2 shows how the circuit 
tracks an object between the sensors.

Count objects as they pass by
Vladimir Rentyuk, Zaporozhye, Ukraine
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Figure 1 This circuit counts objects such as cards, boxes, and even people.
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The object counter comprises IC1 and  
IC2, H22LOI sensors from Fairchild Op-
toelectronics Group (www.fairchildsemi.

com). The sensors are optical-interruption 
switches with open-collector outputs. A 

control circuit uses IC4, a 74HC74 dual D-
type flip-flop, and IC3, a quad, two-input 
NOR gate. Sensors IC1 and IC2 produce 
logic-low output levels when objects are 
not between the IR diode and the IR re-
ceiver. LED D1 shines green if the system 
is ready to take an object and red if the 
system has detected the object.

If the system is busy, LED D1 does not 
illuminate. Resistor R5 and capacitor C2 
protect RS trigger IC3B/IC3C from the 
chance of failure due to undesired signals.
Some sensors require that you add buffers 
between them and the control circuit.

Table 1 describes the circuit’s signals. 
A downloadable sheet describing the 
sequence of events is available at www.
edn.com/100715dib.EDN

TABLE 1 Signal deScription
Trace or 

zone Indication

Trace 1 OUT1: common counting  
of passing objects

Trace 2 OUT2: detection of  
an object

Trace 3 OUT3: ready to take  
an object

Trace 4 OUT4: counting an  
identified object

Zone A Object identified

Zone B Object not identified

OBJECT LENGTH

DIRECTION OF MOVEMENT

OBJECT

SENSORS’
CENTER-TO-CENTER

DISTANCE

SENSOR 1 SENSOR 2

Figure 2 The circuit tracks movement 
using an object’s length and direction.

↘ You can often use an available os-
cillator to generate a baud-rate 

clock  for a UART. You must divide the 
oscillator frequency to attain the proper 
baud rate, but dividing can produce baud-
rate errors. Table 1 shows the percentage 
of error when you generate a baud rate 
using an 8-MHz crystal oscillator and a 
conventional binary divider. The system 
in this Design Idea obtains a clock 16 
times faster than the baud rate.

Errors in baud-rate setting increase 
when the oscillator frequency doesn’t 
match. In this case, you can add an os-
cillator operating at 18.432 MHz, for ex-
ample, to minimize the error rate. Alter-
natively, you can use DDS (direct digital 
synthesis) to reduce errors at higher baud 
rates using the same oscillator (Table 2).

Reference 1 describes basic DDS oper-
ation. This design uses a simpler version of 
DDS with only a square-wave output (Fig-

ure 1). You can extract the square-wave 
output from the MSB of the phase accumu-
lator. You can also add the divide-by-two 

stage to make the resulting signal with a 
50% duty cycle. Calculate the baud-rate 
clock frequency using baud-rate clock= 
(reference clock×tuning word/2N)/2, 
where N is the number of bits for the 
phase accumulator. A Verilog imple-
mentation of the DDS baud-rate genera-
tor using a 20-bit phase accumulator and 
16-bit tuning word is available at www.
edn.com/100715dic.EDN

RefeRence
1 “A Technical Tutorial on Direct Digital 
Synthesis,” Analog Devices, 1999, 
www.analog.com/static/imported-files/
tutorials/450968421DDS_Tutorial_
rev12-2-99.pdf.

TABLE 1 Baud rate  
with regular divider

Baud  
rate Divisor Error (%)

50 10,000 0

300 1666 0.04

600 833 0.04

2400 208 0.16

4800 104 0.16

9600 52 0.16

19,200 26 0.16

38,400 13 0.16

57,600 8 7.84

115,200 4 7.84

230,400 2 7.84

TABLE 2 Baud rate  
with 20 ddS BitS

Output 
frequency

Phase 
word Error (%)

50 13 −0.825

300 78 −0.825

600 157 −0.182

2400 629 −0.023

4800 1258 −0.023

9600 2516 −0.023

19,200 5033 −0.003

38,400 10,066 −0.003

57,600 15,099 −0.003

115,200 30,198 −0.003

230,400 60,397 −0.002

PHASE 
ACCUMULATOR

DIVIDE 
BY TWO

TUNING 
WORD

REFERENCE 
CLOCK

∑

BAUD-
RATE CLOCK

Figure 1 You can generate a baud-rate clock from an available oscillator.

Modified DDS functions  
as baud-rate generator
Vardan Antonyan, Glendale, CA
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↘ The voltage-doubler circuit in 
Figure 1 can convert 2.5V dc to 

5V dc or 1.8V to 3.3V. Most voltage 
doublers use an inductor, but this cir-
cuit doesn’t need one. The circuit uses 
a capacitor, C, by charging it through 
serially connected switches. The charge 
switches let capacitor C charge, and 
the discharge switches are open. In the 
subsequent discharging phase, the 
charge switches are off, and the dis-
charge switches close. The two dis-
charge switches now connect capacitor 
C between the source of the input volt-
age, VS, and the output capacitor, COUT. 
This connection scheme lets the ap-
plied voltages combine. Thus, the volt-

age at the output terminal has a value 
close to 2VS.

The two phases of operation repeat 
periodically at frequency f, which clock 
generator IC2 determines. The duty 
cycle is about 50%, but the value isn’t 
all that critical. One half of the Ana-
log Devices (www.analog.com) high-
performance ADG888 analog multi-
switch provides the switching. The IC’s 
two halves have independent control, 
so the other half occasionally shorts RP, 
the 10Ω inrush-current-limiting resistor, 
which protects the charge switches from 
an initial overcurrent. That current oc-
curs after power-on, before the output 
voltage reaches the predetermined per-

centage of the output’s full voltage.
A micropower op amp, IC3A, runs as a 

comparator with hysteresis. It compares 
input voltage to output voltage. Its out-
put starts low and then goes high, which 
turns on paralleled switches S3 and S4. 
The comparator’s action is ratiometric 
because the reference input voltage at 
the inverting input is the input-supply 
voltage, VIN. This connection is possi-
ble because of the AD8617’s rail-to-rail 
input/output operation. The circuit also 
provides overload protection for an ex-
cessive load, which connects to the cir-
cuit’s output before power-on.

During soft start, the output voltage 
can’t reach the threshold level for loads 
below a certain value. Consequently, 
the circuit remains in soft-start mode. 
The minimum value of RL, which ac-
tivates the protective subcircuit, is 
RL≤m2×(α/(1−α))×RP, where the multi-
plication factor m=(VOUT/VIN) and α is 

DC-voltage doubler reaches  
96% power efficiency
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Figure 1 You can use this step-up dc/dc converter in applications in which power efficiency is a critical issue.
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↘ Many industrial and instrumenta-
tion systems need to measure the 

duration of pulse inputs, such as fre-
quency from rotational-speed sensors, 
gating and strobe pulses from external 
systems, and PWM (pulse-width-modu-
lated) inputs. Designers generally use 
on-chip timers and edge-driven inter-
rupts for this purpose. If one of these 
components is unavailable, however, 
you can employ an unused on-chip seri-
al-synchronous receiver to make those 
measurements.

You can set the baud rate of the serial-
port receiver for the necessary timing ac-
curacy. The receiver interrupts the micro- 
controller after every 8 bits. You can 
embed the pulse-width acquisition rou-
tine, which resides in your application 
program, to read the byte that the ISR 
(interrupt-service routine) receives. It 
counts and accumulates the number of 
ones and zeros the bytes receive to mea-
sure the duration of an incoming pulse 
(Figure 1). 

The algorithm measures the duration 
between two consecutive rising edges. 

The microcontroller detects a rising 
edge or a falling edge when a received 
byte is neither 0xff nor 0x00. If a byte 
is less than 0x80H (100 000b), then the 
byte marks a rising edge. If the byte is 
equal to or greater than this value, then 
the byte marks a falling edge.

The leading rising edge resets the bit 
counter to the number of trailing ones in 
the rising-edge byte by shifting the bits to 
the right. The bit counter increments by 
eight at the arrival of every byte, includ-
ing the one that marks the falling edge. 
When the counter receives the trailing 
rising edge, marked by the next rising-
edge byte, which is greater than 0x80h 
but less than 00H, it again counts the 
number of leading zeros in this byte and 
adds them to the accumulated-bit coun-

ter. The accumulated-bit count at this 
point directly relates to the time period 
of the pulse train by a factor equaling the 
baud rate.

Figure 2 depicts a 200-Hz pulse train, 
which has a 5-msec period between 
two consecutive rising edges. The baud 
rate is 256 kbaud. During a measure-
ment cycle, assume that the leading ris-
ing edge is marked as 0011 1111b. The 
microcontroller counts the number of 
trailing ones by shifting them right and 
initializing the bit counter as six. This 
count corresponds to approximately 
23.43 µsec.

Next, every byte before the rising-
edge byte increments the bit counter by 
eight. Simple calculation shows that the 
sum is 159 bytes, or 1272 bits. At this 
point, the total bit count is 1278, in-
cluding six one bits received in the first 
rising-edge byte. 

The pulse train now encounters its 
trailing rising-edge byte as 0011 1111b. 
When this encounter occurs, you need 
to shift the zeros left to count two bits. 
The total bit count between the rising 
edge now is 1280. At a 256-kbaud rate, 
this figure corresponds exactly to 5 msec, 
or 200 Hz.

Figure 3, a flow chart, is available with 
the online version of this Design Idea 
at www.edn.com/100715did. It explains 
how you can use this concept to measure 
frequencies in hundreds of hertz.

You can tailor this bit-counting con-
cept to your application’s requirements. 
For measuring only a low period of a 
pulse, you need to detect a falling edge 
and count the bits until you encounter a 
rising edge. You can use this concept to 
read an incoming PWM signal by read-
ing high periods of a known incoming 
pulse frequency.EDN

a fraction of VOUT, at which the soft start 
turns off. For m=2, α=0.8, and RP=10Ω, 
RL is 160Ω. Thus, loads of 160Ω or less 
will overload the circuit if you con-
nect them to the circuit’s output before  
power-on. IC2 and IC3 get their power 
from the input supply. IC1, however, 
switches voltages of as much as 2VIN, 
and its VDD1 supply-voltage pin must re-
main at the same level. An analog OR 
switch comprising Schottky barrier di-

odes D1 and D2 provides that voltage. 
The higher of the input or output volt-
ages appears at the VDD1 pin of IC1. The 
high levels of output voltages for both 
IC2 and IC3 suffice for control of IC1 be-
cause the ADG888’s data sheet allows 
a 0.36VDD1 value for the high value at 
the control inputs. The circuit has been 
tested at an input voltage of 2.386V, RL 
of 178.46Ω, a frequency of 200 kHz, a 
supply voltage of 2.377V, an input sup-

ply current of 51.285 mA, and an out-
put voltage of 4.588V. Evaluating these 
data gives a multiplication factor of 
1.929 and power efficiency of 96.39%.

This power efficiency remains more 
than 96% for frequencies of 150 to 350 
kHz. The 9-mV drop at the switch-
shorted RP at the given input current 
indicates that the on-resistance of the 
paralleled switches has a value of ap-
proximately 0.175Ω.EDN

BIT PATTERN
00111111b

FOR LEADING
RISING EDGE

BIT PATTERN
00111111b

FOR TRAILING
RISING EDGE

TOTAL 1280 BITS AT 256 kBAUD

159 BYTES 
(1272 BITS
BETWEEN

RISING EDGES)

Figure 2 The algorithm uses a 001111 
bit pattern to detect edges.

SERIAL-
PORT

RECEIVE
INPUT

MICROCONTROLLER

ON-CHIP
SYNCHRONOUS

SERIAL PORT

Figure 1 A microcontroller’s serial 
port can receive pulses from various 
sources.

Microcontroller’s serial port  
measures pulse width
Vishwas Vaidya, Tata Motors Ltd, Pune, India
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↘ Validating the sytem efficiency of 

a power-electronics circuit is es-
sential in evaluating the overall system 
performance, design optimization, and 
sizing of cooling systems. Figure 1 shows 
the conventional method of performing 
efficiency measurement. The power-
electronics system operates at the rated 
output-power level, and, by measuring 
the input power and output power, you 
can calculate the system’s efficiency 
using the equation η=(POUT/PIN)×100%, 
where POUT is output power and PIN is 
input power. In other words, the mea-
sured input power is equal to the output 
power plus the power loss of the  
system.

However, measuring the efficiency of 
a high-power system that delivers power 
to loads such as motors, generators, or 

industrial-computer equipment requires 
a source that delivers the rated power. 
The infrastructue therefore should com-
prise a suitably rated source and an 
equivalent load that can support the rat-
ing of the power-electronics system you 
are evaluating. These requirements can 
drive up the facility’s infrastructure cost; 
for one-time design-validation measure-
ments, this cost is difficult to justify. 

This Design Idea describes alternative 
methods of measuring the efficiency of 
a high-power power-electronics system 
that simplifies the test-infrastructure re-
quirement by eliminating the test load 
and using a source that must support only 
the loss of the power-electronics system. 
Figure 2 shows the proposed method, 
which eliminates the test load by short-
ing the output/load terminals. The sys-

tem’s control algorithm maintains the 
required input- and output-current 
amplitude and frequency by develop-
ing circulating reactive power. IGBTs 
(insulated-gate bipolar transistors) and 
magnetic components dominate the sys-
tem’s losses, which are functions of the 
amplitude and frequency of the input 
and output currents. The loss is also less 
sensitive to the power-factor and PWM 
(pulse-width-modulation) index.

To know the required input and out-
put current, you must estimate the sys-
tem’s power factor, the motor’s back 
EMF (electromotive force), and the sys-
tems’s source voltage. This example uses 
a field-oriented control for both source- 
and load-side inverters, resulting in the 
following equations:

POUT

  3VBEMF

IROUT = IROUT_RE+jIROUT_IM = ;

IRIN = IRIN_RE+jIRIN_IM =

POUT / ηE

  3VGRID

PRIN

  3VGRID

= ,

where IROUT is the required output cur-
rent, which comprises real current, 
IROUT_RE, and reactive current, IROUT_IM; 
IRIN is the required input current, which 
comprises the real current, IIN_RE, and 
the reactive current, IIN_IM; PRIN is the 
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works in bright areas
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Methods measure  
power electronics’ efficiency
Liping Zheng, Calnetix, Yorba Linda, CA
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Figure 1 In a conventional method of performing efficiency measurement, the 
power-electronics system operates at the rated output-power level.
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Figure 2 This method eliminates the test load by shorting the output-load terminals.
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required input power; POUT is the output 
power at the test condition; VBEMF is the 
motor’s back EMF; VGRID is the grid volt-
age; and ηE is the estimated efficiency of 
the circuit. 

By maintaining the input current 
to be IRIN and the output current to be 
IROUT, the measured input real power will 
be close to the power loss, PLOSS, at the 

actual output-power level, POUT. There-
fore, you can calculate the efficiency as 
follows: η=(POUT)/(POUT+PLOSS)×100%.

If the measured efficiency, which you 
calculate using this equation, does not 
quite match the estimated efficiency, ηE, 
update the second equation using the 
measured efficiency, η, and repeat the 
measurement until they are close. Cal-

netix (www.calnetix.com) has used this 
method to evaluate the efficiency of a 
125-kW power-electronics system, com-
pared the results with the conventional 
measurements, and found them to be 
closely matching. 

Most high-power power-electron-
ics systems have high efficiency, which 
means that the real current is much less 
than the reactive current. To reduce the 
required current from the grid, you can 
use the method in Figure 3, which uses 
another identical system to offset the 
input reactive current that the test system 
creates. By providing a path for circulat-
ing reactive power, the utility sources the 
lost power only, not the total power. In 
Figure 3, the input current of the sec-
ond power-electronics circuit is IRIN= 
IRIN_RE+jIRIN_IM. By setting the first circuit 
to have an input current of IRIN1≈IRIN_RE− 
jIRIN_IM,the power from the source is 
only ISOURCE=IRIN1+IRIN≈IRIN_RE+IRIN_RE+ 
j(IRIN_IM−IRIN_IM)=2IRIN_RE. The circuit 
uses the input current from the source 
only to overcome the power losses of 
the two circuits, thereby eliminating the 
need for a high-power infrastructure.EDN
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DC BUS
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Figure 3 This method uses two identical power-electronics systems. The second 
system offsets the input reactive current that the test system creates.

↘ Two previous Design Ideas de-
scribe simple ways to automati-

cally disconnect a battery from its 
load after a preset on period, which 
extends battery life (references 1 and 
2). These circuits have little loss in 
standby operation, but they do draw 
some current. The circuit in this De-
sign Idea presents a simpler way to 
perform the same function with fewer 
components and with no power con-
sumption during standby operation 
(Figure 1). Moreover, the network 
comprising R2, D2, and C2 activates 
and deactivates the circuit. An addi-
tional control signal, control on/off, 
becomes slower than the battery’s on/
off cycle.

Switching S1 to Position 1, the on 
position, the 24V battery quickly 
charges capacitor C1 through diode 
D1. That voltage drives transistor Q1 

into saturation. Q1’s saturation mag-
netizes and activates relay coil L1, 

connecting the battery to the main 
power and control board. Meanwhile, 
capacitor C2 charges more slowly 
through 100-kΩ resistor R2, thus gen-
erating the control on/off signal with 
some delay relative to the relay coil’s 
closing. That scenario occurs after 

Circuit extends battery life
José M Espí, Rafael García-Gil, and Jaime Castelló,  
University of Valencia, Valencia, Spain
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Figure 1 This on/off management circuit uses a relay to remove battery power.
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the proper power supply to the power 
stage and control circuits.

Switching S1 to Position 2, the off 
position, causes capacitor C1 to slow-
ly discharge through resistor R1 when 
diode D1 is off. That action delays Q1’s 
turn-off. Before Q1 turns off, C2 quick-
ly discharges through D2, indicating 
that the control should shut down 

the power. The relay switches off with 
minimum current. Once Q1 is off, the 
relay coil demagnetizes through R4 
and D3. The relay switches off, discon-
necting the main power and control 
board from the battery. During this off 
state, current flows neither in the on/
off circuit of the management board 
nor to the main board.EDN

REFERENCES
1 Gimenez, Miguel, “Scheme provides 
automatic power-off for batteries,” 
EDN, May 13, 2004, pg 92, http://bit.ly/
aUdD3s.
2 Xia, Yongping, “Battery automatic 
power-off has simpler design,” EDN, 
March 31, 2005, pg 80, http://bit.ly/
bLJNgb.

↘ Using a shift register 
with parallel output is 

a common way to design a 
pulse generator with N inputs 
and pulsed outputs having a 
width of T/N. To keep the 
output pulses consecutive, 
you can use feedback from the 
last output to the first input. 
At power-on, such a circuit 
can have a random combina-
tion of logic zeros and ones, 
forming an undesired data 
content of the shift register. 
To avoid circulating unde-
sired states and to enter a 
proper sequence, you need a 
special feedback.

The circuit in Figure 1 is a three-stage 
shift register that uses D-type flip-flops. 
It has three outputs, Q1, Q2, and Q3, 
each of which produces a periodic pulse 
having a width of TREP/3. TREP=3TCLK 
is the period at which the sequence re-
peats at any of the three outputs. A two-
input NOR gate creates the feedback. 
The gate’s D1 output connects to the D 
input of flip-flop FF1, and its inputs con-
nect to Q1 and Q2. A logic-one bit at D1 
means that, at the nearest low-to-high 
transition of the clock, this signal will 
place a logic one at output Q1.

You can interpret this feedback in 
words by writing a logic zero into FF1 
at the nearest low-to-high transition of 
the clock signal, if at least one of the 
Q1 or Q2 outputs has a logic-one state. 
You write a logic one into FF1 if both 
the Q1 and the Q2 outputs are at logic 
zero. This feedback adds a self-cor-
recting feature, which is illustrated by 

the assumption that the initial state of                                                                                                                                               
the circuit is intentionally undesired. 

Using this result, the following se-
quences illustrate state correction, in 
which the logical states in the bit tri-
ads correspond left to right to Q1, Q2, 
and Q3:

111→011→001→100→010→001
000→100→010→001

From this example, you can see that er-
roneous state 111 self-corrects within 
two periods of the 
clock. For the un-
desired 000 state, 
the proper cycling 
enters at the near-
est low-to-high 
transition of the 
clock signal.

You can deter-
mine the upper 
limit of the clock 
frequency from 
an as sumpt ion 

of the gate output, which changes 
after a low-to-high transition of the 
clock. This condition must be ready 

with a setup time, TSETUP,  
the next time the clock 
transitions from low to high 
(Figure 2). Thus, TCLKMIN= 
TPQHL+TPGLH+TSETUP, where 
TPQHL and TPGLH are signal-
propagation delays of the 
flip-flop and the gate, re-
spectively, at the respective 
output-level transition. By 
using the worst-case values 
of propagation delays from 
the devices’ data sheets, you 
get a minimum clock period 
of 4.4 nsec for a supply volt-
age of 1.8V and a minimum 
clock period of 3.5 nsec for 
a supply voltage of 2.5V. As 

the 3.5-nsec value gives a clock fre-
quency higher than the guaranteed 
toggle frequency for the flip-flop, you 
should accept the maximum clock fre-
quency at 275 MHz for a supply voltage 
of 2.5V. For a supply voltage of 1.8V, 
the maximum clock frequency should 
be 227 MHz. The maximum repetition 
rate of signals at Q1, Q2, and Q3 out-
puts is the maximum clock frequency 
divided by three, or 75.6 MHz.EDN

Pulse generator corrects itself
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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33.3%.
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↘ When using a reflective object 
sensor, counting and identifying 

objects is sometimes difficult in the pres-
ence of electrical noise or bright ambient 
light. The circuit in Figure 1 shows an 
inexpensive solution to this problem 
using three independent and simultane-
ously working reflective object sensors. 
The circuit is suitable for many types of 

objects, but it targets use with objects 
such as cards.

The circuit uses three OPB704 reflec-
tive optical sensors with Schmitt-trigger 
NAND comparators IC1A, IC1B, and IC1C 
on each output. IC1D functions as a clock 
generator, and counter IC6B functions as 
a divide-by-eight counter that divides 
the clock frequency. That signal drives 

IC4D, which acts as a buffer to drive  
transistor Q1.

To understand how the circuit works, 
consider Sensor 2. IC1B’s output will be 
low if the sensor’s phototransistor doesn’t 
detect IR rays reflected from an object. 
Both of IC1B’s inputs are high; there-
fore, the D1 input of IC2 is low. In any 
case, if the sensor’s phototransistor de-
tects IR rays reflected from an object, 
the D1 input of IC2 is high. The level 
corresponding to the current situation 
transfers through IC2’s Q1 output (Pin 7) 
by a write signal on the C input (Pin 9). 
The write signal is a leading edge of puls-

Reflective object sensor works  
in bright areas
Vladimir Rentyuk, Modul-98 Ltd, Zaporozhye, Ukraine

DD

IC2
74HC175D

Q0

Q0

Q1

Q1

Q2

Q2

Q3

Q3

D1

D2

D3

R
VCC

VCC

1Q0
1Q1

1Q2

1Q3

2Q0
2Q1
2Q2
2Q3

IC3A
74HC86

IC3B

C9
51 pF

C10
51 pF

C11
51 pF

C12
100 nF

R9
10k

IC6A
74HC393D

R8
10k

R7
10k

IC5A
74H393D

IC5B

D2
BAS32L

D3
BAS32L

D4
BAS32L

IC2B

IC3C

Q1
BC817C

R6
24

R5
1k

R4
110k

D1
RED

GND

GND

C

MR2

OUT1

OUT2
CP2

MR1

CP1

1Q0

1Q1

1Q2

1Q3

MR1

CP1

IC6B

IC1D

7

13 1112

8

9

10

11

4

5

12

13

9
1

2

3

7

8

8

6

3
1
2

4
5

9
3

1

2
10

6

11

10

15

14

16

12

13

14

12 14
11

7

13

9

4

1
32

6
5

8
10

C7
100 nF

IC3D

C8
100 nFC5

100 nF

C4
100 nF

C6
100 nF

OPB704

OPB704

OPB704

SENSOR 3

SENSOR 2

SENSOR 1

12V 5V5V

5V

IC1A
74HC132

R1
22k

C1
470 pF

C2

470 pF

1C1C

C3
470 pF

5V

5V

R2
22k

R3
22k

5V

5V

5V

5V

5V

5V

5V

VCC

MR2

2Q2CP2

GND

2Q3

2Q1

2Q0

3

42

1

5

6

OUT3

4

5

6

11
10

12

13

14

9

8

7

NOTE: LOW-VOLTAGE LEVEL OCCURS WHEN NO OBJECT IS PRESENT; HIGH-VOLTAGE LEVEL OCCURS WHEN THE OBJECT IS PRESENT.

AN
OBJECT

Figure 1 Infrared sensors and logic circuits detect the presence of an object.
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es from the clock generator. The signal 
from divider IC6B becomes the D3 input 
of IC2. A level of the divided clock sig-
nal transfers to IC2’s Q3 output (Pin 15) 
upon receiving a write signal from the C 
input (Pin 9). The signals on the Q1 and 
Q3 outputs have equal duration except 
when the sensor’s phototransistor detects 
IR rays reflected from an object. Figure 
2a shows the process of this normaliza-
tion. Exclusive-OR gate IC3B compares 
the Q1 and Q3 outputs from IC2. If they 
have the same logic level and duration, 
then IC3B’s Pin 6 is low, and IC3B gener-
ates pulse signals. If signals from outputs 
Q1 and Q3 on IC2 are unequal, you must 
reset counter IC5B’s reset signal, and its 
output 2Q2 at OUT2 is low. The Q2 out-
puts of counters IC5A, IC5B, and IC6A are 
low whenever the input signals of com-
parator circuits IC3A, IC3B, and IC3C are 
unequal. This situation occurs if Sensor 
2 doesn’t detect an object or receive any 
external signals—for example, IR noise 
from fluorescent lamps or interfering am-
bient light, alternating light, or flashes.

The outputs of IC3A, IC3B, and IC3C 
are equal only when all phototransis-
tors detect a signal from their respec-
tive IR emitting diodes—that is, when 
a card is presented in front of Sensor 2 
(Figure 2b). You must choose a clock 

frequency with regard to a delay time of 
the system. A leading edge triggers IC2, 
a 74HC175, and a falling edge triggers 
IC6B, a 74HC393. Because of the count-
ers, this system automatically adjusts it-
self after any changes of frequency in its 
clock generator. Thus, if counter IC5B 
does not have a reset signal during a pe-
riod equal to four periods of a reference 
signal, its output (Pin 9) is high, and the 
counter latches through R8. The logic-
high level appears on OUT2 until you re-
move the card. In this case, the detected 
inequality signal from the sensor with 
the reference signal and the counter, 
IC5B, causes a reset signal. Figures 2b, 
2c, and 2d show three cases of using the 
presented device.

Figure 2b shows a case of normal op-
eration. You can see the results of com-
paring a reference signal (Trace C) and 
a signal of IC1B’s output (Trace D). The 
signal of IC1B’s output (Trace B) is low 
when no card appears. When the card 
enters the zone of vision of a sensor 
(Trace B), it is a sequence of normalized 
pulses. The output of the device at Pin 9 
of IC5B (Trace D) changes its level from 
low to high after four cycles of both sig-
nals, but it will immediately change to 
low if you remove the card.

Figure 2c shows operation of the de-

vice under strong IR noise. The signal 
of IC1B’s output (Trace B) contains some 
high-frequency signals if a card isn’t pres-
ent and is a sequence of normalized puls-
es when a card is present. The output of 
the device at Pin 9 of IC5B (Trace D) in-
dicates the presence of a card by chang-
ing its level from low to high after four 
cycles of these signals. It immediately 
changes to low if you remove the card 
from the zone.

Figure 2d shows operation of the de-
vice under ambient direct lighting. You 
can see the results of comparing signals. 
In this case, the signal at IC1B’s output 
(Trace B) is constant high when a card 
isn’t present. When the card enters a 
sensor’s zone of vision (Trace B), the 
signal is a sequence of normalized puls-
es. The output of the device at Pin 9 of 
IC5B (Trace D) indicates this condition 
by changing its level from low to high 
after four cycles of both signals. It imme-
diately changes from high to low when 
you remove the card from the zone.

Capacitors C1, C2, and C3 are optional. 
They protect input circuits from electro-
magnetic noise when, for example, long 
wires connect the sensors and the de-
vice. Capacitors C9, C10, and C11 provide 
performance reliability by protecting the 
counters from short pulses.EDN

(a)

A

B

C

D

A

B

C

D

A

B

C

D

(b)

A

B

C

D

(c) (d)

Figure 2 Traces show the process of normalization (a) and three cases of using the presented device (b, c, and d).
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↘ Properly maintained rechargeable 
batteries can provide good service 

and long life. Maintenance involves reg-

ular monitoring of battery voltage. The 
circuit in Figure 1 works in most re-
chargeable batteries. It comprises a ref-

erence LED, LEDREF, which operates 
at a constant current of 1 mA and 
provides reference light of constant 
intensity regardless of battery volt-
age. It accomplishes this task by con-
necting resistor R1 in series with the 
diode. Therefore, even if the battery 
voltage changes from a charged state 
to a discharged state, the change in 
current is only 10%. Thus, the inten-
sity of LEDREF remains constant for a 
battery state from a fully charged 
state to a fully discharged state.

The light output of the variable 
LED changes with respect to changes 
in battery voltage. The side-by-side-
mounted LEDs let you easily com-
pare light intensities and, thus, bat-
tery status. Using diffused LEDs as 
crystal-clear LEDs can damage your 
eyes. Instead, mount the LEDs with 
sufficient optical isolation so that the 
light from one LED does not affect 
the intensity of the other LEDs.

The variable LED operates from 10 
mA to less than 1 mA as the battery 
voltage changes from fully charged to 
fully discharged. Zener diode DZ in 
series with resistor R2 causes the cur-
rent to change with battery voltage. 
The sum of the zener voltage and 
the drop across the LED should be 
slightly less than the lowest battery 
voltage. This voltage appears across 
R2. As the battery voltage varies, it 
produces a large variation of current 
in R2. If the voltage is approximate-
ly 1V, then 10 mA will flow through 
LEDVAR, which is much brighter than 

LEDREF. If the voltage is less than 0.1V, 
then the light intensity of LEDVAR will 
be less than LEDREF, indicating that the 
battery has discharged.

Immediately after the battery has 
charged, the battery voltage is more 
than 13V. The circuit can withstand this 
voltage because it has a 10-mA margin. 
If the LEDs are bright, quickly release 
pushbutton switch S1 to avoid damage 
to the LEDs (Figure 2).

The figure uses a 12V lead-acid bat-
tery indicator as an example, but you 

Simple battery-status indicator  
uses two LEDs
Abhijeet Deshpande, People’s Education Society Institute of Technology, 
Bangalore, India
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TABLE 1 LED INTENSITY
Light  

output  
of LEDVARG

Light  
output  

of LEDVARR

Battery 
status 

(%)

Much 
brighter 

than  
LEDREFG

Much 
brighter 

than  
LEDREFR

70 to 100

Equally as 
bright as 
LEDREFG

Much 
brighter 

than 
LEDREFR

60

Off Brighter 
than  

LEDREFR

50 to 30

Off Equally as 
bright as 
LEDREFR

20

Off  Off 0 to 10

+

VBATT

LEDVARLEDREF

DZ

 R1
10k

 R2
10k

Figure 1 This circuit works in most 
rechargeable batteries. It comprises  
a reference LED, LEDREF, which operates  
at a constant current of 1 mA and provides 
reference light of constant intensity regard-
less of battery voltage.

S1 DZ1
9.1V

D1

D2

R3
100

R4
100

R2
10k

LEDREFG LEDREFR

LEDVARG LEDVARR IRIG

R1
10k

DZ2
9.1V

D3
+

VBATT

Figure 2 This circuit can withstand 13V 
because it has a 10-mA margin. If the LEDs 
are bright, quickly release pushbutton 
switch S1.
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↘ Microcontrollers usually require 
a watchdog timer to bring high 

currents or high voltages into a safe 
condition. Many microcontrollers have 
built-in watchdog timers for this pur-
pose. You may, however, prefer that an 
external circuit be the judge. An exter-
nal watchdog circuit checks the integ-
rity of the microcontroller’s code, bring-
ing the outputs to a safe state when it 

judges that the microcontroller’s firm-
ware has gone awry. Conditions such as 
errant code or failed hardware can cause 
these issues.

You have many options for designing 
an interface between your external timer 
and the microcontroller. For example, 
you can use a port pin, which yields a 
flexible and adaptable way to couple 
with almost any microcontroller.

In applications that require energiz-
ing an output or series of outputs, you 
need an enable signal. You can use this 

can extend the design to accommodate 
other types of chargeable batteries. You 
can also use it for voltage monitoring. It 
uses two green LEDs to indicate wheth-
er the battery has charged above 60%. 
A set of red LEDs indicates whether 
the battery charge drops below 20%. 
LEDREFG and LEDREFR feed through 
10-kΩ resistors R1 and R2. For the 
variable-intensity LEDs, a zener diode 
works in series with 100Ω resistors R3 
and R4. Diodes D1, D2, and D3 provide 
the required clamping voltages. Table 

1 shows how LED in-
tensity indicates bat-
tery charge.

The fo l lowing 
equation calculates 
the variable intensi-
ty for the green LED:  
VBATT=IG×100+VD1+
VD2+VLEDG+VDZ1. For 
a green-LED current 
of 1 mA, VBATT=10−3

×100+0.6+0.6+1.85+
9.1=12.25V. The selected LEDs have a 
drop of 1.85V at 1 mA. 

If the LED has different characteris-
tics, then you must recalculate the re-
sistor values. At this voltage, the LEDs 
have the same intensity, and the bat-
tery is 60% charged. See Reference 1 
for lead-acid-battery voltages.

The following equation calculates 
the variable intensity for the red LED: 
VBATT=IR×100+VD3+VLEDR+VZD2. For 
a green-LED current of 1 mA, VBATT= 
10−3×100+0.6+1.85+9.1=11.65V.

At this voltage, both red LEDs have 
equal intensities, and the battery is 20% 
charged. LEDVARG is off. Figure 3 shows 
that both variable-intensity LEDs are 
brighter than the reference LEDs, indicat-
ing that the battery is 100% charged.EDN

RefeRence
1 “Lead Acid Battery Charging,” Solar 
Navigator, 2005, www.solarnavigator.
net/battery_charging.htm. 

Hardware watchdog timer  
accepts range of frequencies
Robert Most, Ferris State University, Big Rapids, MI

INITIALIZE

MAIN CODE

TOGGLE
WATCHDOG

Figure 1 A microcontroller must  
constantly generate a pulse to keep  
a watchdog timer from timing out.

5V

R3
220k

R4
10k

R5
1k

C2
47 µF

Q1
2N3906

Q2
2N3904

D1
1N4001

R2
4.7k

R1
1k

C1
22 µF

10-Hz TO
100-kHz,
0 TO 5V
SQUARE

WAVE

TO
ENERGIZING

CIRCUITS
D2

Figure 2 Capacitor C2 remains charged enough to keep the circuit energized as long 
as a pulse stream of at least 10 Hz is present. If the pulse drops, the circuit removes 
power through the relay.

YOu caN uSe the 
deSIGN tO accOM-
MOdate Other tYPeS 
Of charGeaBLe Bat-
terIeS. YOu caN aLSO 
uSe It fOr VOLtaGe 
MONItOrING.

LEDREF

LEDVAR

Figure 3 Both variable-intensity LEDs are brighter than 
the reference LEDs, indicating that the battery is 100% 
charged.
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↘ Three-color LEDs contain red, 
green, and blue LEDs in one 

package. Using two digital control sig-
nals, you can drive these LEDs to pro-
duce four colors. The circuit in Figure 1 
uses an Analog Devices (www.analog.
com) ADG854 dual analog 1-to-2 de-
multiplexer that lets you select the cur-
rent through each LED.

The circuit uses a distinct current, I or 
2I, to drive each LED. The demultiplex-
ers determine the routes of the currents 
through transistors Q1, Q2, and Q3 in 
transistor array IC2 to the LEDs. These 
transistors act as both current sources 
and summing elements. 

The following equation yields the 
value of the current: I=(VREF−VBE)/RE, 
where VBE is the base-emitter voltage of 
bipolar transistors Q1, Q2, and Q3. The 
base-emitter-voltage value varies slight-
ly depending on the total collector cur-
rent, but you can neglect this variation. 

Refer to the data sheet of your transistor 
array for this information.

One unit of current constantly flows 
through the green LED. Demultiplexer 
D1 routes another unit of current to ei-
ther the red LED or the blue LED, and 
D2 routes the third unit of current to ei-
ther the green LED (2I total) or the red 
LED. 

Table 1 shows the states and colors 
that this circuit produces. The sum of 
currents flowing through all LEDs is 3I 
at one time for all four combinations 
of control variables. Thus, the gener-
ated light is 
approximate-
ly of the same 
intensity re-
gardless  o f 
color.

The decreas-
ing value of 
the base-emit-

ter voltage with temperature, which is 
approximately −1.42 mV/°C, causes an 
increase in current through the LEDs by 
approximately 0.33%/°C. It has a ben-

Get four colors from 2 bits
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia

enable signal to energize a relay provid-
ing power to an output device. Turning 
the enable signal into a watchdog sig-
nal is therefore a wash in terms of port-
pin usage. The implementation of this 
watchdog circuit requires the output 
port pin to toggle, rather than stay at a 
constant state.

Most microcontroller code has a main 
loop that is always either performing a 
task or calling larger functions and in-
teracting with interrupt-service rou-
tines. If an errant task, unforeseen bug, 
or unintentional vector executes, the 
main loop either gracefully reinitializes 
or becomes stuck indefinitely. Either sit-
uation breaks the execution of the main 
loop. When that situation occurs, the 
timer needs to remove power from your 
circuits.

You can implement the watchdog 
timer by toggling a port output when-
ever the main loop runs, provided that 
the main loop executes 10 to 100,000 
times/sec. Figure 1 demonstrates this 
concept. You can implement this 
watchdog philosophy in several ways. 

You must allow for variability in the 
rate of the toggle signal because extra-
neous interrupts and other nondeter-
ministic events may cause variability in 
the main loop’s execution loop time. If 

the watchdog circuit is not sufficiently 
forgiving, it may lead to false triggers, 
defeating its purpose. The recovery time 
of the watchdog timer is the maximum 
time between toggling events in dura-
tion. This scenario can happen when 
the system is in a recovery, or “limp-
home,” mode. This circuit can accom-
modate the recovery duration, but, if it 

deems necessary, the recovery operation 
can disable the watchdog timer’s output. 
You can download Listing 1, a docu-
ment containing sample code, from the 
Web version of this Design Idea at www.
edn/100812dia.

The circuit in Figure 2 uses two bipo-
lar transistors. The second transistor is 
simply a relay driver. The circuit works 
by removing the dc component from 
the incoming toggling square wave, 
rectifying and creating an average dc 
value. This wave feeds transistor Q1, bi-
ased such that a prolonged absence of 
pulses turns it off, thus turning off Q2 
and the relay. Changing the value of C2 
also changes how quickly the watchdog 
timer reacts to an absence of pulses. The 
circuit accepts toggling frequencies of 
10 Hz to 100 kHz.

Changing the value of capacitor C2 
changes the range of compliance fre-
quencies that the main loop generates. 
The circuit also functions with a 3.3V 
processor, but either the relay must have 
its own 5V supply or you must use a low-
er-voltage relay.EDN

the IMPLeMeNtatION 
Of thIS watchdOG 
cIrcuIt requIreS 
the OutPut POrt PIN 
tO tOGGLe, rather 
thaN StaY at a cON-
StaNt State.

TABLE 1 DISTrIbuTIoN of currENT aND coLorS

IN1 IN2 IR IG IB Color

0 0 I I I White

0 1 Off 2I I Aqua

1 0 2I I Off Red-orange

1 1 I 2I Off Yellow

the deMuLtIPLexerS  
deterMINe the 
rOuteS Of the  
curreNtS thrOuGh 
traNSIStOrS  
q1, q2, aNd q3 IN 
traNSIStOr arraY 
Ic2 tO the LedS.
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↘ Trapezoidal velocity profiles pro-
vide smooth motion for starting 

and stopping motor-control systems. 

Figure 1 shows a velocity-profile sec-
tion to be implemented in software that 
you can use to provide digital or analog 

control to a motor. In the figure, θ̇ rep-
resents the desired motor velocity 
(trapezoidal velocity profile) and θ̇MAX 
represents the maximum motor velocity. 

You predetermine the velocity profile 
based on the load acceleration and de-
celeration requirements. A trapezoidal 
velocity profile has three regions: accel-

eficial effect because it compensates for 
the decreasing radiance of the LEDs as 
temperature increases. 

Drops in radiance are approximately 
−0.27%/°C for the blue LED and about 
−0.35%/°C for the green LED. The ra-
diance of these two LEDs, which are 
both indium-gallium-nitride types, thus 
remains almost constant over ambient 
temperature. The red LED is an alumin-
ium-indium-gallium-phosphorus type, 
having a radiance drop of approximate-
ly −0.77%/°C, and the current source 
roughly halves this drop.

The R0 resistors force the logic in-
puts to logic zero at manual control by 
connecting or not connecting the IN1 
and IN2 control leads to VDD, the pow-
er-supply voltage. The maximum cur-
rent flowing through the LEDs, about 
26 mA, is far below the nominal cur-
rent of 350 mA that Avago Technolo-
gies (www.avagotech.com) rates for the 
ASMT-MT00 power RGB (red/green/
blue) LED that this circuit uses.

The radiance is sufficient, yet the 
junction temperature of the LEDs is low. 
Junction-to-pin thermal resistance for 
the green LED is 20°C/W. IC1 dissipates 
approximately 0.1W. Therefore, you can 
estimate the junction temperature to be 
higher than the ambient temperature 
by less than 2°C (Reference 1). Con-
sequently, you increase the LED’s ex-
pected lifetime well beyond thousands 
of hours.EDN

RefeRence
1 Oon, Siang Ling, “The Latest LED 
Technology Improvement in Thermal 
Characteristics and Reliability: Avago’s 
Moonstone 3-in-1 RGB High Power 
LED,” White Paper AV02-1752EN, Avago 
Technologies, Jan 20, 2009, www. 
avagotech.com/docs/AV02-1752EN.

Implement trapezoidal velocity profiles 
in software
Adil Ansari, General Electric, Energy Division, Atlanta, GA
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IC4
ADR1581

Q1 Q2 Q3

IC2
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IC1
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 1.25V

IC3
ADG854

AT INPUT 
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I I

IR IG IB
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33

GND

Figure 1 A three-color LED IC emits mixtures of two or three spectrally “pure” col-
ors. The human eye perceives the mixtures as special colors.
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eration (Interval 1), constant velocity 
(Interval 2), and deceleration (Interval 
3). Equation 1 shows the calculation of 
the desired position, θD, or the distance 
the motor needs to travel, as the area 
under the curve of Figure 1, which is 
an integral of the velocity.

In Equation 1, each integral term 
represents the areas under the curve 
for regions 1, 2, and 3, respectively. 
To implement the velocity profile in 

a position-con-
trol loop, the 
software calcu-
lates the posi-
tion input at 
every sampling 
period, T, by a 
point-by-point 
numerical in-
tegration of θ̇ 
(Listing 1). You 
can download 
the code for a 
Matlab simula-

tion of this algorithm from the on-
line version of this Design Idea at 
www.edn.com/100812dib.

Equations 2, 3, and 4 give the 
value of θ̇ for intervals 1, 2, and 3, 
respectively:

Next, calculate the position input 
to the control loop θi every sam-
pling period for each of the inter-
vals by numerically integrating θ̇ in 
equations 2, 3, and 4:

For Interval 3, you calculate the area 
under the curve (shaded region in Fig-
ure 2) as t goes from T3 to T4 by sub-

tracting the area of the triangle for the 
interval [t .. T4] from the area of the en-
tire triangle for the interval [T3 .. T4]:

To simplify the implementation, you 
can define constants A, B, C, and D (D 
equals the area under the curve of Interval 
3) such that

You can then express θi as Equation 9 
(above) shows.EDN

LISTING 1 PSEuDo CoDE

//  Interval I
// T is sampling interval 

     Tint1 = T2 – T1  //  Interval I
 For  t = 0 .. Tint1
      {
 θi =A.t2

 t = t + T
      }

//  Interval II

     Tint2 = T3 – T2  //  Interval II
 For  t = 0 .. Tint2
  {
 θi = θi +B.t
 t = t + T
  }
   
//  Interval III

     Tint3 = T4 – T3  //  Interval III
 For  t = 0 .. Tint3
 {
 θi = θi+ D – C.(Tint3 – t)2

 t = t + T
 }

θMAX × t
(T2−T1)

θMAX × t
(T4−T3)

(1)

T2

T1

T3

T2
θD = θMAX dt +

dt,

dt+∫ ∫
T4

T3
∫

INTERVAL 1 INTERVAL 2

INTERVAL 3

θMAX × t
(T2−T1)

INTERVAL 1:

FOR t = T1 TO T2. 

θ =

(2)

t

θMAXINTERVAL 2:

FOR t = T2 TO T3. 

θ =

(3)

θMAX

(T4−T3)
INTERVAL 3:

FOR t = T3 TO T4. 

θ = t

(4)

θMAX

2(T2−T1)
A = ; Β = θMAX; 

θMAX

2(T4−T3)

C =

;
T4−T3

2
D = × θMAX. 

(8)

0.t.(T4−T3))

×(T4−T3−t)2 |(t = iT, i = 

(T4−T3) θMAX

2
INTERVAL 3: θi = −[
θMAX

2(T4−T3)

(7)].

DESIRED VELOCITY PROFILEθ

θMAX

T1 T2 T3 T4

1
—
S

Figure 1 You can implement this velocity-profile section in soft-
ware that you can use to provide digital or analog motor control.

θMAX

t

3

T3 T4

Figure 2 You use subtraction to calcu-
late the area under the curve (shaded 
region) as t goes from T3 to T4.

traPezOIdaL VeLOc-
ItY PrOfILeS PrOVIde 
SMOOth MOtION 
fOr StartING aNd 
StOPPING MOtOr-
cONtrOL SYSteMS. 

θMAX

2(T2−T1)
INTERVAL 1: θi = ×

t2 | (t = iT, i = 0..(T2−T1)).
(5)

θi = θMAX×INTERVAL 2:

(6)
(t−T2) | (t = iT, i = 0..(T3−T2)).

θi  =Α × t2|(t = iT, i = 0..(T2−T1)) + B ×
t|(t = iT, i = 0..(T3−T2)+(D − C ×

(T4 − T3 − t)2)|(t = iT, i = 0..(T4−T3)). (9)
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↘ The circuit in this Design Idea 

controls the speed of a 5V perma-
nent-magnet dc motor through the PC’s 
parallel port (Figure 1). You use the C++ 
computer program, available at www.
edn.com/100826dia, to run the motor at 
three speeds. The circuit uses PWM 
(pulse-width modulation) to change the 
average value of the voltage to the dc 
motor. You connect the motor to the 
PC’s parallel port with an interface cir-
cuit. The design comprises IC1, a 
74LS244 buffer; IC2, a ULN2003 driver; 
relay switches S1, S2, and S3; IC3, a 555 
astable multivibrator circuit; and Q1, a 
2N2222 driving transistor. The 555 timer 

operates as a variable-pulse-width gen-
erator. You change the pulse width by 
using relays to insert or split resistors in 
the 555 circuit.

The computer program controls these 
resistors. When S1 is on and both S2 and 
S3 are off, the timer output is set to logic 
one, thereby driving the motor with its 
maximum speed. When S1 and S2 are 
on, the 555 timer generates a pulse sig-
nal with a 50% duty cycle. In this case, 
the charging resistor, RA1, is equal to 
the discharging resistor, RB. In the third 
case, S1 and S3 are on, and the charging 
resistor is RA2,where RA2=0.1×RB, reduc-
ing the on time of the pulse signal and, 

consequently, the speed of the motor to 
the lower limit. Table 1 summarizes the 
on/off-operation conditions of the relays 
and the corresponding dc-motor speeds.

Control a dc motor with your PC
Firas M Ali Al-Raie, 
Polytechnic Higher Institute of Yefren, Yefren, Libya
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Figure 1 This circuit controls the speed of a 5V permanent-magnet motor through the PC’s parallel port.
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The code prompts you to select a cer-
tain speed, stores your selection as an 
integer variable choice, generates the 
proper digital sequence, and stores it 
at another integer variable. You place 
the value of the integer variable data at 
a PC’s parallel port using the outportb 
function. The program uses the kbhit 
function to stop the motor when you hit 
any key on the keyboard.EDN

TAbLE 1 Switch StateS and generated Pc SequenceS

S3 S2 S1

Equivalent  
digital sequence Motor speed

Off Off Off 000 Stop

Off Off On 001 Maximum

Off On On 011 Medium

On Off On 101 Minimum

↘ When you need to connect a  
microcontroller to a seven-seg-

ment LED display, you can use a BCD  
(binary-coded-decimal)-to-seven-seg-

ment decoder. Figure 1 shows a typical 
circuit that uses a CD4511 to translate a 
4-bit code into BCD.

Unfortunately, a limited size and bud-
get may force you to omit components 
whenever possible. This requirement is 
especially critical with consumer prod-
ucts. Simple firmware allows you to 
overcome this limitation by directly 
connecting the display to a microcon-
troller (Figure 2).

A recent project used the 8-bit Free- 
scale (www.freescale.com) MC68HC-

908QY4 microcontroller. When you 
write code for a microcontroller, you 
often represent data in decimal, hexa-
decimal, or BCD formats. A numeric 
display needs a special seven-segment 
code, the value of which depends on the 
common point of the display LEDs—
common cathode or common anode—
and on microcontroller outputs you 
choose for display. Tables 1 and 2 show 
how to obtain seven-segment code val-
ues for common-cathode and common-
anode displays, respectively.

No mathematical connection ex-
ists between seven-segment code and 
any of these formats. Thus, you must 
use a table that a previous Design Idea 

Look-up table eliminates  
the need for an IC
Abel Raynus, Armatron International, Malden, MA
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Figure 1 A CD4511 converts bCD codes to seven-segment-displays.
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Figure 2 The look-up table lets the microcontroller produce a seven-segment output.
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↘ Energy meters, HVAC (heating/
ventilation/air-conditioning) sys-

tems, and high-power equipment that 
runs on three-phase ac inputs pose a 
challenge to power-supply designers be-
cause nominal input voltage can be as 
high as 540V ac. The challenge increas-
es if the power supply must operate from 
100 to 540V ac. Design choices are nu-
merous, and final system costs can vary 
dramatically with those choices. An 
abundance of parts is available for power 
supplies with input power as high as 

240V ac. High-voltage input-power sup-
plies are, however, still a niche area for 
most semiconductor companies.

The power-supply circuit in Figure 1 
uses an input-chopper circuit that allows 
the clamping of input voltage to the fly-
back power stage so that the power is 
less than 400V. That voltage lets you use 
a standard design technique for the fly-
back stage. The input chopper provides 
many advantages over prevailing high-
voltage-input power supplies.

Unlike a standard flyback converter, 

this circuit eliminates the need for a 
high-voltage MOSFET for the switch, 
thereby letting you use lower-cost, com-
monly available MOSFETs. Moreover, 
overall switching losses in the power 
supply decrease dramatically with the 
reduction in bus voltage. The circuit can 
use smaller and lower-cost transformers 
because of a reduction in creepage-clear-
ance requirements. 

This circuit’s reduced bus voltage 
eliminates the stacked-FET-flyback to-
pology and the need for two or more 
high-voltage capacitors. It also improves 
the overall efficiency of the system by 
eliminating the high losses of a stacked 
FET, replacing them with small losses 
from a bypass switch.

Operate circuits at voltages  
as high as 540V ac
Vipin bothra and John Lo Giudice, STMicroelectronics, Schaumburg, IL

TAbLE 2 code for common-anode diSPlay

Decimal 
number

pB7 
—

pB6 
(g)

pB5 
(f)

pB4 
(e)

pB3 
(d)

pB2 
(c)

pB1 
(b)

pB0 
(a)

Seven- 
segment  

code

0 0 1 0 0 0 0 0 0 $40 

1 0 1 1 1 1 0 0 1 $79 

2 0 0 1 0 0 1 0 0 $24 

3 0 0 1 1 0 0 0 0 $30 

4 0 0 0 1 1 0 0 1 $19 

5 0 0 0 1 0 0 1 0 $12 

6 0 0 0 0 0 0 1 1 $03 

7 0 1 1 1 1 0 0 0 $78 

8 0 0 0 0 0 0 0 0 $00 

9 0 0 0 1 0 0 0 0 $10 

TAbLE 1 code for common-cathode diSPlay

Decimal 
number

pB7 
—

pB6 
(g)

pB5 
(f)

pB4 
(e)

pB3 
(d)

pB2 
(c)

pB1 
(b)

pB0 
(a)

Seven- 
segment  

code

0 0 0 1 1 1 1 1 1 $3f

1 0 0 0 0 0 1 1 0 $06 

2 0 1 0 1 1 0 1 1 $5b

3 0 1 0 0 1 1 1 1 $4f

4 0 1 1 0 0 1 1 0 $66 

5 0 1 1 0 1 1 0 1 $6d

6 0 1 1 1 1 1 0 0 $7c

7 0 0 0 0 0 1 1 1 $07 

8 0 1 1 1 1 1 1 1 $7f

9 0 1 1 0 1 1 1 1 $6f

describes (Reference 1). The project 
described here used one seven-seg-
ment LED display to show the digits 0 
through 9. A table makes the firmware 
simple and short. 

Using the assembly-language code 
that you can download from the on-
line version of this article at www.edn.
com/100826dib, you need just 7 bytes 

to execute the program, plus 10 bytes 
of memory for the code table. A dec-
imal number for conversion goes into 
register DECreg and acts as an index, 
X, applying to the code table. The re-
sult appears at the microntroller’s Port 
B output.EDN

RefeRence
1 Raynus, Abel, “Tables ease micro-
controller programming,” EDN, April 
22, 2010, pg 76, www.edn.com/
article/457500-Tables_ease_ 
microcontroller_programming.php.

a decIMaL NuMBer 
fOr cONVerSION 
GOeS INtO a reGIS-
ter aNd actS aS aN 
INdex aPPLyING tO 
the cOde taBLe.
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The 500V, 2.7Ω STP4NK50Z N-
channel MOSFET switches at the line 
frequency. It turns on at a predetermined 
voltage, and it turns off at any higher 
voltage. It limits the voltage on C2 to 
approximately 360V dc. When the volt-
age at the divider of R2 and R4 reaches 
approximately 6.3V, or 360V at the top 
of the divider, Q1 turns on and steals cur-

rent from the gate of Q2, and the MOS-
FET turns off. The divider sets the level 
at which Q2 switches. All resistors are 
0.25W except for R1, which can be 2W 
to survive surge. The circuit underwent 
testing with 12W of output power at 90 
to 440V-ac input. The maximum input 
current to the power supply depends on 
the thermal performance of Q2.EDN
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Figure 1 A chopper circuit reduces power-bus voltage to less than 400V dc per pin. 

the 500V MOSfet 
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↘ The 0- to 20-mA current loop is 
a reliable means of data commu-

nication in industrial applications. 
These circuits use a precision shunt in 
the receiver to convert the current sig-
nal into a voltage signal. Accidentally 
connecting the precision shunts to the 
current-loop power supply can cause 
damage, after which you must replace 

the shunt and recalibrate the system. 
To avoid that expense, you can use a 
microcontroller-controlled protection 
circuit (Figure 1).

With conventional techniques, you 
protect the shunt with a fast fuse or 
by turning off the loop with an auto-
matic switch, which then turns back 
on after a specified period. The circuit 

in Figure 1 provides protection that is 
much faster than a fuse. IC1, the slow-
est device in the circuit, switches off 
in less than 500 μsec. It offers a high-
er-precision switching threshold than 
a fuse, and, of course, there’s no fuse to 
replace. Rather than making you cycle 
power to restore the loop, the micro-
controller provides control of the pro-
tection circuit. The microcontroller 
also logs the event, thereby providing 
a record that the system invoked the 
protection circuit.

The protection circuit has virtually 

Microcontroller supervises  
0- to 20-mA protection circuit
Anatoly Andrusevich, Maxim Integrated Products, Moscow, Russia 
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Figure 1 This circuit protects the isolated analog front end of a current loop. For simplicity, the drawing omits power and ground 
connections for IC2, IC4, IC5, and IC6.
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↘ LED circuits with current-limit-
ing resistors find extensive use as 

power indicators and for debugging cir-
cuits (Reference 1). In some cases, how-
ever, your design may require a different 
approach. Bipolar transistors have a lit-
tle-discussed behavior: reverse active re-
gion. For low voltages and small cur-
rents, an NPN transistor can operate in 
reverse with a significantly lower gain, 

which can be undesirable. Some linear 
regulators also operate in this way.

The circuit in Figure 1 gets its input-
voltage power primarily from a wall-
wart dc-power supply that can provide 
7 to 12V. It may also get 5V from a USB 
(Universal Serial Bus) port. This design 
requires a circuit that indicates whether 
the board is receiving voltage from the 
wall wart or from the USB port.

The circuit uses Q1, a 2N7002 FET, 
and zener diode D1 to solve the prob-
lem. The FET is in series with LED1 
and current-limiting resistor R1. Diode 
D1 is a Vishay (www.vishay.com)  
AZ23C4V3-V, which has a typical re-
verse voltage of 4.3V within a range of 4 
to 4.6V. When Q1’s gate-to-source volt-
age exceeds its threshold-voltage range 
of 1 to 2.5V, the LED turns on. The volt-
age coming from the USB port is insuf-
ficient to turn on LED1 because of the 
voltage drop across D1. Thus, the LED 
illuminates when the board receives 
voltage from the wall wart, but not from 
the USB port. 

Under testing, the LED illuminates 
when the input voltage is at least 7.1V. 
When it is below that voltage, the LED 
is off, indicating that the USB port is 
powering the circuit.

Resistor R3 comprises two 1-kΩ resis-
tors in parallel. This setup is necessary 
because the input voltage is 12V and the 
zener diode’s minimum voltage is 4V. A 
voltage of 8V appears across R3, produc-
ing 0.128W—too much power for one 
resistor in a 0805 package.EDN

RefeRence
1 Conley, brian, “Go on green,” EDN, 
June 24, 2010, http://www.edn.com/
article/509479-Go_on_green.php.

LED indicates power source
brian Conley, Circuitsville Engineering LLC, beaverton, OR

Q1
2N7002

R2
100

R1
499

R3
500

C1
1 µF

D1
4.3V

VIN

LED1
LED0805
GREEN

NOTE: R3 COMPRISES TWO 
1-kΩ RESISTORS IN PARALLEL.

Figure 1 This circuit gets its power 
from a wall-wart dc-power supply or 
from a USb port. The LED illuminates 
when the board receives its voltage 
from the wall wart. When it is off, the 
USb port is powering the circuit.

the Led ILLuMINateS 
wheN the BOard 
receIVeS VOLtaGe 
frOM the waLL wart, 
But NOt frOM the 
uSB POrt.

no effect on the analog front end. The 
IC2 buffer ensures an input current of 
less than 30 pA. The on-resistance of 
IC1 is less than 2Ω. The circuit needs 
no additional isolated data channels or 
microcontroller-I/O ports, and it pre-
vents damage during system installa-
tion or repair. It also turns off the loop 
after power-up and when no power is 
available.

You implement the protection algo-
rithm with a power-fail comparator and 
a watchdog circuit, available as separate 
outputs on IC3, together with IC6, a D-
type flip-flop.

At power-up, the flip-flop is in the 
reset state, and the current loop is open, 

due to a high-level reset signal from IC3 
driving IC4, a NOR gate. After the first 
low-to-high transition on the SCK 
(clock-signal) line, a rising edge from 

IC3’s WDO (watchdog output) sets the 
flip-flop and pulls current through the 
solid-state relay, IC1, thus connecting 
the input to the loop.

In the event of a loop-current over-
load greater than 27 mA, a high level 
from the PFO (power-fail-output) com-
parator on IC3 resets the flip-flop and 
switches off IC1. Thanks to the IC5 
gate, the microcontroller inputs ones 
at the MISO (master input/slave out-
put), meaning overcurrent.

To again switch on the loop, the micro 
controller must stop the SCK line for 
at least 2.4 sec. The next low-to-high 
transition on SCK then reconnects the 
current loop.EDN

the cIrcuIt NeedS 
NO addItIONaL  
ISOLated data 
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PreVeNtS daMaGe  
durING SySteM 
INStaLLatION.
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↘ You sometimes need to measure 

load currents as large as 5A in the 
presence of a common-mode voltage as 
high as 500V. To do so, you can use Ana- 
log Devices’ (www.analog.com) AD8212 
high-voltage current-shunt monitor to 
measure the voltage across a shunt resis-
tor. You can use this circuit in high-cur-
rent solenoid or motor-control applica-
tions. Figure 1 shows the circuit, which 
uses an external resistor and a PNP tran-
sistor to convert the AD8212’s output 
current into a ground-referenced output 
voltage proportional to the IC’s differen-
tial input voltage. The PNP transistor 
handles most of the supply voltage, ex-
tending the common-mode-voltage 
range to several hundred volts.

An external resistor, RBIAS, safely lim-
its the circuit voltage to a small frac-
tion of the supply voltage. The internal 
bias circuit and 5V regulator provide an 
output voltage that’s stable over the op-
erating temperature range, yet it mini-
mizes the required number of external 
components. Base-current compensa-
tion lets you use a low-cost PNP pass 
transistor, recycling its base current, 
IB, and mirroring it back into the sig-
nal path to maintain system precision. 
The common-emitter breakdown volt-
age of this PNP transistor becomes the 
operating common-mode range of the 
circuit.

The internal regulator sets the voltage 
on COM to 5V below the power-supply 

voltage, so the supply voltage for the 
measurement circuit is also 5V. Choose a 
value for the bias resistor, RBIAS, to allow 
enough current to flow to turn on and 
continue the operation of the regulator. 

Current monitor compensates  
for errors 
Chau Tran and Paul Mullins, Analog Devices, Wilmington, MA
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Figure 1 An external PNP transistor lets you operate the circuit at high voltages.
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For high-voltage operation, set IBIAS at 
200 μA to 1 mA. The low end ensures 
the turn-on of the bias circuit; the high 
end is limited, depending on the device 
you use.

With a 500V battery and an RBIAS value 
of 1000 kΩ, for example, IBIAS=(V+–5V)/
RBIAS=495V/1000 kΩ=495 μA.

The circuit creates a voltage on the 

output current approximately equal to 
the voltage on COM plus two times the 
VBE (base-to-emitter voltage), or V+–
5V+2VBE. The external PNP transistor 
withstands two times the base-to-emit-
ter voltage of more than 495V, and all 
the internal transistors withstand volt-
ages of less than 5V, well below their 
breakdown capability.

Current loss through the base of the 
PNP transistor reduces the output cur-
rent of the AD8212 to form the collec-
tor current, IC. This reduction leads to 
an error in the output voltage. You can 
use a FET in place of the PNP transis-
tor, eliminating the base-current error 
but increasing the cost. This circuit uses 
base-current compensation, allowing use 
of a low-cost PNP transistor and main-
taining circuit accuracy. In this case, 
current-mirror transistors, the AD8212’s 
internal resistors, and amplifier A1 com-
bine to recycle the base current.

Figure 2 shows a plot of output-cur-
rent error versus load current with and 
without the base-current-compensation 
circuit. Using the compensation circuit 
reduces the total error from 1 to 0.4%. 
You should choose the gain of the load 
resistor, RL, to match the input volt-
age range of an ADC. With a 500-mV 
maximum differential-input voltage, the 
maximum output current would be 500 
μA. With a load resistance of 10 kΩ, 
the ADC would see a maximum output 
voltage of 5V.EDN
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Figure 2 Internal base-current compensation reduces error.

↘ Buck regulators operating in 
CCM (continuous-conduction 

mode) have straightforward operation, 
allowing for easy calculation of output 
voltage and system design. However, 
lightly loaded buck regulators operate  
in DCM (discontinuous-conduction 
mode), and their operation is more 
complicated. The duty cycle changes 
from a ratio of the output voltage and 
the input voltage. A regulator that re-
duces a 12V input to 6V has a 50% duty 
cycle. When the regulator is too lightly 
loaded to keep some current continu-
ously flowing in the inductor, it enters 
DCM. The duty cycle changes to a 
complex function of inductor value, 
input voltage, switching frequency, and 
output current, greatly slowing the con-
trol-loop response.

Many buck-controller ICs use a float-
ing-gate driver (Figure 1). You use a 
separate supply reference voltage, VREF, 
for high efficiency. During start-up, it 
powers the NFET gate driver to a diode 
drop below the reference voltage. Suf-
ficient voltage is available to drive the 

Buck regulator handles light loads
Justin Larson and Frank Kolanko, On Semiconductor, East Greenwich, RI
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Figure 1 Many buck-controller ICs use a floating-gate driver.
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gate of the FET because the initial con-
ditions dictate 0V on the output and on 
the source of FET Q1.

During CCM, current always flows 
through the inductor. Q1 or D2 sup-
plies this current during the flyback 
event that Q1’s turn-off causes (Figure 

2). The flyback event creates a voltage 
at the source of Q1, and the drop across 
D2 limits this voltage, making it a nega-
tive voltage with respect to ground. Suf-
ficient voltage is available to drive Q1 
because the CBOOST capacitor boosts the 
gate voltage. This boost provides a high 

voltage to the boost pin and the resul-
tant negative voltage on the Q1 source.

The system enters DCM when the 
load drops to the point at which the av-
erage current demand is less than one-
half the current ripple. Diode D2 pre-
vents reverse current in the inductor. 
Depending on the chip you use, the 
output may overshoot due to the slower 
response time of the control loop. The 
regulator may also miss pulses and gen-
erally operate unpredictably. After Q1 
turns off, CBOOST starts to bleed down 
through the boost pin and D1 (Figure 
3). The extended off time of Q1 in DCM 

starts to discharge the CBOOST capacitor. 
At approximately 3V across CBOOST, Q1 
does not turn on until the output capaci-
tor, COUT, discharges adequately to pro-
vide a lower voltage on the source of Q1 
than that of the boost pin through D1. 
This behavior is unacceptable in a volt-
age regulator.

High temperatures create a situation 
with higher leakage currents. You don’t 
know the temperature coefficient of 
the current into the boost pin, so you 
should also check operation at low tem-
perature. Evaluate the system to deter-
mine the lowest capacitor value, using 
this result in your worst-case evaluation 
simulations. You can thus ensure that 
the design will operate in DCM by in-
creasing the value of CBOOST. You could 
also increase the reference voltage to 
which D1 connects. You may want to 
consider replacing D1 with a low-leak-
age Schottky diode. If none of these ap-
proaches results in reliable operation, 
you can switch to an IC that uses a gate 
driver referenced to ground or modify 
your design to use a synchronous-buck 
architecture.EDN
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Figure 2 During CCM, current always flows through the inductor. Q1 or D2 supplies 
this current during the flyback event that Q1’s turn-off causes.
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Figure 3 The CBOOST capacitor discharges when the regulator goes into DCM.
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↘ Keyboards and numeric keypads 
often provide the user interface 

for electronic equipment, but many ap-
plications require only a few pushbut-
tons. For those applications, you can 
monitor multiple pushbuttons over a 
single pair of wires (Figure 1).

The multichannel 1-Wire address-
able switch, IC1, provides PIO (input/
output ports) P0 through P7, which in 
this application serve as inputs. The 
1-MΩ RPD resistors connect these ports 
to ground to ensure a defined logic-zero 
state. Diode/capacitor combination D1/
C1 forms a local power supply that steals 
energy from the 1-Wire communication 
line. Pressing a pushbutton connects 
the corresponding port to the local sup-
ply voltage, which is equivalent to logic 
one. This change of state sets the port’s 
activity latch (Reference 1).

As a 1-Wire slave device, IC1 doesn’t 
initiate communications. Instead, the 
master device—typically, a microcon-
troller—polls the 1-Wire line. To mini-
mize overhead, IC1 supports conditional 
search, a 1-Wire network function. Be-
fore using that function, however, you 
must configure IC1 according to the 
needs of the application. That con-
figuration includes channel selection, 
which defines the qualifying input ports; 
channel-polarity selection, which speci-
fies the polarity of the qualifying ports; 
choosing a pin or an activity latch for 
the port; and specifying whether the de-
vice will respond to activity at a single 
port, an OR, or at all ports, an AND.

Consider, for example, that IC1 shall 
respond to a conditional search if it de-
tects activity at any of the eight ports. 
This search requires a channel-selection 

mask of 11111111b for address 008Bh. 
The numeral one indicates that IC1 has 
selected a port. This search also requires a 
channel-polarity selection of 11111111b 
for address 008Ch, where the numeral 
one indicates a high level, and a control/
status register setting of 00000001b for ad-
dress 008Dh, which selects the port’s ac-
tivity latch as a source and specifies OR 
as the conditional search term—that is, 
activity at any port.

After power-up, the configuration 
data must be loaded into IC1 using the 
write-conditional-search-register com-
mand. Next, the channel-access-write 
command, with FFh as a PIO output-
data byte, defines the ports as inputs. 
Subsequently, the issue of a reset-activi-
ty-latches command completes the con-
figuration. IC1 is now ready to handle 
pushbutton activity.

After you configure IC1, the applica-
tion software enters an endless loop, in 
which a conditional-search command 
follows a 1-Wire reset. With no push-
button activity, IC1 does not respond, as 

Sense multiple pushbuttons  
using only two wires
Bernhard Linke, Maxim Integrated Products Inc, Dallas, TX
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a logic one indicates, for the 2 bits im-
mediately after the conditional-search-
command code. In that case, the mi-
crocontroller cancels the conditional 
search and starts over.

If IC1 responds to the conditional 
search, the first 2 bits will be one and 
zero, representing the least-significant 
bit of the device’s family code, 29h, 
in its true and inverted forms. In that 
case, the microcontroller should com-
plete the conditional-search flow, which 
comprises a 192-bit sequence. Next, the 
microcontroller reads from IC1 by is-
suing a read-PIO-registers command 
using 008Ah, the address of the PIO-
activity-latch-state register. The micro- 
controller then issues a 1-Wire reset, a 

resume command, and a resume-and-re-
set-activity-latches command. It then re-
turns to the endless loop, polling for the 
next pushbutton event.

If IC1 responds and no other 1-Wire 
slave is connected, the microcontroller 
could cancel the conditional search after 
reading the first 2 bits, issue a 1-Wire 
reset, issue a skip-ROM command, and 
then read the PIO-activity-latch-state 
register. Next, it must issue a 1-Wire 
reset, a skip-ROM command, and a re-
set-activity-latches command before re-
turning to the endless loop.

The code read from the PIO-activi-
ty-latch-state register tells which but-
ton was pressed. If you press S1, the 
data is 00000001b; if you press S2, it is 

00000010b; and so forth. At least one 
of the 8 bits will be one. If you press sev-
eral buttons after the last reset-activity-
latches command, several bits are one. 
The application software must then de-
cide whether such a condition is valid. 
In the simplest case, one-of-eight code, 
the software considers all codes that 
have several bits at one as invalid.

You can expand this concept to more 
than eight pushbuttons. Instead of asso-
ciating one pushbutton with one port, 
you can associate additional pushbut-
tons with two simultaneously activated 
ports, representing two-of-eight code 
(Figure 2). If another pushbutton ac-
tivates PX or PY, the diodes prevent 
that activity from propagating to other 
ports. Again, the application software 
must check the code it reads from the 
PIO-activity-latch-state register to de-
cide whether it is valid. The theoreti-
cal limit of this concept is 255 pushbut-
tons, which require combinations of two, 
three, four, five, six, seven, or eight di-
odes per additional pushbutton. When 
the cost of diodes for each additional 
pushbutton begins to exceed the bene- 
fits, you will find that adding another 
DS2408 is more cost-effective.EDN

RefeRence
1 “DS2408 1-Wire 8-Channel Address-
able Switch,” Maxim Integrated Prod-
ucts Inc, www.maxim-ic.com/ds2408.
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Figure 1 This circuit connects to a microcontroller and can monitor eight pushbut-
tons using only two wires.

PX SN

VCC

PY

Figure 2 This circuit can monitor 28 
additional pushbuttons if you use 
diodes to connect them to two ports.

↘ The human eye can see any color 
as a mixture of blue, red, and 

green. The circuit in Figure 1 produces 
all three colors through an Avago 
(www.avagotech.com) ASMT-YTB0 
tricolor LED. You can produce a wide 
range of colors by varying the current 

in the blue, red, and green LEDs.
The collector outputs of bipolar differ-

ential stages form the current sources. A 
classic symmetrical differential stage with 
two equal bipolar transistors is a back-
bone of almost all bipolar analog ICs. In 
this case, however, the differential stage 

is asymmetrical, with a 2-to-1 collector-
current distribution instead of the com-
mon 1-to-1 ratio at 0V base-voltage dif-
ference. The circuit produces the 2-to-1 
current ratio by paralleling a third equal 
transistor, Q3, to Q1. The common col-
lector of the paralleled transistor pair 
connects to the common emitter of the 
Q4/Q5 differential stage. Thus, the base 
differential voltages equal 0V at both the 
stages, and collector currents IR, IG, and 
IB are almost equal.

Tricolor LED emits light  
of any color or hue 
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Figure 1 Potentiometers P1 and P2 let you control the color of emitted light.

The differential stages let you vary IR, 
IG, and IB over a range of 0 to IO, where 
IR+IG+IB≈IO=4.43 mA. This value is ap-
proximate because IR+IG+IB is lower by 
a relative value of 3/b, where b is a cur-
rent gain of the bipolar transistors. The 
relative error is less than 1%. Transistor 
Q6 equalizes Q2’s collector voltage with 
those of the Q1 and Q3 collectors. This 
approach preserves the matching of the 
base-emitter voltages of Q1, Q2, and Q3. 
The base currents of bipolar transistors 
in this case can reach to as much as 100 
μA. For this reason, you route the color 
and hue control voltages, VA and VB, 
which you derive from resistive potenti-
ometers P1 and P2, to the bases of Q2 and 
Q5 through voltage-follower-connected 
op amps IC3A and IC3B, two halves of 
an Analog Devices’ (www.analog.com) 
ADA4091-2. The ADA4091-2 has low 
power consumption and input offset 

voltage of less than 500 μV with a typi-
cal value of 80 μV.

The ADA4091-2 has a maximum 
input bias current of 65 nA, which 
causes a negligible voltage drop on re-
sistors RBA and RBB. This voltage drop 
is less than 130 μV. You can achieve 
even more accuracy by inserting resis-
tors of the same value as RBA between 
the respective inverting inputs and out-
puts of both the A and the B followers. 
This step brings reduction of input-bias-
current-caused errors to one-sixth worst 
case—down to 1/600.

Potentiometer P1 controls the blue 
LED’s intensity. At the upper-end posi-
tion, when the LED is 100% blue, tran-
sistors Q2 and Q3 are off, which turns off 
Q4 and Q5. Thus IO flows solely through 
Q2 and Q6. The red and green LEDs are 
therefore off. When P1’s wiper is at 0V, 
output current flows exclusively through 

paralleled Q1 and Q3 and distributes it-
self to Q4 and Q5, depending on the po-
sition of the wiper of potentiometer P2. 
With P2’s wiper at its upper end, the cir-
cuit emits 100% green light. At 0V, the 
emitted light is fully red. An intermedi-
ate position of the wiper yields a mixture 
of red and green. By moving P1’s wiper 
from the ground position, the circuit 
produces a mixture of red, green, and 
blue.

Transistors Q1, Q2, and Q3 should 
tightly match. You need a difference in 
base-emitter voltages of less than 1.5 mV. 
The same requirement holds true for the 
Q4/Q5 pair. Matching requirements are 
less stringent for Q6. You should use a 
bipolar NPN matched-transistor pair for 
Q1 through Q6, or at least Q1 through Q5, 
whereas Q6 is a single transistor. Eventu-
ally, you can use three matched-transis-
tor pairs.EDN
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↘ The circuit in Figure 1 generates 

two analog voltages, which you 
can vary in a complementary manner. 
When the straight output voltage rises, 
the complementary output voltage de-
creases, and vice versa. The sum of  
both output voltages is a constant: 
VOUT+VOUTC=VREF, where VOUT is the 
straight output voltage, VOUTC is the 

complementary output, and VREF is a ref-
erence voltage you derive from bandgap 
cell IC1. You choose the ratio of the resis-
tor divider that connects to the output of 
IC1 so that the reference voltage is ap-
proximately 400 mV. Potentiometer RP 
sets the desired analog voltage, which 
connects to the noninverting input of 
voltage follower IC2A. The output of IC2A 

provides the straight output voltage, 
which connects to the inverting input of 
unity-gain inverter IC2B. The noninvert-
ing input of IC2B has a gain of two and 
connects to the middle of the high-pre-
cision resistive divider comprising R1 and 
R2, which halves the reference voltage. 
The following equation calculates the 
output voltage of IC2B with respect to 
ground: VOUTC=−VOUT+2×(VREF/2)= 
VREF−VOUT. Thus, the straight output 
voltage plus the complementary output 
voltage give the desired constant value 
equal to the reference voltage. 

You should use either a quad resis-
tor or two pairs of matched resistors for 
precision resistors R1 through R4. Resis-
tors R3 and R4 form the negative feed-
back in IC2B, and the other pair of re-
sistors halves the reference voltage. You 

can omit these four resistors if 
you use an instrumentation am-
plifier instead of IC2B. In this 
case, you must use an RRIO 
(rail-to-rail-input/output) type 
of instrumentation amplifier. 
The output of a contemporary 
RRIO instrumentation ampli-

DIs Inside
46 Circuit lets you isolate  
and measure current

48 Acquire images with a  
sensor and a microcontroller

48 Power-supply circuit  
operates from USB port

50 LED-flashlight circuit works 
at voltages as low as 0.5V

▶ what are your design problems 
and solutions? Publish them 
here and receive $150! Send 
your design ideas to edndesign 
ideas@cancom.com.

Amplifiers deliver accurate 
complementary voltages
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Figure 1 The circuit outputs two analog voltages whose sum always equals the ref-
erence voltage.

TABLE 1 COMPLEMENTARY VOLTAGES FOR THREE INPUT SETTINGS
VSET VOUT (mV) VOUTC  (mV)

 VREF 411.45 0.15

0 0.45 410.45

VREF/2 205.8 205.1
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↘ You often need to measure cur-
rent during circuit design and de-

bugging. You can perform that task by 
breaking a path, inserting a shunt resis-

tor, measuring its voltage, and convert-
ing the voltage to current. Unfortunate-
ly, that approach is sometimes impracti-
cal with an oscilloscope because one side 

of an oscilloscope probe connects to 
ground. Thus, you need to isolate the os-
cilloscope from the circuit under test.

The circuit in Figure 1 produces a 
voltage proportional to current and iso-
lates the oscilloscope from the meas- 
urement point. The circuit uses IC1, an 
HCPL7800 isolation amplifier, which 
adds input-to-output isolation of as much 

Circuit lets you isolate  
and measure current
Anton Mayer, Murr, Germany

fier approaches the low side by a margin 
of approximately 60 mV, and it would se-
verely degrade the circuit’s accuracy. The 
output of the Analog Devices (www. 
analog.com) AD8692 op amp, however, 
typically approaches the lower rail by 

0.75 mV at a 10-µA load current. The 
guaranteed value of the margin is 1 mV 
at this current.

The circuit has undergone testing for 
three values of test voltages: the refer-
ence voltage, which represents a full-

scale; half the reference voltage; and 
0V. Table 1 lists the meas ured voltages 
at both outputs. Any of the output volt-
ages can approach the lower supply rail 
with an error of less than 0.25% at 400 
mV full-scale.EDN
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Figure 1 This circuit produces a voltage proportional to current and isolates the oscilloscope from the measurement point.
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as 890V. It also amplifies its input volt-
age by eight. Table 1 shows the overall 
gain for each input range. The circuit’s 
bandwidth is typically 100 kHz.

A set of switches lets you select a range 
of current to measure by inserting resis-
tors into the circuit. Use resistors with 1% 
or less tolerance to minimize errors. For 
example, when you close S4, you select 
the 100-µA range. The unknown cur-
rent passes through serial resistors R1 and 
R2, which have values of 1 and 0.25Ω, 
respectively. Thus, the voltage at IC1’s in-
puts is IIN×1.25 kΩ; if the input current 
is 100 µA, the voltage at IC1 is 125 mV. 
The circuit has a gain of eight, yielding 
125 mV times 8, or 1V. The LM358 acts 

as a unity-gain differential amplifier. For 
best linearity, the input voltage at IC1 
should not exceed ±200 mV.

The HCPL7800 has a 3% tolerance. 
When you are using resistors with 1% 
tolerance, the 3% tolerance dominates 
the overall uncertainty of the circuit. 

The circuit uses two independent volt-
age supplies. A 9V battery supplies the 
input part of IC1. A stabilized 9 to 11V 
wall-wart power supply powers the out-
put side of IC1 with IC2, an LM358 suc-
cessive amplifier. 

When battery switch S5 closes and 
the voltage of the battery is sufficient 
for the circuit, LED1 illuminates for ap-
proximately 3 seconds. The duration of 
this illumination minimizes drain on the 
battery. LED2 is on when the 9 to 11V 
power supply is operating. IC5, an L272, 
provides an additional ground poten-
tial halfway between the supply voltage. 
With this split supply, you can measure 
both positive and negative currents.EDN

TABLE 1 GAIN FOR EACH INPUT RANGE
Switch Gain Maximum input current

S1 1V/100 mA 160 mA

S2 1V/10 mA 16 mA

S3 1V/1 mA 1.6 mA

S4 1V/100 µA 160 µA

a 9 tO 11V waLL-
wart POwer SuPPLy 
POwerS the OutPut 
SIde Of IC1 wIth IC2, 
aN LM358 aMP. 
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↘ The TAOS (Texas Advanced 
Optoelectronic Solutions, www.

taosinc.com) TSL1412S image sensor, 
IC2, can acquire a linear image of 1536×1 
pixels, or 400 dpi (Figure 1). It uses a 
single voltage supply, and you can con-
trol it with just a few digital signals. 
Thus, you can design an image-acquisi-
tion system that uses the sensor and an 
AVR (www.atmel.com) ATmega328 
microcontroller, IC1.

Figure 1 shows how you can connect 
the sensor to the microcontroller. You 
program the microcontroller to generate 
the control signals for the sensor. The 
design uses a 16-MHz clock frequency. 
The microcontroller’s 8-bit Timer 2 gen-
erates the command signals. In Mode 2, 

the timer generates hard clock signals 
CLK1 and CLK2 and soft strobe sig-
nals SI1, HOLD1, and HOLD2. The 
TSL1412S uses serial connections. The 
SO2 signal connects to the ICP input 
of TSL1412S when you activate flag 
ICF1. 

Timer 2 generates a handler interrupt, 
which ensures the correct phase of the 
clock signal, generates the strobe signal, 
and acquires and saves the TSL1412S’s 
output analog data. You can see a 
model for the interrupt subroutine in 
the online version of this Design Idea 
at www.edn.com/100923dia. The code 
sets the microcontroller’s stack, regis-
ter, ADC, Timer 2, and interrupt func-
tions. To save image data, you must set 

the T bit in SREG to 1 and set pointer 
X=0×0200. You can do these settings in 
the last clock of time integration (R25,  
R24=0×0001).

By modifying the data from the regis-
ter, you can set the sensor’s integration 
time at 2.5 to 50 msec, or 100 msec with 
the prescaler of T2. Knowing that the 
sensor acquired the data in the previous 
cycle, you can perform a data-acquisi-

tion design using the microcontroller’s 
internal ADC. The integration time 
must be greater than 50 msec.

The conversion time for a 16-MHz-
frequency clock is approximately 16 
µsec, which corresponds to an integra-
tion time of approximately 25 msec. 
Because the conversion frequency is 1 
MHz—higher than that of IC1’s recom-
mended frequency of 200 kHz—you re-
duce the ADC’s precision from 10 bits 
to 8 bits. The microcontroller saves a 
byte for each pixel, which lets you save 
the data to the microcontroller’s internal 
memory for one frame. The rest of the 
microcontroller’s 2-kbyte memory per-
forms stack and data-acquisition tasks. 

The system quickly processes the sen-
sor’s analog output signal through the an-
alog comparator of the microcontroller’s 
internal schematic. You can make a 
comparison with a fixed voltage using an 
internal voltage reference of 1.25V and 
a resistive divider or a variable voltage 
you can obtain from a DAC or a PWM 
(pulse-width-modulated) signal the mi-
crocontroller’s timer generates.EDN

Acquire images with a sensor  
and a microcontroller
Ioan Ciascai, Technical University of Cluj-Napoca, Cluj-Napoca, Romania,  
and Liliana Ciascai, Babes-Boylai University, Cluj-Napoca, Romania
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Figure 1 A microcontroller can produce control signals for an image sensor.

↘ Every PC has a USB (Universal 
Serial Bus) port that can supply 

5V±5% at 500 mA for peripherals. Pow-
ered USB hubs also provide this power. 
You can use a USB port to power an ex-

ternal circuit, which is useful when you 
have no other dc source available.

A USB port has VBUS, the power pin; 
a return pin, GND (ground); and two 
signal pins. If you need just a simple 5V 

supply, you can tap the power pins from 
a USB connector, but you should place 
a 10-µF filter capacitor between the 
ground and power-supply pins.

You can, however, use an adjustable 
voltage regulator to get voltages of 
1.25 to 3.75V, a range that many cir-
cuits use. The circuit in Figure 1 cov-
ers that range. You use R3 to change 
that range, as the following equation 

Power-supply circuit operates  
from USB port
Stefano Palazzolo, Senago, Italy

the SySteM quICkLy 
PrOCeSSeS the  
SeNSOr’S aNaLOG  
OutPut SIGNaL. 
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↘ Most commercial LED flashlights 
use three AAA or AA batteries 

in series that produce 4.5V. The batter-
ies then drive four white LEDs that con-
nect in parallel. These LEDs can work 
at voltages as low as 2.7V and, in some 
cases, 2.4V. At those voltages, the LEDs 
become dim, and you must frequently 
change the batteries. Thus, the lowest 
working voltage in this case is approxi-
mately 0.8 to 0.9V per battery.

When a 1.5V alkaline battery dis-
charges to 0.9V, it still has more than 
10% of its original energy 
left. If you replace or dis-
card the battery, you waste 
that energy. You can, how-
ever, use this small amount 
of battery energy with the 
circuit in Figure 1. The 
Linear Technology (www. 
linear.com) LT1932 LED 
driver is a step-up voltage-
booster chip with con-
stant-current capability for 
LED lighting. It works with 
input voltages of 1 to 10V, 
and it can drive several se-
rial LEDs.

The trick is to choose 
the supply voltage. Be-
cause LT1932 can work at 

voltages as low as 1V, using a two-cell, 
3V supply results in the lowest work-
ing voltage: 0.5V per cell. Choosing a 
three-cell, 4.5V supply results in a lower 
voltage of 0.33V per cell. A 4.5V sup-
ply can power as many as eight LEDs. 
Tests show that this circuit works from 
4.5V to 0.94V, which is lower than the 
data-sheet-specified 1V. The LED driv-
er uses a 4.7-µH inductor.

Setting the value of resistor R1 regu-
lates the constant current through the 
LEDs. Setting a higher resistance re-

sults in lower brightness. In this case, 
the current is 18 mA. The LT1932 is 
available only in a surface-mount, tiny, 
six-pin SOT package, with fine pitch as 
small as 0.037 in. So, using it requires a 
PCB (printed-circuit board).

Once you build a flashlight with 
this circuit, you don’t throw away the 
“dead” batteries from commercial LED 
flashlights. Instead, use them to feed 

the LT1932 circuit. 
Depending on wheth-
er you use an AA or 
an AAA cell, it will 
give you a few more 
hours of light. Keep in 
mind that some bat-
tery manufacturers de-
fine 0.5V per cell as an 
alkaline battery’s cut-
off voltage and recom-
mend that you remove 
the battery from the 
load to avoid the pos-
sibility of battery leak-
age and gassing effects. 
Don’t let these effects 
happen to your flash-
light.EDN

LED-flashlight circuit works  
at voltages as low as 0.5V
GY Xu, XuMicro, Houston, TX

shows: VOUT=1.25V×(1+R3/R2). The 
1.25V in the equation occurs because 
the LM1117-ADJ linear regulator gen-
erates 1.25V between the VOUT and the 

ADJ (adjust) pins. Resistor R2, there-
fore, has a constant current that passes 
through resistor R3; the IADJ (adjusted 
current) is generally small enough to 

ignore. Selecting 100Ω for R2 sets its 
current to 12.5 mA. If you use a 200Ω 
potentiometer for R3, you get a voltage 
range of 1.25V when R3 is 0Ω, causing 
a short, to 3.75V when R3 is 200Ω.

To prevent circuit damage if the out-
put becomes shorted or when you don’t 
know the load, you can add a current-
limiting circuit that keeps the maxi-
mum current at 500 mA. A polyswitch 
fuse or pair of transistors can easily im-
plement this current-limiter site at the 
power-supply input line.

The filter capacitor shouldn’t exceed 
10 µF. That level keeps the inrush cur-
rent under control in the absence of a 
current-limiting circuit. Generally, ca-
pacitors of 1 to 10 µF work best.EDN

uSe“dead” BatterIeS 
frOM COMMerCIaL 
Led fLaShLIGhtS  
tO feed the Lt1932.
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Figure 1 Resistors R2 and R3 set the adjustable voltage regulator’s output at 1.25 to 
3.75V.
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   ↘
National Semiconductor’s (www.
national.com) LM48556 ceramic 

speaker driver drives speaker elements 
with peak-to-peak voltages as high as 
14V. However, the device also works in 
other applications. This Design Idea 
shows how to use the speaker driver to 

drive an ERM (eccentric-rotating-mass) 
vibration motor. In this application, the 
speaker driver delivers as much as 5V 
into a typical ERM motor, decreasing its 
start-up time by approximately 50%.

The LM48556 has balanced differen-
tial inputs with an internal bias voltage. 

Although it functions with ac-coupling 
capacitors in series with the input re-
sistors and across the feedback resistors, 
it also functions as a dc-coupled device 
without the capacitors. Figure 1 shows 
the external components you need to 
drive an EMR motor with the IC.

Note that the shutdown SD signal’s 
high voltage must be the same as the 
PWM (pulse-width-modulation) high 
level to get a differential zero output at 
50% duty cycle. Testing found this cir-
cuit operational with logic voltages of 
1.2 to 3.4V, but the speaker driver has a 
guaranteed logic high of 1.2V or high-
er. If the PWM source has a logic volt-
age of less than 1.2V, you must drive 
the SD pin with a separate higher logic 
voltage.

When you use this device with 1-μF 
capacitors, it can deliver 5V into 30Ω at 
voltages as low as 3.2V. Replacing these 
capacitors with a 4.7-μF “flying” ca-
pacitor and a 10-μF reservoir capacitor 
allows the LM48556 to drive 5V into 
30Ω at voltages as low as 3V. Table 1 
lists the parts you need.EDN
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Ceramic speaker driver 
also drives motors
John Guy, National Semiconductor Corp, Santa Clara, CA 

TABLE 1 BILL OF MATERIALS

Quantity Description

Dimensions 

(L×W×H, mm) Part

One Driver 2×1.5×0.65 LM48556

Three 1-μF capacitor 1×0.5×0.5 6V X5R

Seven Miscellaneous 
resistors and 
capacitors

0.6×0.3×0.3 Noncritical

IN

LM48556

200k

200k

10k

VDD

1 μF

1 μF

1 μF

PGND
CHARGE 

PUMP

CPVSSC1P C1N

VDD

SD

20k

20k

IN

OUT 

OUT 

SD

PWM

Figure 1 The LM48556 can operate dc-coupled to drive a motor; it needs ac-cou-
pling capacitors to drive a speaker.
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If you have a pet, you know how 
difficult is to find him or her in 

the dark, especially when your pet has 
dark fur. The circuit in Figure 1 lets you 
build a collar with LEDs that helps you 
find your pet.

The heart of the circuit is the 
ZXLD381FHTA LED driver from Zetex 
(www.diodes.com). Two 1.2 or 1.5V 
cells power the LED driver, providing 
the current pulses to illuminate six to 
eight 20-mA LEDs of any color series. 
The ZXLD381 dc/dc boost converter’s 
primary application is in LED driv-
ers. A 10-μH inductor helps maintain 
output voltage higher than the input 
voltage. Zetex’s ZXLD381 data sheet 
contains hints on inductor selection 
(Reference 1).

The circuit contains a light sensor and 
the LED driver. The LED driver’s opera-
tion starts when the ambient-light level 
drops below a certain threshold. When 
the light level is high, the low collector-
to-emitter resistance of the L-7113P3C 
phototransistor from Kingbright (www.
kingbright.com) keeps transistors Q1 
and Q2 off, and the LEDs don’t light. 

When it gets dark and the voltage at 
Point A goes high enough, Q1 and Q2 
turn on and saturate, providing power 
for the LED driver.

To power the light collar, you can use 
any cell or battery with voltage of 1.2 to 
10V. Zetex’s ZXLD381FHTA operates 
at 0.9 to 10V at its common-cathode-
voltage pin, VCC, but the light sensor’s 
voltage drop slightly narrows it. The 
LEDs’ efficiency decreases when the 
power supply is at its low limit. If you 
don’t need the light sensor, then omit 
all resistors, the phototransistor, and 
both transistors. Meanwhile, the light 
sensor lengthens battery life, especially 
if you expect to use the collar frequently. 
If you use the collar, you can discharge 
the battery to a voltage lower than 1.2V 
before discarding it. When the battery 
voltage drops to 1.2V, connect its bat-
tery’s positive terminal through switch 
S1 directly to the LED driver’s VCC pin, 
which bypasses Q1’s collector-to-emitter 
junction with jumper J1. In that case, 
the light sensor is off, and the minimum 
power-supply range decreases to 0.9V.

The ZXLD381FHTA comes in a 

space-saving SOT-23 package. The 
other circuit components are available 
in either surface-mount or through-hole 
versions. The surface-mount versions 
for Q1 and Q2 are the BC857C and the 
BC847C, respectively, and the through-
hole versions are the BC557C and the 
BC547C, respectively. The circuit’s size 
does not exceed 0.5 in.2 (12.7×25.4 
mm) when you use SMD components 
and 1 in.2 (25.4×25.4 mm) when you 
use through-hole-type components. 

The phototransistor in a through-hole 
package is easier to see under your pet’s 
fur. Also, it’s more convenient to use 
LEDs with wider viewing angles and 
larger diameters.

Powering the collar with two fresh AA 
1.5V cells in a well-illuminated environ-
ment in standby mode consumes approx-
imately 25 μA. In a dark environment, 
the average consumption is about 7 mA. 

Four Kingbright L-53SRD-H 
LEDs illuminate the collar.

To improve detection of 
your pet, you should place 
all LEDs evenly along the 
collar’s perimeter. You may 
also need to prevent the pet’s 
fur from overshadowing the 
phototransistor and LEDs. 
Your pet may need some time 
to get used to its new light-
ing collar. The collar bends 
in different directions during 
use, so make it flexible or ar-
range it as several rigid PCBs 
(printed-circuit boards) with 
a wired connection.EDN

REFERENCE
1 “ZXLD381, Single or multi 
cell LED driver solution,” 
Diodes Inc, May 2010, www.
diodes.com/datasheets/
ZXLD381.pdf.

Light collar helps you find 
your pet in the dark
Vladimir Oleynik, Moscow, Russia

TO IMPROVE DETEC-
TION OF YOUR PET, 
YOU SHOULD PLACE 
ALL LEDs EVENLY 
ALONG THE COLLAR’S 
PERIMETER.

10 μH

ZXLD381FHTA LED1

LEDN

VCC

VCC

VOUT

VOUT

J1

S1

L-7113P3C

10k

1k1M

A

Q1
BC857C GND

GND

ZXLD381FHTA

Q2

BC847C

TWO 1.5V
AA CELLS

381

Figure 1 This circuit lets you build your pet a lighted collar.
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Solid-state-lighting applications 
are quickly moving into the 

mainstream. Although they are more 
efficient, the LEDs that produce the 
low-cost light often require a compli-
cated driver circuit. 

Testing the driver circuit using LEDs, 
although easy, yields only typical results 
because the tests don’t factor in worst-
case LED parameters and often generate 
undesirable light and heat during driver 
debugging. Although using a constant 

resistance might seem to be an appro-
priate approach, a resistor approximates 
an LED load at only one point on the 
current/voltage curve. An electronic 
load may prove to be a more useful ap-
proach. The control loops of the driver 
circuit and the electronic load, howev-
er, often result in system instability and 
oscillations.

Figure 1 illustrates a typical LED-
driver circuit using a low-cost simu-

lated-LED circuit. The simu-
lated LED accurately mimics a 
real LED at a user-programma-
ble threshold voltage. A simple 

Darlington current sink, Q1, 
provides a wide range of LED 
threshold voltages. The size of 
the heat sink attached to Q1 and 
the power capability of Q1 are 
the only limits on the amount 
of power the simulated LED can 
dissipate.

You can easily tune the cir-
cuit for any LED voltage. Place 
a constant voltage across the 
simulated LED. Tune the circuit 
by adjusting resistor R1 until the 
circuit draws the desired current. 
You can adjust the shape of the 
voltage knee by making small 
changes to resistor R3, although 
this step is not usually necessary. 

Figure 2 compares the simu-
lated LED’s current and volt-
age characteristics to those of a 
real LED and a constant resis-
tance. The soft turn-on of the 
simulated LED accurately mim-
ics that of a real LED. Further-
more, the simulated LED quick-
ly retunes to test minimum and 
maximum LED characteristics, 
thus giving you confidence that 
the circuit will work over all load 
conditions.EDN

Accurately simulate an LED
Jon Roman and Donald Schelle, 
National Semiconductor Corp, Santa Clara, CA

250
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0
28 30.5 33

LED VOLTAGE (V)

LED 
CURRENT 

(mA)

35.5 38

CONSTANT 175Ω RESISTANCE
LED (CL-L251A-MC6L1-A)

SIMULATED LED

Figure 2 The simulated LED approximates the turn-on characteristics of a real LED. A con-
stant-resistance load approximates a real LED load at only one point on the curve.
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46.4k
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LED-
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GND
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SW 0.1 μF
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10 μF
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CBOOT

D1

L1 COUT
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8 2

1

5

4

3

6

7

Figure 1 Use this circuit for quick testing of an LED-driver circuit over minimum, typical, and 
maximum LED parameters.

THE SOFT TURN-
ON OF THE 
SIMULATED LED 
ACCURATELY 
MIMICS THAT 
OF A REAL LED.

ED101007_048   48 10/5/10   9:24:54 AM



OCTOBER 7, 2010  |  EDN  49

   ↘
Microcontroller firmware usually 
deals with hexadecimal code. You 

sometimes need to display the content 
of registers, which requires a hexadeci-
mal-to-BCD (binary-coded-decimal)-
code conversion. The programming 
technique for this conversion is an add-
three algorithm. Fortunately, you can 
adapt this technique for use with an 
8-bit microcontroller assembler. You 
can, however, easily adapt this approach 
to any assemblers because the approach 
uses a set of standard instructions.

The number of BCD registers this pro-
gram requires depends on the number of 
bits of the hexadecimal digits necessary 

to contain the maximum value of equiv-
alent BCD code. The most frequent sit-
uation for 8-bit microcontrollers is an 
input hexadecimal code that comprises 
one byte with a value of $00 to $ff. Its 
decimal equivalent, accordingly, has a 
value of 00 to 255. Hence, it needs three 
digits to be displayed. Each BCD digit 
needs 4 bits for presentation. Thus, you 
should organize three 4-bit groups, or 
BCD tetrads, in firmware. 

The units and tens tetrads form one 
8-bit BCD register, and the hundreds 
tetrad forms half of the second regis-
ter. Note that all 
registers for hexa-
decimal and BCD 
digits should re-
side consecutive-
ly in memory for 
ease in perform-
ing the multibyte-
shift operation. For 
this reason, they 
are called digit for 
initial hexadeci-
mal code, digit+1 
for BCD units and 
tens, and digit+2 
for BCD hundreds 
(Figure 1).

Figure 2 shows 
the flow chart of 
the conversion pro-
cess. You can find 
the assembly code 
for the procedure 
in the online ver-
sion of this Design 
Idea at www.edn.
com/101007dia. 
The conversion 
starts by checking 
each BCD tetrad to 
detect whether its 
value is more than 
or equal to five. If 
it happens in any of 
BCD tetrads, then 
it adds a three to 

that tetrad. Next, all the registers—dig-
it, digit+1, and digit+2—shift left start-
ing with the LSB (least-significant-bit) 
digit. These operations continue until 
the registers shift N times, where N is 
the number of bits in the initial hexa-
decimal code. In this case, N=8. The re-
sult of conversion can be read from the 
registers digit+1 and digit+2.EDN

START

LOAD BCD TETRAD UNITS

UNITS<5?

TENS<5?

HUNDREDS<5?

SHIFT LEFT

LAST SHIFT?

END

NO

NO

NO

NO

YES

YES

YES

YES

LOAD BCD TETRAD TENS

LOAD BCD TETRAD HUNDREDS

ADD 3

ADD 3

ADD 3

Figure 2 The conversion algorithm checks the units, tens, and 
hundreds for values less than five and adds three.

EACH BCD DIGIT 
NEEDS 4 BITS FOR 
PRESENTATION, SO 
ORGANIZE THREE 4-BIT 
GROUPS, OR BCD TET-
RADS, IN FIRMWARE. 

Perform hexadecimal-to-BCD 
conversion in firmware
Abel Raynus, Armatron International, Malden, MA

7 56
REGISTER DIGIT 2

4 3 2 1 0

REGISTER DIGIT 1
7 56 4 3 2 1 0

UNITSTENS

HUNDREDS

Figure 1 Representing two hex digits (one byte) in BCD format 
requires three 4-bit tetrads.
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The circuit in Figure 1, which 
lets you create light of 32° of hues, 

uses red and green LEDs. A constant cur-
rent divides into two components. One 
component flows through a red LED, 
and another one flows through a green 
LED. You can vary the current from 0 to 
100% through the red LED, and thus you 
simultaneously vary the current through 
the green LED as a slave-type comple-
ment to 100%. When this scenario hap-
pens, your eye perceives the resulting 
light mixture as any hue between red and 
green. Roughly speaking, the transition 
from red to green passes through orange, 
amber, and yellow. You can set any of the 
32 hues between red and green, passing 

through orange, amber, and yellow.
IC3, an Analog Devices (www.analog.

com) AD5228 resistive DAC, has one-
in-32 resolution, and it thus sets the 
resolution of this circuit. In this appli-
cation, the resistive DAC functions as a 
digital potentiometer. You can manually 
set its wiper position through short-term 
grounding of its PU pullup and PD pull-
down control pins. The resistive DAC 
has no memory, so you have to make 
this setting after each power-on.

Holding the PU and PD pins to a 
logic low, the wiper position incre-
ments or decrements with an increased 
speed of one step per 0.25 sec, so the 
output light’s color varies stepwise for 

a low pullup (Figure 2). You can also 
preset the hue of the LED, which ap-
pears at power-on. For a high Preset, 
the color is 100% red when you apply 
power. At a low Preset, a midposition 
is preset at the resistive DAC and thus 

DIs Inside
60 Circuit synchronizes  
sensors and cameras

62 Circuit measures  
capacitance or inductance

▶what are your design problems 
and solutions? Publish them 
here and receive $150!  
Send your design ideas to  
edndesignideas@cancom.com.

↘

Set LEDs’ hue from red to green
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Figure 1 This circuit lets you set one of 32° of 
hues between red and green using a short-term 
grounding of the pullup or pulldown control pins.
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the color at power-on is 50% red 
and 50% green; you perceive it 
as yellow.

The circuit uses two LEDs in 
IC1, a high-performance, tricolor 
ASMT-MT00 LED from Avago 
Technologies (www.avago.com). 
The blue LED remains unused. 
You can, however, connect any 
of the remaining five red/green, 
red/blue, blue/red, green/blue, or 
blue/green combinations instead 
of the green/red combination this cir-
cuit uses.

Although the sum of currents flowing 
through the red and green LEDs is ap-
proximately one-fourth of the nominal 
per-LED current, the radiance is high, 
and you should not look directly at the 
lid of IC1 when it is on from a distance 
of less than approximately 1 foot.   

IC2, IC3, and IC4 comprise a low-side 
source of two complementary analog 
voltages (Reference 1). The resistive 
DAC replaces the classic potentiom-
eter in the earlier Design Idea. These 
complementary analog voltages are the 
input voltages for the two power stages 

comprising transistor Q1 and midrange-
power transistor Q2.

The power stage—voltage-to-current 
converters you make by cascading two 
bipolar transistors and an op amp—
drives each of the two LEDs. The cir-
cuit senses output current at resistor RE. 
The RB resistors eliminate the leakage 
currents of both bipolar transistors in 
the cascaded series. These power stages 
would be functional even with one bi-
polar transistor instead of two. The cas-
caded bipolar transistors provide preci-
sion in the voltage-to-current convert-
er. With a single power transistor, the 
relative error would be approximately 

1/b, whereas using the cascaded 
series, the error is approximately  
1/(b1b2), where b1 and b2, the 
current gains of the bipolar tran-
sistors, are approximately 300 
and 100, respectively. The error 
results from the current flowing 
through resistor RE, which is the 
sum of the output current and 
the base current of transistor Q1. 

You can use this circuit in in-
dustries ranging from entertain-

ment to toys; it may eventually find use 
in experimental psychology and in mod-
ern fine arts, which involves the use of  
optoelectronics. 

Holding PD low and feeding a 50% 
duty cycle, 0.05-Hz-frequency logic 
waveform to the PU pin produces a 
slow, periodic, quasicontinuous “wav-
ing” of the color from red to green and 
back.EDN 

RefeRence
1 Stofka, Marian, “Amplifiers deliver 
accurate complementary voltages,” 
EDN, Sept 23, 2010, pg 44, http://bit.
ly/cIjzKQ.

t∙0 t≃8 SECt

Figure 2 The light output changes quasicontinually from 
red to green within approximately 8 seconds, using 
long-term grounding of the pullup pin or a continuous 
grounding of the pin at power-on.

Measurement systems often use 
cameras and other sensors that 

require synchronization. This Design 
Idea describes an aerial-photography 
system that uses a camera comprising 
CCD (charge-coupled-device) image 
sensors, an inertial-measurement unit, 
and a GPS (global-positioning-system) 
unit. The resulting circuits provide trig-
ger signals to synchronize the measure-
ments at the optimal rate. The GPS 
provides information on spatial loca-
tion, and the inertial-measurement unit 
provides information on spatial azi-
muth. The unit combines a gyroscope, a 
magnetometer, and an accelerometer to 
produce angular and acceleration meas- 
urements of a three-axis vector.

Figure 1 shows a system for taking 
aerial photographs. It comprises four 

Atmel (www.atmel.com) area-scan 
CCD image modules, one linear image-

sensor module, two Dalsa (www.dalsa.
com) PCI (Peripheral Component In-
terconnect) frame-grabber cards, the 
measurement unit, a clock-adjustment 
circuit, and a microcontroller. A Tek-
tronix (www.tektronix.com) digital os-
cilloscope views the trigger signals dur-
ing development.

Circuit synchronizes sensors  
and cameras
By Shih-Jie Chou, Rui-Cian Weng, and Tai-Shan Liao,  
National Applied Research Laboratories, Hsinchu, Taiwan

↘
EXTERNAL
TRIGGER

MICRO-
CONTROLLER

TWO
PCI FRAME
GRABBERS

LINEAR CCD
IMAGE 
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ON A CPLD

CLOCK-ADJUSTMENT MODULE
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INERTIAL-
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VIDEO SIGNAL
(CAMERA LINK)

Figure 1 This clock-adjustment circuit generates a series of pulses that trigger the 
frame grabbers and the inertial-measurement unit.
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The trigger signals that synchronize 
the sensors are the keys to this meas-
urement system. The clock-adjust-
ment circuit sends an external trig-
ger pulse to the frame-grabber cards, 
which generate trigger signals for the 
system. Video modules comprising 
image sensors receive trigger signals 
from the frame grabbers. Each frame 
grabber captures an image and stores 
it in onboard memory before capturing 
the next image. 

The external trigger pulses also con-
trol the sensors, GPS, and inertial-
measurement unit. Figure 2 shows a 
photo taken at 7000 feet in Mailiao 
Township, Yunlin County, Taiwan, 
using the external trigger circuit to 
drive and combine with the linear 
sensor and the measurement unit.

The circuit must change the exter-
nal trigger clock’s frequency to obtain 
the best frame rate. The CCD sensors 
that go into the linear-image-sensor 
module have 12,288 pixels, and each 
pixel measures 5×5 microns, produc-
ing images of approximately 500 lines/
frame. The CCD image sensors have a 
maximum output rate of 320M pixels/
sec. They use a Camera Link interface 

to send image data to the frame grab-
bers, which transfer the images to a 
PC over the PCI bus. 

The clock-adjustment circuit gen-
erates the external trigger clock puls-

es. The circuit employs on an Altera 
(www.altera.com) CPLD (complex 
programmable-logic device) using Al-
tera’s development software to simu-
late the trigger signals and design the 
circuit. The clock-adjustment circuit 
provides as many as 15 trigger-signal 
frequencies to the system.

The system’s Atmel microcontroller 
contains 256 bytes of RAM and 8 
kbytes of programmable flash memory 
for program storage. The microcon-
troller communicates to a PC over an 
RS-232 interface so that it can also 
receive commands and report its cur-
rent state. This handshake process 
includes the decoding and encoding 
parameters for generating the trigger 
signal. The microcontroller also sends 
commands to the digital-timing-ad-
justment circuit; these commands 
change the pulse frequency of the ex-
ternal trigger.

You can adjust the frame rate of the 
CCD image module using 15 trigger 
frequencies. The external trigger sig-
nal also triggers the measurement unit 
to record and store spatial parameters. 
Figure 3 shows the algorithm for find-
ing the optimal trigger frequency. The 
frame rate and the trigger frequency 
are linearly proportional.

The inertial-measurement unit is 
a key sensor in the system, and there 
must be a direct correlation between 
it and the frame grabbers. If the ex-
ternal trigger frequency is 1 kHz, then 
each of the two frame grabbers cap-
tures 1000 frames/sec and the unit 
samples at 1k samples/sec. Through 
experimental results using aerial pho-
tography, the system successfully syn-
chronizes all of the sensors.EDN

Circuit measures capacitance  
or inductance
Jim McLucas, Broomfield, CO

Figure 2 This aerial photograph from a 
height of 7000 feet was taken during 
a flight over Mailiao Township, Yunlin 
County, Taiwan.
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Figure 3 Microcontroller software 
adjusts the trigger-pulse frequency 
that drives the measurements.

Engineers usually have access to 
signal and function generators, 

as well as frequency counters and oscil-
loscopes, but they may not have access 
to capacitance or inductance meters. 

Using the test setup in Figure 1, you 
can meas ure capacitance or inductance 
using a function generator, a multi- 
meter, a frequency counter, and an  
oscilloscope.

Use the setup to measure the magni-
tude of two signals. You can then calcu-
late the capacitance or inductance with-
out measuring phase angles. You can ex-
press the ratio of input voltage to output 
voltage as:

VIN

VOUT

R2 + X2
C,=

(1)XC

which you can put into the standard 

↘
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form:

X2
C+

(2)

R2

=0.
VIN

VOUT

2

1–

After solving the equation for XC, the 
result is:

(3)

XC=
R

.
VIN

VOUT

2

–1

Using the relationship

(4)
,C= 1

2πf XC

the basic equation for capacitance is:

(5)
.C=

2πf R

VIN

VOUT

2

–1

Using the convenient ratio |VIN/VOUT|=2, 
then

(6)
.C=

2πf R
3

To measure the value of a capacitor, 
measure the input voltage and then 
adjust the frequency of the signal gen-
erator to make the output voltage one-
half of the input voltage. You need not 
use a 2-to-1 ratio for VIN/VOUT. You can 
just measure the input voltage and the 
output voltage and use one of the basic 
equations to calculate the value of the 
capacitance or inductance, but a ratio 
close to 2-to-1 is a good choice.

For best results, you can use a fre-
quency counter to measure the fre-
quency and a digital multimeter to 
meas ure the resistance. Most modern 

oscilloscopes can accurately measure 
the signals without loading the circuit, 
except for the capacitance of the probe. 
Capacitance is usually marked on the 
probe. Use the previous equation to 

calculate the value of the capacitor. 
Subtract the value of the probe capac-
itance from the result, and you have 
an accurate value for the measured  
capacitance.

Usually, you know the approximate 
value of the capacitance you want to 
measure, so you can pick a starting 
value for the resistance, R, and the 
frequency, f, by using the following 
equations:

(7)
R=

2πf C
3

,

(8)
f ,=

2πRC
3

(9)
XC .=

3

R

You can use a similar procedure to 
measure inductance. In this case,

(10)

XL ,= R
VIN

VOUT

2

–1

and the basic equation for inductance is 
expressed as:

2πf
(11)

L .= R
VIN

VOUT

2

–1

Set VIN/VOUT=2, then

(12)2πf 3
L ,= R

(13)3R=2πf L ,

(14)2πL 3
f ,= R

and

(15)3
XL .= R

For an example of measuring capaci-
tance, assume C is approximately equal 
to 1000 pF and let f equal 1 MHz. Cal-
culate as:

2πfC (16)

3
R= = =275.66 Ω.

2π(106)(10 ‒9)
3

Use a 301Ω resistor or any conve-
nient value of approximately 250 to 
500Ω in the setup of Figure 1. Ad-
just the frequency while measuring the 
input voltage and the output voltage to 
get a ratio of 2-to-1. If the frequency 
you obtain is 912 kHz, the measured 
resistance of R is 304Ω, and the probe 
capacitance is 10 pF, then the capaci-
tance is:

(17)
C= =994.3 pF,

2π(912)(103)(304)
3

minus 10 pF for the probe capacitance. 
The result is 984.3 pF.

The values for R and f are not criti-
cal; you should choose them to mini-
mize parasitic effects. Resistance values 
of 300 to 3000Ω and frequencies of 100 
kHz to 1 MHz should work.EDN
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↘ Analog-circuit design often re-

quires a constant-current sink. 
An example would be for a TRIAC (tri-
ode-for-alternating current) dimmer 

holding current in fluorescent or solid-
state lighting. Other examples include a 
precise current sink at the end of a long 
line, such as a cable or an ADSL (asym-
metric digital-subscriber-line) modem, 
which produces a “signature” current 
value that alerts the device at the source 
end, such as an exchange office or a 
cable center, that the remote equipment 
is attached. The trick is to make a circuit 
that gives a constant current over a va-
riety of terminal voltages. 

A common circuit for achieving this 
task uses a sense resistor, a transistor, and 
a power device. Figure 1 shows the cir-
cuit using a power transistor, Q1. The cir-
cuit provides an approximate constant 
current at high voltages, but it doesn’t 
enter regulation until it reaches nearly 
60V due to the base current the tran-
sistor requires. Figure 2 shows the cir-
cuit using a MOSFET, Q2, for the power 
device. With a MOSFET, you can use 

smaller biasing resistors, and the circuit 
comes into regulation at a much lower 
terminal voltage.

Unfortunately, the current-sense resis-
tor, R1, in figures 1 and 2 doesn’t sense 
the bias current. As the terminal volt-
age increases, the terminal current also 
increases because of the increased bias 
current. A simple way to improve the 
regulation of both circuits is to add re-

Circuit achieves constant current  
over wide range of terminal voltages
Donald Boughton, Jr, International Rectifier, Orlando, FL
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Figure 1 Resistor R1 sets a constant 
current through Q1.
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Figure 2 This circuit substitutes a MOSFET for Q1 in Figure 1 
and uses smaller resistors.
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Figure 3 The addition of Q3 and R4 improves current  
regulation.
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sistor R4 and PNP transistor Q3 (Figure 
3). R4 and Q3 form a constant-current 
source to the collector of Q2. The circuit 
diverts any excess bias current through 
the collector of Q3 to sense resistor R1. 
Thus, as the terminal voltage increases, 
the bias current remains relatively con-
stant, and the current regulation appears 
much flatter.

The negative temperature coeffi-
cient of the base-to-emitter junction 
of transistor Q2 causes another prob-
lem with this kind of circuit. The tem-
perature coefficient is approximately 
−1.6 mV/°C, which causes the current 
value to vary widely with temperature. 

One way to approach this problem is 
to add a 6.2V zener diode, D1, in series 
with the emitter of Q2, which increases 
the sense voltage (Figure 4). A 6.2V 
diode has a positive temperature coef-
ficient, which counteracts the negative 
temperature coefficient of the transis-
tor. Furthermore, the total sense volt-
age is much larger, so 100 mV or so of 
voltage change with temperature does 
not seriously affect the regulated cur-
rent. Figure 5 shows a PSpice simula-
tion of the circuit that uses a MOSFET 
for Q1.EDN
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Figure 4 Adding a zener diode improves current regulation over temperature.

Figure 5 A constant current in Q1 has a steep rise relative to VIN.
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↘ When switched-mode power sup-
plies, including those for note-

book computers, turn on, the bulk ca-
pacitor of the uncontrolled rectifier is 
completely discharged. This can result 
in a large charging current for a high in-
stantaneous line voltage because the dis-
charged capacitor temporarily short-cir-

cuits the power supply’s diode bridge.
With a large bulk capacitor, the cur-

rent spike can trigger the mains breaker 
or even destroy rectifier diodes. Capaci-
tor and line ESRs (equivalent series re-
sistances) and inductances help to re-
duce the initial spike. Even so, current 
peak can reach tens of amperes. The 

rectifier-diode selection must account 
for this nonrepetitive spike. An initial 
spike also affects the lifetime of the bulk 
capacitor. The circuit in Figure 1 lets 
you avoid the large initial spike.

At turn-on, if the instantaneous recti-
fied ac-line voltage is greater than about 
14V, MOSFET Q1 is on, ensuring that 
IGBT (insulated-gate bipolar transistor) 
Q2 is off. In this situation, no current flows 
through charging the bulk capacitor.

Whenever the rectified ac-line volt-
age is lower than the voltage across the 
bulk capacitor plus approximately 14V 
(V1=VIN−VOUT≤14V), Q1 is off, and Q2 

Limit inrush current in low-  
to medium-power applications
JB Castro-Miguens, Cesinel, Madrid, Spain 
C Castro-Miguens, University of Vigo, Vigo, Spain 
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turns on through R3, connecting the ca-
pacitor and RLOAD to the rectifier. Q2 re-
mains on thereafter, making Q1 useless.

In the steady state, whenever the rec-
tified input ac voltage matches the volt-
age across the bulk capacitor, Q1 is off 

and Q2 is on, making charging of the ca-
pacitor possible.

The current-limiting circuit lets you 
implement straightforward overvoltage 
protection. When the rectified output 
voltage is higher than 380V, the refer-
ence-to-anode voltage of IC1 is higher 
than its internal reference of 2.495V, 
making the anode-to-cathode voltage 
drop to approximately 2V. In this situ-
ation, the cathode sinks the current 
across R3, turning off Q2.

When the rectified line voltage is 
lower than 380V, the cathode current of 
the TL431 is approximately 0A. Thus, 
Q2 turns on through R3, connecting bulk 
capacitor C and RLOAD to the full-wave 
rectifier if V1=VIN−VOUT≤14V.

All the components have a small power 
dissipation. The GP10NC60KD transis-
tor, with an input of 230V rms and a load 
as high as 500W, is suitable for Q2.EDN

↘ White-light LEDs are becoming 
commonplace in everyday life. A 

classic white LED is an InGaN (indium-
gallium-nitride) LED, emitting spectrally 
“pure” blue light. Photoluminescence 
spreads the spectrum of these LEDs and 
converts it into a light resembling day-
light. This conversion takes place in a 
layer of yellow ZnSe (zinc selenide), 
which covers the InGaN chip. Due to 
production tolerances in the thickness of 
the ZnSe layer, these white LEDs are 
available in yellowish warm-white, neu-
tral, and slightly bluish cool-white grades. 
To derive another hue from a white-light 
source, you can use the LED driver circuit 
in Figure 1.

The light source, IC1, is an Avago 
Technologies (www.avagotech.com) 
ASMT-MT00 RGB (red/green/blue) 
LED. The driver contains two resis-
tive DACs, IC3 and IC5, which func-
tion as potentiometers (Reference 
1). The DAC’s preset pins, PRE1 and 
PRE2, are grounded. Both resistive 
DACs are therefore set to midscale after  
power-on.

The true midscale for the IC3 DAC at 

its wiper pin is one-third scale for IC3, set 
by the resistor RSH=RA1B1/2, where RA1B1 
is the resistance between the ends of the 
potentiometer. Voltage follower IC8A en-
sures that the voltage at potentiometer 
IC3 remains a constant reference voltage 
regardless of the position of wiper P1. Volt-
age follower IC8A is necessary because the 
resistance between the A1 and B1 termi-
nals of IC3 varies from 10 kΩ for wiper 
P1, when grounded, to 3.33 kΩ for the 
A1 position of P1. In this way, the drivers 
for the red, green, and blue LEDs gener-
ate the same value of current of VREF/3RF, 
where VREF is the reference voltage. Thus, 
you get white light at power-on.

If you require, for example, a pale-pink 
hue, you ground the PD1 pin for a short 
period. Wiper P1 thus moves down by 
one step, decreasing the content of green 
light in the resulting light while increas-
ing the contents from the red and blue 
LEDs. The sum of the IR, IG, and IB cur-
rents remains constant, regardless of the 
positions of wipers P1 and P2. The lumi-
nous intensity of the output light holds 
constant. Any further short-term ground-
ing of the PD1 pin leads to a deeper violet 

hue of the output light. To get turquoise 
or bluish-green-tinted white light, you 
simply ground the PD2 pin for short peri-
ods. The relative content of the red com-
ponent then decreases below one-third of 
full-scale. If you ground the PU1, PD1, 
PU2, or PD2 pins for short periods, you 
can arbitrarily set hues of the light. The 
color resolution comes from adding or re-
moving current in approximately 3% steps 
while removing or adding an equal num-
ber of approximately 3% steps of the re-
maining basic color components. A 100% 
step equals the total light intensity, regard-
less of color. This intensity is constant be-
cause the sum of currents flowing through 
the red, green, and blue LEDs is constant 
and has a value of VREF/RF. The resistive 
DACs have wiper-position margins.

The zero-scale relative margin is typi-
cally 1% of full-scale. The upper-position 
relative margin, or margin of the upper 
value of resistance between the B and 
the wiper terminals, is dV=2.4% of full-
scale. Resistor RSH artificially increases 
the upper margin of the VOUTG voltage. 
The following equation yields the maxi-
mum settable voltage for VOUTG: 

Electronically tinge white-light source
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia

1
1+3𝛅𝛅V

VOUTGMAX≃ ×

≃(1−3𝛅𝛅V)×VREF.
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Figure 1 You can use this circuit to limit inrush current and clamp the output voltage 
to values lower than 380V.
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By evaluating the equation, you de-
termine you can set 92.8% green and 
subdivide the remaining 7.2% be-
tween the red and blue components 
by grounding PU1 for a long time. If 
you also ground the PU2 pin for more 
than 4 seconds, you get a yellowish- or 
warm-green color. In contrast, if you 
ground the PD2 pin for more than 4 
seconds, you get aqua or a cool-green 
color. Thus, changing even a moderate 
7.2% of basic components of the light 

results in highly discernible hues.
Paralleling the RSH between the B1 

and P1 terminals of resistive DAC 
IC3 causes these terminals to ex-
hibit nonlinear behavior. The step 
change of voltage at wiper P1 de-
creases to two-thirds at the midscale 
of IC3 and gradually rises when mov-
ing the wiper from the midscale to-
ward zero. At zero, this step change 
recovers fully to its original rela- 
tive value of 1/32. When moving P1 

from midscale toward full-scale, the 
step change rises and triples to a value 
of 3/32 at full-scale. This nonlinear 
behavior has, however, no detrimental 
effects. In contrast, close to the mid-
scale, it makes the resolution 1.5 times 
that of the resistive DAC alone.EDN

RefeRence
1 Štofka, Marián, “Set LEDs’ hue from 
red to green,” EDN, Oct 21, 2010, pg 
59, http://bit.ly/a96DXg.
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Figure 1 This simple method achieves a constant-current 
source that doesn’t necessarily connect to a power-supply rail 
or to ground.

Transistor boosts  
regulator current
Yngve Linder, Örsundsbro, Sweden

↘ Some circuits require a constant-current source that 
doesn’t necessarily connect to a power-supply rail or to 

ground. The circuit in Figure 1 shows a simple method for 
achieving that configuration. 

The LM317 voltage regulator develops 1.25V between the 
OUT and the ADJ pins. Placing a resistor between those pins 
produces a constant current. Thus, the circuit’s output current is 
1.25V/RADJ. The transistor lets the circuit source more current 
than the regulator alone can provide once the current through 
R1 creates enough voltage to turn the transistor on. Otherwise, 
the regulator supplies the load current.EDN

↘ You can use a simple battery-pow-
ered circuit to detect whether an 

ac-mains wire is live without making 
any electrical contact with it. The cir-
cuit uses a CD4011 NAND gate’s high 
input impedance to sense a magnetic 
field from a 50- or 60-Hz ac-mains line. 

You simply bring the detector coil near 
the socket to see whether it has a proper 
ac connection. If it does, then the LED 
will illuminate (Figure 1).

The detector in this case is a coil of 
copper wire. When you place it near a 
live wire carrying ac current, the coil 

develops a voltage across the CD4011 
at pins 1 and 2. This voltage produces 
square waves at the output of the gate, 
driving the LED active. In the absence of 
any hot ac wire near the detector plate, 
the 1N4148 diode connected to the first 
gate’s inputs keeps the gate biased. This 
bias ensures that, under normal condi-
tions, the final output from the gates is 
low, keeping the LED off.

Placing the detector plate close to a live 
wire sets up an oscillating voltage at the 
gate’s input at pins 1 and 2. That voltage 
produces square waves corresponding to 
the ac-mains frequency. The remaining 
three gates of CD4011 connect in paral-
lel, which increases the current through 
the LED enough to light it.

A rechargeable, 3.6V nickel-cadmium 
battery powers the circuit. You can as-
semble the detector into a convenient, 
pocket-sized glue-stick tube (Figure 2). 
The circuit consumes nearly no power 
when the indicator LED is off. Thus, you 
can also power the circuit using lithium 
cells, such as the popular CR2032.EDN

Detect live ac-mains lines
Raju R Baddi, Raman Research Institute, Bangalore, India
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↘ Control applications often require 

that you set a relay latch in posi-
tion until you need it to change state. 
Latching relays accomplish that task. 
When you send them a pulse, they either 
remain in the current state or change 
states, depending on the polarity of the 
pulse and the current state of the relay. 
The circuit in Figure 1 switches the state 
of a DPDT (double-pole/double-throw) 
latching relay based on a pulse. It com-
prises a momentary-switch-to-step-volt-
age-signal generator, a differential-pulse 
converter, a relay driver, and a relay coil.

A momentary switch produces a 
step-voltage signal that drives the cir-
cuit. The circuit uses a simple pulldown 
switching action (push-on/release-off), 
such as the one comprising RS, CS, and 
S2, or a flip-flop latching action (push-
on/push-off), such as the one compris-
ing IC1A, IC1B, R1, R2, C1, and S1. In the 
simple pulldown case, you can also add 
a debounce circuit. The pushbutton 
switches let you test the circuit before 

connecting it to another input source.
The differential-pulse converter com-

prises IC1C, IC1D, IC1E, and IC1F. The last 
two stages of the CD4069 hex inverter are 
self-biased in linear mode around VDD/2, 
where VDD is the drain-to-drain voltage 
and corresponds to Pin 14 of IC1. The cir-
cuit takes a rise or a fall at IC1C and con-
verts it to opposing pulses of equal length 
at the outputs of IC1E and IC1F. The order 
of the pulses is synchronous with the edge 
direction at the input of IC1C. 

The output-driver stage buffers the 
voltage outputs of IC1E and IC1F to drive 
the relay coil. The op amps provide dif-
ferential current dumping through the 
load without incurring substantial waste 
in idle mode. An LED-indicator circuit 
comprising R4 and D1 shows the orienta-
tion of the relay switch.

Assuming that the circuit powers up 
with C1 uncharged, IC1A and IC1B always 
start off in a state in which R1 sees VDD 
on both sides. All inverter stages operate 
in digital mode except for IC1E and IC1F. 

When you apply power to the circuit, 
these two stages self-bias around VDD/2 
and operate in linear mode. The op 
amps, wired as followers, also bias their 
outputs near VDD/2. That action leaves 
the relay coil with a negligible offset/
error voltage thanks to the matching of 
the devices in the hex-inverter IC and 
the op amps’ high open-loop gain.

Stages IC1E and IC1F ac-couple through 
capacitors C5 and C3, respectively. The 
capacitors produce an impulse at the in-

CMOS circuit latches relays
JC Maillet, Gabriola Island, BC, Canada
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Figure 1 A change in state at the input of inverter IC1C can drive a latching relay to change state.
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↘ Automotive accessories such as 
PNDs (portable navigation de-

vices) usually receive their power or 
charge using a simple adapter that a user 

plugs into a cigarette lighter. Sometimes, 
however, you may want to power or 
charge two devices at once. The circuit 
in Figure 1 can handle that task.

IC1 generates 5V from any 7.5 to 76V 
input—a wide enough range to include 
the complete range of car-battery voltage 
plus the 40V spike that can occur during 
a load dump. The IC is simple to use be-
cause it has an internal power switch and 
requires no compensation circuit.

IC2 distributes to two outputs the 5V 
that IC1 generates. It not only distributes 
power but also protects against overload 
conditions. Most portable equipment re-
ceives its power or charge through a USB 
(Universal Serial Bus) interface, whose 
current limit is 500 mA. Because IC2 tar-
gets use in USB applications, it latches off 
any port that tries to deliver more than 
500 mA but does not affect the other 
port. Automatic-restart capability ensures 
that the port recovers automatically after 
the removal of the overload condition.

Figure 2 shows the protection feature 
in action. Output B has a constant load 
of 300 mA, and Output A switches be-
tween a 100-mA load and a 600-mA 
overload. IC2 switches off Output A 
after an overload but allows a 20-msec 
delay to avoid responding to brief tran-

puts of IC1E and IC1F from the step outputs 
of IC1C and IC1D. Lossy integrators IC1E 

and IC1F lengthen the inverted pulses at 
the outputs. Following these events, the 

outputs of IC1E and IC1F gradually return 
to their equilibrium state, which helps 
prevent a bucking field from forming in 
the relay coil and toggling back. Figure 2 
shows the shape and timing of the pulses.

R3/C3 and R4/C4 establish time con-
stants, which roughly set the total length 
of these pulse tails at 500 msec. This 
time is more than enough to satisfy the 
relay coil’s hold requirements, which, for 
the Panasonic TQ2-L-5V, are 3 msec or 
less. If the relay coil at first finds itself in 
an asynchronous position, it can reori-
ent itself after a single push of the switch 
if necessary.

Dropping IC1’s VDD through series- 
supply resistor R5 limits the idling cur-
rents in linear-biased stages IC1E and 
IC1F. This resistor represents a compro-
mise between the power these two stages 
dissipate and the available voltage swing 
to toggle the relay through the op amps. 

The circuit operates from a 9V 
source, and, with the component val-
ues in Figure 1, IC1’s VDD lies at ap-
proximately 5.5V. The overall current 
draw between toggles is approximately 
8 mA.EDN
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Figure 2 Integrating impulses with capacitors across inverters produces the signals 
necessary to set the state of the relay.

Power USB devices from a vehicle
Fons Janssen, Maxim Integrated Products Inc, Bilthoven, the Netherlands
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sients (Figure 2a). The circuit removes 
the overload 80 msec later; after another 
20-msec delay, the automatic-restart fea-
ture brings Output A back online. Out-

put B is unaware of the problem in Out-
put A (Figure 2b). The fault-indicator 
output, however, goes low to indicate a 
problem in Channel A.

This circuit is small because it requires 
few external components. You can build it 
into a cigarette-lighter plug or place it in a 
small space behind the dashboard.EDN

designideas

↘ Industrial-control applications 
often use PLCs (programmable-

logic controllers) working at logic levels 
of 24V. That voltage creates a challenge 
to the safe use of a microcontroller. Such 
a design requires a physical barrier be-

tween the microcontroller and the 24V 
signals to avoid damage in case of errors 
or short circuits.

A simple and inexpensive way to 
switch 24V with a microcontroller is to 
use the ULN2003 or ULN2803 transistor 

drivers, which have seven and eight out-
puts, respectively. These ICs can energize 
light bulbs or solenoid valves at 500 mA. 
Damper diodes in these ICs eliminate the 
need for numerous passive components, 
especially in designs using coils.

Because of their digital inputs, passive 
components require numerous parts, 
complicating assembly, increasing cost, 
and increasing the need for troubleshoot-

ing and maintenance. 
Few simple ICs can han-
dle more than 24V.

With this voltage 
in mind, you can use 
an interface IC, such 
as the MC1489 or the 
SN75189 inverter, as 
an RS-232 line receiver. 
These ICs can receive 
digital signals as large as 
±30V. As a bonus, they 
have some hysteresis-
level transition, making 
them able to discrimi-
nate some of the elec-
trical noise in signals 
(Figure 1). 

You can connect these 
devices directly to a mi-
crocontroller. If you 
mount them in DIP sock-
ets, you can easily replace 

Microcontroller interfaces to 24V
Adolfo Mondragon, Electrolux Products, Juarez, Mexico 
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Figure 1 RS-232-interface ICs, such as the MC1489, can adapt 24V inputs to a microcontroller.
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Figure 2 These current/voltage waveforms from Figure 1 show that an overload on Output A (a) has no effect on Output B (b).
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them in case of damage. The circuit uses 
a 78L05 linear regulator to decrease the 
power-supply voltage to 5V. The 1N4007 

between the 24V dc and the 5V LM7805 
regulator protects the circuit from possi-
ble power-supply wire reversal. You must 

take that fact into account in program-
ming your microcontroller because the 
signals complement the input.EDN

↘ The simple circuit in Figure 1, 
which can be powered with a 3.6V 

nickel-cadmium rechargeable battery, lets 
you use an LED to detect light. The cir-
cuit consumes practically no quiescent 
power. Two LEDs act as photodiodes to 
detect and respond to ambient light. 
When ambient light is present, the upper 
LED, a small, red, transparent device cov-
ered with a black pipe, has a higher effec-
tive resistance than the lower, large, green 
LED. The voltage drop across the input 
of the NAND gate is less than its thresh-
old voltage for logic 1, making the output 
of the NAND gate low. When the ambi-
ent light goes off, the voltage drop across 
the reverse-biased green LED increases, 

forcing the NAND gate’s output high.
This type of light detector is highly 

power-efficient and is ideal for battery 
applications. You can use the NAND 
gate’s logic output 
to drive an LED 
driver or a relay 
driver, or you can 
connect it to a 
microcontroller. 

Place the circuit 
so that sufficient 
light falls on the 
green sensor LED. 
Doing so avoids 
any voltage build-
up near the junc-

tion that could be close to the NAND 
gate’s threshold voltage. The NAND 
gate’s power consumption rises sharply at 
the threshold voltage. When the gate’s 
input voltage is within the defined limits 
for the logic state, its power consumption 
is extremely small.EDN

Use LEDs as photodiodes
Raju R Baddi, Raman Research Institute, Bangalore, India

5-mm 
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LED

CD4011

3.6 TO 6V

TO RELAY
DRIVER,

LED DRIVER, 
OR OTHER 

CIRCUIT

COVER 
WITH 

OPAQUE 
MATERIAL

3-mm 
RED LED

Figure 1 An LED’s resistance changes with ambient light, which 
changes a voltage that drives a logic gate. 
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↘ DSEC (digital-satellite-equip-
ment-control) motors find wide 

use in TV-satellite reception; thus, they 
are readily available. Eutelsat (www. 
eutelsat.com) defined the DSEC control 
protocol, which has been in existence 
since 1998. DSEC motors offer a resolu-
tion angle as high as 0.1°. Thus, you can 
use them as low-cost alter-
natives to stepper motors.

The circuit in Fig-
ure 1 is a simple design 
to drive protocol Version  
1.2 of DSEC motors using 
a PIC10F200 micro- 
controller from Micro- 
chip (www.microchip.
com). Version 4.2 fully de-
scribes the bus-functional 
method of data-bit signal-
ing (Reference 1; see www.
edn.com/101118dia). You 
derive the 22-kHz-frequen-
cy tone from the internal 
4-MHz±1% clock. Position-

er commands from the protocol specifica-
tion suit one-way communication. This 
application requires no receive responses 
or data messages from the remote motor 
unit. The long-term recommendation for 
the dc supply is 12V±1V, and the maxi-
mum current is 400 mA.

The circuit uses just one pushbutton 

switch, S1, and two LEDs to control the 
state of the motor. At power-on, LED1 
remains continuously on. One 1-second-
long push on S1 blinks LED1 for 0.25 sec-
ond and drives the motor one step. A 1- to 
2-second push on S1 changes the state of 
direction. LED1 turns off, and LED2 turns 
on. Pressing S1 for more than 3 seconds 
causes one LED to blink during the time 
necessary to drive the motor back to 0°.

This design uses a motor with a resolu-
tion angle of 0.3° and max-
imum angles of 75° east and 
75° west. So this circuit has 
only 250 pulses for each di-
rection. Once it reaches 
that value, the active LED 
continues to blink.

You can download fully 
commented, three-file as-
sembler source code from 
the online version of this 
Design Idea at www.edn.
com/101118dia. You can 
adapt this code to any other 
baseline family of Microchip 
microcontrollers that use 12-
bit instruction code.EDN

Microcontroller drives DSEC motors
Charaf Laissoub, Valeo Interior Controls, Créteil, France
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   ↘

Cable and connector faults are 
relatively common in LANs (lo-

cal-area networks). You can use the cir-
cuit in Figure 1 to test straight- or cross-
link 10BaseT, 100BaseT, or gigabit UTP 
(unshielded-twisted-pair) and STP 
(shielded-twisted-pair) cables. The cir-
cuit performs a continuity test for each 
linked pair. An LED representing each 
linked pair flashes when the correspond-
ing pair connects properly between the 
cable’s RJ-45 connectors. It can also de-
termine whether the cable is a straight-
link or a cross-link type.

IC1, a small, six-pin Microchip (www.
microchip.com) PIC10F200 microcon-
troller, performs the test. On power-up, 
the four I/O pins act as outputs and are 
driven high for approximately 0.5 sec-
ond and then are driven low in the fol-
lowing sequence: GP0, GP1, GP2, and 
GP3. Once this task finishes, the micro-
controller has a dead time for about 4 
seconds, after which it loops to the be-
ginning to repeat the procedure.

Adding a low-power BS170 N-chan-
nel MOSFET allows Pin 6 (GP3), nor-
mally an input-only pin, to act as an 

output, according to a previous Design 
Idea (Reference 1). The power-supply 
voltage of 5V is not critical, and you can 
choose any supply from 2 to 5.5V for 
the 8-bit PIC microcontroller. Figure 2 
shows cable wiring for both types of ca-

DIs Inside
46 Instrumentation amplifier 
is less sensitive to resistor 
mismatch

50 Circuit keeps wandering 
children and pets nearby

▶See all of EDN’s Design Ideas 
at www.edn.com/designideas.

LEDs light LAN-cable tester
Noureddine Benabadji, University of Sciences and Technology, Oran, Algeria
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Figure 1 You can use this circuit to test straight- or cross-link 10BaseT, 100BaseT, or gigabit UTP and STP cables.
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bles and how they fit with RJ-45 connec-
tors. For each type, the microcontroller 
initiates lighting. You can mount the 
RJ-45 socket in a separate small box to 
test the inside wall’s long cables.  The  

 
It uses fewer than 256 words of memory. 
Because it does not specifically target the 
PIC10F200, it is easy to understand and 
adapt to other microcontrollers.EDN

REFERENCE
1 Muñoz, Antonio, “Use the MCLR pin 
as an output with PIC microcontrollers,” 
EDN, Jan 10, 2008, pg 65, www.edn.com/
article/470769-Use_the_MCLR_pin_as_
an_output_with_PIC_microcontrollers.php.

↘
This Design Idea offers a new in-
strumentation-amplifier topology 

that improves ac CMR (common-mode 
rejection). Because it uses discrete ampli-
fiers, you can customize it for the lowest 
power, price, noise, and supply voltage, 
depending on your application’s require-
ments. Previously, instrumentation amps 
using discrete components had poor 
CMR. System designers still build their 
own using discrete designs because stan-
dard integrated instrumentation amps 
don’t meet their design requirements, 
have undesired package options, or are 
too expensive. You can build discrete in-
strumentation amps with two or three op 
amps and a few resistors (Figure 1). Most 
monolithic instrumentation amps, how-

ever, use the three-op-amp configura-
tion. This approach provides the best ac 
and dc CMR. A big challenge when 
building discrete instrumentation amps 
is to achieve CMR on par with that of 
monolithic instrumentation amps. 

The poor CMR of the three-op-amp 
topology (Figure 1b) is due to resistor 
mismatching. Any common-mode sig-
nal at VIN1 and VIN2 appears at the out-
puts of A1 and A2. The difference ampli-
fier, comprising R1, R2, R3, R4, and A3, 
should reject this common-mode volt-
age. To achieve high CMR, this differ-
ence amplifier requires matched resistors 
and the A3 op amp, which specifies high 
CMR. With 0.1%-resistor matching, the 
best possible CMR at dc is 54 dB. This 

CMR further degrades over frequency, 
depending on the op amp you select. 

The poor CMR in two-op-amp instru-
mentation amps is due to the unequal 
phase shift that occurs at the two inputs 
of A2. Signal VIN1 must travel through 
amplifier A1 before amplifier A2 subtracts 
it from VIN2. Thus, the voltage at the out-
put of A1 becomes delayed with respect 
to VIN1. Amplifier A1 introduces the delay 
that causes its output to lag behind the di-
rectly applied input voltage at VIN2. This 
phase difference results in an instanta-
neous difference in A1’s output and VIN2, 
even if the amplitudes of both voltages are 
equal. This difference causes a frequency-
dependent common-mode error voltage 
at VOUT. Further, this ac common-mode 
error increases with common-mode fre-
quency because the phase shift through 
A1 increases with frequency due to the 
single-pole roll-off frequency response. 

Instrumentation-amplifier-design 
guidelines give the error relationship, 

Instrumentation amplifier is 
less sensitive to resistor mismatch
Reza Moghimi, Analog Devices, San Jose, CA
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according to the following equation: 
(100 Hz/100 kHz)×100%=0.1%, when 
you design an instrument amplifier for 
a closed-loop bandwidth of 100 kHz by 
using micropower op amps with a unity-
gain bandwidth of 500 kHz configured 
for a gain of five (Reference 1). A com-
mon-mode error of 0.1% is equivalent to 
a 60-dB CMRR (common-mode-rejec-
tion ratio). Even if you trim this circuit 
to achieve 100-dB CMRR at dc, this 
performance would hold only for fre-
quencies less than 1 Hz. At 100 Hz, the 
CMRR could not be better than 60 dB.

You can overcome the shortcomings 
of the two-op-amp circuit if you com-
pensate for the phase delay of A1 using 
active-feedback compensation. You can 

reduce phase error to virtually zero at low 
frequencies with a dual matched op amp 
(Reference 2). This approach adds an 
equal but opposite phase shift in the am-
plifier’s feedback loop. Because the circuit 
depends on amplifier matching, you must 
use a dual- or quad-op-amp part.

The active feedback requires an extra op 
amp and two external resistors to achieve 
phase-error cancellation (Figure 2). In the 
circuit, amplifier A1 provides forward gain 
of the composite amplifier. K1 determines 
the closed-loop gain (AV=1+K1), where AV 
is voltage gain and K is a constant. Ampli-
fier A2 provides feedback to amplifier A1. 
K2 determines the amount of phase-error 
c o m p -
ensation 

and has no effect on the forward gain of 
the composite amplifier. Optimum error 
cancellation occurs when K1 is equal to 
K2. The error terms are functions of com-
plex frequency response, according to the 
following equations:

A ERROR
2ωCLOSED   LOOP

β×ωVGB
;

 ERROR
3ωCLOSED   LOOP

β×ωVGB

.

—

—

Figure 3 shows the new configura-
tion, which applies an active feedback 
network to a two-op-amp configuration. 
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Figure 1 You can use conventional two-op-amp (a) and three-op-amp (b) configurations to build an instrumentation amplifier.
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Figure 2 Using A2 in an active-feedback network 
greatly improves A1’s effective bandwidth. The op 
amps must match, so you should use a dual-ampli-
fier package for this circuit.
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   ↘
The receiver circuit in Figure 1 
sounds an audio alarm when the 

transmitter (Figure 2) moves beyond a 
designated perimeter. The transmitter, a 
voltage-controlled oscillator, operates at 
approximately 915 MHz in the unli-

censed ISM (industrial/scientific/medi-
cal) band. It has a tuning voltage of 
1.5V=3×R2/(R1+R2), which lets you eas-
ily adjust the frequency by varying the 
values of resistors R1 and R2.

The receiver comprises low-noise am-

plifier IC1, power detector IC2, compara-
tor IC3, and a buzzer. When the trans-
mitter is within range—for example, 
when a child or a pet is carrying it—the 
receiver detects the RF signal and pro-
vides a voltage greater than 400 mV at 
the inverting terminal of the compara-
tor. Resistors R9 and R10 preset the refer-
ence voltage at the comparator’s nonin-
verting terminal. The reference voltage 
is 3×R10/(R9+R10), and the comparator’s 
output remains low.

When the transmitter moves outside 
the predetermined boundary, the detect-
ed RF produces less than 400 mV at the 
comparator. The comparator then gen-
erates an output of approximately 3V, 
which turns on the buzzer and sounds 
an alert that the transmitter has moved 
beyond the restricted perimeter. To in-
crease the detection range, you can place 
additional low-noise amplifiers or VGAs 
(variable-gain amplifiers) in front of the 
power detector. You can also increase or 
decrease the desired perimeter by adjust-
ing R10 to change the comparator’s refer-
ence voltage.EDN
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tune to approximately 915 MHz.

Circuit keeps wandering children 
and pets nearby
Tom Au-Yeung and Craig Sakamoto, Maxim Integrated Products, Sunnyvale, CA
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Figure 1 This 915-MHz receiver sounds an alarm when the comparator’s inverting-input voltage drops below 400 mV.

You correct the phase delay through A1 
using the active-feedback circuitry com-
prising A2 and four resistors. The classic 
two- and three-amplifier instrumenta-
tion amplifiers and this proposed three-
amplifier topology using active feedback 
have similar dc CMRRs. However, the 
circuits’ ac CMRs differ. This difference 
in performance arises when you apply 
and sweep a large ac common-mode 
voltage at the input. These test specs are 
for a circuit using Analog Devices’ (www.

analog.com) AD8603 op amps. The sup-
ply voltage is ±2.5V, the common-mode 
voltage is 0.001 mV, and the gain is 100. 
You take error measurements with a 500-
Hz input signal.

You then change the operating con-
ditions to a common-mode voltage of 
2.001V and a gain of 100. The circuit 
in Figure 3 provides great improvement 
over the circuit in Figure 1a. The circuit 
has less sensitivity to resistor mismatch 
than the circuit in Figure 1b with per-

fectly matched resistors. (For more data, 
go to www.edn.com/101202dib.)EDN

REFERENCES
1 Kitchin, Charles, and Lew Counts, 
A Designer’s Guide to Instrumentation 

Amplifiers, Chapter 2, Analog Devices, 
2000, pg 2-1, http://bit.ly/b0rXnT.
2 Wong, James, “AN-107 Active Feed-
back Improves Amplifier Phase Accu-
racy,” Analog Devices, September 
1987, http://bit.ly/a8Ol38.
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readerS SOLVe deSIGN PrOBLeMS

EditEd By Martin rowE 
and Fran GranvillE

designideas
↘ The circuit in Figure 1 is an al-

ternative to a high-side current 
monitor in a recent Design Idea (Refer-
ence 1). That monitor uses the Analog 
Devices (www.analog.com) AD8212 
and an external high-voltage bipolar 
PNP transistor. The AD8212 can com-
pensate for errors, which can reduce 
from the approximately −1% error of an 
uncompensated circuit to about −0.4%. 

Circuit errors occur mainly because of 
the finite current gains of the two bi-
polar PNP transistors in the circuit: an 
external transistor and an internal low-
voltage PNP transistor in the AD8212. 
The internal PNP transistor’s base-emit-
ter junction forms a negative-feedback 
loop for the op amp within the AD8212. 
Both PNP transistors form a cascade of 
two common-base-operated transistors. 
In the ideal case, the emitter current of 
the internal PNP, which is proportion-
al to a sensed current, should equal the 
collector current of the external PNP. 

This collector current mediates the in-
formation about the sensed current. In 
practice, however, the collector current 
of the external PNP transistor equals 
the emitter current of the internal PNP 
minus the sum of the base currents of 
both PNP transistors.

The base current is also a source of 
error in this circuit. The circuit reduces 
the undesired base current of the Dar-
lington PNP by a factor of one divid-
ed by bPNP compared with the circuit 
in the earlier Design Idea. In that De-
sign Idea, bPNP is the current gain of one 
PNP transistor. The circuit in Figure 1 
reduces error by using a PNP-to-Dar-
lington connection in place of an ex-
ternal PNP transistor. The difference 
between the emitter and the collector 
currents in the Darlington connection 
is so low that you can omit compen-
sation circuitry and the internal PNP 
transistor, which are associated with the 
compensation circuit. You could thus 

integrate the two 1-kΩ resistors and 
the zener diode into a monolithic IC  
that is simpler than the AD8212.

The circuit in Figure 1 uses an Ana-
log Devices AD8603 op amp, which has 
a 40-mV input offset voltage. When its 
input voltage is close to the upper supply 
rail, the offset voltage is less than 200 mV. 
The worst-case input offset-voltage value 
would cause an additive error of 0.04% 
of the full-scale because the full-scale is 
500 mV. IC1’s subpicoampere input bias 
current rises at elevated temperatures 
to about 320 pA at 125°C, but that in-
crease is still not significant enough to 
affect circuit accuracy. The same holds 
true also for the leakage current of the 
Darlington connection because the leak-
age currents flowing through the emit-
ter and the collector of Q2 have almost 
the same value. Leakage current ICE0 be-
comes a part of the feedback current that 
flows through resistor RF.

When ICE0 rises, the op amp’s out-
put voltage goes slightly more positive. 
Feedback current IF, flowing through 
resistor RF, still remains constant. The 
only condition is that the minimum 
feedback current must be larger than 
the maximum leakage current. The se-
lected PNP transistors allow V+ to be as 
high as 30V. Q1, an MMBT3906 type, 
exhibits a low drop in the value of cur-
rent gain at low emitter currents. It 

RL

RB

ZD

1k

RF
1k

0.1%

IC1
AD8603

4

3

5
1

2  

100 nF

Q1

Q2

VOUT

RO
2k

0.1%

RSH
0.1%

V+

+

–

IF

Figure 1 The circuit senses the current flowing through load resistor RL at the high 
side and transfers it directly to the low side by means of feedback current IF, which 
has 500 mA at full-scale.

High-side current-shunt monitor  
offers reduced error
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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drops to just 75% of its maximum value 
of 130 at an emitter current of −100 mA.  
Q2 is an MMBT4403 type.

For applications requiring higher val-
ues of V+, select PNP transistors hav-
ing sufficient collector-emitter voltage 
ratings and increase the value of RB as 
RB=(V+−5V)/5×10−4A. ZD, a ZPY5V6, 
has a zener voltage of about 4.7V at 

about 500 mA. A test reveals that the rel-
ative difference between the emitter and 
the collector currents of the Darlington 
pair doesn’t exceed 0.06% at full-scale. 
At 0.01 times full-scale, the relative error 
rises to 1.77%, indicating that the over-
all current-gain value of the Darlington 
decreases to about 56. The reduction of 
error lets you reduce the full-scale volt-

age at shunt resistor RSH to 250 mV, re-
duce the power dissipated in RSH by 50%, 
and maintain the error at 0.15%.EDN

RefeRence
1 Tran, Chau, and Paul Mullins, “Cur-
rent monitor compensates for errors,” 
EDN, Sept 9, 2010, pg 47, http://bit.ly/
aFnEBW. 

↘ Using low-cost PCBs (printed-
circuit boards), you can easily de-

sign a board in a few hours with nearly 
any CAD package, even the free ones. 
You can have your prototype board on 
your desk in just two days. The design 
rules in many software packages are 
good, and most suppliers can fabricate a 
PCB with line width and spacing down 
to 0.006 in.

That precision is fine for low-frequen-
cy circuits, but RF circuits usually need 
50Ω traces for proper circuit operation. 
Parts get smaller, but the laws of phys-
ics don’t change. Thus, a microstrip trace 
on a 0.062-in.-thick standard prototype 
board that was calculated to be 0.11 in. 
wide 30 years ago is still 0.11 in. wide 
today. Many surface-mount parts are far 
smaller than their predecessors, however, 
so it would seem that low-cost, two-layer 
prototype boards for RF prototyping are 
unsuitable for today’s small SMT (sur-
face-mount-technology) parts.

You can use a CPWG (coplanar-
waveguide-over-ground) structure to 
build 50Ω RF traces on PCBs. A CPWG 
structure lets you make the required 
trace width smaller than that of a mi-
crostrip structure.

Bringing a grounded copper ground 
plane on the top of the board closer to 
a microstrip trace adds capacitance to 
the microstrip structure. To compensate 
and to keep the entire structure at 50Ω, 
you must make the center trace more 
inductive by reducing its width—to a 
point.

How can you design the CPWG struc-
ture for a low cost and a fast PCB pro-

cess? You can find many online CPWG 
calculators, but they often fail when the 
ground-plane gap gets less than approxi-
mately 30 to 50% of the trace width be-
cause the height of the copper traces on 
the board becomes a significant factor. It 
adds more capacitance than the calcula-
tors assume. Hence, the lines these cal-

culators design have too much capaci-
tance, which reduces their impedance to 
less than 50Ω. The equations date back 
many years to IC design.

The equations in many calculators fall 
apart because today PCBs differ physi-
cally from ICs. The best way to properly 
design a CPWG on a PCB with a nar-
row gap-to-center-trace ratio is to use a 
full 3-D electromagnetic simulator. This 
Design Idea provides the values for a few 
common structures.

In keeping with the minimum trace-
to-trace spacing of 6 mils, I simulated, 
built, and tested a CPWG structure. 
For a common 0.062-in.-thick FR-4 
PCB material, a trace width of 0.032 
in. with a gap of 0.006 in. is as close to 
50Ω as you can get. It provides better 

than 40-dB return loss on the trace at 
6 GHz.

This approach is better than using 
a 0.11-in.-wide trace and is compat-
ible with SMT-sized parts. A 0603-
sized SMT part and a common SMA 
(surface-mount-assembly) edge-launch 
connector fit the line perfectly. Figure 
1 compares several common RF-type 
parts with the fabricated PCB. For parts 
with larger pad dimensions than the 
0.032-in. trace width, just increase the 
spacing to the top ground plane to com-
pensate. For instance, increase the spac-
ing to the top plane of a 0805 SMT pad 
to approximately 0.008 in. and increase 
the top-plane spacing for a 1206 SMT-
component pad to 0.012 in. to keep the 
pad from being too capacitive.

In keeping with common design 
rules, I pulled back the copper planes 
on the tested PCBs 0.01 in. from the 
routed board edge. This pull-back and 
the edge-launch connector both add a 
slight amount of inductance to the tran-
sition, however. The big center pin of 
the edge-launch connector on top of 
the trace adds extra capacitance, pro-
viding built-in capacitive compensa-
tion. Cutting the pin to about half its 
original length yields about equal ca-
pacitance to balance the transition  
inductance.

The CPWG structure needs a solid 
ground plane under the trace; leaving 
cutouts in the bottom ground plane 
under the topside trace adds a signifi-
cant inductance to the structure, which 
degrades high-frequency perform- 
ance. You also need to “stitch” the top 
ground plane to the bottom ground 
plane with vias. Place the stitching vias 
less than one-eighth of a wavelength of 
the highest frequency that your circuit 
will use. Note that 0.1-in. spacing works 
well at frequencies greater than 10 GHz. 

Make a quick-turnaround PCB  
for RF parts
Steve Hageman, AnalogHome.com, Windsor, CA

Figure 1 A nominally small SMT part fits 
well onto the 0.032-in.-wide CPWG 50Ω 
line structure. The 0603 resistors and 
capacitors and a small gallium-arsenide 
FET-amplifier SC-70 IC also fit well.
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↘ The circuit in Figure 1 lets you 
build a logic probe using three 

NPN transistors and three PNP transis-
tors. Two transistors act as switches that 
drive the LEDs; logic one is a green LED, 

and logic zero is red. Q1 and Q2 test the 
probe-tip condition for logic one, and Q3 
and Q4 test it for logic zero. Q1 acts as a 
zener diode in the emitter circuit of Q2. 
The voltage divider comprising R12 and 

R14 determines the diode’s value. That 
value creates a lower limit for the break-
down of the base-emitter junction of Q2 
through VL. These values ensure that the 
threshold value for logic one at the probe 
tip is approximately 3.2V. Q1’s break-
down voltage in the emitter circuit of Q2 
is approximately 2.6V. The equation for 
setting this threshold is VHIGH=1.2+(VR14/

Logic probe uses six transistors
Raju R Baddi, Raman Research Institute, Bangalore, India

Spacing of the stitching vias to the cen-
ter trace follows the same spacing rules. 
You can easily get enough vias in and 
around the trace to make it work.

If you don’t have enough vias, you 
will see a slight but rapid 0.5- to 1-dB 
drop in the S21 transmission character-

istics instead of a linear loss slope with 
frequency. You can instantly see this ef-
fect by using a VNA (vector network 
analyzer). Measuring the test board 
shows approximately 0.25 dB/in. of loss 
at 3 GHz and 1 dB/in. of loss at 10 GHz, 
including two edge-launch connectors. 

To interface to an SMT part or an 
IC with narrower pads than 0.032 in., 
narrow down the center conductor as 
needed as close to the part as possible. 
If the discontinuity is physically small, 
it will have little effect until very high 
frequencies.EDN

↘ You often need to block signals of 
specific frequencies; of these fre-

quencies, 50- or 60-Hz line frequency is 
the most common. You can use the PLL 

notch filter in Fig-
ure 1 to block un-
wanted frequencies. 
IC1, an LM567C, is 
a tone decoder. 
Components C1, 
R1A, and R1B deter-
mine the frequency, 
F, that IC1 detects: 
F=1/[C1(R1A+R1B)]. 
When you feed fre-

quency F to Pin 3 of IC1, the output, Pin 
8, goes low because the output transistor 
in IC1 is saturated.

The LM567 decoder comprises an in-
phase and quadrature detector, which 
a VCO (voltage-controlled oscillator) 

drives. The VCO 
determines the de-
coder’s center fre-
quency. The band-
width of the decod-
er is 1070√V/(C2F), 
where V is the rms 
(root-mean-square) 
input voltage and C2 is 
capacitance in micro-
farads. The band-
width is a percentage 
of the frequency.

The tone decoder’s 
output runs to the 
control pin, Pin 13, of 
IC2, a CD4066 quad 
bilateral switch. The 

input voltage connects to the CD4066’s 
input pin, Pin 1. That signal controls the 
switch. The CD4066 switch is closed, or 
on, when the control pin is high at logic 
one and open, or off, when the control 
pin is low at logic zero. When IC1 de-
tects the unwanted frequency—in this 
case, 60 Hz—IC1’s Pin 8 and, thus, IC2’s 
Pin 13 go low. That action opens the 
switch, which blocks the signal with the 
unwanted frequency (Figure 2).EDN

VIN

VCC
5V

RL
1.5k

R1A
10k

R1B
10k

C3
10 µF

C4
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C2
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VOUT
3

4 8
5
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7 1 2
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13 14
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+ + +

IC2
CD4066

IC1
LM567C

Figure 1 A tone decoder and a switch block frequencies that external components determine.
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Figure 2 The components in Figure 1 block frequencies of 
approximately 60 Hz.

PLL filter blocks undesired frequencies
Stephen Kamichik, Ile Bizard, PQ, Canada
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R12+R14),where V is the supply voltage. 
Because VHIGH is a function of the supply 
voltage, the probe is suitable for CMOS 
transistors, as well. When the voltage at 
the probe tip goes above this voltage, the 
base-emitter junctions of both Q1 and Q2 
are forward-biased, and they have a com-
mon collector-emitter current that flows 
through R4, producing enough voltage to 
forward-bias Q5 and turning on the green 
LED. Ideally, R1 and R2 maintain the 
voltage at the probe tip at approximately 
2.5V, which is less than 3.2V.

Transistors Q3 and Q4 form a compar-
ator of their base voltages. The divider 
combination 
comprising R8 
and R9 main-
tains the base 
of Q4 at a spe-
cific voltage, 
which is approximately 1.9V. 
Because the probe’s suspended 
voltage is greater, Q3 conducts, 
and no current flows through 
R6. Thus, Q6 and the red LED 
are both off. If the voltage at 
the probe tip goes below 1.9V, 
however, Q4 has a higher volt-
age at its base than Q3, and 
the common-emitter current 

PLUG  FOR 
BREADBOARD 
COMPATIBILITY

APPLY STRONG 
ADHESIVE TO 

HOLD THE WIRE 
TO THE BOARD

2×2 
GENERAL-
PURPOSE 

CIRCUIT BOARD

ORCROCODILE CLIPS

CIRCUITSCREW TO FASTEN
THE REFILL PIPE

CONNECTION TO TIP

GEL-PEN-REFILL TIP

DUAL-COLOR LED

GLUE-STICK TUBE

STRONG POWER
CORD

+

+
–

–

Figure 2 The construction method for building a compact probe requires a dual-
color LED, a screw, the circuit, and crocodile clips.
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10k R7

10k
R9
33k

R15
100k

Q5
2N3906
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2N3904
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2N3906

R14
10k

GREEN RED
R14
6.8k

PROBE TIP

Figure 1 This circuit lets you build a logic probe using six transistors—three NPN and three PNP.

through R7 diverts to R6 through Q4. 
This action produces sufficient volt-
age drop across R6 to turn on Q6 and, 
hence, the red LED. The following 
equation sets the low-voltage threshold: 
VLOW=[VR9/(R8+R9)].

The current through the probe tip is 
−50 to +80 mA for a logic voltage of 0 
to 5V. An appendix in the online ver-
sion of this Design Idea, at www.edn.
com/101215dia, details the derivation of 
these equations and the probe-tip current. 
Figure 2 shows the construction method 
for building a compact probe.EDN
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