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January 2008

Use the MCLR pin as an output with PIC microcontrollers
High-speed clamp functions as pulse-forming circuit
Depletion-mode MOSFET kick-starts power supply
Simple continuity tester fits into shirt pocket
White LED shines from piezoelectric-oscillator supply
Flexible Hopfield neural-network ADCs quash noise
8-bit microcontroller implements digital lowpass filter
Automotive switching regulators get input-transient-voltage protection

February 2008

Design an RTD interface with a spreadsheet
Isolated supply powers DVM module
IC performs delayed system reset upon power-up
One microcontroller pin drives two LEDs with low quiescent current
NE555 timer sparks low-cost voltage-to-frequency converter
Optoisolators compute watts and volt-amperes
Single-supply circuit measures –48V high-side current
Three-state switch interface uses one microcontroller pin
AC-continuity tester finds single-ended faults in cables

March 2008

Audio equalizer features transimpedance Q-enhancement topology
AMI-to-NRZI-direct-conversion circuit tolerates unequalized pulse tails
Virtual RF generator measures load impedance and power
Precision voltage-controlled current sink tests power supplies
Red LEDs function as light sensors
White-noise generator has no flicker-noise component
Analog voltage controls digital potentiometer
Harvest energy using a piezoelectric buzzer
Retriggerable monostable multivibrator quickly discharges power-supply capacitor
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Chop the noise gain to measure an op amp's real-time offset voltage
Simple analog circuit provides voltage clipping and dc shifting for flash ADC
Compact laser-diode driver provides protection for precision-instrument use
Current source makes novel Class A buffer
Use thermoelectric coolers with real-world heat sinks
Interface MIDI instruments to a PC through a USB port
Transmission lines simulate digital filters in PSpice
Dual flip-flop forms simple delayed-pulse generator

May 2008

Circuit and software provide accurate recalibration for baseline PIC microcontroller’s internal oscillator
Microcontroller moving-dot display interface uses three I/O lines
Microcontroller displays multiple chart or oscilloscope timing ticks
Fast-settling synchronous-PWM-DAC filter has almost no ripple
Switched-gain op amp serves as phase detector or mixer
Tiny microcontroller hosts dual dc/dc-boost converters
Small capacitor supports telecom power supply during brownouts
Cross-coupled gates prevent push-pull-driver overlap
Save valuable picoseconds using ECL-wired OR
Capacitive touch switch uses CPLD
Bit-shifting method performs fast integer multiplying by fractions in C
RS-232-to-TTL converter tests UARTs with a PC
Hot-swap circuit allows two computers to monitor an RS-232 channel
Improved laser-diode-clamp circuit protects against overvoltages

June 2008

Precision temperature controller has thermal-gradient compensation
Programmable current source requires no power supply
Pulse-width modulator has digital control
Microcontroller controls analog phase shifter
Composite instrumentation amplifier challenges single-chip device for bandwidth, offset, and noise
Simple fixture statically tests programmable-gain amplifiers
Control system uses LabView and a PC’s parallel port
General-purpose components implement USB-based data-acquisition system
Small, simple, high-voltage supply features single IC
CMOS DACs act as digitally controlled voltage dividers

July 2008

Low-cost circuit incorporates mixing and amplifying functions
Simple blown-fuse indicator sounds an alarm
Tester cycles system-power supplies
Touch-activated timer switch extends battery life



High-voltage, high-frequency amplifier drives piezoelectric PVDF transducer
Microcontroller detects pulses
Sample-and-hold amplifier holds the difference of two inputs
Precision capacitive-sensor interface suits miniature instruments

August 2008

Simple toggle circuits illustrate low power-MOSFET leakage
Circuit adds functions to a monostable multivibrator
Piezoelectric driver finds buzzer’s resonant frequency
Low-cost digital DAC provides digital three-phase-waveform synthesis
Astable multivibrator lights LED from a single cell
IC provides versatile toggle functions
Instrumentation amp has low offset, drift, and low-frequency noise
Four DIPs provide as many as 80 sequential-LED outputs
Program an op-amp gain block with a limited-adjustability, monolithic, solid-state resistor

September 2008

Platinum-RTD-based circuit provides high performance with few components
Proportional-ac-power controller doles out whole cycles of ac line
Extend monolithic programmable-resistor-adjustment range with active negative resistance
Add margining capability to a dc/dc converter
A better approach to designing an RTD interface with a spreadsheet
Shunt regulator monitors battery voltage
Power supply meets automotive-transient-voltage specs
Locked-sync sine generator covers three decades with low distortion

October 2008

Use an LM317 as 0 to 3V adjustable regulator
Alarm monitors rotational speed of dc motor
Add charging status to simple lithium-ion charger
555 timer drives multiple LEDs from one NiMH cell
Microcontroller inputs parallel data using one pin
Precision analog bests digital in speed, noise, simplicity, and ease of implementation
Mutliplexing technique yields a reduced-pin-count LED display
Derive a simple high-current source from a lab supply
DC-accurate, 32-bit DAC achieves 32-bit resolution
Digitally programmable instrumentation amplifier offers autozeroing
C# application controls simple ADC
Perform bitwise operation in Excel spreadsheets



Linear wind-power meter compensates for temperature
Oscillator uses dual-output current-controlled conveyors
Circuits drive single-coil latching relays
“Chipiplexing” efficiently drives multiple LEDs using few microcontroller ports
Achieve precision temperature control with TEC Seebeck-voltage sampling
Instrumentation-amplifier-based current shunt exhibits 0V drop
Spark detector uses proximity
Configure a low-cost, 9V battery-voltage monitor

December 2008

Solar-array controller needs no multiplier to maximize power
Simple microcontroller-temperature measurement uses only a diode and a capacitor
Current mirror drives multiple LEDs from a low supply voltage
Program “excelerates” microcomputer-I/O allocation
Microcontroller measures resistance without an ADC
Five- to 10-LED flashlight circuit runs at 3V

November 2008



Although microcontroller man‑
ufacturers try to offer design‑

ers products that almost exactly fit the 
needs of their designs, another output 
pin is often necessary. This situation 
is particularly true in small designs us‑
ing microcontrollers with eight pins 
or fewer. This Design Idea employs 
the Microchip (www.microchip.com) 
PIC10F222. The PIC10F222 comes in 
an SOT23‑6 package and offers three  
I/O pins, one input pin, RAM, flash, 
and an ADC module. You must pro‑
gram these tiny microcontrollers, just 
as you do with their big brothers. To 
program these microcontrollers, you 
need  the MCLR, two I/O pins (data 
and clock), and supply pins (VCC and 
GND). To enter programming mode, 
you need MCLR and supply. Because 
the microcontroller must differenti‑

ate between normal and programming 
mode, the MCLR pin usually reaches 
a voltage of approximately 12V to en‑
ter programming mode. Thereafter, in 
normal operation, you can configure 
the MCLR pin either as an external re‑
set or as an input-only pin.

This design uses one pin for analog 
input and the other three as outputs. 
The design thus requires an addition‑
al output. For that reason, this circuit 
uses the MCLR pin as an output. For 
simplicity, Figure 1 shows only the 
GP3/MCLR output circuit. To allow 
the GP3/MCLR pin to act as an out‑
put, the circuit uses the configurable 
weak pullups that this microcontroller 
offers. The selected function for the 
GP3/MCLR pin is input, and you must 
enable the global weak-pullup bit in 
the microcontroller’s configuration 

word. Although you cannot individu‑
ally configure weak pullups, this inabil‑
ity is not a problem because you con‑
figure all other pins as analog inputs or 
digital outputs.

The weak pullups have a resistance 
of 20 to 150 kV, depending on supply 
voltages, so this circuit uses transistor 
Q1 to drive higher loads, such as the 
depicted LED. R1 drives the transistor 
off when you deactivate the pullups. 
Because the transistor’s gate is resis‑
tance-driven, the maximum toggle fre‑
quency depends on the chosen tran‑
sistor. The worst-case scenario occurs 
when you need to switch off Q1. R1 and 
Q1’s gate-to-source capacitance deter‑
mine the transistor’s switch-off time.

Programming voltages for the MCLR 
pin are about 12V. Therefore, Q1 must 
withstand a gate-to-source voltage 
higher than this value. This design uses 
a MOSFET having a 618V withstand 
voltage. For this reason, you should not 
use digital MOSFETs. You can use this 
circuit with other PIC microcontrollers 
and with most RS08KA family micro‑
controllers from Freescale.EDN
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Use the MCLR pin as an output  
with PIC microcontrollers

Figure 1 Adding a MOSFET and associated circuitry to a PIC microcon-
troller’s MCLR input pin transforms the pin into an output.
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Amplifiers with positive feed‑
back are the bases of signal-

grade pulse-forming circuits. This 
setup ensures a triggerlike operation 
in which the input signal crosses the 
input-threshold level; in most cases, 
the input signal is a voltage signal. The 
most well-known of these triggers is the 
Schmitt trigger, which, by the way, will 
this year celebrate its 70th birthday. 
British scientist OH Schmitt in 1938 
originated the Schmitt trigger in the 
form of a two-stage amplifier with cur‑
rent feedback. The two active devices 
were vacuum tubes.

The operation of a Schmitt trigger 
has the advantage of fast, almost-con‑
stant transition times of the output re‑
gardless of the slope of the input signal. 
One consequence of this type of opera‑
tion is the hysteresis in the I/O char‑
acteristic. In other words, the thresh‑

old shifts to a higher value before the 
positive-output transition, and it shifts 
to a lower value after switching to the 
positive-output level. You can set the 
amount of hysteresis—from zero to 
latch-up—for Schmitt-trigger circuits 
comprising discrete parts. Schmitt 
circuits find wide use in logic ICs, in 
which the hysteresis is rather high and 
fixed.

As an alternative, you can use a cir‑
cuit—a fast-response voltage limiter, 
or clamper—as a pulse-forming cir‑
cuit. The input-voltage range is nar‑
rower than that of Schmitt-trigger cir‑
cuits, because, at low input voltages, 
the voltage limitation becomes inac‑
tive, and the circuit operates as a lin‑
ear amplifier. On the other hand, be‑
cause of its nonhysteretic behavior, the 
decision threshold of the input voltage 
is precise and equal for both directions 

of output-level transitions. Figure 1 
shows one example of such as circuit. 
The voltage limiter in Figure 1 is an 
inverting amplifier with a highly non‑
linear negative feedback. For output 
voltages ranging from 20.3 to 10.6V, 
the feedback impedance is high be‑
cause each of the diodes is noncon‑
ducting. The forward-voltage drop of 
the selected Schottky-barrier diodes 
determines these voltage limits (Ref-
erence 1). The voltage gain of the in‑
verting amplifier is thus almost that of 
the op amp’s open-loop gain.

Whenever the output voltage ex‑
ceeds these limits, diode D1, D2, or 
D3—depending on the polarity of the 
output voltage—starts to conduct. 
The differential gain of the amplifier 
then drops to the value of 2RI/2RD 
and 2RI/RD, respectively, where RD 
is the equivalent-series resistance of 
a single diode. The action clamps the 
output voltage to approximately 0.8V 
and to 20.4V even for large input 
voltages. The figure uses an Analog 
Devices (www.analog.com) AD8045 
VHSIC (very-high-speed integrated-
circuit) op amp because its slew rate 
exceeds the value of 1V/nsec (Refer-
ence 2).

Figure 1’s circuit has an asymmetri‑
cal-limiting configuration to compare 
the single feedback diode with two se‑
ries-connected diodes having a trans‑
verse resistor, RT1, between their mid‑
points and ground. The clamping cir‑
cuitry comprising D1, D2, and RT1 offers 
higher off-isolation between the out‑
put and the input of the op amp than 
that of the single diode, D3. When D3 
is on, you can observe small, weakly 
damped oscillations at approximately 
200 MHz in the output waveform. Os‑
cillations manifest themselves less at 
the beginning of turn-on of the D1 and 
D2 diodes.EDN

R e fe r e n ce s
 “Surface Mount RF Schottky Bar-

rier Diodes,” Avago Technologies, 
www.avagotech.com/.

 “AD8045 3 nV/=Hz Ultralow 
Distortion Voltage Feedback High 
Speed Amplifier,” Analog Devices, 
2004, www.analog.com/en/prod/
0,,ad8045,00.html.
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High-speed clamp functions  
as pulse-forming circuit
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Figure 1 This clamping circuit uses diodes to achieve nonlinear feedback. The 
circuit employs a single diode in one feedback path and two diodes in the 
other. The dual-diode configuration offers cleaner switching.
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Many switch-mode power sup‑
plies use “kick-start” circuits 

to initialize their offline operation. 
These circuits may be simple resistors, 
such as International Rectifier’s (www. 
irf.com) IRIS4015, or more compli‑
cated arrangements built with bipo‑
lar transistors or MOSFETs (Refer-
ence 1). These transistors provide the 
initial current for the flyback or PFC 
(power-factor-correction) IC. When 
such a power supply starts operating 
in normal mode, a supply voltage from 
a dedicated winding keeps supplying 
the PFC IC, thus reducing power con‑
sumption of the kick-start circuitry.

Such schemes reduce—but do not 
eliminate—the power consumption of 
the kick-start circuitry, because the ac‑
tive component is usually a high-volt‑
age bipolar transistor or high-voltage 
enhancement-mode MOSFET. These 
transistors’ base or gate requires for‑
ward-biasing with respect to the emit‑
ter or the source for normal operation. 
Therefore, a power loss always occurs 
in the circuits that keep the transis‑
tors in the off state. Unfortunately, 

engineers pay too little attention to 
depletion-mode MOSFETs, which re‑
quire no forward-biasing for normal 
operation and, moreover, require gate 
potentials below the source. These 
valuable properties of depletion-mode 
MOSFETs suit them for a role in no-
loss kick-start circuits for power sup‑
plies.

Figure 1 shows a conventional PFC 
circuit whose IC initially receives pow‑
er from the output through a deple‑
tion-mode MOSFET, Q2, a DN2470 
from Supertex (www.supertex.com,  
Reference 2). Q2’s source feeds PFC 
IC1 with an initial supply current of 
approximately 10 to 15 mA or less 
depending on the IC model. A brief 
power dissipation of approximately 4 
to 6W can do no harm to the MOS‑
FET soldered to a copper pour. If you 
have concerns about the MOSFET’s 
health, you can use an IXTY02N50D 
from Ixys (www.ixys.com, Reference 
3). Resistors R3 and R4 set up Q2’s 
working point to obtain the minimum 
required current. Zener diode D5 lim‑
its voltage across IC1 to approximate‑

ly 15V for an input voltage of 18V, 
which is usually necessary for most 
PFC ICs and is less than the maxi‑
mum for MOSFET Q2.

When IC1 starts working normal‑
ly, the secondary winding of the PFC 
inductor, L, generates the IC’s supply 
voltage, which diodes D1 and D3 and 
capacitors C1 and C2 condition. Tran‑
sistor Q2 keeps feeding zener diode D5 
and IC1 for a short interval. Eventu‑
ally, bipolar transistor Q3 gets its base 
supply through resistor R5 from diode 
D2, turning on and clamping Q2’s gate 
to ground. Q3’s power source is the 
IC’s positive-supply potential of ap‑
proximately 15V, which is more than 
enough to shut off Q2. The residual 
thermal current of 10 to 20 mA pro‑
duces no substantial power loss.EDN

R e fe r e n ce s
 “IRIS4015(K) Integrated Switcher,” 

Data Sheet No. PD60190-C, Interna-
tional Rectifier, www.irf.com/product-
info/datasheets/data/iris4015.pdf.

 “DN2470 N-Channel Depletion-
Mode Vertical DMOS FET,” Supertex 
Inc, www.supertex.com/pdf/ 
datasheets/DN2470.pdf.

 “High Voltage MOSFET: IXTP 
02N50D, IXTU 02N50D, IXTY 
02N50D,” Ixys, http://ixdev.ixys.com/
DataSheet/98861.pdf.
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Depletion-mode MOSFET  
kick-starts power supply
Gregory Mirsky, Milavia International, Buffalo Grove, IL



LINE
FILTER

RECTIFIER

GBU-608

L

C1
1 �F

C4
470 �F
450VR2

10

R4
6.2M

R3
1M

Q1
STP11-

NM60FD

D5
BZX84C15-

LT1

Q3
CMPT2222A

R5
100k

R1
100k

C2
20 �F
35V

C3
0.1 �F

D2
FDLL4148 

D1
FDLL4148 D4

CSD06060G
Q2

DN2470

D3
FDLL4148 

IC1
PFC

CONTROLLER

GND

GATE

VCC

edn080110di41981     DIANE

�

420V

SETS
INITIAL

CURRENT

�

Figure 1 A depletion-mode, high-voltage MOSFET provides a kick-start for a PFC IC. During normal operation, the MOSFET 
switches off and dissipates negligible power.
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This Design Idea describes a 
handy continuity tester with 

two modes of operation: It may sound 
if it detects continuity between its two 
probes, or it may sound when it de‑
tects no continuity. The second option 
permits testing for intermittent cable 
breaks. Response must be sufficiently 
fast to permit swiping a probe across 
perhaps 100 pins to instantly find a 
connected pin. The tester may also 
identify microfarad or larger capaci‑
tance between two conductors.

To properly test for continuity, the 
tester’s voltage and current are limited 
so that low-power semiconductors do 
not suffer overstress or appear as a con‑
nection between two conductors. The 
tester must protect itself if you acciden‑
tally connect it across an energized cir‑
cuit or a charged capacitor. Power con‑
sumption must be low so that if you 
accidentally leave the tester on over‑
night, it will not discharge the battery. 
The tester must operate even with low 
battery voltage.

Continuity requires a threshold of 
less than 200V. Depending on bat‑
tery voltage, that threshold may even 

be 80V. The tester’s open-circuit volt‑
age is less than 0.5V. Its short-circuit 
current is approximately 1 mA. Val‑
ues are low so that the tester doesn’t 
mistake a Schottky-barrier rectifier for 
continuity. When the tester is silent, it 
draws slightly more than 1 mA of cur‑
rent from a 9V battery. You can con‑
nect the probes for a few seconds across 
any voltage from 250 to 1200V with‑
out damage.

A feedback circuit comprising Q1 
PNP and Q2 NPN transistors main‑
tains voltage on the gate of IGFET 
(insulated-gate field-effect transistor) 
Q3 at less than 1.4V despite a 680-kV 
pullup resistor, R4, and current from 
D2 (Figure 1). When you short the 
probes, you divert more Q1 base cur‑
rent to the probes, and less current 
flows through D2. Eventually, Q2 can 
no longer maintain a low Q3 gate volt‑
age. As the gate voltage exceeds 1.8V, 
Q3’s drain-to-source current causes Q4 
to become nonconductive. A 1-MV 
pullup resistor, R6, then applies 9V to 
Q5’s gate, causing the tester to sound, 
announcing continuity.

Without a conducting Q2 collector, 

Q3’s gate voltage approaches 9V. Cur‑
rent would then leak through Q1’s col‑
lector-to-base path. Diode D2 blocks 
Q3’s gate voltage from leaking to the 
shorted probes.

The tester detects instantaneous con‑
tinuity even when you quickly swipe a 
probe across 100 pins. Capacitor C1 and 
pullup resistor R5 extend Q5’s low gate-
voltage response by 20 msec. Thus, the 
tester sounds slightly longer to indicate 
that it has established connectivity and 
does not miss a conductive pin during 
a fast swipe.

Probe current charging a capacitor 
may also create a short beep. The 20-
msec extended beep means that the 
tester detects even 10-mF or smaller 
capacitors. With practice, you can esti‑
mate capacitance within decades from 
the beep’s period.

Diodes D3 through D5 block destruc‑
tive currents if probes touch an ener‑
gized circuit. Resistor R3 must be at 
least ½W to withstand current from 
an energized circuit for a few seconds 
without damage.

To test for cable continuity, the tes‑
ter sounds only during a broken con‑
nection. In this case, firmly connect 
the probes to both ends of the cable. 
Switching S2 changes the tester’s func‑
tion so that Q4 drives the buzzer during 
a cable break.

You can modify the circuit to be a 
better cable tester by reducing the value 
of resistor R1 to 4.7 kV and omitting 
capacitor C1. With these modifications, 
detecting loss of continuity occurs at a 
threshold resistance of less than 100V.

Unfortunately, a continuity tester 
may create noise currents that feed 
back into the sensitive Q1/Q2 detec‑
tor. Three circuit features minimize 
that noise. First, capacitor C2 connects 
across the buzzer. Second, IGFET Q3 
acts as a buffer. Last, diode D5 grounds 
Q4 and Q5 separately from ground for 
Q2 and Q3.

The circuit performs even when a 
battery voltage is less than 6.5V. How‑
ever, lower battery voltage means that 
the tester detects continuity at a high‑
er threshold resistance. You may install 
the entire tester in a plastic case small‑
er than a pack of cigarettes.EDN

Simple continuity tester  
fits into shirt pocket
Tom Wason, Phoenixville, PA

Figure 1 This simple continuity tester is switch-selectable to sound on either shorts 
or opens. It prevents a user from accidentally connecting it across live circuits.
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LED drivers that receive their 
power from a single cell are re‑

ceiving a great deal of attention. To 
generate the high voltage for illumi‑

nating a white LED from a low-volt‑
age power supply basically requires 
some form of an electronic oscillator, 
and one of the simplest is a piezoelec‑

tric buzzer. An un‑
usual application of 
a piezoelectric trans‑
ducer serves as an os‑
cillator and drives a 
white LED (Figure 
1). The piezoelec‑
tric diaphragm, or 
bender plate, com‑
prises a piezoelectric 
ceramic plate, with 
electrodes on both 
sides, attached to a 
metal plate made of 
brass, stainless steel, 
or a similar material 
with conductive ad‑

hesive. The circuit uses a three-ter‑
minal piezoelectric transducer. In this 
transducer, the diaphragm has a feed‑
back tab on one of its electrodes. The 
oscillation is a result of the resonance 
between the inductor and the element, 
which is capacitive. The frequency of 
operation is: fOSC51/(2p=LC), where 
L is the value of the inductor and C 
is the capacitance of the piezoelectric 
element.

With the initial application of po‑
tential to the circuit in Figure 1, tran‑
sistor Q1 turns on. When the transistor 
conducts, the current through inductor 
L1 increases gradually, and the poten‑
tial across the plates flexes the piezo‑
electric ceramic. This flexing generates 
a negative potential at the feedback 
tab, which feeds back to the base of the 
transistor. The transistor then switches 
off. When turn-off occurs, the stored 
energy in the inductor dumps into the 
LED. This flyback voltage is sufficient 
to light the LED.EDN
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White LED shines  
from piezoelectric-oscillator supply
TA Babu, Chennai, India
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Figure 1 A piezoelectric ceramic buzzer serves as the 
oscillator in this flyback supply that lights a white LED 
using a single cell (not shown).
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A Hopfield network can con-
vert analog signals into digital 

format and can perform associative 
recalling, signal estimation, and com-
binatorial optimization similar to the 
way a human retina performs first-lev-
el signal processing. This Design Idea 
explores the Hopfield-neural-network 
paradigm for ADCs.

Simple converters comprise one-lay-
er neurons that accept analog inputs 
and generate digital-bit outputs; such 
neurons make up one form of adap-
tive- and distributive-processing net-
works. These neurons comprise voltage 
comparators driving either analog in-
verters or followers and fully connect-
ed feedback resistors from the analog 
outputs of the inverters or followers 
to the comparators (figures 1 and 2). 
Reference and analog-input voltages 
drive the neural networks, and digital 
outputs come from the comparators in 
the networks. Hopfield networks have 
learning capabilities; the circuit in this 
Design Idea can apply different adap-

tive-learning rules by using alternative 
comparator-inverter/comparator-fol-
lower schemes, conductance-node-lay-
out schemes—reciprocals of the feed-
back resistances—between the input 
comparators, and bit-order readouts.

As the analog-input voltage in-
creases, the circuit can produce either 
monotonically increasing (from a com-
parator-inverter scheme) or decreasing 
(from a comparator-follower scheme) 
bit-word outputs. Decreasing outputs 
are the complements of increasing out-
puts and suggest subtractive-bit opera-
tions. Further, you can shape the digi-
tal responses of the converters to ana-
log-input voltages in varying degrees 
using different conductance-node lay-
outs as part of rule adaptation. For fur-
ther flexibility, reversing bit order for 
digital readouts allows for reflection of 
circuit responses about analog-input/
digital-output characteristics.

You can simply state a few symbols 
and their meanings to construct the 
two converters. For energy functions, 

the resistive network conductances—
synapse weightings (S) in the form of 
reciprocal resistances (R)—have the 
designations SIJ51/RIJ, where I is the 
Ith input comparator, J is the Jth feed-
back path to the Ith comparator, and 
I does not equal J—that is, there is no 
self-feedback path of the comparator 
to itself. The conductance between 
the input terminal of the Ith compara-
tor and the reference voltage, VR, has 
the designation SIR51/RIR. The con-
ductance between the input terminal 
of the Ith comparator and the analog-
input-signal voltage, VS, has the desig-
nation SIS51/RIS.

For graphical curve fittings, Y is 
the normalized output-bit variable, 
and X is the normalized input analog 
voltage from a nonzero average val-
ue (less than one) to one. A, B, and 
C are curve-fitting constants in the 
curve equation Y512A3(12X)C 
and the complementary-curve equa-
tion Y5A3(12X)C, where A is a co-
efficient, B is the lower limit for X and 
is less than one, and C is a power con-

Flexible Hopfield neural-network 
ADCs quash noise


Paul J Rose, PhD, Mental Automation, Renton, WA

TABLE 1 Input voltage versus output word
Input analog voltage (V) Output binary word

Raw range
Normalized 

range

Average  
normalized 

range Raw Normalized

0 to 0.189 0 to 0.2855 0.1427 0 0

0.189 to 0.265 0.2855 to 
0.4003

0.3429 1000 0.5333

0.265 to 0.378 0.4003 to 
0.571

0.4856 1100 0.8

0.378 to 0.662 0.571 to 1 0.7855 1110 0.933

More than 0.662 1 1 1111 1
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stant. For bit-pattern readout rever-
sals, you can have the curve equation 
Y5A3(X2B)C and the complementa-
ry-curve equation Y512A3(X2B)C.

Figure 1 shows a 4-bit neural ADC 
employing voltage inverters that com-
parators feed. The comparators con-
nect with their positive terminals 
joined to input nodes and with their 
negative terminals grounded. The bas-
es of this network are inverse factors 
of one-half—that is, reciprocal fac-
tors of two—input-node conductances 
SIJ52132(22I2J), where the 21 factor 
comes from negative feedback through 
the related resistor; SIR52(1223I); and 
SIS52(12I). To determine node resis-
tances, choose a maximum node re-
sistance of 1000V corresponding to a 
minimum conductance of 0.0078125, 
and a minimum node resistance of 
7.8125V corresponding to a maximum 
conductance of one. Calculate all oth-

er resistances from the ratios between 
the extremes of conductances. Using 
these values, you can construct Table 
1. The table lists bits ranging from the 
most significant bit to the least signifi-
cant. The table shows that the digiti-
zation process is inaccurate in that it is 
not linear with input voltage and with 
many intermediate bit words missing. 
But the process is precise because it 
is repeatable over sizable input-volt-
age ranges. From the table, you can 
derive the following curve-fitting 
equation: Y5121.62433(12X)3.1508. 
When X is over the normalized range 
of 0.1427 to 1, A51.6243, B50.1427, 
and C53.1508. The Y equation is es-
sentially cubic, and it quantitatively 
shows the highly nonlinear nature of 
the digitization process. You can ob-
tain a “flipped” mirror—that is, not a 
true mirror, or pseudoscopic—version 
of the curve of the straight line on a 

normalized graph by reversing the bit-
order readout from the circuit so that 
the resulting curve equation would be: 
Y51.62433(X20.1427)3.1508.

Without analog-input-voltage trans-
formation, such as the use of look-up 
tables or logarithmic amplifiers to pro-
cess the input voltage, or digital cor-
rective logic, digital responses from 
simple Hopfield neural converters  
are nonlinear and crude. However, 
these responses are still possibly use-
ful for such applications as associative 
memory and pattern classification be-
cause of robustness in output preci-
sion.

Indeed, because of output digital 
stability, the Hopfield neural convert-
er can allow for unwanted analog-in-
put-signal noisiness or variations. This 
scenario is in strong contrast to con-
ventional interface circuits between 
analog-transmission media and digital-
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Figure 1 This Hopfield neural ADC provides a robust output in the presence of noise.
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computing machines. This Design Idea 
shows that flexible circuit adaptability 
can exist in producing various forms 
of stable digital outputs from neural 

ADCs depending on a designer’s needs 
for neural-network-signal processing. 
This adaptability can be in the forms 
of various input-node-conductance 

layouts; comparator/inverter and com-
parator/follower combinations; and the 
selected order of bit-readout patterns 
from the comparators.EDN
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Figure 2 This version of the Hopfield neural ADC features inverted bit outputs.

Filtering occurs frequently in the 
analog world. Unfortunately, in 

the digital world, engineers apply it 
mainly to the DSPs (digital-signal pro-
cessors) and not to the small 8-bit mi-
crocontrollers that designers common-
ly use. This situation occurs because 
the math for the filter design is more 
complicated than most engineers are 
willing to deal with. Moreover, digital 
filtering requires calculations on inte-
gers instead of on floating-point num-
bers. This scenario causes two prob-

lems. First, the rounding-off error from 
the limited number of bits can degrade 
the filter response or even make it un-
stable. Second, you must handle the 
fractional values with integer math.

Several ways exist to solve these is-
sues. For example, you can use opera-
tions with 16-, 32-, and 64-bit num-
bers, or you can scale for better accu-
racy. These and other methods usually 
require more memory, and, as a result, 
the program often does not fit into a 
small microcontroller. A literature 

search shows that published digital-fil-
ter firmware is written in C. Programs 
in C need more memory than those 
written in assembler. This situation of-
ten makes them unacceptable for small 
microcontrollers with limited memory 
resources. 

Listing 1, available at the Web ver-
sion of this Design Idea at www.edn.
com/080124di1, shows a simple en-
gineering method to design single-
pole, lowpass-digital-filter firmware 
for 8-bit microcontrollers. The low-
end Freescale (www.freescale.com) 
MC68HC908QT2 is the target of the 
assembler program, but you can apply 
this Design Idea to any type of micro-
controller because it uses only standard 
assembler instructions.

8-bit microcontroller implements 
digital lowpass filter
Abel Raynus, Armatron International, Malden, MA


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Leaving aside the sophisticated de-

sign methods based on Z transformation 
with its extensive math, this idea uses 
another approach based on a recursive 
equation. You calculate each output-sig-
nal sample as the sum of the input sig-
nal and the previous output signal with 
corresponding coefficients. A recursive 
equation defines a single-pole lowpass 
filter as:  Y[n]5X[n]3a01Y[n21]3b1, 
where X[n] and Y[n] are input and out-
put values of sample [n], Y[n-1] is an 
output value of the previous sample 
[n21], and a0 and b1 are weight coef-
ficients that decrement d controls. The 
coefficients have the value of 0,d,1, 
a0512d, and b15d. Physically, d is 
the amount of decay between adjacent 
output samples when the input signal 
drops from a high level to a low level. 
You can directly specify the value of d 
or find it from the desired time con-
stant of the filter, d, which is the num-
ber of samples it takes the output to rise 
to 63.2% of the steady-state level for a 
lowpass filter. A fixed relationship ex-
ists between d and d: d5e21/d, where e 
is the base of natural logarithms. The 
preceding equations yield Y[n]5Y[n2
1]1(12d)3(X[n]2Y[n21]).

Instead of multiplying a decimal-point 
number, 12d, it is more convenient 
for assembler programming to divide 
by the reciprocal integer, F51/(12d): 
Y[n]5Y[n21]1(X[n]2Y[n21])/ 
F. Thus, you can determine the digital 
filter’s parameters using the following 
steps:

1. Choose the parameter F. For as-
sembler, it is convenient to perform di-
vision as right shifts. For right shifts, the 
value of F should be 2S, where S is the 
number of shifts. Let F equal 8, which 
you reach after three right shifts.

2. Calculate the decrement: d5121/
F5121/850.875.

3. Calculate the time constant as 
d521/lnd521/ln0.87557.49 samples.

The equation Y[n]5Y[n21]1(X[n]
2Y[n21])/F determines the design of 
the microcontroller’s algorithm for the 
filter. The algorithm needs three reg-
isters: input for X[n], output for Y[n], 
and an increment register to keep the 
(X[n]2Y[n21])/F term. The size of 
these registers depends on the inputs. 
In this application, the signals from the 
built-in 8-bit ADC range from 00 to 
$FF and must go through the lowpass 
filter. So, the input and the output reg-
isters are 1 byte in size. To increase the 
accuracy of division, add half the divi-
sor to the dividend. This action increas-
es the increment register to 2 bytes.

Numerically performing the filtering 
function provides the benefit of con-
sistency because component toleranc-
es, temperature drift, and aging do not 
affect the filter’s algorithm. The imple-
mentation of the digital filter in the 
microcontroller gives the additional 
benefit of flexibility to adjust the fil-
ter’s parameters, because this flexibility 
depends only on the firmware.EDN

Numerically  
performing the 
filtering function 
provides the benefit  
of consistency 
because component 
tolerances, tempera-
ture drift, and aging 
do not affect the 
filter’s algorithm.

Engineers often face difficult 
trade-offs when voltage regu-

lators can encounter high-voltage 
transients that are well above normal 
input-supply operating ranges. This 
situation is common in automotive ap-
plications in which high-voltage tran-
sients from an alternator load dump 
can produce transients of 36 to 75V 
for durations as long as 400 msec. De-
signers must choose between a regula-
tor that can withstand such maximum 
input voltage or use an input-protec-
tion scheme. The simple circuit in this 
Design Idea provides a highly cost-ef-
fective method for clamping an input 
voltage from a battery input with tran-
sients as high as 50V to take advantage 
of a 20V, 3-MHz regulator. With this 

circuit, your design can achieve a small 
total footprint with relatively low cost 
because of the 3-MHz operation along 
with lower voltage components than 
might otherwise be necessary to with-
stand 50V.

Input-protection components con-
sist of Q1, R1, D1, C5, and one-half of 
D2 (Figure 1). At start-up, N-channel 
MOSFET Q1’s source is at ground po-
tential and turns on when R1 applies 
the battery voltage to the gate. Once 
the input voltage is above the mini-
mum of 2.74V on IC1, the LM2734Z 
regulator starts switching, which charg-
es the bootstrap circuit comprising D3, 
D4, and CB. This bootstrap voltage of 
approximately VOUT2VFD (forward-
voltage drop) of D3 then transfers to 

the gate source of Q1. Capacitor C5 
then maintains gate drive during the 
bootstrap diode’s off times.

Under normal operating conditions, 
for example, the battery voltage is 8 
to 18V, D1 does not limit conduction 
of Q1, and the gate voltage tracks ap-
proximately 2.5V above the input-sup-
ply voltage for a low voltage drop from 
the battery voltage to the input volt-
age of the LM2734Z. However, when 
the input voltage increases above the 
threshold that D1 sets, the input voltage 
to the LM2734Z regulates to the zener 
voltage (VZ) of D1 minus the thresh-
old voltage of Q1, or approximately 
2022V518V, well below the 24V 
absolute maximum of the LM2734Z. 
Selecting Q1 requires careful consider-
ation of maximum input voltage, gate-
to-source-voltage threshold, and power 
dissipation under both steady-state and 
thermal-transient conditions.

Q1, the SI1470DN N-channel 
MOSFET, provides 50V protection 

Automotive switching regulators get 
input-transient-voltage protection
Kevin Daugherty, National Semiconductor, Novi, MI


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with a drain-to-source voltage (VDS) 
of 30V120V (zener diode D1 volt-
age), has an on-resistance of 95 mV at 
a gate-to-source voltage of 2.5V, and 
comes in a thermally efficient SC70-
6 package. For some applications, the 

regulator’s output voltage may be insuf-
ficient to fully turn on the selected pro-
tection MOSFET, so you can increase 
the bootstrap voltage with a separate 
zener reference, as the LM2734Z’s data 
sheet shows (Reference 1).EDN

R e fe r e n ce
 “LM2734Z Thin SOT23 1A Load 

Step-Down DC-DC Regulator,” 
National Semiconductor, www. 
national.com/pf/LM/LM2734Z. 
html.
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RTDs (resistance-temperature 
detectors) are the preferred sen-

sor choices for designs requiring preci-
sion. Although RTDs are approximate-
ly linear over the limited temperature 
range of 0 to 1008C, these sensors ex-
hibit a slight but progressively more 
nonlinear temperature-versus-resis-
tance characteristic as the measure-
ment range widens. Consequently, over 
an extended span, curve fitting is nec-
essary if the system is to achieve a high 
level of precision. One way to obviate 
the nonlinear characteristic of an RTD 
sensor is to design analog hardware to 

perform the curve-fitting mathematics 
before any additional signal processing 
occurs. This approach is especially at-
tractive if you can keep both cost and 
component count low and if a micro-
processor-driven design is not feasible. 
With low component count comes the 
added benefit of a small PCB (printed-
circuit-board) footprint.

The most popular RTDs are made 
from platinum with a resistance value 
of 100V at 08C and a metal purity that 
allows them to follow a standard Eu-
ropean curve with a positive-tempera-
ture coefficient, a, equal to 0.00385V/

V/8C. Less popular but still com-
mon are RTDs with a slightly higher 
metal purity. These RTDs have a of 

Design an RTD interface  
with a spreadsheet

Figure 1 This RTD circuit uses a second-order polynomial to linearize the output of the sensor.
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0.00392V/V/8C and follow the 
US curve. The circuit in Figure 
1 uses a standard RTD to measure 
temperature over the extended 
range of 0 to 3508C, an output 
voltage of 0 to 3.5V, and over-
all system accuracy greater than 
0.58C. The following linear equa-
tion expresses this sensor system:

IC1 is pin-configured to drive 
a constant current of 400 mA 
through the grounded sensor, T1. 
Driving T1 with this level of cur-
rent—“zero-power” operation—
keeps the worst-case power that 
the circuit dissipates in the sen-
sor to less than 40 mW and re-
duces the self-heating errors to a 
second-order effect (Reference 
1). Also, driving the RTD with a 
current source preserves its intrin-
sic nonlinearity and allows you to 
express the sensor’s output volt-
age, VS, as: 400 mA3RS, where RS is 
the resistance of the sensor.

IC2 initially signal-conditions the 
sensor’s output by first scaling the out-
put voltage and then offsetting the re-
sult so that VT is slightly larger than 
the 3.5V output at 3508C and that VT 
equals 0V at 08C. Adding gain and off-
set before linearization places less of a 
burden on the curve-fitting circuitry 
and helps to meet the system’s preci-
sion specification. The combination of 
C1 and R5 implements a lowpass filter 
with a pole at approximately 10 Hz to 
remove power-supply noise. The fol-
lowing term describes the performance 
of IC2 and its accompanying circuitry: 
VT575VS23V.

Next, an Excel spreadsheet creates 
the nonlinear-mathematical relation-
ship between the voltage, VT, and 
the system output, VO (Table 1). The 
spreadsheet features 17 temperature 
entries—starting at 08C, increasing 
in increments of 258C, and ending at 
4008C—for the measured temperature. 
Using a data set that extends beyond 
the intended measurement range of 
3508C can reduce end errors in non-
linear systems. Values for RS—which 
you derive from a standard RTD-resis-
tance-versus-temperature table—and 

the equations allow you to compute VS 
and VT. The VT and VO columns are the 
input and output signals, respectively, 
for the linearization circuitry; you chart 
them using Excel’s XY-scatter feature. 
You can use Excel’s Trendline feature 
to create the following equation, the 
mathematical representation of the 
curve-fitting circuitry you need to lin-
earize the sensor’s output: VO50.0005V 
10.8597VT10.0123VT

2. IC3 and 
four 1%-tolerant resistors or, option-
ally, five resistors implement a sec-
ond-order polynomial: VO5a1bVT 
1cVT

2, where a is the offset term, b 
is the linear coefficient, and c is the 
square-term coefficient.

The curve-fitting-circuit design be-
gins by first wiring the four inputs of 
IC3 to create a positive square term 
that is scaled at the chip’s output by 
an internal scale factor of 1⁄10V. Then, 
comparing terms, you find that the co-
efficient, c, must equal 0.0123. Because 
R6 and R7 form a voltage divider that 
attenuates the signal, VT, you can ex-
press the coefficient with the following 
equation:

Select a value for R7—10 kV for this 

design—and then use the pre-
ceding equation to find the val-
ue for R6.

Resistors R8, R9, and, option-
ally, R10 form a passive adder to 
create the offset term, a, and the 
linear coefficient, b. You apply 
the output of the passive adder 
directly to the Z input, Pin 6 of 
IC3, which adds the offset and 
linear terms to the square term 
to form the system response at 
Pin 7. Again comparing these 
terms, note that the offset term 
must equal 0.0005V. The offset 
term is only 0.5 mV, and elimi-
nating it would add an error of 
approximately 0.058C, so you 
can initially neglect it. Then, 
because the linear term’s coeffi-
cient, b, must equal 0.8507, you 
first select a suitable value for R9 
and use the following equation 
to solve for R8: b5R9/(R81R9).

If you wish to design the op-
tional circuitry and include the 

offset term, which is part of the passive 
adder, choose a stable 2.5V reference 
for VREF, calculate the parallel combi-
nation of R8//R95REQ (the equivalent 
resistance of R8 in parallel with R9), 
and solve for R10 using the following 
voltage-divider equation: a5(REQ/
(R9+REQ))VREF.

To calibrate this circuit, replace the 
sensor with a precision decade box. Set 
the decade box to simulate 08C and ad-
just the offset trim of R2 for an output 
of 0V at Pin 7 of IC3. Next, set the de-
cade box to simulate 3508C and ad-
just the gain trim of R3 for an output 
of 3.5V. Repeat this sequence of trim 
steps until both points are fixed. The 
circuit in Figure 1—which includes 
optional circuitry—exhibits a worst-
case measurement error at 2508C and 
2.504V of 0.16%, or 0.48C. Testing 
the circuit without the optional cir-
cuitry—the reference voltage and R10 
—shows no discernible improvement 
in precision.EDN

R e fe r e n ce
 “IC Generates Second-Order 

Polynomial,” Electronic Design,  
Aug 5, 1993, www.elecdesign.com/
Articles/Index.cfm?AD51&ArticleID
511502.

Table 1 Excel-spreadsheet data
Measured 
tempera-
ture (8C)

RS 
(V)

VS 
(V)

VT 
(V)

VO 
(V)

0 100 0.04 0 0

25 109.73 0.0439 0.292 0.25

50 119.4 0.0479 0.582 0.5

75 128.99 0.0516 0.87 0.75

100 138.51 0.0554 1.155 1

125 147.95 0.0592 1.439 1.25

150 157.33 0.0629 1.72 1.5

175 166.62 0.0666 1.999 1.75

200 175.86 0.0703 2.276 2

225 185.01 0.074 2.55 2.25

250 194.1 0.0776 2.823 2.5

275 203.1 0.0812 3.093 2.75

300 212.05 0.0848 3.362 3

325 220.91 0.0884 3.627 3.25

350 229.72 0.0919 3.892 3.5

375 238.88 0.0956 4.166 3.75

400 247.09 0.0988 4.413 4
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Low-cost DVM (digital-volt-
meter) modules are economi-

cal and can significantly reduce de-
sign time for instrumentation. Yet, 
these modules also involve a signifi-
cant number of design challenges. For 
example, their inputs are not isolated 
from the power supply, so you must 
add an isolated power supply. This 
task can both consume critical design 
time and add to system costs. 
Additionally, many uses for 
the modules require one- to 
four-cell-battery operation, 
and the modules require ap-
proximately 9V, translating 
to operation from 0.7 to 6V 
if you use new batteries until 
they are fully discharged. This 
wide input range also means 
that you should regulate the 
power-supply output.

DVM modules also have 
low parts count, and you can 
implement them using off-the-
shelf components. Optionally, 
the modules can operate with 
input voltages as low as 0.25V 
if you replace the silicon tran-
sistors with germanium de-
vices. However, germanium 
transistors are relatively ex-
pensive, so use them only in 

applications requiring low-input-volt-
age operation.

The power-supply design in Figure 1 
is a blocking oscillator that operates as 
a flyback converter with fixed on-time 
and variable off-time. The variable 
off-time regulates how often the trans-
former charges and delivers power to 
the load. The blocking oscillator con-
sists of NPN transistor Q2, transformer 

T1, and capacitor C2. The conductance 
of PNP transistor Q1 controls the off-
time of the oscillator in conjunction 
with C2. The output of the transformer 
conducts to the energy-storage capaci-
tor, C3, through diode D2 during trans-
former flyback. The error amplifier and 
optocoupler, IC1, monitors the voltage 
across C3. When the voltage at resis-
tive divider R4-R5 exceeds 2.5V, the 
optocoupler conducts more and reduc-
es the conduction of transistor Q1, in-
creasing the time required for the next 
power cycle.EDN

Isolated supply powers DVM module
Richard Dunipace, Fairchild Semiconductor, Irving, TX
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Figure 1 This isolated flyback supply powers a digital-voltmeter module from 0.7 to 15V.

 In most applications, the MR 
(manual-reset) pin usually con-

nects to a switch to create a manual-
reset signal to the supervisory chip. 
Subsequently, after a predetermined 
time-out-active period, it goes back to 
the high state in an active-low reset. 
A manual reset is a good feature for 
most applications; however, it requires 

human intervention to create the reset. 
In some applications, a manual reset 
could be a hassle because you must 
perform it each time the system pow-
ers up.

Further, applications involving em-
bedded microprocessors can require 
the reset output to hold high—that is, 
inactive—for a certain period of time 

before you can apply the reset, or ac-
tive low. The circuit in Figure 1 proves 
useful during power-up when there is 
no need to press the reset button once 
the device powers up, because reset oc-
curs automatically with the predeter-
mined hold time before you apply the 
reset-low signal.

The circuit employs a reset-super-
visory chip with the MR pin and ac-
tive-low output, RESET. Normally, the 
MR input has an internal pullup resis-
tor with a value of 20 to 50 kV. Dur-
ing power-up, this MR internal resistor 
charges up capacitor C1 to the maxi-

IC performs delayed system reset 
upon power-up
Goh Ban Hok, Infineon Technologies Asia Pacific Ltd, Singapore
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mum value to VDD at the positive side. 
To create an MR reset input to the su-
pervisory chip, its MR input must re-
ceive an active-low ground signal, re-
quiring transistor Q1 to turn on. The 
turn-on-time period depends on the 
RC-time constant of R1 and C2. These 
two components determine when Q1 
turns on and thus provide an adjustable 
hold time for the RESET output to 
hold high. To increase the hold time, 
simply increase the RC-time constant 
of R1 and C2.

The supervisory reset chip asserts its 
RESET output only when the voltage 
at the MR pin exceeds the threshold-
trigger voltage and the supervisor’s in-
ternal reset period has elapsed. This 
time-out period filters any short input-
voltage transients. Because of Q1’s turn-
on, the negative side of C1 becomes 
grounded. Because the positive side of 
C1 cannot instantly change its polar-
ity, it pulls low and slowly charges up 
again through the internal pullup resis-
tor of the MR input. When it reaches 
the threshold voltage of the reset chip, 
it then asserts the reset once it reaches 

the time-out period of the chip. The 
selection of C1 is not critical. However, 
its value should be sufficiently large—
0.1 to 10 mF, for example—that the RC 
time constant for C1 and the internal 
pullup resistor are large enough. This 
value ensures that C1 holds the voltage 
low at MR for at least 1 msec.

The transistor remains on after C2 
charges toward the biased voltage of 
Q1. At the next power-up or when you 
manually reset the circuit by pressing 

the pushbutton switch, the transistor 
discharges C2. Once this action hap-
pens, Q1 turns off. R1 charges up the 
negative side of C1 to the supply volt-
age, VDD. Because the positive side of 
capacitor C1 cannot change instantly, 
it appears to be charged to 2VDD. How-
ever, the protection diode, D1, clamps 
C1’s voltage to just VDD plus the diode’s 
turn-on voltage. The cycle repeats 
once C2 charges enough to again turn 
on Q1.EDN

STEVE    EDN071108DI4165   FIGURE   1
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Figure 1 This simple circuit automatically resets a microcontroller upon power-
up. 

The basis for this Design Idea 
is a circuit that uses three resis-

tors and a microcontroller-I/O pin to 
work as input high impedance or out-
put to independently drive two LEDs 
(Reference 1). The idea sounded good 
for this design, mainly because of the 
lack of spare I/O pins in the microcon-
troller and the simplicity of the imple-
mentation. Unfortunately, you cannot 
use the circuit in battery-powered de-
signs because it exhibits a current leak-
age on the order of 2 mA even with 
both LEDs off. This Design Idea modi-
fies that circuit, using only one I/O pin 
to drive the two LEDs but with a low 
current drain (Figure 1). Although 

the circuit uses a couple of diodes and 
a resistor, the price and the component 
count are low.

The basis for the operation of both 
circuits is the nonlinear characteristic 
of a diode, in which current grows ex-
ponentially with the voltage applied 
across it. To describe the operation, 
suppose that the microcontroller pin 
is configured as an input, leaving the 
pin in high impedance. In the first cir-
cuit, assume that LEDs need a volt-
age of approximately 1.5V to turn on 
and that the small-signal-diode volt-
age drop is approximately 0.6V (Fig-
ure 1a). So, to turn on both LEDs, you 
theoretically need 4.2V. In practice, 
the LEDs start dimming at approxi-
mately 4V with a current of 80 mA 
and are fully on with 4.4V at a cur-
rent of 1 mA. With 3.3V, leakage cur-
rent is merely 2.41 mA. The nominal 
voltage for this circuit can be slightly 
lower than 3.3V, but, in that case, you 
should use Schottky diodes.

The second circuit is for supply volt-
ages greater than 5V (Figure 1b). Using 
the values in the figure, the LEDs start 

One microcontroller pin drives  
two LEDs with low quiescent current
Antonio Muñoz, Laboratorios Avanzados de Investigación del I3A, 
Zaragoza, Spain, and Arturo Mediano, PhD, GEPM University of Zaragoza, 
Zaragoza, Spain



the LEDs start  
dimming at  
approximately 4V 
with a current  
of 80 mA and are 
fully on with  
4.4V at a current 
of 1 mA.
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dimming with 7V at 74-mA current 
and are fully on with 8.5V at 1 mA, re-
maining off for a 5V supply at 1.53 mA. 

To turn on the LEDs, you must con-
figure the microcontroller’s I/O pin as 
an output; an output value of one turns 

on the lower LED, and a value of zero 
turns on the upper LED. If both LEDs 
must appear to be on, your program 
can cycle the port pin between one and 
zero with a frequency greater than 50 
Hz. To calculate the value of the resis-
tor in both cases, the following formu-
las apply: R5(3.3V2VD2VLED)/ILED 
(Figure 1a), and R5(VCC2VZ2VLED)/
ILED (Figure 1b), where ILED is the de-
sired LED-on current, VD is the voltage 
across the diode when an ILED current 
flows through it, VZ is the zener-diode 
voltage, and VLED is the forward volt-
age across the LED when an ILED cur-
rent flows through it. You should use a 
Schmitt trigger or an analog input for 
the I/O pin to avoid excessive current 
draw.EDN

R e fe r e n ce
 Pefhany, Spehro, “Circuit Con-

trols Two LEDs With One Micro-
controller Port Pin,” Electronic 
Design, April 1, 2002, http://elec-
tronicdesign.com/Articles/Index.
cfm?AD51&ArticleID51683.

Figure 1 In these simple circuits, the LEDs need a voltage of approximately 
1.5V (a) or more than 5V (b) to turn on. The circuits allow a battery-powered 
microcontroller to control two LEDs with only one I/O pin.
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In 1971, Signetics—later Phil-
ips (www.philips.com)—intro-

duced the NE555 timer, and manu-
facturers are still producing more than 
1 billion of them a year. By adding a 
few components to the NE555, you 
can build a simple voltage-to-frequen-
cy converter for less than 50 cents. 
The circuit contains a Miller integra-
tor based on a TL071 along with an 
NE555 timer (Figure 1). The input 
voltage in this application ranges from 
0 to 210V, yielding an output-frequen-
cy range of 0 to 1000 Hz. The current 
of C1 is the function of input voltage: 
IC52VIN/(P11R1).

As the voltage on C1 reaches two-

thirds of VCC, the 555’s internal dis-
charge transistor opens, and the voltage 
on C1 returns to one-third the voltage 
of VCC, the lower comparator thresh-
old. At one-third this voltage, the dis-
charge transistor switches off, and C1 
again starts charging. The NE555’s 
output is high while C1 is charging 
and low while C1 is discharging. The 
product of the input voltage and the 
charging time of C1 is constant. Be-
cause the discharge time is shorter than 
the charging time, the following equa-
tion results for the output frequency: 
fOUT;VIN/(P11R1)3C131/3VCC.

P1 calibrates the relationship be-
tween the output frequency and the 

input voltage. Because the discharge 
interval is approximately 30 msec, the 
accuracy of the voltage-to-frequency 

conversion decreases 
as the frequency in-
creases. If you assign 
100 Hz to 21V and 
1000 Hz to 210V, the 
error of conversion 
ranges from 0.3 to 3%. 
If you use P1 to cali-
brate the output fre-
quency in the middle 
of the input-voltage 
range at 25V, then 
the conversion error 
will be less than 1.3% 
over the entire range. 
To improve perfor-
mance, C1 should 
have a low dissipation 
factor. You can dimin-
ish temperature de-
pendence if R1 has a 
low temperature coef-
ficient and P1 is a mul-
titurn, ceramic-metal 
potentiometer.EDN
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NE555 timer sparks low-cost 
voltage-to-frequency converter

Figure 1 Preceding an NE555 timer with a Miller integrator yields a voltage-to-frequency  
converter that costs less than 50 cents.
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A decade or so ago, I designed 
a simple circuit that included 

a quad optoisolator arranged in a full-
wave analog-multiplier bridge (Figure 
1). It sensed and calculated watts of ac-
power consumption and ignored any 
reactive component in the load. The 
circuit’s principle of operation relies on 
the fact that the LEDs of the bridge, like 
any other device with a semiconductor 
junction, have a dynamic conductance 
that’s directly proportional to current: 
approximately 19 mS (millisiemens)/
A at 258C. Both the line voltage and 
load-current-proportional sense volt-
age, which the 0.001V copper shunt 
develops, modulate this current. The 
approximately 0.4%/8C temperature 
coefficient of the copper compensates 
most of the temperature dependence of 
the LEDs’ conductances.

The circuit in this Design Idea is an 
elaboration on that older circuit. It ac-
quires not only watts, but also volt-am-
peres and so makes possible an estima-
tion of power factor—watts divided by 
volt-amperes. The right-hand side of 
the circuit in Figure 2 is simply a half-
wave version of the older circuit. The 

left-hand side is similar but substitutes 
rectified-dc excitation of its half-wave 

bridge for the ac excitation of the left-
hand side. The analog product of in-
stantaneous load current times the av-
erage voltage optically couples to pho-
totransistor Q4/D4, which A2 amplifies 
and the Q5 through Q8 transistor array 
rectifies to provide an analog voltage 
proportional to load volt-amperes.EDN
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Optoisolators compute watts  
and volt-amperes
W Stephen Woodward, Chapel Hill, NC
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Figure 1 A quad optoisolator arranged in a full-wave analog-multiplier bridge 
senses and calculates watts of ac-power consumption and ignores any reac-
tive component in the load.

Figure 2 The right-hand side of this circuit is simply a half-wave version of the circuit in Figure 1. The left-hand side is similar but sub-
stitutes rectified-dc excitation of its half-wave bridge for the ac excitation of the right-hand circuit.



78  EDN  |  february 21, 2008

Human interfaces for electron-
ic gadgets sometimes require 

three states for control. A single-axis 
joystick has states to define motions to 
the right, to the left, and with no mo-
tion. Similarly, a timer has control but-
tons that allow the timer to increment, 
decrement, and remain untouched. 

Engineers usually create these in-
terfaces by using two independent 
pushbuttons, requiring two micro-
controller pins. This Design Idea 
presents a way to sense three states 
of an SPDT (single-pole/double-
throw) switch with a center-off 
state, using only a single pin of 

designideas

Three-state switch interface  
uses one microcontroller pin
Kartik Joshi, Netaji Subhas Institute of Technology, New Delhi, India



The nominal 248V rail, which 
finds wide use in wireless base 

stations and other telecommunications 
equipment in network central offices, 
can vary from 248 to 260V. Measuring 
its current draw typically requires com-
ponents that operate on 615V dual sup-
plies. Eliminating the negative supply  
would reduce system complexity and 
cost. This Design Idea uses an AD629 
difference amplifier and an AD8603 
operational amplifier, both from An-
alog Devices (www.analog.com), to 
measure current at 248 to 260V and 
operates from a single positive-power 
supply (references 1 and 2).

Figure 1 shows how the AD629 
and AD8603 measure current in the 
presence of a 248V common-mode 
voltage. The following equa-
tions demonstrate how the 
AD629 difference amplifier 
can condition voltages beyond 
its supply ranges: VCOM_MAX5 
203(VS21.2)2193VREF, and 
VCOM_MIN5203(2VS11.2)2 
193VREF. With a 5V reference, 
the common-mode input range 
is 271 to 1121V. The current, 
I, flows through the shunt re-
sistor, RS, causing a differential 
voltage, which the difference 
amplifier senses. The AD629 

has a fixed gain of one, so the output 
voltage is I3RS1VREF. The AD8603 
functions as a subtractor so that it can 
reject the common-mode voltage, VREF, 
and apply gain to the signal of interest, 
I3RS. A factor of 20 amplifies the sig-
nal to span the 2.5V full-scale range of 
the ADC.

This Design Idea uses the AD8603 
because it has low input-bias current 
and low offset drift. In addition, the 
rail-to-rail output allows it to share the 
same supply as the ADC. In this stage, 
the subtractor rejects the 5V common-
mode signal from the voltage refer-
ence. The four resistors that form the 
subtractor must have matched ratios 
to obtain maximum common-mode 
rejection. If you cannot obtain tight-

ly matched resistors, you can use an 
AD623 single-supply instrumentation 
amplifier in place of the AD8603, en-
suring high common-mode rejection.

Offset, input-bias-current, and com-
mon-mode-rejection errors from both 
amplifiers result in a 163-mV maximum 
error at the output of the AD8603. 
This calculation assumes resistors with 
a 0.01% ratio match. The circuit was 
verified on the bench using 50-, 100-, 
and 200-mV shunts for RS.EDN

R e fe r e n ce s
 “High Common-Mode Voltage, 

Difference Amplifier AD629,” Analog 
Devices, 1999 to 2007, www.analog.
com/UploadedFiles/Data_Sheets/
AD629.pdf.

 “Precision Micropower, Low Noise 
CMOS Rail-to-Rail Input/Output 
Operational Amplifiers AD8603/
AD8607/AD8609,” Analog Devices, 
2005, www.analog.com/Uploaded 
Files/Data_Sheets/AD8603_8607_
8609.pdf.

Single-supply circuit measures  
248V high-side current
Wenshuai Liao, Analog Devices, Beijing, China;  
Stephen Lee, Analog Devices, Wilmington, MA; and  
Yanhui Zhao, Beihang University, Beijing, China



Table 1 Status of the pin  
for values of the port and 
the DDR registers

DDR bit=0 DDR bit=0

Port bit=0 Port bit=1

Pin connects to VDD 
through a resistor

Pin bit=1 Pin bit=1

Pin connects directly 
to ground

Pin bit=0 Pin bit=0

Pin connects to 
ground through a very-
high-resistance path

Pin bit=0 Pin bit=1

1

2
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Figure 1 The AD629 and AD8603 measure current in the presence of 248V common-
mode voltages.



80  EDN  |  february 21, 2008

An ac-based continuity tester 
for front-line test-and-repair 

jobs provides a simple go/no-go test 
for localizing faults in multiconductor 
cables (Figure 1). Open circuits are 
more likely to occur at the connec-
tor ends. This tool helps to identify 
the faulty end, thereby avoiding the 
risk of damaging a good connector by 
opening it. It’s also useful for testing 
an installed cable for which both ends 
are in different locations. The circuit 
injects an ac signal on one wire of a 
cable and then looks for an absence 

of capacitive coupling to the other 
wires. After locating this fault, the 
circuit identifies the open wire and 
allows you to open and repair the cor-
rect cable end.

One end of a bad cable typically 
shows good ac continuity, and the oth-
er end typically has one or more con-
nector pins with no ac continuity. Be-
cause a short in the cable appears as 
a good connection, the operator can 
easily confirm that the tester is oper-
ating correctly by simply shorting its 
test leads together. The first section 

of IC1, a Maxim (www.maxim-ic.com) 
MAX9022 low-power dual compara-
tor, forms a relaxation oscillator op-
erating at approximately 155 kHz. It 
produces a peak-to-peak output signal 
approximately equal to the supply volt-
age, which feeds to a connector of the 
cable under test. The second section of 
the circuit processes any ac signal that 
the interlead capacitance picks up. A 
pair of silicon diodes first rectifies that 
signal and then integrates the rectified 
signal on storage capacitor C5. Bleed 
resistor R5 provides some noise immu-
nity and helps to reset the capacitor 
between tests.

Output resistor R4 and input capaci-
tor C4 provide limited circuit protec-
tion. The circuit indicates open for 
any test-cable capacitance below 100 

designideas
Atmel’s (www.atmel.com) ATmega8 
microcontroller (Reference 1 and Fig-
ure 1). Listing 1, which is available at 
the Web version of this Design Idea at 
www.edn.com/080221di1, is a simple 
program for the circuit.

The status of the pin of the micro-
controller depends upon values of the 
DDR bit, the port bit, and its external 
connection. The microcontroller’s pin 
connects to ground using pulldown re-
sistor R1 with resistance, typically, of 
a few hundred kilohms to impress the 
high-impedance state on the pin. You 
set the DDR register to zero. When the 
user toggles the switch to Position 1, 
the pin connects to VDD through resis-
tor R5, and the pin bit is one, regard-
less of the value of the port bit. When 
the user toggles the switch to Position 
3, the pin is grounded, and the pin bit is 
zero, regardless of the value of the port 
bit. In the center-off state, the pin bit 
follows the port bit. Table 1 summarizes 
the states of the pin for different values 
of the port and the external input.EDN

R e fe r e n ce
 “ATmega8/ATmega8L 8-bit AVR 

with 8K Bytes In-System Program
mable Flash,” Atmel Corp, 2007, 
www.atmel.com/dyn/resources/ 
prod_documents/2486S.pdf.

AC-continuity tester finds  
single-ended faults in cables
Kevin Bilke, Maxim Integrated Products, Fleet, Hants, UK

Figure 1 Using only one I/O pin, this circuit and a simple program can sense the 
state of a three-position switch.
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pF. Thus, a standard mains-test lead, 
whose typical lead-to-lead capaci-
tance is 200 pF, would test OK. The 
circuit is also immune to false trigger-
ing that the 60-Hz pickup from the 
power lines causes. Because the typi-
cal current draw of this low-power cir-
cuit is less than 40 mA, the circuit can 

usually operate from battery power in 
the form of three 1.5V AA or AAA 
cells. Many low-cost alternatives are 
available for the output device—for 
example, you could use a dc-activated 
piezoelectric buzzer—and most fea-
ture a suitably wide range of operating 
voltages. The 100-nF capacitors are 

standard ceramic decoupling capaci-
tors, and the circuit contains no criti-
cal passive components. The compar-
ator’s high-side drive is somewhat bet-
ter than its low-side drive, so it should 
source rather than sink current to the 
indicator device. D1, D2, and D3 are 
silicon diodes.EDN

Figure 1 Based on a low-power dual comparator, this ac-continuity tester locates open-circuit pins in a cable.
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In general, audio equalizers 
need second-order bandpass fil-

ters. Such cells require an easy and in-
dependent tuning of their parameters: 
the natural or central frequency, v0; 
the quality factor, Q; and the maxi-
mum bandpass gain, k. The use of cells 
with independent adjustments could 
require state-variable topologies. Un-
fortunately, this sort of structure usu-
ally needs at least three operational 
amplifiers. The basis for an alternative 
uses SAB (single-amplifier-biquadrat-
ic) filters. These cells allow obtaining 
second-order bandpass filters, but they 
have two main drawbacks: The quality 
factors that you can obtain with these 
cells have a practical maximum limit, 
and you cannot independently tune 
the three characteristic parameters.

This Design Idea instead uses the 
TQE (transimpedance-Q-enhance-
ment) structure in an audio-equalizer 

(Figure 1). This cell has two advan-
tages when you use it in equalizer cir-
cuits: You can adjust the three charac-
teristic parameters in an independent 
way, but it uses only two operational 
amplifiers per cell. Reference 1 pres-
ents the generic TQE topology. Fig-
ure 1 shows the configuration that 
implements a bandpass filter based on 
the generic structure. This structure, 
which processes current-input signals, 
shows low-impedance input without 
the resistor RIN. Considering that R1 
and R3 are equal in value and that all 
the capacitors are equal to C, the trans
impedance, Z(s), is:

However, by adding RIN, the in-

put has high impedance, allowing the 
processing of voltage input signals be-
cause RIN provides the required volt-
age-to-current conversion. In this way, 
the input-to-output transfer function, 
H(s), is:

Thus, the circuit implements a sec-
ond-order bandpass-transfer function; 
the following equations yield the cen-
tral frequency, vO, and the quality fac-
tor, Q:

and the value of the gain, k, is:

Thus, you can make the adjustments 
of v0, Q, and k with R1, R2, and RIN, 
respectively.

You can use the bandpass cell in Fig-
ure 1 in an audio equalizer. Figure 2 
shows a possible implementation of a 

Audio equalizer features 
transimpedance Q-enhancement 
topology

Figure 1 Adding RIN to this bandpass filter based on a TQE structure causes 
the circuit to show high input impedance.
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Text

graphic equalizer. The basis for the cir-
cuit is a bank of bandpass TQE cells. 
Note that the cells are TQE with low-
impedance input. Thus, the input net-
work’s RIN converts VIN(t) and VOUT(t) 
to the corresponding input current, 
IIN(t). Adjusting potentiometer RIN 
with its wiper to the far left (XI→0) ac-
centuates the frequency band that the 
corresponding cell covers in the over-
all circuit output. On the other hand, 
positioning the wiper of RIN to the far 
right (XI→1) causes a large amount 
of negative feedback to occur at this 
same frequency, thus causing attenu-
ation in the forward-signal path. In 
each case, the remaining filters’ TQEI 
receives percentages of both the input 
signal, VIN(t), and the output signal, 
VOUT(t), in ratios that their respective 
potentiometer settings determine.

You can derive the overall transfer 
function from Figure 2. The output 
voltage, VOUT(s), of the equalizer is:

where ZI(s) are the cells’ transimped-
ances, and

If you define

then the transfer function of the equal-
izer becomes

Now, you can investigate the effect 
of various settings of the potentiom
eters. For example, in the case with 
all of the controls centered, XI equals 
0.5 for each band. Then, VOUT(s)/
VIN(s)521, as you would expect in 
a typical equalizer’s response. Setting 
band I51 to a value of XI and all other 
bands flat—that is, XI50.5 for I52, 3, 
... n), you obtain:

which represents a bandpass filter with 
unity gain, or 0 dB, in the stopband 
and a gain of AO at resonance, and M 
is a constant representing the average 
value of the complete summation. M 
is approximately 1.3, or approximately 
2.3 dB (Reference 2). Note that this 
gain can be higher—that is, boost—or 
lower than one. Considering as typical 
values M51.3, A51, and k51, you 
can simplify the equation for passband 
gain AO, which is equal to the ratio of 
the s term coefficients, as:

As an example, consider the case 
of an octave-band equalizer with 10 
bands. In this case, the value of the 
quality factor for each band is about 
1.42 (Reference 3), and the typical 
central frequencies of the 10 sections 
are 32 Hz to 16 kHz. Adjusting RIN 
in the input of the cell TQE with its 
wiper to the left boosts the frequency 
band that the corresponding cell cov-
ers in the overall circuit output. For in-
stance, if X1 is 0.1, then AO is approxi-
mately 13 dB. On the other hand, po-
sitioning the wiper of RIN to the right 
causes attenuation in the forward-sig-
nal path. So, if X1 is 0.9, then AO is 
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1

approximately 213 dB. You must have 
a minimum input impedance in each 
cell for the input voltage, VIN(t), and 
the feedback voltage, VOUT(t). Thus, 
the inclusion of two resistors in series 
with each potentiometer RIN in Figure 
2 guarantees this resistance.EDN
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2

3

AMI (alternate-mark inversion) 
is a three-level—positive, zero, 

negative—copper-cable transmission 
code with the useful property of hav-
ing no dc component for ease of ac 
coupling using capacitors or line-cou-
pling transformers and a spectral peak 
at one-half the symbol rate. The zeros 
symbols transmit as 0V; the ones sym-
bols transmit at half-unit intervals with 
alternating-line polarity to maintain 
the dc balance.

An interesting feature of the three-
level AMI code is that you can easi-
ly translate it directly from and to the 
two-level NRZI (non-return-to-zero-
inverted) code. The basis for NRZI is a 
transition, not a level; an NRZI edge in 
either the rising or the falling direction 
signifies a logic one. A lack of transi-
tion in a given symbol interval signifies 
a logic zero. Thus, the NRZI code is in-
vertible without destroying the logic 
sense. Absolute level is meaningless. 
The only information 
content is the change 
or no change of level at 
the expected transition 
time. Likewise, the AMI 
code is invertible; you 
need not worry about 
the twisted-pair polarity. 
Figure 1 shows the rela-
tionships between NRZ 
(non-return-to-zero), 
NRZI, and AMI codes.

The usual received-
data-recovery method 
for AMI comprises a pair 

of voltage-level slicers, or compara-
tors, that combine the transmission-
line-positive and -negative marking 
symbols into a two-level RZ code (Fig-
ure 2a through d). The symbols are 
then further changed into the stan-
dard NRZ-logic representation (not 
shown), typically with a D-type sam-
pling flip-flop or similar circuitry.

One impediment to successful AMI 
transmission over distance is the 
“pulse-tail”-cable artifact. When you 
do not drive the cable to a positive- 
or a negative-marking pulse, such as in 
a zero following a one, the last trans-
mitted marking pulse extends in time 
and slowly decays to zero. This effect 
becomes more pronounced as the ca-
ble gets longer, and, unless you elimi-
nate it through the use of a frequency-
equalization network that matches the 
cable-length and -attenuation charac-
teristics, it will wreak havoc on the da-
ta-recovery slicers (Figure 2e and f).

You can easily convert two-level 
NRZI to three-level AMI through a 
straightforward algorithm that you can 
implement with a few gates and line 
drivers, a transformer, and a delay line 
if the system clock is unavailable. If no 
NRZI transition exists, transmit noth-
ing for that symbol interval. For every 
rising NRZI edge, transmit a marking 
pulse, usually with a duration of one-
half-symbol interval. For convenience, 
assign this pulse polarity as positive. 
For every falling NRZI edge, transmit 
a similar marking pulse of the oppo-
site polarity to that of the rising edge. 
This step automatically creates the al-
ternate marking polarities. Again for 
convenience, assign this pulse polarity 
as negative.

Recovering the NRZI directly from 
the AMI is likewise a straightforward 
algorithm (Figure 3a and b). If there is 
no received-voltage-threshold crossing 
of opposite polarity to that of the pre-
vious marking-threshold crossing, re-
tain the last received-marking state at 
logic high or logic low. If the received-
AMI voltage crosses a threshold at a 
polarity opposite to the current state 

of the detector output, 
toggle the detector out-
put to the state associat-
ed with that new polarity. 
Again, for convenience, 
if the AMI-pulse-thresh-
old crossing is positive 
above the midlevel, or 
zero, toggle the detector 
output to a rising edge; if 
the AMI-pulse-threshold 
crossing is negative below 
the midlevel, or zero, tog-
gle the detector output to 
a falling edge.

AMI-to-NRZI-direct-conversion circuit 
tolerates unequalized pulse tails
Glen Chenier, TeeterTotterTreeStuff, Allen, TX


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Figure 1 These waveforms illustrate an NRZ-to-NRZI-to-AMI conver-
sion. Only when NRZ (a) is at logic one does NRZI (b) change at bit 
boundaries. AMI marks at the polarity of the NRZI transition (c).
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From these algorithms, you can see 

that this receiving method directly 
translates the AMI code into the NRZI 
code. Also, by its requirement for al-
ternate marks to cross the zero level 
and the subsequent opposite threshold 
to cause an output toggle, this method 
is immune to the marking-pulse tails 
that poorly or nonequalized lengths of 
transmission line cause (Figure 3c and 
d). This effect gives rise to the possi-
bility of eliminating the amplitude/fre-
quency-equalizer portion of the receiv-
er for high-bit-rate data transmission 
on medium-length copper cables.

A circuit that fulfills the receiver al-
gorithm is a Schmitt trigger with an 
upper trip point and a lower trip point 
that are above and below the midlevel 
of the AMI three-level signal. You can 
easily set this point as a hardware bi-
as with ac coupling of the dc-balanced 
AMI signal because there is virtually no 
baseline wander with AMI (Figure 4). 
Gain and drive level are not critical as 
long as sufficient pulse amplitude exists 
to cross the trip thresholds. If the signal 
is excessively strong or the trip thresh-
olds are close to the midsignal level, 
the circuit still correctly translates data 
as long as no end-of-pulse ringing cross-
ing into the opposite trip thresholds oc-
curs. If this scenario occurs, pulse tails 
are beneficial, and you can artificially 
introduce them for the minimum op-
erational cable length if necessary. For 
some oscilloscope-photo waveforms us-
ing the ECL Schmitt trigger of Figure 
4, go to www.edn.com/080306di.EDN
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Figure 2 These waveforms show the usual transcoding of AMI to RZ. Two 
digital comparators slice bandlimited, equalized AMI (a). ORing the compara-
tors, one for positive polarity (b) and one for negative polarity (c) produces 
RZ data (d). The digital comparators may themselves be Schmitt triggers for 
clean switching and immunity to small noise levels riding on the analog AMI. 
Unequalized AMI, superimposed on equalized AMI (e) causes the marking 
pulse tails, resulting in a highly distorted and error-filled RZ data waveform (f).
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Figure 3 A Schmitt trigger directly converts bandlimited, equalized AMI (a) 
into the original NRZI (b). Once AMI crosses a trip point, no further transition 
at Schmitt output (c) is possible until the AMI crosses the opposite trip point. 
Unequalized AMI, superimposed on equalized AMI, cause marking pulse tails, 
resulting in little waveform distortion (d). Some data-dependent timing jitter 
occurs because of leading-edge intersymbol interference.
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Figure 4 An MC10 H116 configured 
as a Schmitt-trigger circuit uses an 
ECL-amplifier stage. RF supplies the 
positive feedback; the ratios of RF 
to RI set the hysteresis and thus the 
upper- and lower-trip-point-voltage 
levels. To remain within the linear 
region of the MC10 H116 transfer 
function, 6100 to 200 mV from 
center zero level is suggested.
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Calculating the load imped-
ance and power consumption at 

high frequencies in RF circuits is a te-
dious task. This Design Idea describes 
a VI (virtual instrument) that provides 
an easy way to quickly and effective-
ly measure these parameters. You can 
measure and display the power and 
impedance of various types of loads, 
such as resistive or series/parallel tank 
circuits, at any given frequency. Using 
National Instruments (www.ni.com) 
LabView, you can easily modify the 
VI to accommodate any type of load 
having any complexity. The virtual RF 
generator comprises power-supply, am-
plifier, and load-select/measurement-
display modules.

The amplifier module, with as much 
as 90% efficiency, provides frequen-
cies of 100 kHz to 1 MHz with ad-

justable ac power applied to the load. 
The load-select-and-display module 
provides a sine or square waveform, 

load-selection type, and adjustment.
Figure 1 shows the VI driving a resis-

tive load. Adjusting the frequency from 
minimum to maximum has no effect on 
the output impedance and power. You 
can download the VI and watch a flash 
movie describing three examples at 
www.circuitmentor.com.EDN

Virtual RF generator measures  
load impedance and power
Michael Nasab, Circuit Mentor, Boulder Creek, CA



Figure 1 These settings on the virtual instrument measure the impedance and 
power of a resistive load.
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To discover potential power-
supply problems, you must run 

dynamic and static tests. This simple 
current sink tests low- to medium-
power supplies and voltage sources. In 
this application, the current sink can 
draw current of 0 to 1.5A for an input-
voltage range of 0 to 5V with a sup-
ply voltage as high as 20V. The basis 
of the circuit is precision op-amp IC1, 
an OPA277 from Texas Instruments 
(www.ti.com), which features a maxi-
mum input-offset voltage of only 100 
mV, maximum input-bias current of 4 
nA, and low drift over the temperature 
range of 240 to 185°C (Figure 1). 
The op-amp IC compares its positive 
input voltage with the voltage across 
sense resistor RSENSE.

IC1’s output drives an enhancement-
mode N-channel power-MOSFET, Q1, 
an STMicroelectronics (www.st.com) 
IRF530, such that the voltage across 

the sense resistor equals the positive-
input voltage. The voltage across the 
sense resistor is proportional to the 
load current from the power supply un-
der test and is independent of its out-
put voltage. Q1 features a maximum 
current of 14A at a case temperature 
of 258C with drain-to-source voltage 
of 100V, low gate charge, and maxi-
mum on-resistance of 0.16V at a gate-
to-source voltage of 10V and a drain 
current of 7A.

The MOSFET can dissipate a finite 
amount of maximum power—to 30W 
with the heat sink’s thermal resistance 
of 18C/W or less and an ambient tem-
perature of 408C or less in still air. The 
maximum power depends on the ther-
mal resistance of the heat sink you 
use and the ambient temperature, so, 
when you increase the supply voltage, 
you must accordingly reduce the load 
current. By pulsing the input voltage, 

you can increase the supply voltage to 
several 10s of volts because the average 
power dissipation is lower and depends 
on the average load.

The precision resistive divider, R1 
and R2, allows you to convert the in-
put-voltage range of 0 to 5V into 0 to 
0.495V at the positive input of IC1, re-
sulting in an output-current range of 
0 to 1.5A. In addition, the values of 
resistors R1 and R2 provide 100 kV of 
input resistance, which is adequate for 
most voltage-function generators hav-
ing a source impedance of 50 or 75V, 
allowing them to drive the circuit’s 
input without using an input-op-amp 
buffer.

Analyzing the circuit yields the fol-
lowing relationships: ILOAD5GVIN, 
with G51/(aRSENSE)50.3A/V, where 
G is the conductance, a is the attenu-
ation factor, and a511R1/R2510.09. 
You can change the attenuation factor 
of the input-voltage divider to adjust 

Precision voltage-controlled current 
sink tests power supplies

Figure 1 This simple current sink allows you to test both the static and the 
dynamic behavior of power supplies.

STEVE   EDN071214DI4187   FIGURE  1
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Luca Bruno, ITIS Hensemberger Monza, Lissone, Italy
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the upper limit of the output current 
to several amperes, which allow you to 
test low-voltage power supplies with 
high output current.

Capacitors C3 and C4 and resistors 
R3 and R4 ensure loop stability, yield-
ing a circuit with a rise time of 1.4 
msec for an input step voltage of 0 to 
5V. So, you can test power supplies in 
either static conditions, applying a dc 
input voltage, or dynamic conditions, 
applying, for example, a pulsed input 
voltage to simulate fast load transients. 

Also, you can test power supplies or 
voltage sources as low as 1V because 
of the low channel resistance of Q1 
and the RSENSE resistor; the lower lim-
it is 1.5A(RSENSE1RDS(ON) )5735 mV, 
where RDS(ON) is the on-resistance.

You can also test multiple regulat-
ed outputs of power supplies such as a 
25 or a 212V supply voltage. In this 
case, you must connect the ground of 
the power supply to the output of the 
current sink—that is, the drain ter-
minal—and the negative output with 

the ground of the circuit. For accuracy, 
when you perform dynamic tests, such 
as load regulation, recovery time, and 
transient response, you must take care 
when connecting the power supply un-
der test with the circuit to reduce the 
turn’s area. The pulsed load current 
produces radiated emissions, which are 
proportional to this area, to the value 
of the current, and to the square of the 
current frequency, and they may dis-
turb the circuit itself and the measur-
ing equipment.EDN

Ordinary red LEDs normally 
function as light emitters, but 

they can also function as photosen-
sors. A single LED can even function 
as both a light emitter and a light de-
tector in the same circuit (Reference 
1). The basic idea is to pulse the LED, 
using the on-time to light it and the 
off-time to sense the photovoltaic cur-
rent from the ambient light that the 
LED sees.

Figure 1’s circuit functions as a 
night-light. The LED stays off during 
daylight and turns on when the ambi-
ent-light level drops. The 7555 CMOS 

timer is a monostable one-shot, which 
triggers when Pin 2’s voltage is less than 
one-third of the supply voltage. R1 and 
R2 form a voltage divider, which keeps 
the cathode of the LED just below the 
trigger voltage. When the ambient-
light level is sufficient, the LED devel-
ops several hundred millivolts, which 
add to the R1/R2-junction voltage and 
keep Pin 2 above the one-third-trig-
ger level. In this state, the Pin 3 out-
put of the 7555 approaches 0V, and the 
1N914 diode becomes reverse-biased, 
allowing the LED’s photovoltaic cur-
rent to flow into Pin 2’s trigger input.

When the am-
bient-light level 
drops low enough, 
the LED voltage 
falls, and Pin 2 goes 

below the trigger level. The 7555 then 
generates a one-shot pulse, the 1N914 
becomes forward-biased, and the LED 
lights up. At the end of the timing pe-
riod, which R3 and C1 set, the mono-
stable resets and discharges C1. The 
monostable is then ready for another 
cycle. The LED then briefly turns off 
during this interval, which allows it to 
again sense the ambient light.

The circuit in Figure 2 functions as 
a day-light; the LED flashes in bright 
light and stays off in low ambient light. 
The 7555 provides astable operation 
and slowly flashes the LED through 
the 1N914 diode as long as Pin 4’s re-
set input is greater than approximate-
ly 600 mV. If the ambient light is too 
low, the LED cannot generate enough 
voltage at Pin 4, and the 7555 output 
remains near 0V, preventing the LED 
from turning on. The LED operates as 
a light emitter when Pin 3’s output is 
high and as a sensor when Pin 3’s out-

Red LEDs function as light sensors
Geoff Nicholls, Glinde, Germany


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Figure 1 This circuit functions as a night-light. The LED 
stays off during daylight and turns on when the ambi-
ent light level drops.

Figure 2 The LED in this circuit flashes slowly when the 
ambient-light level is high and turns off when the light 
level drops.
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1

2

3

put is low.
These circuits require no current-

limiting resistor. The timer IC must 
be a CMOS type because, to operate 
correctly, the circuit design requires 
low input currents. The prototypes use 
Intersil’s (www.intersil.com) ICM7555 
devices.EDN
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White-noise generators gener-
ate a flat graph of output-power 

density versus frequency. These gen-
erators are useful for testing circuits 
that have an extended low-frequency 
or dc response. However, the presence 
of pink, or flicker, noise complicates 
the design of white-noise generators 
for frequency ranges that extend to a 
few hertz or below. A semiconductor 
device generates noise that always has 
the characteristic signature of pink 
noise: Its output-power-density ampli-
tude increases as frequency decreases, 
with a corner frequency of 10s of hertz 
to a few kilohertz. A high-value resis-
tor generates noise with its own flick-
er-noise component, whose value and 
characteristics vary with the resistor’s 
technology. If, on the other hand, the 
resistor has a low value and the de-

vice uses low-noise technology, then 
the noise is almost completely white 
with power density that is constant 
with frequency. Unfortunately, a low-
value resistor also yields a low value 
of noise-power-density amplitude, and 
any device you introduce to amplify 
that level adds pink noise of its own.

You can find amplifiers whose input-
voltage noise includes no pink-noise 
component, but their input-current 
noise has a flicker-noise component, 
which appears at the amplifier output if 
the resistance that any amplifier input 

encounters has a significant value.
In the noise-generator circuit of Fig-

ure 1, IC1, a MAX4238 amplifier from 
Maxim (www.maxim-ic.com) has no 
flicker-noise component in its input-
voltage noise. It amplifies its own in-
put-voltage noise with a feedback net-
work comprising low-value resistors to 
avoid adding noticeable flicker-com-
ponent noise from either the resistors 
or the amplifier’s input-noise current.

A plot of the circuit’s output volt-
age as a function of frequency is al-
most flat from 0.01 Hz to 3 kHz (Fig-
ure 2). The voltage-density amplitude 
is 4 to 5 mV/=Hz. The noise-density 
amplitude also depends on tempera-
ture, so you should keep the circuit at 
constant temperature while making 
measurements.EDN

White-noise generator has  
no flicker-noise component
Alfredo Saab and Randall White,  
Maxim Integrated Products, Sunnyvale, CA


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Figure 2 The circuit’s output voltage as a function of frequency is almost flat 
from 0.01 Hz to 3 kHz.
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Figure 1 Built with an amplifier 
whose input voltage noise has no 
flicker-noise component, this white-
noise generator produces an output 
with no flicker-noise component.
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This Design Idea describes an 
analog voltage that controls 

a digital potentiometer through the 
device’s I2C interface. An ADC in 
the Microchip (www.microchip.com) 
PIC12F683 microcontroller converts 
the analog voltage to the I2C stream 
that controls the Maxim (www.maxim-
ic.com) DS1803 digital potentiometer 
(Reference 1). Of the microcontroller’s 
six general-purpose I/O pins, two con-
trol the SDA (system-data) and SCL 
(system-clock-line) output signals, one 
controls an LED, and one accepts the 
analog input. SDA and SCL connect 
directly to the digital potentiometer’s 
SDA and SCL pins with 4.7-kV pull
up resistors to VDD. By adding or re-
moving jumpers, you can separate the 
shared VC and VDD and isolate SDA 
and SCL.

The firmware is in assembly lan-
guage, which was assembled using 
Version 7.40 of the MPLab IDE (in-

tegrated development environment), 
which is currently available free from 
Microchip at www.maxim-ic.com/
tools/other/appnotes/4051/AN4051.
zip. The program comprises fewer than 
450 bytes in flash memory and 8 bytes 
in RAM. The program first initializes 
various configuration bits in the PIC, 
including the ADC and the internal 
oscillator. It configures the ADC to ac-
cept input from the analog input and 
sets the conversion clock to use the in-
ternal oscillator at 125 kHz.

The firmware runs in a loop, causing 
the 10-bit ADC to continuously con-
vert the analog-input voltage. When 
a conversion is complete, the 8 MSBs 
form a data byte that transmists over 
the I2C bus, and this I2C-signal stream 
controls the digital potentiometer. The 
program controls both potentiometers 
in this dual device. With a change in 
firmware, however, you can indepen-
dently control the potentiometers, 

using separate analog inputs on the 
PIC12F683. The program enables you 
to control the potentiometer by vary-
ing a voltage at the GP1 input of the 
PIC12F683. A change at GP1 causes 
a corresponding change in the poten-
tiometer’s resistance: ROUT5((Input 
Voltage)/VCC)350 kV, where the 
end-to-end resistance of the digital 
potentiometer is 50 kV, the allowable 
VCC range is 2.7 to 5V, and the input-
voltage range is 0 to VCC. You can 
troubleshoot an application by check-
ing that the device’s address is correct 
and that the I2C bus is connected. 
The LED blinks constantly while the 
ADC is running, but remains on when 
an I2C error occurs. After you correct 
the error, the LED resumes its normal 
function.

You can extend this design approach 
to other applications for which an ana-
log voltage must control a device with 
an I2C interface. You can, for example, 
implement a nonlinear-transfer func-
tion, such as gamma correction, using 
the DS3906 variable resistor, and im-
plement the transfer function in em-
bedded look-up tables (Reference 2). 
Or, by connecting a thermistor at the 
input, you can vary the output of an 
I2C-controlled current DAC in re-
sponse to changes in the ambient tem-
perature.EDN

R e fe r e n ce s
“DS1803 Addressable Dual Digital 

Potentiometer,” Maxim, July 25, 2007, 
www.maxim-ic.com/quick_view2.cfm/
qv_pk/2779.

“DS3906 Triple NV Low Step 
Size Variable Resistor Plus Memory,” 
Maxim, Aug 9, 2007, www.maxim-
ic.com/quick_view2.cfm/qv_pk/4724.

Analog voltage controls  
digital potentiometer
Hrishikesh Shinde, Maxim Integrated Products, Dallas, TX
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Energy-harvesting, or “scav-
enging,” systems extract en-

ergy from the ambient environment. 
Unfortunately, these power genera-
tors supply much less energy than do 

standard batteries. However, thanks 
to the decreasing size and low-power 
requirements of today’s wearable de-
vices, it is feasible to replace batteries 
in some low-power systems with pow-

er generators that capture energy from 
the user’s environment, such as the 
vibration energy a user produces dur-
ing walking or running. This Design 
Idea uses the piezoelectric effect of a 
standard and easy-to-find piezoelec-
tric buzzer to turn mechanical vibra-
tions into electrical energy. Although 
piezoelectric buzzers generate sound 
waves when you apply an ac voltage, 

Harvest energy  
using a piezoelectric buzzer
Carlos Cossio, Santander, Spain
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you can use them in the opposite way: 
You obtain the maximum ac peak volt-
age that the piezoelectric buzzer gen-
erates when the vibration frequency 
matches the resonant frequency of the 
piezoelectric buzzer.

The power generator in Figure 1 
is a simple circuit. The piezoelectric 
buzzer produces an ac voltage when 
it is under vibration; therefore, you 
must convert this voltage to a dc volt-
age before charging the capacitor. The 
four Schottky diodes form a bridge rec-
tifier to perform this task. For a reli-
able and efficient operation, select 
Schottky diodes, such as the 1N5820 
rectifier diode from On Semiconduc-
tor (www.onsemi.com), that exhibit 

low forward-voltage drop and low re-
verse leakage.

Energy harvesters typically capture 
small amounts of energy over long pe-
riods, so harvesters usually contain an 
energy-storage subsystem in the form 
of a supercapacitor, such as the Power-
Stor 0.47F, 2.5V capacitor from Cooper 
Busmann (www.bussmann.com). The 
larger the capacitor, the longer it takes 
to charge it. On the other hand, a larg-
er capacitor provides power for a longer 
time for the same load. Because a super-
capacitor often has a much lower volt-
age than standard electrolytic capaci-
tors, you must connect a zener diode, 
such as the BZX85-C2V7, to prevent 
the voltage across the supercapacitor 

from increasing beyond its maximum 
voltage rating. As soon as you apply a 
load, the supercapacitor starts discharg-
ing, and the voltage across the superca-
pacitor starts dropping. To guarantee a 
fixed voltage at the output, you must 
use a dc/dc-voltage-converter IC, such 
as the MAX1675 from Maxim (www.
maxim-ic.com) as a step-up converter 
working at 3.3V.

As an additional benefit, if the super-
capacitor’s voltage drops below the re-
quired voltage of operation, the circuit 
continues to provide regulated output 
voltage as long as the supercapacitor 
voltage does not drop below the lower 
limit of the dc/dc converter. This limit 
is 0.7V for the MAX1675.EDN
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Figure 1 A simple vibrational-energy-harvesting circuit using an off-the-shelf piezoelectric buzzer as the power generator 
turns mechanical energy into electrical energy.

Universal power supplies must 
work from mains power lines 

ranging from 90 to 264V ac at 50 or 
60 Hz. Directly rectifying the input 
voltage charges the filter capacitor to 
120 to 370V dc. Such voltages present 
a serious threat to personnel who are 
prototyping or repairing the power sup-
ply. It is desirable to discharge the filter 
capacitor when mains power is off so 
workers can safely deal with the power 
supply. An intuitive solution is to use 
an ac relay. However, relays cannot op-
erate in a wide range of input voltages, 
they consume significant power and 

space, and they have a limited number 
of cycles. Figure 1 shows an alterna-
tive circuit, which you can apply to a 
filter capacitor of almost any value. It 

uses a MOSFET, Q1, and a current-lim-
iting resistor, RD, to discharge the high-
voltage filter capacitor, CF, within one 
second after you switch off the mains 
power. The trick is to use a retrigger-
able monostable multivibrator to con-
trol the MOSFET.

While the mains power is on, opto-
coupler IC1 and the associated passive 
components continue to generate sym-
metrical square pulses that they apply to 
the A input of multivibrator IC2. Each 
pulse triggers the circuit, forcing the 
Q output to the low level. The multi-
vibrator generates a 100-msec negative 
pulse; then, Q should turn high. How-
ever, because triggering pulses arrive 
before the multivibrator’s pulse is com-
plete, the Q output never turns high, 
the MOSFET is always off, and the rec-
tifier works as usual. When you turn off 
mains power, the Q output stays low for 
100 msec after the last triggering pulse; 

Retriggerable monostable 
multivibrator quickly discharges  
power-supply capacitor
Jordan Dimitrov, Tradeport Electronics, Vaughan, ON, Canada
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it then turns high. The MOSFET turns 
on and quickly discharges the output 
capacitor to a safe level.

The circuit underwent testing at 
both limits of the input voltage: 90 
and 264V ac. The filter capacitor is 
of moderate value, 100 mF, and so is 

the peak-discharge current of 0.06 to 
0.18A. The MOSFET’s peak current 
is 8A; hence, the circuit can readily 
work with much larger-value capaci-
tors. If this current is still not enough, 
you must use a MOSFET with a higher 
peak current rate. You need to change 

only RD to fit the desired discharge 
time, tD. The tD533RD3CF relation-
ship is a good guideline. It ensures 
that the output voltage drops to 95% 
of its initial value, which is well below 
the user-touchable safety limit for any 
value of the output voltage.EDN
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One of the most important 
specifications of an op amp is its 

input-offset voltage. You can null out 
this voltage on many op amps, but the 
problem with determining the input-
offset voltage is that the offset voltage 
varies with temperature, flicker noise, 
and long-term drift. Chopping and au-
tozeroing techniques have been around 
for several years, reducing achievable 
input offset to microvolts or less. The 
accuracy is so good that other minus-
cule effects, such as copper-solder ther-
mocouple junctions, dominate the er-
rors, until, with some effort, you can 
overcome them, as well. This Design 
Idea introduces a new type of chop-
ping. “Chopping the noise gain” is a 
simple way to measure the offset volt-
age in real time, so that you can sub-
tract it and enhance dc precision.

Figure 1 shows an LTC6240HV op 

amp in an inverting gain-of-10 config-
uration, along with several of its per-
tinent specifications. All of the input 
offset arrives at the output with a gain 
of 11 (called the “noise gain”) as an 
output error. Any downstream circuitry 
or observer looking at the output volt-
age cannot distinguish the output error 
from the desired output signal.

Figure 2 shows the chop-the-noise-
gain method. S1 switches the addition-
al shunt resistor, R3, in and out, chang-
ing the noise gain without affecting the 
signal gain or bandwidth. There would 
normally be some degradation of band-
width, but C1 dominates the band-
width limitation whether the switch 
is open or closed. Now, you impose a 
small square wave on the output with 
an amplitude that is equal to the pres-
ent dc errors. You can demodulate out 
the error as with a conventional chop-

per, or you can subtract it in software in 
a modern ADC-based system.

The circuit in Figure 2 is much like 
a simple summing amplifier, with one 
input both connected and disconnect-
ed. It is, in that sense, much like a true 
chopper amplifier. But, in this case, 
the input voltage being chopped is the 
amplifier offset, rather than the input 
signal. Why disconnect your input sig-
nal if you don’t have to? Also, there is 
no need for continuous chopping; you 
need apply it only when you require an 
offset measurement.

Note that, although this Design Idea 
shows the inverting case for ease of 
understanding, the noninverting case 
is also practicable with a good analog 
switch for S1. Also, as with any sam-
pled system, frequencies at or greater 
than the clock rate alias into baseband, 
and you should therefore filter them 
out before the chopping. Finally, this 
method does not correct for bias- or 
leakage-current-induced errors.

Switch S1 opens and closes, increas-
ing the noise gain and imposing the 
input errors onto the output with al-
ternating noise gains of 11 and 22. The 

Chop the noise gain to measure  
an op amp’s real-time offset voltage

Figure 1 An op amp has a conventional gain of 210. The noise gain is 11, so 
all of the input errors appear at the output with a gain of 11. You cannot distin-
guish the signal from noise just by looking at the output.

�

�

LTC6240HV

VIN

R2
1k

R1
10k

C1
0.01 �F

edn080110di41961    DIANE

VOUT=�10�VIN+11 OFFSETS.

SIGNAL GAIN IS �10.
NOISE GAIN IS 11.

INPUT OFFSET VOLTAGE: 50 �V TYPICAL, 125 �V MAXIMUM
ACTUAL VALUE VARIES WITH TEMPERATURE (dV/dT=2.5 
�V/�C MAXIMUM) AND NOISE 1/f=50 nV/�Hz AT 1 Hz


Glen Brisebois, Linear Technology, San Jose, CA



66  EDN  |  april 3, 2008

designideas

resultant square wave now represents 
an easily measurable “11 errors,” which 
you can then subtract from the output. 
This technique is similar to that of 
conventional chopper amplifiers, ex-
cept that, in this case, you are chop-
ping the error rather than the signal.

Figure 3 shows the oscillogram of 
the output of the circuit of Figure 2, 
with an input voltage of 0V (ground-
ed). The top trace is “S,” the control 
signal applied to S1 at 750 Hz. The bot-
tom trace is the output error alternat-
ing between 1 and 2 mV, indicating 90 
mV of op-amp offset. The output “sees” 
the effect of doubling the noise gain of 
the output offset. The difference be-
tween the two noise gains is 11, and 
this difference dictates the amplitude 
of the square wave that S1 causes, inde-
pendently of the input voltage.

Figure 4 is similar to Figure 3, but 
zoomed out and with a 2-mV-p-p slow-
moving sine wave signal at the input 

voltage—that is, 20-mV-p-p output. 
The 1-mV square wave of Figure 3 
is superimposed upon the slow-mov-
ing output signal and still contains the 

real-time dc-error information. Just by 
looking at the output, you can discern 
that the true value of the signal is 1 
mV below the measured value.EDN

Figure 2 S1 switches the additional shunt resistor, R3, in and out, changing the 
noise gain without affecting the signal gain or bandwidth.
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Figure 4 The oscillogram is similar to that in Figure 3, but 
with a 2-mV-p-p slow-moving sine wave signal applied at 
the input voltage.

Figure 3 This oscillogram shows the output of the cir-
cuit in Figure 2, with an input voltage of 0V (grounded). 
The top trace is “S,” the control signal applied to S1 at 
750 Hz. The bottom trace is the output error alternating 
between 1 and 2 mV.

Many flash ADCs, such as Na-
tional Semiconductor’s (www.

national.com) ADC1175, have a rec-
ommended operating input-voltage 
range of 0.6 to 2.6V (Reference 1). 

However, in some applications, you 
must convert a symmetrical analog-
input signal. The circuit in this Design 
Idea converts a symmetrical input-
voltage range of 20.2 to 10.2V into 

the recommended 0.6 to 2.6V range 
(Figure 1).The circuit also prevents 
the output voltage from going below 
–0.3V, which would probably damage 
the ADC.

The circuit uses an Analog Devices 
(www.analog.com) AD8002 dual-cur-
rent-feedback operational amplifier to 
obtain a high bandwidth (Reference 
2). The first block, noninverting am-

Simple analog circuit provides voltage 
clipping and dc shifting for flash ADC
Alfredo del Rio, University of Vigo, Spain
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plifier IC1A has a voltage gain of five. 
This block also provides high input im-
pedance and low output impedance, so 
that the second block, IC1B, operates 
properly. The second block does most 
of the work. Starting from a basic in-
verting amplifier comprising IC1B, R4, 
and R5, you obtain the clipping ef-
fect by adding R3 and D1. R3, D1, R4, 
and R5 determine the clipping level. 
In addition, adding the IDC current 
dc-shifts the output voltage. You can 
trim adjustable potentiometer resistor 
P1 to obtain the desired output voltage 
shift—that is, 1.6V.

If diode D1’s current is negligible, 
the output voltage, VO, is 2(11R2/
R1)3(R5/(R31R4))3VI1VCC3R5/
(R61P11R7)51.6253VI. Given that 
the diode voltage, VDIODE, is 0.6VS, 
VO52(R5/R4)3VDIODE1VCC3R5/
(R61P11R7)51.621.65520.05V.

The clipping takes place near 0V, 
protecting the ADC. Raising the clip-
ping level makes the circuit less lin-
ear in the nonclipping range. In other 
words, a design trade-off exists between 
clipping level and linearity. Resistor R8 
limits the current through the ADC’s 
input pin. Capacitor C2 is optional; it 

limits the VADC/VI bandwidth. Capaci-
tor C1 helps to reduce the voltage noise 
that might come from the –VCC power 
supply.EDN

R e fe r e n ce s
 “ADC1175 - 8-Bit, 20MHz, 60mW 

A/D Converter,” National Semicon-

ductor, www.national.com/mpf/DC/
ADC1175.html

 “AD8002 Dual 600 MHz, 50 mW 
Current Feedback Amplifier,” Analog 
Devices, www.analog.com/en/prod/
0%2C2877%2CAD8002%2C00.
html.
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Continuous-wave laser diodes 
in precision-instrument ap-

plications require constant-current 
sources to drive them. Proper design 
of such a driver must involve careful 
tackling of robustness, stability, noise, 
and other issues and is consequently 
costly and complicated (Reference 1). 
Figure 1 shows a compact, cathode-
grounded laser-diode driver with pro-
tection against ESD (electrostatic-dis-
charge) damage, start-up spikes, over-
shoot, and possible fluctuation arising 
from external optical feedback. An op 
amp, IC4, with an enable input drives 
PMOS FET Q1 and controls the out-
put current. RS sets the current to the 

rated value for a 35-mW HL6738MG 
laser diode from Opnext (www.opnext.
com). To prevent output from Q1 dur-
ing start-up, comparator IC5A keeps IC4 
off, and a 10-kV pullup resistor keeps 
Q1 off  by linking Q1’s gate to the sup-
ply of IC4 until the terminal supply, VB, 
reaches the designed value, approxi-
mately 6.5V, and opens Q1 via IC4.

The key point for protection against 
ESD damage and overshoot lies in the 
use of Q2, a depletion-mode NMOS 
FET. With power off, Q2 conducts, 
shunting any harmful ESD to ground. 
With power on, comparator IC5B out-
puts a negative voltage far below the 
gate-to-source off-state voltage. Hence, 

Q2 is off and has little effect upon the 
drive current unless the operating volt-
age at the laser’s anode exceeds the 
maximum rating of 2.8V in the figure. 
In this case, the operating voltage trig-
gers IC5B to output high and thus turns 
on Q2, shunting the drive current to 
ground, as well. The circuit now in-
troduces significant hysteresis to latch 
off the state of emergency. Consider-
ing the low on-resistance of Q2, this 
circuit provides better protection than 
the common method of relying on a 
paralleled zener diode for overshoot 
suppression (Reference 2).

Despite employing a split supply, this 
design requires no particular supply se-
quencing. You must cut off Q2 only at 
the beginning of start-up, so it would 
be better to turn on the 29V exter-
nal supply before enabling the driver. 
Despite the availability of substitutes 
for some ICs in this design, selection 

Compact laser-diode driver provides 
protection for precision-instrument use
Jiaqi Shen and Xiaoshu Cai,  
University of Shanghai for Science & Technology, Shanghai, China
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of the proper devices may be trouble-
some. For example, you can with slight 
modifications replace the Texas Instru-
ments (www.ti.com) TLC070 with a 
Linear Technology (www.linear.com) 
LT1637; the two devices are not pin-
compatible. However, the TLC070’s 
superior ac performance, especially 
higher CMRR (common-mode-rejec-
tion ratio) over a wider bandwidth per-
mits more effective protection against 

fluctuations in the operating voltage 
because of external optical feedback 
under some desired or undesired cir-
cumstances (Reference 3).EDN

R e fe r e n ce s
 Williams Jim, “Current sources for 
fiber-optic lasers: a compendium of 
pleasant current events,” EDN, Aug 
22, 2002, pg. 69, www.edn.com/
article/CA238417.

 “DN2530: N-Channel Depletion-
Mode Vertical DMOS FETs,” Super-
tex, 2001, www.supertex.com/pdf/
datasheets/DN2530.pdf.

 “TLC070, TLC071, TLC072, 
TLC073, TLC074, TLC075, TLC07xA: 
family of wide-bandwidth high-output-
drive single supply operational ampli-
fiers,” Texas Instruments, September 
2006, http://focus.ti.com/lit/ds/ 
symlink/tlc074.pdf.
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1

2

3

The basis for this Design Idea is 
a classic two-transistor current 

source (Figure 1). Current through R1 
depends only on the VBE (base-emit-
ter voltage) of Q2 and on the value 
of R1 itself. The VBE of Q1 has no im-
pact on the output current. Typically, 
this circuit finds use as a steady cur-
rent source or as a limiter. The cir-
cuit forms the amplifier for the upper, 

positive half of the signal. Adding a 
complementary stage for the lower, 
negative half of the signal completes 
the buffer (Figure 2). The emitters of 
Q2 and Q3 become the input for the 
circuit, and the junction of sensing 
resistors R1 and R2 is the output. R3 
is an input-termination resistor that 
sets the output quiescent voltage. You 
can replace the bias sources (current 

Current source makes  
novel Class A buffer
Horst Koelzow, Winnipeg, MB, Canada
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Figure 1 This classic two-transistor 
current source commonly finds use 
as a steady source of current or as 
a limiter.
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sources in the figures) with resistors.
At the quiescent, 0V-input-volt-

age operating point, both halves of 
the circuit run at maximum current, 
and both the input and the output 
are at the same potential. When you 
impress a voltage on the input, you 
inject current into the Q2-Q3 emit-
ter node. From there, current can go 
up into base of Q1 or down into base 
of Q4. The output voltage relative to 
the input voltage determines the di-
rection of the injected current. If the 
input voltage is positive, it has no ef-
fect on the upper half because it is 
already limiting. It can, however, re-
duce drive current in the lower half, 
resulting in a reduction of lower out-
put-drive current. Reduction of lower 
side output current results in a rise in 
output voltage. In short, an injected 
signal current “unlimits” the stage of 
opposite polarity.

At first glance, the circuit appears 
to have unity gain. But, because Q2 
and Q3 sense the tops of R2 and R3 

and not circuit output, R1 and R2 are 
effectively in series with the output 
load. If the load’s impedance, RLOAD, 
is small, the circuit gets significant-
ly loaded down. However, as long as 
the input stage does not clip, the cir-
cuit does not become distorted. The 
source driving the buffer stage sets 
hFE(Q1)3(R11RLOAD)V, where hFE is 
forward-current gain.

Q2 and Q3 are common-base stages. 
Their purpose is to translate input volt-
age to the bias voltage that Q1 and Q4 
require. This voltage-translation ac-
tion allows direct substitution of other 
devices, such as MOSFETs or Darling-
ton transistors.EDN
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Figure 2 Adding another stage to 
the current source allows the circuit 
to function as a buffer.
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Peltier devices, also known as 
solid-state refrigerators, or TECs 

(thermoelectric coolers), actively cool 
temperature-sensitive electronic com-
ponents, such as optical detectors and 

solid-state lasers. A glance at any TEC 
data sheet reveals that some primary 
and fairly easily understood parameters 
characterize a TEC: The maximum 
current is the TEC’s current drive for 

maximum cooling, the maximum dif-
ferential temperature is the no-load 
cooling temperature at maximum cur-
rent and with no heat load. The maxi-
mum voltage is the TEC’s voltage drop 
at the maximum-current drive, and the 
maximum heat transfer (QMAX) is the 
maximum cooling-heat load at a maxi-
mum current and differential tempera-
ture of zero.

However, one TEC data sheet provi-
so that designers sometimes miss is that 
you always measure these parameters 
with the TEC mounted on an effec-
tively zero-thermal-impedance—that 
is, perfect—heat sink. This point is 
an important one and deserving of the 
designer’s rapt attention because heat 
sinks always have at least some thermal 
impedance, and all the primary TEC 
parameters change—sometimes dra-
matically—when the TEC must make 
do with an imperfect sink.

The family of impedance-versus-cur-
rent curves in Figure 1 illustrates this 
effect. Each curve corresponds to a dif-
ferent heat-sink thermal impedance, 
normalized to one for 11 values from 
zero to two.

Although the maximum current is, 
by definition, the optimal current for 

Use thermoelectric coolers  
with real-world heat sinks

Figure 2 A derating factor for maximum voltage and current is based on the 
real-world thermal impedance of the TEC’s heat sink.


W Stephen Woodward, Chapel Hill, NC

Figure 1 This family of curves shows that a thermoelectric cooler may actually 
heat rather than cool at the maximum drive current if the heat sink the cooler is 
mounted on is less than perfect.
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maximum cooling at a heat-sink im-
pedance of zero, the situation changes 
radically with increasing impedance 
until there’s no net cooling whatsoev-
er. Further, for impedance greater than 

one, instead of cooling, the maximum 
TEC drive actually heats rather than 
cools. Figure 2 shows the simple solu-
tion for this problem: You must replace 
the data sheet’s maximum current and 

voltage values with new, lower maxi-
mum-drive values corresponding to the 
optimal numbers you need to achieve 
maximum cooling whenever imped-
ance is greater than zero.EDN

This Design Idea uses the FT-
232BM from Future Technology 

Devices International (www.ftdichip.
com), a USB-to-UART interface IC 
that you need not program, to interface 
a USB port to the MIDI (musical-in-
strument-digital-interface) bus (Fig-
ure 1). The USB signals directly inter-
face to IC1, an FT232BM. The serial-
transmitter and -receiver signals pass 
through IC2 and IC3 to transform the 
RS‑232 signals to the MIDI’s loop cur-
rent. You can use an EEPROM, IC4, if 
you want to add a serial-number inter-
face or use more than one interface.

This hardware doesn’t require you to 
write any software. However, you must 
install two drivers. First, you need the 
free VCP driver from FTDI at www.ft-
dichip.com/Drivers/VCP.htm. It allows 
you to use this interface as a common 
serial-port interface. Before you install 
it, you must change a string in the file 
FTDIPORT.INF (Reference 1) to set 
up the 31,250-baud rate for FT232BM. 
Then, you can configure VCP to run at 
38,400 baud. (The real baud rate will be 
31,250 as preset in FTDIPORT.INI.)

Then, you must install another driv-
er that permits you to see your VCP se-

rial port as a MIDI port for addressing 
all MIDI messages. You can find a lot 
of similar drivers on the Internet. For 
example, the Roland serial MIDI driv-
er is available at: http://www.roland.it/
dow_drivers/for_win/serial32_wxp2k.
exe. You can enable this driver on the 
COM1 or the COM3 port.

Listing 1, at www.edn.com/080417 
di1, shows the changes to add to the 
FTDIPORT.INF file that change 
the baud rate from 38,400 to 31,250 
baud. Change this file before instal-
lation.EDN

R e fe r e n ce
 “FT232BM Designers Guide, 

Version 2,” FTDI, 2002/2003, www.
ftdichip.com/Documents/AppNotes/
DF232_20.pdf.

Interface MIDI instruments  
to a PC through a USB port
Stefano Palazzolo, Senago, Milan, Italy
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Designers use PSpice mainly to 
simulate analog circuits. How-

ever, you can also simulate digital fil-
ters with it. The main components in 
a digital filter are delay elements, ad-
ders, and multipliers. Although you 
can implement adders and multipliers 
using operational amplifiers, you can 
simulate a delay element with a trans-
mission line. The transmission line 
in PSpice is a long-forgotten element 
that can realize a delay of seconds.

For example, Figure 1 shows a sec-
ond-order recursive digital filter. The 
transfer function for this filter is:

where H(z) is the digital-filter-transfer 
function, z is the z-transform variable, 
the As are the coeffieients of the de-
nominator polynomial of the transfer 
function, and the Bs are the coefficients 
of the numerator polynomial of the 
transfer function. You can obtain the 
coefficient values with software avail-

able for filter design (Reference 1).  
The sampling frequency, fS, relates to 

the transmission-line delay as t51/fS. 
For example, a bandpass digital filter 
with a 3-dB passband from 900 Hz to 
1 kHz, a sampling frequency of 6 kHz, 
and a Butterworth characteristic yields 
the following transfer function:

Transmission lines simulate  
digital filters in PSpice
David Báez-López, Department of Electrical and Computer Engineering,  
Ryerson University, Toronto, ON, Canada


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Figure 1 The transfer function for a second-order recursive digital filter has 
coefficient values that yield a lowpass, highpass, band-reject, or bandpass-
transfer function.
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Figure 2 In the PSpice circuit, the VCVSs (voltage-controlled voltage sources), E1 and E2, simulate voltage followers, and 
VCVSs E3 and E4 and the resistors that connect to them simulate summers.
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In this case, the transmission-line de-
lay is 1/60005166.67 msec. If you ad-
ditionally specify an impedance, Z, of 
1V for the transmission line, then the 
parameters for the transmission line are 
Z051V, and t5166.67 msec. Figure 2 
shows the PSpice circuit. The VCVSs 
(voltage-controlled voltage sources), 
E1 and E2, simulate voltage followers, 
and VCVSs E3 and E4 and the resis-
tors that connect to them simulate 
summers. Figure 3 shows the results of 
the simulation.EDN

Reference
López, David Báez, “Windows 

Based Filter Design with Winfilters,” 
IEEE Circuits and Devices, Volume 
13, 1997, pg 3.
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EDN080124DI4203FIG          MIKE

Figure 3 In this PSpice simulation, the digital bandpass filter uses transmission 
lines as delay lines.

1

Some applications require 
clock-timing adjustments, such 

as generating precision clocks for 
time-interleaved ADCs, or delay ad-
justments in a variety of precision-tim-

ing and pulse-delay applications. This 
Design Idea describes a delayed-pulse 
generator using a dual-CMOS D-type 
flip-flop (Figure 1). The circuit pro-
vides precision time delays of a trigger-

input pulse. A dc-control voltage se-
lects a time delay within the full-scale 
range. When the rising edge of a pulse 
triggers the input, the circuit’s output 
generates a pulse with its rising edge 
delayed by an amount equal to the se-
lected time delay, TD, plus a fixed in-
herent propagation delay TPD. Also, a 
time constant, R4C2, determines the 
output pulse’s width.

A precision dc source, IO, and capac-
itor C1 set the full-scale delay range. 
When Q3 is off, the current source 
charges capacitor C1, generating a lin-
ear-ramp voltage with slope equal to 
IO/C1. The delay is the time it takes for 
the ramp to rise from its initial voltage 
to the control-voltage value.

In this application, the ramp slope 
is 10 mV/1 msec, so that the full-scale 
delay range is 256 msec for a control 
voltage of 0 to 2.56V. You can set the 
full-scale delay by changing IO through 
either R11R2 or capacitor C1. For best 
accuracy, the current source can range 
from 10 mA to 1 mA, the capacitor’s 
value can range from 1 nF to 1 mF, and 
the corresponding full-scale delay can 
range from 2.56 msec to 256 msec. Use 
a precision film capacitor for C1.

The basis of the current source is a 
shunt precision-micropower-voltage-
reference, IC3, producing a reference 
voltage of 1.233V with an initial ac-

Dual flip-flop forms simple  
delayed-pulse generator
Luca Bruno, ITIS Hensemberger Monza, Lissone, Italy

 STEVE    EDN080306DI4217   FIGURE  1

�

�
DC-CONTROL

VOLTAGE
0 TO 2.56V

OPTIONAL

R6
100

3 8

4
2

1

5

3

1

2

4

6

C4
1 nF

Q3
2N2222A

C1
10 nF
1%

TRIGGER
INPUT

RAMP
VOLTAGE

NOTES:
IC1 POWERED AT 5V.
CONNECT A 100-nF 
DECOUPLING CAPACITOR
CLOSE TO IC1’s 
POWER-SUPPLY PINS.

IC2A
TS3702

C3
100 nF

5V

C2
100 pF

R5
100k

D1
1N4148

IC1A
CD4013B

R1
1.33k
0.1%DELAYED

PULSE_OUT

Q2
2N5087

IC3
LM4041

Q1
2N5087

IO
100 �A

VREF
1.233V

CURRENT SOURCE
5V

5V
R2
11k

0.1%

R3
18k

R4
10k

S

R

QD

CLK

Q

5V

0V

9

11

13

12
NC

10

8

IC1B
CD4013B

S

R

QD

CLK
Q

DELAYED
PULSE_OUT
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with a control voltage, generating a precise delay.
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curacy of 0.2%. A Texas Instruments 
(www.ti.com) LM4041, through pre-
cision resistors R1 and R2, biases the 
Darlington-coupled transistors Q1 and 
Q2 with a reference current IO5VREF/
(R11R2)5100 mA. The Darlington 
configuration ensures that base cur-
rent is negligible and that the output 
collector current can achieve a worst-
case accuracy of 0.3%. You can use any 
small-signal transistor, but, for best ac-
curacy, use high-gain, low-level, low-
noise BJTs, (bipolar-junction transis-
tors) such as a 2N5087 or a BC557C.

IC1A is a one-shot circuit (Refer-
ence 1). The output pulse’s width, 
TW, is R4C23ln(VDD/VTH), where VTH 
is the threshold voltage of the digital 
CMOS. Because VTHPVDD/2, then 
TWPR4C230.69. Diode D1 reduces 
recovery time. After power-up, Q3 is 
in saturation, absorbing the current 
source’s output, and, as soon as an input 
pulse triggers the circuit, IC1B’s Q out-
put goes low, switching off Q3, starting 
a ramp. When the ramp exceeds the 
control voltage, then the IC2A compar-

ator’s output goes high, and the rising 
edge triggers one-shot IC1A and switch-
es on Q3 through IC1B, allowing the 
discharge of the capacitor C1. When 
an input pulse triggers the circuit, any 
other trigger pulse that occurs before 
the falling edge of the delayed output 
pulse does not produce an output pulse; 
in other words, the circuit is not retrig-
gerable. This feature permits you, at 
the same time, to divide and delay an 
input-trigger clock.

Although IC1 and IC2 can operate 
from a 3 to 16V supply, the minimum 
supply voltage of the circuit is 5V; 
otherwise, Q1 and Q2 approach satura-
tion, generating to a less linear ramp 
voltage. Voltage comparator IC2A, an 
STMicroelectronics (www.st.com) 
TS3702, has an input-common-mode-
voltage range that includes ground, 
permitting you to monitor input volt-
ages as low as 0V.

However, for correct operation of 
the circuit, the minimum control volt-
age must be greater than the saturation 
voltage of Q3. For the components in 

Figure 1, the measured value is 12 mV. 
If you want to reduce this voltage, you 
can use a digital N-channel MOSFET 
with low on-resistance. The optional 
input lowpass filter, comprising R6 and 
C4, helps to clean noise from the dc-
control voltage.

If a DAC drives the control input, 
you can build a digitally programma-
ble delay generator. A suitable low-
cost, 8-bit DAC is the AD558 from 
Analog Devices (www.analog.com), 
which features an internal precision 
bandgap reference to provide an out-
put voltage of 0 to 2.56V, making 1 
LSB equal to 1 msec. It operates from 
5 to 16V, with a 1-µsec settling time. 
The circuit’s quiescent current, IDD, is 
less than 300 mA because all ICs are 
micropower.EDN

R e fe r e n ce
Bhandarkar, Santosh, “Single-IC-

based electronic circuit replaces 
mechanical switch” EDN, March 15, 
2007, pg 76, www.edn.com/article/
CA6421439.

1



All of Microchip’s (www.micro 
chip.com) baseline PIC micro-

controllers have internal 4-MHz oscil-
lators, which are useful for freeing up 
one or two pins for I/O use and allow-
ing you to build minimal-component-
count designs using these devices. You 
must calibrate the internal oscillator by 
reading a factory-programmed calibra-
tion setting that resides at the last ad-
dress in the user-program memory and 
then writing that setting into the mi-
crocontroller’s oscillation-calibration 

register during the application soft-
ware’s initialization of the device. Be-
cause the calibration value is unique to 
each microcontroller, problems arise 
for time-sensitive applications if you 
erase or overwrite the last address.

The circuit in Figure 1 recovers 
the calibration value by recalibrat-
ing against a reference clock, the 4-
MHz crystal. The frequency looks for 
the best calibration value to ensure 
that the microcontroller’s internal os-
cillator runs within 1% accuracy at 4 

MHz. You can download the micro-
controller’s program and a flow chart 

may 1, 2008  |  EDN  53
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Circuit and software provide accurate 
recalibration for baseline PIC 
microcontroller’s internal oscillator

Figure 1 This circuit and an assembly-language program that occupies less than 250 bytes allow you to calibrate a 
PIC10F2xx microcontroller against a 4-MHz reference clock.
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The moving-dot display has 
some benefits over the bar-

graph display: It better indicates the lo-
cation of a detected object in sonar and 
radar applications; it needs only one 
LED’s current-limiting resistor instead 
of several; and it provides the same 
current for all LEDs, thus providing 
even brightness. When a new design 
required adding a seven-LED moving-
dot display to an 8-bit, low-end micro-
controller, a question arose about the 
corresponding interface. Of course, the 
most cost-effective approach is to di-

rectly connect the LEDs without any 
extra parts. But this approach needs 
seven vacant microcontroller-output 
pins, which microcontrollers with lim-
ited I/Os often cannot afford.

A previous Design Idea describes a 
one-wire interface that applies only to 
a bar-graph display, not to a dot display 
(Reference 1). Another tack would 
be interfacing using serial-to-parallel 
shift registers or a serial-input Johnson 
counter. But small microcontrollers 
often lack a SPI (serial-peripheral in-
terface), and you must use firmware to 

re-create it (Reference 2). The meth-
od in this Design Idea needs three out-
put lines—data, clock, and latch—and 
requires some firmware and hardware. 
Exploiting the fact that only one LED 
in a dot display should light at a time, 
you can use National Semiconductor’s 
(www.national.com) CD4051 1-to-8 
analog demultiplexer (Figure 1). This 
circuit needs three microcontroller 
outputs, and the firmware is simple and 
straightforward. The additional bene-
fit is that the microcontroller now does 
not limit the LED current and voltage; 
you can choose them independently.

Listing 1, which you can download 
from the Web version of this Design 
Idea at www.edn.com/080501di2, pro-
vides demo firmware illustrating this 
design. The demo program automati-
cally moves the lit dot back and forth 
by incrementing and decrementing a 
modulo-7 counter. Ideally, any three 
adjacent microcontroller outputs, 
such as pA0, pA1, and pA2, are avail-
able for the A, B, and C inputs of the 
CD4051. But, this scenario is not al-
ways possible. In this application of a 
low-end, eight-pin MC68HC908QT1 
microcontroller, you can use pins pA2 
and pA3 only as inputs. You can eas-
ily overcome this problem by program-
ming, as Listing 1 shows. This Design 
Idea applies to any small microcon-
troller because it uses only a standard 
instruction set.EDN

R e fe r e n ce s
 Jayapal, R, “Microcontroller’s 

single I/O-port line drives a bar-graph 
display, EDN, July 6, 2006, pg 90, 
www.edn.com/article/CA6347254.
 Raynus, Abel, “Squeeze extra 
outputs from a pin-limited microcon-
troller, EDN, Aug 4, 2005, pg 96, 
www.edn.com/article/CA629311.

designideas

in a compressed zip file from www.edn.
com/080501di1.

The baseline PIC microcontroller, 
which includes the PIC10F, PIC
12C508/509/510, or PIC16F505/506 
series, uses its internal timer, Timer 
0, to count the number of instruction 
cycles that execute in one period from 

output Q8 of a Fairchild Semiconduc-
tor (www.fairchildsemi.com) CD4060 
oscillator/divider to the only input, 
GP3, of the PIC microcontroller. The 
4-MHz crystal drives the CD4060, 
which yields a period of 128 msec from 
the output Q8.

The four LEDs display the two 4-

bits nibbles of the 8-bit oscillation-
calibration register’s best value. Out-
put GP2 acts as a multiplexing line to 
drive these LEDs for 8 to 10 sec and 
then as the oscillator output to yield a 
1-MHz signal, which you can measure 
with a frequency meter or an oscillo-
scope.EDN

Microcontroller moving-dot display 
interface uses three I/O lines
Abel Raynus, Armatron International, Malden, MA



Figure 1 Using the 1-to-8 CD4051 analog demultiplexer you can interface a 
moving-dot LED display to a low-end microcontroller using just three outputs.
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While working with a 10-bit 
DI-184 module from Dataq to 

monitor and display vibration-sensor 
data, I found that, although the chart 
displays a time index, this time refer-
ence is not visible in the saved file. 
You can add time ticks, representing 
seconds or minutes, to a chart graphic 

by using a simple and inexpensive crys-
tal-based microcontroller to generate a 
sequence of tags on a dedicated chart 
channel. Figure 1 shows a small, eight-
pin 12F508 microcontroller from Mi-
crochip Technology (www.microchip.
com) that provides multiple timing 
ticks. Listing 1, the microcontroller’s 

program is available in the Web version 
of this Design Idea at www.edn.com/
080501di3. It offers four timing sequenc-
es. You can select a timing sequence 
by strapping pins 4 and 6 (Table 1,  
also at www.edn.com/080501di3).

The 4‑MHz crystal maintains a sol-
id instruction-timing reference, and 
equalized coded branches in the list-
ing maintain accurate timing ticks. 
You can also configure the 12F508 
with an internal, 4‑MHz RC oscilla-
tor. You base the coded loops on a se-
quence of exactly 25 instructions, and 
they provide a fundamental, base-ref-
erence loop that is exactly 100 instruc-
tions. A 16-bit register counter serves 
as the multiplier to produce the base 
timing. For use with scopes, you can 
recode the listing with minor chang-
es to use 50 instructions or a 50-msec 
base-timing-tick minimum. The 8-bit 
registers in the equalized loop provide 
multipliers to produce the additionally 
tiered output. The microcontroller uses 
two output pins, 5 and 7, as a pseudo 
2-bit DAC. This configuration gener-
ates one of four voltage levels for tim-
ing ticks that display continuously, and 
you can record them along with appli-
cation data.EDN
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Microcontroller displays multiple 
chart or oscilloscope timing ticks
William Grill, Honeywell, Lenexa, KS
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Figure 1 An 8-bit microcontroller with output pins 5 and 7 configured as a 2-bit 
DAC provides precise timing ticks to annotate captured data.

An inexpensive way to imple-
ment high-resolution digital-

to-analog conversion is to combine 
microcontroller-PWM (pulse-width-
modulated) outputs with precision 
analog-voltage references, CMOS 
switches, and analog filtering (Refer-
ence 1). However, PWM-DAC design 
presents a big design problem: How do 
you adequately suppress the large ac-
ripple component inevitably present in 
the switch’s outputs? The ripple prob-
lem becomes especially severe when 
you use typical 16-bit microcontroller-
PWM peripherals for DAC control; 
such high-resolution PWM functions 
usually have long cycles because of the 
large 216 countdown modulus of 16-bit 

Fast-settling synchronous-PWM-DAC filter has almost no ripple
W Stephen Woodward,  
Chapel Hill, NC
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Figure 1 This DAC ripple filter combines a differential integrator, A1, with a 
sample-and-hold amplifier, A2, in a feedback loop operating synchronously  
with the PWM.



Some op amps, such as the 
AD8041 from Analog Devices 

(www.analog.com) and the EL5100 
from Intersil (www.intersil.com), pro-
vide a disable pin, which allows you 
to parallel the outputs of several op 
amps for video multiplexing. In addi-
tion to this multiplexing, you can also 
use the disable function to configure 
the op amp as a phase detector or a 
frequency mixer. Figure 1 shows how 
the disable function can implement a 
low-frequency phase detector. You can 
switch the gain of this circuit’s ampli-
fier on and off at the rate of the phase-
reference signal. Doing so produces a 
dc component at the output of the op 
amp. This component is proportional 
to the cosine of the phase difference 
between the phase of the input signal 

and the phase of the reference signal.
In the circuit, the output of the op 

amp is: VOUT(t)5VIN(t)3G(t), where 
VIN(t)5A cos(vREFt1u), and G(t) is 
the time-varying gain of the op amp. 
G(t) is a 50%-duty-cycle square wave 
that switches from zero to G0 at the fre-
quency of the phase-reference signal. 
G0 is the gain of the op amp when the 
op amp is enabled. Because G(t) is a 
time-varying periodic function expand 
it in a Fourier series: G(t)5G0[1/212/
p{cos(vREFt)21/3cos(3vREFt)11/
5cos(5vREFt)1…}].

Multiplying VIN(t) by G(t) and re-
taining only the dc terms, the dc compo-
nent of the output is VOUT(dc)5(AG0/
p)cos(u).

The EL5100 op amp in Figure 1 has 
a 200-MHz unity-gain bandwidth, and 

you can turn its output on and off by 
applying a square wave of at least 0 
to 4V to the output-disable terminal, 
Pin 8. Using the feedback resistances 
shown and with G053, the peak out-
put voltage of the phase detector is ap-
proximately equal to the peak value 
of the input signal. The EL5100 has a 
disable time of 180 nsec and an enable 
time of 650 nsec, which allows you to 
gain-switch the device to approximate-
ly 250 kHz. At higher frequencies, the 
gain of the phase detector falls off be-
cause the gain-switching no longer has 
a 50% duty cycle.

The lowpass filter following the op 
amp extracts the dc component of 
VOUT(t) and has a 3-dB point at 800 
Hz. A 100V resistor in series with 
the 0.1-mF shunt capacitor limits the 
phase lag of the filter when the phase 
detector is inside a PLL (phase-locked 
loop). The values in Figure 1 provide 
a maximum phase lag of approximate-
ly 658. Using 5 and 25V power sup-

designideas

timers and comparators. This 
situation results in ac-frequen-
cy components as inconve-
niently slow as 100 or 200 Hz. 
With such low ripple frequen-
cies, if you employ enough or-
dinary analog lowpass filtering 
to suppress ripple to 16-bit—
that is, 296-dB—noise levels, 
DAC settling can become a 
full second or more.

The circuit in Figure 1 
avoids most of the problems of 
lowpass filtering by combining 
a differential integrator, A1, 
with a sample-and-hold am-
plifier, A2, in a feedback loop 
operating synchronously with 
the PWM cycle, T2 in Figure 
2. If you make the integrator 
time constant equal to the PWM cycle 
time—that is, R13C15T2—and, if the 
sample capacitor, C2, is equal to the 
hold capacitor, C3, then the filter can 
acquire and settle to a new DAC value 
in exactly one PWM-cycle time. Al-
though this approach hardly makes the 

resulting DAC exactly “high speed,” 
0.01-sec settling is still 100 times bet-
ter than 1-second settling. Just as im-
portant as speed, this improvement 
in settling time comes without com-
promising ripple attenuation. Ripple 
suppression of the synchronous filter 

is, in theory, infinite, and the 
only limit in practice is non-
zero-charge injection from S2 
into C3. The choice of a low-
injected-charge switch for S2 
and an approximately 1-mF 
capacitance for C3 can easily 
result in ripple amplitudes of 
microvolts.

Optional feedback-voltage 
divider R2/R3 provides flex-
ibility in a DAC-output span 
with common voltage refer-
ences. For example, if R25R3, 
then a 0 to 10V output span 
will result from a 5V refer-
ence. An additional advan-
tage of this method of span 
adjustment is that output rip-
ple remains independent of 

reference amplification.EDN

R e fe r e n ce
 Woodward, Steve, “Combine two 
8-bit outputs to make one 16-bit 
DAC,” EDN, Sept 30, 2004, pg 85, 
www.edn.com/article/CA454640.

Switched-gain op amp serves  
as phase detector or mixer
W Bruce Warren, Marietta, GA

Figure 2 The DAC output settles within one cycle.
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plies allows the output swing of the 
phase detector to be symmetric at ap-
proximately 0V. If your design doesn’t 
require this symmetry, you can use a 
single 5V supply with 2.5V positive 
offset-biasing of the op amp. In this 
case, the output swing is symmet-
ric with respect to 2.5V. As with all 
wide-bandwidth-op-amp circuits, you 
should take care to connect the pow-
er-supply bypass capacitors to ground 
with short connections and as close to 
the op amp’s power-supply pins as pos-
sible to avoid instability.

This same gain-switching scheme 
also works as a frequency mixer. If 
the input signal is at frequency vS 
and the reference-square-wave input 
is at frequency vlo, the IF output sig-
nal is (vlo2vS) or (vlo1vS). You ob-
tain the desired IF signal by replacing 
the output lowpass filter in Figure 1 
with a bandpass filter tuned to the de-
sired IF frequency of vlo6vS. If the 
switching rate for the reference sig-
nal is higher than the disable func-
tion can provide, then you can use 

the harmonic mixing using the odd-
order harmonics of the reference sig-
nal. This approach reduces the gain 

of the mixer by a factor of 1/N, where 
N is the number of the harmonic you 
are using.EDN
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Figure 1 By switching the disable input of the op amp at a reference frequency 
and lowpass-filtering its output, you can obtain a dc voltage proportional to the 
phase difference of the switching frequency and the input frequency.



This Design Idea shows how to 
keep telecom equipment oper-

ational during a short brownout. You 
must first understand a few details re-
garding the power supply for telecom 
equipment. The common voltage of 
the power source that feeds telecom 
equipment is 248V, although the ac-
tual voltage can range from 242.5 to 
256V, 240 to 260V, or even beyond. 
The common power-“brick” dc/dc con-
verter operates over the 236 to 275V 
range. A brownout occurs when the 
248V source drops to 0V and stays 
there as long as 10 msec.

Using capacitive storage that con-
nects to the brick’s input is an obvious 
approach to overcoming this problem, 
but a shortcoming becomes apparent 
when you understand the reality of the 
248V supply. For example the ener-
gy in a capacitor charged to voltage is 
(C3V2)/2, where C is the capacitance 

and V is the voltage. The brick stops 
its operation when the capacitor dis-
charges to 36V. In general, the energy 
available to support the brick’s opera-
tion is, therefore:

where V1 and V2 are the beginning and 
final 236V voltages, respectively, and 
U is the energy. Also, U5P3t,where 
P is power and t is time. Using these 
equations, you can find the time that 
the equipment will stay operational:

or, to define the capacitor’s value:

Assume that the brownout occurs 
when the voltage at the brick’s input is 

239V, which is the case when 248V 
is 240V but the brick loses at least 1V 
because of protective ORed diodes in 
a hot-swap configuration. Also, as-
sume that the storage capacitor charg-
es to 239V. The equipment operates 
until this storage capacitor discharges 
to 236V. Assume that the equipment 
consumes 100W. To store enough en-
ergy for 5 msec, the capacitor’s value 
would have to be approximately 4500 
mF. The capacitor must be rated for 
the maximum possible incoming volt-
age, which can be more than 75V, so 
the minimum rating of 100V is a must. 
The 4500-mF, 100V capacitor is a siz-
able part. If the design requires twice as 
much operational time at a power con-
sumption of 300W, the capacitor must 
have a value of 27,000 mF and 100V.

This Design Idea still requires a ca-
pacitor, but the capacitor has a lower 
value—that is, 200 mF versus 4500 
mF—and sustains 100W during a 5-
msec brownout. This approach increas-
es reliability and reduces cost and size. 
The hidden feature is the power brick’s 
ability to stay operational over the in-
put range of 236 to 275V and even 
to operate under surges greater than 
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readerS SOLVE DESIGN PROBLEMS

Edited By Charles H Small  
and Fran Granville

designideas
Small capacitor supports telecom 
power supply during brownouts

Figure 1 Charged to double the input voltage, the energy stored in capacitor 
C1 dumps into the input of the “brick” power supply during brownouts when 
the input voltage drops to less than 237V.

edn080221di42141   DIANE (in the 3-6 folder)
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Batteries are the typical power 
sources for portable-system ap-

plications, and it is not unusual these 
days to find microcontroller-based 
portable systems. A variety of micro-
controllers operates at low power-sup-
ply voltages, such as 1.8V. Thus you 
can employ two AA or AAA cells 
to power the circuit. However, if the 
circuit requires higher voltage—for 
LED backlighting for an LCD, for ex-
ample, which requires approximately 
7.5V dc—you must employ a suitable 
dc/dc converter to boost the power-
supply voltage from, for example, 3V 
to the required voltage. However, you 
can also employ a microcontroller to 
develop a suitable dc/dc-boost-volt-
age converter (Reference 1) with the 

help of a few additional discrete com-
ponents.

This Design Idea shows how to cre-
ate not just one, but two dc/dc convert-
ers with just a tiny eight-pin microcon-
troller and a few discrete components. 
The design is scalable, and you can 
adapt it for a wide range of output-
voltage requirements just by changing 
the control software for the microcon-
troller. You can even program the mi-
crocontroller to generate any required 
output-voltage start-up rate. Figure 
1 shows the basic topology of a boost 
switching regulator. The output volt-
age in such a regulator is more than the 
input voltage. The boost switching reg-
ulator operates in either CCM (con-
tinuous-conduction mode) or DCM 

(discontinuous-conduction mode). It 
is easier to set up a circuit for DCM 
operation (Reference 2). The name 
comes from the fact that the inductor 
current falls to 0A for some time during 
each PWM period in DCM; in CCM, 
the inductor current is never 0A. The 
maximum current passes through the 
inductor at the end of high period of 
the PWM output (when the switch is 
on) and is: 

where VDC is the input voltage, D is the 
duty cycle, T is the total cycle time, 
and L is the inductance of the induc-
tor. The current through the diode falls 
to zero in time TR.

The load current is the average diode 
current,

from equations 1 and 2 and simplifies 
to:

The output voltage, VOUT, is:

The value of the output capacitor, 
which determines the ripple voltage, 
is:

where dV/dt represents the drop in the 
output voltage during the period of the 
PWM signal, I is the load current, and 
C is the required output capacitor.

The total period of the PWM wave 

designideas

280V. Figure 1 shows how you can use 
this feature. The figure depicts a posi-
tive input voltage. The brick is isolat-
ed, so polarity is irrelevant, but positive 
interpretation is easier to illustrate.

Remember that the stored energy 

in the capacitor grows exponential-
ly, whereas the capacitor’s voltage in-
creases linearly. The doubler charges 
C1 to twice the input voltage or at least 
to 80V. Even if, hypothetically, you ex-
pect a 5-msec brownout as often as 10 

sec, the current to charge 200 mF is still 
only approximately 3 mA. The com-
parator watches the input voltage, and, 
as soon as it drops below 37V, switch 
S1 closes, and the energy from C1 dis-
charges to the power brick.EDN

Tiny microcontroller hosts  
dual dc/dc-boost converters
Dhananjay V Gadre, Netaji Subhas Institute of Technology,  
New Delhi, India
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Figure 1 The output voltage in a boost switching regulator is more than the 
input voltage. The boost switching regulator operates in either CCM (continu-
ous-conduction mode) or DCM (discontinuous-conduction mode)
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Overlap—the short period dur-
ing which a push-pull drive’s 

two transistors are both simultane-
ously on—is a common problem with 

these drives in a center-tapped trans-
former’s primary. Overlap causes a large 
current spike and increased switching 
losses. The fact that saturated transis-

tors turn off more slowly than they turn 
on causes the problem. One method of 
preventing overlap is to provide a time 
delay after turning off one transistor 
and before turning on the other one. 
This method requires several extra 
components and must include enough 
delay for a worst-case scenario. This 
Design Idea uses cross-coupled gates 
to prevent one transistor from turning 

designideas

is T and is a system constant. D is the 
duty cycle of the PWM wave, and TR 
is the time during which the diode 
conducts. At the end of TR, the diode 
current falls to 0A. The period of the 
wave is T.D3T1TR for DCM. The 
difference of the PWM period, T, and 
(D3T1TR) is the dead time.

The switch that operates the induc-
tor is usually a BJT (bipolar-junction 
transistor) or a MOSFET. A MOSFET 
is preferable because of its ability to 
handle large current, better efficien-
cy, and higher switching speed. How-
ever, at low voltages, a suitable MOS-
FET with low enough gate-to-source 
threshold voltage is hard to find and 
can be expensive. So, this design uses a 
BJT (Figure 2).

 Microcontrollers offer PWM fre-
quencies of 10 kHz to more than 200 
kHz. A high PWM frequency is desir-
able because it leads to a lower induc-
tor value, which translates to a small 
inductor. The Tiny13 AVR micro-
controller from Atmel (www.atmel.
com) has a “fast” PWM mode with a 
frequency of approximately 37.5 kHz 
and a resolution of 8 bits. A higher 
PWM resolution offers the ability to 
more closely track the desired output 
voltage. The maximum inductor cur-
rent from Equation 1 is 0.81A for a 
20-mH inductor. The transistor that 
switches the inductor should have a 
maximum collector current greater 
than this value. A 2SD789 NPN tran-
sistor has a 1A collector-current limit, 
so it is suitable for this dc/dc converter. 
The maximum load current achievable 
with these values, from Equation 4, is 
54 mA and thus meets the requirement 
of maximum required load current for 
an output voltage of 7.5V.

The Tiny13 microcontroller boasts 
two high-speed PWM channels and 
four 10-bit ADC channels. Another 
PWM channel and an ADC channel 
create the second dc/dc converter for 
an output voltage of 15V and a maxi-
mum load current of 15 mA. The in-
ductor for this converter has a value 
of 100 mH. To calculate the output-
capacitor value, use Equation 6. For a 
5-mV ripple, the value of the capaci-
tor for 7.5V output voltage is 270 mF, 
because the output current is 50 mA 
and the PWM-time period is 27 msec, 
so this circuit uses the nearest larger 
value of 330 mF. Similarly, for the 15V 
output voltage, the required capacitor 
value is 81 mF, so the design uses a 100-
mF capacitor.

The programs for the microcontroller 
are in C and use the open-source AVR 
GCC compiler (www.avrfreaks.net). 
They are available in the Web version 
of this Design Idea at www.edn.com/

080515di1. The AVR Tiny13 micro-
controller operates at an internal clock 
frequency of 9.6 MHz without an in-
ternal-clock-frequency divider, so the 
PWM frequency is 9.6 MHz/256537.5 
kHz. The internal reference voltage 
is 1.1V. The main program alternate-
ly reads two channels of ADCs that 
monitor the output voltages in an in-
terrupt subroutine. The main program 
executes an endless loop, monitor-
ing the output voltage by reading the 
ADC values and adjusting the PWM 
values accordingly.EDN

R e fe r e n ce s
 “Boost converter,” Wikipedia, 

http://en.wikipedia.org/wiki/Boost 
converter.

 Pressman, Abraham I, Switching 
Power Supply Design, Second Edi-
tion, McGraw-Hill Professional, Nov 
1, 1997, ISBN-10: 0070522367, 
ISBN-13: 978-0070522367.
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Cross-coupled gates prevent  
push-pull-driver overlap
Richard Rice, Oconomowoc, WI
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Often, when you are designing 
with high-speed ECL (emitter-

coupled logic), you have too little time 
between clock cycles to implement 
logic functions using gates between 
flip‑flops. In these cases, you can derive 
equivalent-logic functions using the 
wired-OR and flip‑flop complementary 
inverted outputs (references 1, 2, and 
3). You can parallel the emitter-follow-
er outputs of ECL with a pulldown resis-
tor to implement the OR function with 
almost no time-delay penalty. Comple-
mentary outputs—one inverted—pro-
vide delay-free logic inversions.

This Design Idea uses the older Mo-

torola (www.motorola.com) 10H ECL 
logic family, the fastest available when 
I was building the design (Figure 1). 
Newer ECL families are much faster, 
but the same wired-OR principle ap-
plies. For clarity, the figure omits pow-
er and 50V pulldown resistors. This 
design needed an XOR comparison 
between a PRBS (pseudorandom-bi-
nary-sequence) data stream and a lo-
cal PRBS reference for a BER (bit-er-
ror-rate) counter running at 250 Mbps 
(Figure 1a). A problem occurred with 
the design, however: The clock peri-
od at 250 Mbps is 4 nsec, whereas the 
10H107 XOR/XNOR gate’s maximum 

propagation delay is 1.7 nsec. In addi-
tion, the 10H131 flip-flop’s maximum 
propagation delay is 1.8 nsec, and the 
required input-setup time is 0.7 nsec. 
All these delays total 4.2 nsec, which 
exceeds the 4-nsec clock period by 
200 psec. Adding a fourth flip-flop 
with wired-OR outputs to replace the 
10H107 XOR/XNOR solves the prob-
lem (Figure 1d).

The XNOR-equivalent function 
uses NOR, AND, and OR functions 
(Figure 1b). The circuit in Figure 1c 
separates the NOR into the equivalent 
OR with an output inverter and con-
verts the AND into the equivalent OR 
with inverted inputs and output. Now, 
the circuit uses only ORs and inverters. 
This form is necessary for implementing 
the wired-OR equivalent (Figure 1d). 
In this case, the inverted-complemen-
tary outputs of the flip-flops replace the 

designideas

on before the other turns off (Figure 
1). For simplicity, the figure omits the 
depiction of bypass capacitors, snubber 
networks, and other components un-
necessary for illustrating the method.

Gate IC2A prevents Q1 from turning 
on until Q2 turns off. Likewise, gate 
IC2C prevents Q2 from turning on until 
Q1 turns off. Gates IC2B and IC2D func-
tion as inverters to provide the correct 

polarity to drive the switching transis-
tors. Monitoring the transistors’ collec-
tor voltages senses the turn-off of each 
transistor using the voltage dividers 
R3/R4 and R5/R6. Because the collec-
tor voltage swings to twice the supply 
voltage, the voltage dividers halve the 
voltage. The impedance of the voltage 
dividers also limits the gates’ input cur-
rent to a safe level during overshoot. 

The switching frequency is one-half 
the input-clock frequency. D-type flip-
flop IC1A divides the input-clock fre-
quency by two and provides comple-
mentary outputs with a 50% duty cy-
cle. The complementary outputs drive 
the switching transistors in an alternat-
ing sequence. The secondary of trans-
former T1 provides an isolated square-
wave output.EDN

Save valuable picoseconds  
using ECL-wired OR
Glen Chenier, TeeterTotterTreeStuff, Allen, TX
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inverters, and a parallel electrical con-
nection between the flip-flops’ outputs 
replaces the OR gates.EDN

R e fe r e n ce s
 “Using Wire-OR Ties In ECLinPS 

Designs,” Application Note AN1650/D,  
On Semiconductor, www.onsemi.
com/pub/Collateral/AN1650-D.PDF.

“Dual D Type Master Slave Flip-
Flop,” MC10H131 Data Sheet, On 
Semiconductor, www.onsemi.com/

pub/Collateral/MC10H131-D.PDF.
 “Triple 2-Input Exclusive OR/ 

Exclusive NOR Gate,” MC10H107 
Data Sheet, On Semiconductor, 
www.onsemi.com/pub/Collateral/
MC10H107-D.PDF.
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Capacitive touch switches 
work by measuring the change 

in capacitance of a PCB (printed-
circuit-board) pattern depending on 
the placement of a user’s finger over 
a sensing pad. Capacitive switches are 
becoming popular because they are less 
expensive than mechanical switches. 
Using the features of an Altera (www.
altera.com) MAX IIZ CPLD (com-
plex-programmable-logic device), you 
can implement a touch-switch decod-
er with no external components. The 
touch sensor employs an 8‑mm-diam-
eter sensing pad on the PCB using the 
solder mask as a dielectric. The circuit 
decodes a single switch, but you could 
use the approach for multiple switch-
es, and it has programmable sensing 
thresholds that allow for different PCB 
layouts and dielectrics.

Figure 1 shows a simple circuit with 
no external components other than 
the capacitive-switch layout on the 
PCB. A basic touch-switch PCB lay-
out is on the left. It comprises only 
an 8‑mm copper circle surrounded by 
copper that connects to ground. The 
dashed line shows that the center sen-
sor connects to the CPLD using a via 
and a backside copper trace. A solder 
mask acting as a dielectric covers the 
center sensor and ground. The PCB 
touch sensor becomes a variable ca-
pacitor, CTOUCH.

The variable capacitor is part of a 
relaxation oscillator. The CPLD has a 
built-in weak pullup resistor on each 
I/O pin. CTOUCH and the weak pullup 
resistor create an RC circuit. If the 
PIN­OSC (pin-oscillator) signal is low, 
the I/O pin will be low, making the D 
input to the PINOSC LPM (library-
of-parameterized-modules) register 

low. LPM blocks come from the Quar-
tus II LPM.

The register and other logic in the 
circuit use a free-running, 4.4‑MHz 
internal oscillator, ALTUFM oscilla-
tor, as a clock. On the rising edge of 
the clock, PINOSC goes low, making 
the buffer-driving pin go to a high-im-
pedance state. The weak pullup resis-
tor slowly makes the pin voltage rise 
based on an RC time constant. Not 
touching the switch causes it to have 
the lowest capacitance and fastest rise 
time. Touching the switch causes it to 
have the highest capacitance and the 
slowest rise time. The pin-I/O buffer 
uses the Schmitt-trigger option of the 
CPLD to reduce the noise sensitivity of 
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readerS SOLVE DESIGN PROBLEMS

Edited By Charles H Small  
and Fran Granville
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Capacitive touch switch uses CPLD

Figure 1 This capacitive-touch-switch decoder uses only a MAX IIZ CPLD and no 
external components other than the capacitive switch.
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This Design Idea presents a 
method for fast integer multi-

plying and multiplying by fractions. 
What can you do when you lack ac-
cess to a hardware multiplier or MAC 
(multiply/accumulate) function and 
you need to multiply by something 
other than a power of two? One option 
is to include the math.h function and 
just sling around the multiplication 
operator and watch your code bloat 
and slow to a crawl. Option two is to 
get fancy with bit shifting. The general 
idea is to find powers of two, includ-
ing zero, that you can add to achieve 
the multiplier you need. This method 
works because of the distributive prop-

erties of multiplication. Using the dis-
tributive properties of multiplication, 
you can, for example, rearrange the 
problem of: 123125144R(418)3 
125144R(1234)1(1238)5144.  
This version is amenable to imple-
mentation in C code because four and 
eight are powers of two. To implement 
the multiplications, you use the expo-
nent of the power-of-two representa-
tion for your code as an integer shift. 
Because 4522 and 8523, you use two 
and three as your shift factors.

For example, multiply the variable 
foo by 12 to get 144: BYTE foo512: 
foo5((foo,,3)1(foo,,2)). Left-
shifting by three is the same as mul-

tiplying by eight, and left-shifting 
by two is the same as multiplying by 
four. Another example is multiplying 
by six: 6310560R(214)310560R 
(2310)1(4310)560. BYTE foo510; 
foo5((foo,,1)1(foo,,2)). Left-
shifting by one is the same as multiply-
ing by two, and left-shifting by two is 
the same as multiplying by four.

Using this same theory of distribu-
tion, you can also perform fractional 
multiplication or division. This meth-
od creates rounding errors just like di-
viding integers by values that are not 
powers of two does with math.h func-
tions and the division operator.

One example is 2.5310525R(21 
0.5)310525R(2310)1(0.5310)5 
25. The result is ((foo,,1)1(foo.. 
1)). Left-shifting by one is the same as 
multiplying by two, and right-shifting 
by one is the same as dividing by two or 
multiplying by 0.5. Another example is 

designideas

the slow-rising pin signal. Once the pin 
node reaches the high-voltage thresh-
old, the D input of the PINOSC regis-
ters a zero. On the next clock edge, the 
PINOSC signal goes low, driving the 
pin node low for one full clock cycle. 
This PINOSC circuit oscillates at two 
fundamental frequencies, depending 
on the state of the touch capacitor. 
Putting the register into the oscillator 
loop reduces noise and makes the oscil-
lator stable and synchronous with the 
decoding logic. The PINOSC period is 
always a multiple of 1/4.4 MHz or the 
frequency of the internal oscillator.

The switch decoder counts the peri-
od of 16 PINOSC cycles and compares 
it with a known time period. If 16 or 
more cycles happen in less than the 
sample period, it means that no one is 
touching the switch. If fewer than 16 
cycles happen in the sample period, it 
means that someone is touching the 
switch, and the PINOSC oscillation 
becomes slower. The lower LPM coun-
ter sets the sample period.

For example, the sample signal was 
active once every 80 clock cycles in a 
prototype (Figure 2). The upper LPM 
counter measures the period of 16 PI-

NOSC cycles. After 16 cycles, the fast 
signal goes high and stays high until the 
sample signal resets it. The fast signal is 
a one in the prototype when 16 cycles 
occur in fewer than 80 cycles, making 
the fast signal a one when the sample 
signal is a one. When the sample signal 
is a one, the fast value clocks into the 
switch-LPM register. The switch-signal 
value updates every sample cycle with 
the current capacitive switch state. 
When you touch the switch, PINOSC 
is slow, and the fast signal remains a 
zero when the sample signal is a one, 
making the switch output zero. In the 
prototype design, the PINOSC period 
was three clock cycles when someone 

touched it and nine cycles when no 
one touched it. The switch threshold 
was five cycles. Therefore, the lower 
LPM-counter modulus was 5316580. 
You can use any value from four to 
eight, but four is too sensitive, and 
eight does not work for small fingers; 
hence, five is the best value. The upper 
LPM-counter modulus affects noise 
sensitivity. The larger the count, the 
more the circuit averages the period of 
oscillation. A low modulus makes the 
circuit more sensitive to random system 
noise. The five-cycle sensing point also 
allows margin for the 625% variation 
among parts of the internal oscillator 
frequency.EDN

Bit-shifting method performs fast 
integer multiplying by fractions in C
Aaron Lager, Panamax Furman, Santa Rosa, CA
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Figure 2 Representative waveforms that Figure 1 illustrates have a top-counter 
modulus of 3; a bottom-counter modulus of 12; and pin-oscillator periods of 3 
and 6, respectively.
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You often need an RS‑232-to-
TTL adapter for debugging or 

testing UARTs using a computer. But 
most of these adapters require an ex-
ternal power-supply adapter to power 
up the RS‑232 transceiver. This ex-
ternal adapter increases the number of 
cables on your desk and uses no flow-
control signals. This Design Idea de-
scribes how you can use these signals 
as power sources. It uses the RTS (re-

quest-to-send) and DTR (data-termi-
nal-ready) signals, which provide a 
positive voltage when you open the 
PC’s COM port (Figure 1). The volt-
age on those pins can differ from one 
computer to another but is generally 
higher than 6V, which is sufficient to 
power the adapter.

A standard RS‑232 MAX3232 line 
driver from Maxim (www.maxim-
ic.com) performs the TTL-to-RS‑232 

conversion. The MAX3232 accepts 
a 5 or 3.3V supply voltage, which is 
switch-selectable using S1. D1 and D2 
block the negative voltage that occurs 
when the COM port is closed. Q1, R3, 
S1, and zener diodes D3 and D4 form a 
simple voltage regulator. LED1 signals 
that the COM port is open. R1, R5, 
and R6 protect the circuit under test 
and the line driver. The use of a pull
up resistor for R2 avoids the need for 
an open input. This circuit has success-
fully undergone testing with a laptop 
computer, which provides a 6V power 
supply. The circuit works well at speeds 
as high as 115,200 bps.EDN
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3.1253805250R(21110.125)380 
5250R(2380)1(1380)1(0.1253 
80)5250. The result is ((foo,,1)1 
foo1(foo..3)). Left-shifting by one 
is the same as multiplying by two, mul-
tiplying by one is the same as add-
ing the multiplicand once to the re-
sult, and right-shifting by three is the 
same as dividing by eight or multiply-
ing by 0.125. A third example is 2.62
53805210R(210.510.125)3805 

210R(2380)1(0.5380)1(0.1253 
80)5210. The result is ((foo,,1)1
(foo..1)1(foo..3)). Left-shifting 
by one is the same as multiplying by 
two, right-shifting by one is the same 
as dividing by two or multiplying by 
0.5, and right-shifting by three is the 
same as dividing by eight or multiply-
ing by 0.125.

All of these examples take up less 
space and are faster than calling the 

standard 838-multiply function or 
division function from most stan-
dard math libraries. Also, you should 
note that, if the result of the variable 
you are multiplying can ever exceed  
8 bits, then you should use a word 
function that can store 16 bits of your 
result, and you should use casting on 
the outer parentheses. The result is 
(word)((foo,,1)1(foo..1)1(foo
..3)).EDN

RS‑232-to-TTL converter  
tests UARTs with a PC
Matthieu Bienvenüe, Malissard, France
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Figure 1 An RS‑232-to-TTL converter uses the unused DTR and RTS outputs of a PC’s COM port to self-power the circuit.
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The hot-swap serial-inter-
face circuit in Figure 1 allows 

two computers to see all of the com-
munication between each computer 
and each device on the communi-
cation network for that serial port. 
This circuit allows each computer 
to determine what the other is doing 

and receive all of the data from the 
peripheral device. Only one device 
can transmit at a time; otherwise, the 
transmitted data becomes corrupted. 
This circuit allows two computers in 
a hot-swap configuration to know 
when to become the master comput-
er. When the master computer fails, 

the slave computer stops receiving 
the data requests that the master sup-
plies, and the slave then becomes the 
master. This approach allows for com-
puter redundancy in applications in 
which a master computer that is com-
municating with an RS-232 device 
must always be operating. When you 
replace the failed computer, it “hears” 
that a master computer is communi-
cating with the device and operates in 
slave mode while waiting for the cur-
rent master to fail.

This circuit allows two DTE (data-
terminal-equipment) computers to 
use one DCE (data-communications-
equipment) RS-232 peripheral device. 
This device is usually a communica-
tion interface, such as a UHF radio or 
an RS-232-to-RS-485 converter. The 
board requires 9 to 15V dc to operate. 
You must provide this voltage on Pin 9 
of the peripheral RS-232 device.

The transmitted RS-232 signal from 
the peripheral device converts to a 
TTL signal through level converter 
IC2 and feeds into an AND gate. The 
output of this AND gate feeds into two 
inputs of another level converter, IC4. 
These RS-232 outputs travel to the 
input lines (Pin 2) of the two monitor-
ing computers. When one of the com-
puters transmits on Pin 3 of its serial 
port, its output converts to TTL levels 
with IC4. The TTL-converted outputs 
of both computer serial ports feed into 
an AND gate. The default, or off, level 
for a computer serial port is 212V dc. 
The level converter inverts the signal 
as part of the conversion to TTL levels. 
This action makes the default a high 
level going to the AND gate, allow-
ing the data on the other input of the 
AND gate to pass to the output of the 
AND gate.

The output of this AND gate goes 
to the second input of the AND gate 
that receives the output of the periph-
eral device as well as the input into the 
level converter going to the input of 
the peripheral device at Pin 3. This ac-
tion enables the output of one of the 
two computers to return to the com-
puter that transmitted the data as well 
as to the other computer and the pe-
ripheral device.EDN
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Hot-swap circuit allows two computers 
to monitor an RS-232 channel
Jeff Patterson, All Weather Inc, Sacramento, CA
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Figure 1 This hot-swap RS‑232 interface allows two computers to monitor traf-
fic on a computer’s RS‑232 port.
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Expensive semiconductor laser 
diodes have no tolerance for fast 

voltage or current transients. To min-
imize the risk of damage, a standard 
JFET-clamp circuit shorts the laser 
when there is no supply voltage, thus 
protecting it against such transients 
(Figure 1). When the negative sup-
ply rail comes up, the JFET turns off. 

This circuit is effective for low-power 
laser diodes but may not be so for di-
odes with power dissipation greater 
than 150 mA. The maximum cutoff 
current of the JFET sets this limit. If it 
becomes necessary in an emergency to 
clamp the laser during normal opera-
tion, the selected JFET might not ade-
quately shunt the current. Higher-cur-

rent JFETs are available but are more 
expensive and difficult to procure.

The circuit in Figure 2 avoids these 
deficiencies. It is similar to the stan-
dard JFET circuit but has a supple-
mentary bipolar transistor that shunts 
most negative-going currents when 
the JFET is on. R2 prevents the gate of 
Q1 from floating, and R3 ensures rapid 
turn-off of Q2. The 1N914 diode by-
passes any positive-going transients. 
The RC circuit ensures an adequately 
slow response; therefore, the transition 
between on and off is smooth.EDN
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James Zannis, Baulne-en-Brie, France

Figure 1 This circuit protects low-power laser diodes 
but is not suitable for higher-power laser diodes.
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Accurate and stable tempera-
ture control is necessary for ef-

fectively using many thermally sensi-
tive components and sensors, such as 
semiconductor lasers and optical de-
tectors. An industry has grown up in 
response to provide thermal-control 
devices, such as TECs (thermoelec-
tric coolers), temperature sensors, and 
both monolithic and hybrid applica-
tion-specific driver ICs, to facilitate 
the associated designs. This availabil-
ity eases the implementation of high-
performance thermostasis electronics 
with good dynamic behavior, because 
it allows you to assemble feedback 
loops with flexible and sophisticated 
control characteristics—PID (pro-

portional-integral-differential) feed-
back loops, for example—with noth-
ing more than appropriate choices of 
shunt resistance and capacitance. Un-
fortunately, achieving good static sta-
bility is sometimes more difficult be-
cause the thermal properties of a sys-
tem, rather than the electronics, often 
cause limited temperature-control-
loop static stability.

Every thermal-control system in-
curs nonzero thermal impedances in 
the heat-transfer paths between the 
source of heating, cooling, or both. 
These paths include the thermal load, 
which is the object of thermostasis; 
the temperature sensor—the therm-
istor, for example; and the ambient 

temperature. If the ratios of these im-
pedances don’t balance well, which, 
unfortunately, is usually the case, then 
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Precision temperature controller  
has thermal-gradient compensation

Figure 1 This circuit partially cancels the effects of thermal gradients in the load’s thermal impedances. It works by provid-
ing an adjustable positive- or negative-feedback path from the TEC-drive level that couples changes in ambient tempera-
ture into compensating changes in the thermistor setpoint. 
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Engineering labs are usually 
equipped with various power 

supplies, voltmeters, function genera-
tors, and oscilloscopes. One piece of 
equipment missing from many such 
labs, however, is a current source. 
This omission is unfortunate, because 
a current source is useful for creating 
I-V (current-versus-voltage) curves, 
charging and discharging batteries, 
preloading power supplies, and many 
other applications.

The circuit in Figure 1 is an easy-
to-build, easy-to-use, low-cost current 
source. It comprises three sections of 
BCD (binary-coded-decimal) switch-
es, a three-terminal adjustable regu-
lator, a handful of 1%-tolerant resis-
tors, and a National Semiconductor 
(www.national.com) LM317 three-
terminal adjustable regulator. All 
newer National Semiconductor reg-
ulators are of the low-dropout type, 
which is unsuitable for this applica-
tion. The switches short their four 
outputs to a common terminal based 

designideas
even perfect thermostasis of 
the sensor doesn’t equate to 
adequate stability of the load’s 
temperature (Figure 1).

For example, if Z1/Z2 is great-
er than Z3/Z4, where Z is the 
impedance, then rising ambi-
ent temperatures will cause the 
temperature of the load to rise, 
whereas falling ambient tem-
peratures will cool the load. 
By contrast, if Z1/Z2 is less than 
Z3/Z4, then rising ambient tem-
peratures will cause the tem-
perature of the load to fall and 
vice versa (Figure 2). Reduc-
ing the parasitic impedances 
with tighter thermal coupling 
and better insulation can re-
duce but seldom eliminate the 
gradient and magnitude of the error. 

The circuit in Figure 1 provides a 
different solution: an electronic work-
around to at least partially cancel the 
effects of thermal gradients in the im-
pedances. It works by providing an ad-
justable positive- or negative-feedback 
path from the TEC-drive level that 

couples changes in ambient tempera-
ture and, therefore, in TEC drive into 
compensating changes in the thermis-
tor-setpoint temperature. The imple-
mentation in Figure 1 uses a popu-
lar hybrid TEC controller. Two signal 
nodes that track TEC drive, COOL_
LIMIT and HEAT_LIMIT, are inputs 

to an adjustable bridge circuit 
that comprises RT1, RT2, the 
potentiometer, and associat-
ed circuitry. With correct ad-
justment of RT1 and RT2, a test 
determined that the thermis-
tor setpoint must move either 
with or in opposition to ambi-
ent temperature, so that net 
stability of the load results. A 
version of this concept flew 
as part of two tunable-diode 
laser spectrometers in the 
science package of the 1999 
Mars Polar Lander (Refer-
ence 1).EDN

R e fe r e n ce
 May, Randy D, Siamak 
Forouhar, David Crisp, W 

Stephen Woodward, David A Paige, 
Asmin Pathare, and William V Boyn-
ton, “The MVACS tunable diode laser 
spectrometers,” American Geophysi-
cal Union, Journal of Geophysical  
Research, Volume 106 (E8), 2001, 
pg 17,673, www.agu.org/pubs/# 
journals.

Programmable current source 
requires no power supply
John Guy, National Semiconductor, Santa Clara, CA
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on the digit setting of the switch.
The circuit operates as follows: As-

sume that the red terminal in Figure 
1 connects to a 5V power supply and 
that the black terminal connects to 
the power supply’s ground. Assume 
that the middle digit (labeled 10 to 90 
mA) gets set to two and that the other 
two digits get set to zero. The BCD 
switch connects a 62V resistor from 
the LM317’s output to adjust pins. 
The LM317 forces 1.25V across the 
62V resistor, causing 20 mA to flow 
from the output pin through the resis-
tor, and to the black terminal of the 

current source. The circuit maintains 
this regulation provided that the input 
voltage remains 3 to 40V.

To construct the current source, you 
should either use a heat sink for the 
LM317 or build the circuit into a die-
cast aluminum housing, which acts as 
the heat sink. Isolate the LM317 from 
the heat sink using a thermally conduc-
tive isolation pad and a shoulder wash-
er. You determine the resistors’ values 
by starting with the base-resistance 
value, 1.24 kV. Then, simply use par-
allel values to determine the successive 
resistors’ values. For example, two 1.24-

kV resistors in parallel yield 620V, four 
1.24-kV resistors in parallel yield 310V, 
and so on. Using this approach with 
¼W resistors ensures that the highest 
current resistors do not overheat. For 
example, eight 12.4V, ¼W resistors 
yield 1.55V resistance and dissipate 
only 1W with a peak capability of 2W.

The performance of the circuit is 
about 2% accurate. You can achieve 
higher accuracy with hand-selected 
resistors. The output impedance for 
lower currents is more than 1 MV but 
drops to approximately 250 kV at 200 
mA.EDN

In this Design Idea, the total 
time period of an output pulse’s 

width is 16 times the pulse 
width of the input clock. 
The input clock connects 
to a binary counter (Fig-
ure 1). The output of the 
binary counter then goes 
to a decoder. The decoder 
scans the signal such that 
the first output of the de-
coder goes to an invert-
er gate and then to the 
counter. The output of 
the counter then goes to 
one as soon as the signal 
to the counter goes from 
zero to one and then from 
one to zero.

The multiplexer de-
codes the output pulse 
width’s time to be in the 
on state. The first output 
of the demultiplexer sets 
the output of the coun-
ter, and the next outputs 
clear the output of the 
counter. The multiplex-
er, a 14067, selects the 
clearing signal. Upon the 
0th input of the multi-
plexer, the PWM (pulse-
width-modulator) out-

put becomes zero because the setting 
time and clearing time become nearly 

zero. The last input of the multiplex-
er does not connect, so the final input 
selection becomes independent of the 
PWM output. The design uses all the 
intermediate input selections of the 
multiplexer.EDN

Pulse-width modulator  
has digital control
S Vinay Kumar, Mysore, India
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Phase shifters find use in a va-
riety of circuits, but variation 

in amplifier and capacitance toler-
ances usually makes it difficult to con-
trol the exact phase shift that precise 
control circuitry requires. The circuit 
in Figure 1 can control the phase shift 
from input to output by using IC3, an 

AD5227 64-step-up/step-down con-
trol digital potentiometer, to replace 
the value for the resistance. The for-
mula of the center frequency of the 
output is 1/(23p3R3C). Differ-
ent ranges of resistance are available 
for the AD5227. This example uses a 
10‑kV value. By stepping through the 

64 points, the 720‑kHz input sine wave 
rotates several times from 0 to 3608. 
The AD5227 acts as a potentiometer, 
in which A and B are the extremes and 
W is the wiper.

This example uses IC2, a PIC16F84 
microcontroller with a crystal frequen-
cy of 20 MHz. This microcontroller has 
a theoretical potential performance of 
5 MIPS and should serve many pur-
poses in PLL (phase-locked-loop) cir-
cuitry. You could use any microcon-
troller or even an FPGA to control the 
AD5227.EDN
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Microcontroller controls  
analog phase shifter
Nick Ierfino, IGS Technologies, Montreal, PQ, Canada
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Figure 1 A PIC16F84 sets the resistance of the AD5227 digital potentiometer, precisely controlling the phase shift of the 
output with respect to the analog input.

Although the prevailing num-
ber set in electronics is binary, 

human-machine interaction uses a 
decimal-number set. For this reason, 
designs often require the use of ampli-
fiers with gain programmable in steps 
in the power of 10. Currently, Analog 

Devices’ (www.analog.com)AD8253 
monolithic instrumentation amplifier 
is digitally programmable with voltage 
gains of one, 10, 100, and 1000 (Ref-
erence 1). This IC has high band-
width at lower gains, but you inevita-
bly sacrifice this bandwidth when the 

amplifier has a gain of 1000. If your 
application’s demands for bandwidth 
reach the megahertz range at a gain 
of 1000 and if offset and noise perfor-
mance prevail over circuit complexity, 
then a composite amplifier may fill the 
bill (Figure 1).

The composite amplifier is a cascade 
of three Analog Devices’ AD8250 dig-
itally gain-programmable amplifiers 
IC1, IC2, and IC3 (Reference 2). The 
AD8250 is programmable for voltage 
gains of one, two, five, and 10. Because 
the gains of one and 10 are the only 

Composite instrumentation amplifier 
challenges single-chip device  
for bandwidth, offset, and noise
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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ones of interest in this case, the 2-bit 
words corresponding to these two val-
ues of gain are the zero and three in 
binary code, and the two logic pins of 
each of these three ICs connect. The 
AD8250 has a typical bandwidth of 
3.8 MHz and a guaranteed bandwidth 
of 3 MHz at a gain of 10. The net re-
sult is that the bandwidth of the ampli-
fier is 1.9 MHz at a gain of 1000, which 
is more than six times that of the sin-
gle-chip AD8253. The low-frequency 
noise is less than 40% of that of the 
single-chip device.EDN

R e fe r e n ce s
 “AD8253 10 MHz, 20V/ms, G51, 

10, 100, 1000 iCMOS Program-
mable Gain Instrumentation Amplifier,” 
Analog Devices, 2007, www.analog.
com/pr/AD8253.

 “AD8250 10 MHz, 20V/ms, G51, 
2, 5, 10 iCMOS Programmable Gain 
Instrumentation Amplifier,” Analog 
Devices, 2007, www.analog.com/pr/
AD8250.

STEVE   EDN080320DI4230   FIGURE   1

1

A1

A0

G0

1 1
1: HIGH
0: LOW

0

A1

A0

G1

0

A1

A0

G2

A0 A1 G0 G1 G2

0 0 0 0 0
1 0 1 0 0
0 1 1 1 0
1 1 1 1 1

0 1
1

0 0
0 1

100 nF

0V

IC5
SN74AHC1G08

IC4
SN74AHC1G32

5

5 OR
3.3V

OUT

4
1

2

3

A0

A1

G2
G0

G1

5

�15V

4
1

LOGIC
INPUTS 2

3

100 nF DGND

100 nF
15V

4

8

5
7

2
9

6
3

10

1

IN

�IN

�

�

VREF
WR

A1
A0

4

8

5
7

2
9

6
3

10

1
4

8

5
7

2
9

6
3

10

1

�

�

VREF
WR

A1
A0

�

�

VREF
WR

A1
A0

IC3
AD8250

IC2
AD8250

IC1
AD8250

Figure 1 Although comprising five IC packages, this digitally gain-program-
mable instrumentation amplifier reaches a typical bandwidth of 1.9 MHz at a 
gain of 1000 and thus covers the megahertz range at any of the programmable 
gains of one, 10, 100, and 1000.

1

2



The advent of instrumenta-
tion amplifiers with digital gain 

switching offers obvious advantages, 
such as board-space saving, higher re-
liability because of fewer solder joints, 
and lower total cost. These valuable 
features stem from the fact that the 
gain-setting networks are integral 
parts of the monolithic ICs. This fea-
ture makes these IC amplifiers much 
less sensitive to stray electromagnetic 
fields because the area of internal resis-
tors is a negligible fraction of the pre-
viously used discrete gain-setting resis-

tors. Moreover, the value of the rela-
tive permittivity of the plastic package 
and that of the silicon chip are higher 
than that of the air. As a consequence, 
the field strength of the electrical com-
ponent of any stray field penetrating 
into the chip is lower than that in the 
surroundings.

Because the gain-setting circuitry is 
inaccessible directly, a digitally gain-
programmable amplifier is a black box. 
However, the simple fixture in Figure 
1 can help to evaluate some of the stat-
ic characteristics of these ICs. The fix-

ture comprises Analog Devices’ (www.
analog.com) 10V REF01 voltage-refer-
ence cell, IC1, the elderly but still ex-
cellent industry standard, and a high-
precision fixed resistive divider. These 
components provide a millivolt-range 
output voltage.

Multiplying the ratio of the resistive 
divider by the maximum voltage gain of 
the tested programmable-gain amplifier 
should give a value of one. The circuit 
uses tablet-type film resistors having 
tolerances of 0.1% maximum, yielding 
a voltage of 10.02 mV at the output of 
the divider. The two gain-setting logic 
inputs of the DUT (device under test), 
an Analog Devices AD8253, connect 
to short-stranded conductors, which 
gold-plated pins terminate. Resistors 
RF1 and RF2 force the logic level at gain-
programming inputs A0 and A1 to be 
low when you disconnect these pins. 
To set a high level on either or both 
pins, insert them into the gold-plated 
counterparts. Two such counterparts 
interconnect mechanically and elec-
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Simple fixture statically tests 
programmable-gain amplifiers

Figure 1 Comprising a handful of components, this circuit allows you to per-
form your own, independent testing of basic static properties of digitally gain-
programmable amplifiers.
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The circuit in this Design Idea 
controls the inbound and out-

bound traffic of cars in a parking lot. 
This project uses National Instruments 
(www.ni.com) LabView as the main 
programming tool and a PC’s parallel 

port for I/O. Basically, the cir-
cuit uses the PC’s status port, 
379h, as an input for sensors, 
which a relay isolates to pre-
vent damage on the PC (Fig-
ure 1). At the data port, 378h, 
the D0 bit controls a door, D1 
is a stop signal, D2 is the go sig-
nal, and D3 is an indicator of 
when the parking lot reaches 
its limit. All the signals drive 
PN2222A transistors having 
an external power supply—in 
this case, the PC’s power sup-
ply. In this way, you can use 
relays as loads and control ac 
voltage for the traffic lights 
and door motor. The transis-
tor, which D0 drives, controls 
a DPDT (double-pole/double-
throw) relay to invert the mo-
tor’s polarity.

Figure 2 shows the LabView 
diagrammatic program for con-
trolling the parking lot. The 
VI (virtual instrument) in Fig-
ure 3a changes the inputs to a 
low state because all inputs are 
high by default inside the sta-
tus register. All inputs have a 
low state when you do not ac-

designideas

trically and remain at the VS potential. 
The DUT uses all permutations of the 
binary values at A0 and A1 logic (Ref-
erence 1). The corresponding voltage 
gains are one, 10, 100, and 1000.

The evaluation procedure involves 
measuring the output voltage of the 
DUT with resistor R1 both connecting 
to and disconnecting from the output of 
IC1. Thus, you obtain an output voltage 
of the gain times 10.02 mV and 0V for 
all voltage gains. The 0V output volt-
age has a nonzero value because of the 
input-voltage offset; this voltage might 
seem high at first glance. However, any 
fraction of a millivolt of the input-volt-

age offset times a gain of 1000 yields a 
fraction of a volt at the output.

When you calculate the differences 
of the 10.02-mV and 0V output volt-
ages for the respective values of gain, 
you get a pleasant surprise: These val-
ues differ from the ideal values of 10.02 
mV times the gain by less than 0.05%. 
Using this test, you can confirm the 
precision of the laser-trimmed gain 
settings. The relatively low value of 
R2 ensures that the additional input-
offset error arising from input bias cur-
rent of the DUT has a value of less 
than 3 mV, whereas the typical value 
is 0.5 mV. Because proper grounding 

is an absolute necessity when deal-
ing with tens-of-millivolts scale and 
high-voltage gains, you must connect 
supply grounds, digital ground, and 
other rough grounds with the fine sig-
nal grounds in one common junction. 
Figure 1 illustrates this approach by 
using unusual slanted lines for ground-
ing leads.EDN

R e fe r e n ce
 “AD8253 10 MHz, 20V/ms, G51, 

10, 100, 1000 iCMOS Program-
mable Gain Instrumentation Amplifier,” 
Analog Devices, www.analog.com/pr/
AD8253.

Control system uses  
LabView and a PC’s parallel port
Carlos Alberto Aguilar Sández, Centro de Estudios Superiores del Estado 
de Sonora, Unidad sede San Luis Rio Colorado, Sonora, Mexico
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Figure 2 This LabView VI (virtual instrument) controls the operation of a parking lot.
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Figure 1 presents a Design Idea 
for a USB-based data-acquisi-

tion system that uses a serial ADC em-
ploying general-purpose components, 
such as D flip-flops, a binary counter, 
and a shift register. Using the DLP-
USB245M FIFO-to-USB-convert-
er module from DLP Design (www. 
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tivate the sensors. The VI in Figure 3b 
determines a limit for the parking lot, 
allowing incrementing and decrement-
ing the number of cars parked. This VI 
also drives a user-oriented display and 
the shift-register connectors, feedback 
and iteration, on a “while” loop. The 
VI in Figure 3c works as a latch-on-re-
lease circuit; it generates a pulse upon 
an iteration when the circuit releases 
the high state on any of the input sig-
nals. The VI in Figure 3d works as a 
flip-flop. The VI in Figure 4 allows 
switching from automatic to manual 
mode. Feedback and iteration termi-
nals connect to shift registers, so the 
latches and the flip-flops inside the VI 
work correctly.EDN
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General-purpose components 
implement USB-based  
data-acquisition system
V Gopalakrishnan,  
Indira Gandhi Centre for Atomic Research, Kalpakkam, India
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Sensors, electrostatic traps, 
and other applications require 

regulated, high-voltage power sup-
plies that deliver modest amounts of 

output current. Simplicity, low qui-
escent current, and compactness are 
desirable in such supplies. The cir-
cuit of Figure 1 meets these require-
ments, and its magnetically isolated 
output allows you to configure a posi-
tive, negative, or floating output. A 
separate winding that generates a 
feedback voltage proportional to the 
output voltage, but lower, enables the 
floating output. This arrangement 
eliminates the need for high-value re-
sistors in a resistive-feedback divider, 
which the circuit would otherwise re-
quire for direct sampling of the high-
voltage output. This low-voltage di-
vider contains resistors with much 
lower values, which dissipate much 
less power.

The MAX1605 IC from Maxim 
(www.maxim-ic.com) contains the 
necessary switching regulator, modula-
tor, error amplifier, and power switches 
(Reference 1). It drives the primary of 
a toroidal transformer that includes a 
feedback secondary and several output 
windings. With the component values 
in the figure, the circuit can generate 
500V (figures 2 and 3). You can vary 
the output voltage 630% by adjust-

designideas

dlpdesign.com), you can communicate 
with the peripheral device through the 
USB port of a host computer. You can 
write your own program to read and 
write the data through this module or 
simply download free test-application 
software available from DLP’s Web 
site. Additionally, you could download 
National Instruments’ (www.ni.com) 
LabView serial-read and-write VIs (vir-
tual instruments).

Writing a dummy block of data from 
the host computer to the buffer of the 
DLP‑USB245M generates a spike at 
the module’s RXF pin, which triggers 
the D flip-flop, FF2 of the 74LS74. The 
flip-flop’s Q2 pin initiates the conver-
sion cycle of the MAX187 serial ADC 
from Maxim (www.maxim-ic.com) by 
pulling down its chip-select pin. The 
ADC’s end-of-conversion cycle causes 
a low-to-high transition from its DOUT 
pin, which triggers the other D flip-

flop, FF1 of the 74LS74, to generate a 
gating pulse, Q1, for the serial-clock 
pulses that read the data from the same 
DOUT pin of the ADC. The 74LS90 bi-
nary counter counts the serial-clock 
pulses. When the count reaches nine, 
the counter resets the gating pulse for 
the serial clock and pushes back the 
chip-select signal to a high level by re-
setting both FF1 and FF2, ending the 
ADC’s acquisition cycle.

The system acquires the data at the 
falling edge of the MAX187’s SCLK 

pin and shifts it into the 74LS164 seri-
al-to-parallel shift register at the rising 
edge of the next SCLK. The MAX187 
needs nine serial-clock pulses to shift 
valid 8-bit data. This circuit uses only 
8 bits of the 12-bit ADC. If the circuit 
requires all 12 bits, then you must con-
nect all NAND gates at the appropri-
ate outputs of the binary counter to 
generate a reset signal by its 13th clock 
pulse, and you must make the shift reg-
ister larger.

The serial data from the ADC con-
verts to parallel data in the serial-to-
parallel shift register; a WR (write) 
signal to the DLP-USB245M then 
transfers this data to the PC. This ac-
tion is a complement of the CS signal 
from Q2 of the 74LS74. The DLP-US-
B245M’s RXF pin generates a trigger 
to initiate the conversion cycle and 
clears the previous data of the shift 
register.EDN

Small, simple, high-voltage supply 
features single IC
Alfredo H Saab and Tina Alikahi,  
Maxim Integrated Products, Sunnyvale, CA
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You can write your 
own program  
to read and write 
the data through 
this module.
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Digital potentiometers, such as 
Analog Devices’ (www.analog.

com) AD5160, make excellent digital-
ly controlled voltage dividers in appli-
cations in which 8-bit resolution is ac-
ceptable. This Design Idea shows how 
to use a CMOS DAC as a voltage di-
vider in applications requiring higher 
resolution.

Millions of CMOS R2R (resis-
tor/two-resistor)-ladder DACs have 
found use in attenuator applications 
in which an external op amp acting as 
a current-to-voltage converter forces 
one current-output terminal to a vir-
tual ground. The reference input to the 
DAC can be ac or dc as long as the op 
amp can produce the desired output 
voltage. A phase inversion is normal 
between input and output, so the cir-
cuit requires dual power supplies.

Figure 1 shows a way to rewire this 
simple circuit to avoid the phase inver-

sion and to operate with a single sup-
ply. In this configuration, the DAC 
acts as a digitally programmable resis-
tor, and the DAC’s code changes the 
effective resistance between the input 
voltage and the IOUT1 output-current 
terminal of the DAC. Figure 2 shows 
a practical implementation using one-

half of an Analog Devices AD5415 
dual 12-bit current-output DAC oper-
ating as a voltage divider. This figure 
omits the DAC’s control lines for clar-
ity. Op amp A1 forces the voltage on 
the IOUT2A output-current terminal to 
follow the voltage on the IOUT1A out-
put-current terminal. This approach 
prevents a voltage differential from de-
veloping between these two bus lines, 
which would result in the application 
of different gate-source voltages across 
the internal DAC switches and a dete-
rioration in the DAC linearity.

designideas

ing the ratio of the resistive-feedback 
divider. You can also increase or de-
crease the output voltage in steps by 
adding or removing the rectifier/ca-
pacitor/output-winding modules. The 
BAV21 is a high-voltage, low-reverse-
current, general-purpose diode.

As with all switching converters, EMI 

(electromagnetic interference) and cir-
cuit parasitics can present problems. 
The circuit needs careful PCB (print-
ed-circuit-board) layout, along with fil-
tering, decoupling, and shielding. The 
high-voltage output has approximately 
1% ripple. You can add an RC or an 
LC filter in series with the output to 

achieve lower output ripple.EDN

R e fe r e n ce
 “30V Internal Switch LCD Bias 

Supply,” MAX1605 data sheet, 
Maxim, October 2003, http://
datasheets.maxim-ic.com/en/ds/
MAX1605.pdf.

CMOS DACs act as  
digitally controlled voltage dividers
John Wynne and Liam Riordan, Analog Devices, Limerick, Ireland
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Figure 3 The graph shows output voltage and input current 
versus load current.
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Figure 1 This simple circuit avoids a phase inversion and operates with a 
single supply. In this configuration, the DAC acts as a digitally programmable 
resistor.
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Wire the split-feedback 
resistors, RFB and R1, to 
produce a composite-feed-
back resistor equal in value 
to the DAC’s ladder imped-
ance, R. For this arrange-
ment the circuit-transfer 
function is VOUT/VIN5(R)/
(REFF1R), where REFF is the 
effective DAC resistance 
that is under digital con-
trol. Its value is R(2n)/N, 
where n is the resolution 
of the DAC and N is the 
binary equivalent of the 
digital-input code. Sub-
stituting the second equa-
tion into the first and assuming zero 
DAC gain error, the circuit-transfer 
function for a 12-bit DAC reduces to 
VOUT/VIN51/(114096/N). With all 
switches off, the effective impedance 
between the reference voltage and the 
IOUT1A terminal is infinite, so the out-
put voltage starts at 0V when you load 
zeros into the DAC. The output volt-
age increases linearly with increasing 

code, ideally to approximately half 
the input with all ones applied to the 
DAC.

The threshold voltage of the DAC’s 
internal N-channel-CMOS switches 
limits the maximum value of the out-
put voltage, so not all configurations 
can achieve the full code range. The 
switch-gate voltage remains at the VDD 
voltage, and the switch-source volt-

age rises with the voltage on  
IOUT1A. As this voltage in-
creases, the on-resistance of 
the switches becomes large 
and indeterminate, leading 
to a flattening of the output 
voltage and the cessation of 
the circuit as a predictable 
voltage divider. For proper 
operation, the VDD voltage 
must be a few volts higher 
than the maximum output 
voltage—that is, half the 
input voltage. Otherwise, 
the input voltage must be 
less than two times the VDD 
voltage minus 3V. With a 

VDD voltage of 5V, the AD5415 oper-
ates linearly to approximately a 3.33V 
output but then flattens. If a wider 
output-voltage range is necessary, you 
could use Analog Devices’ AD7541A, 
which uses a 15V power supply, in 
place of the AD5415. This substitu-
tion extends the usable output-signal 
range to approximately 7V.EDN
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Figure 1 uses one-half of a 12-bit-current-output AD5415 
dual DAC that operates as a voltage divider.



In many applications, the fre-
quency-conversion steps com-

prise a buffer, preferably with some 
extra voltage gain; a mixer; and some 
filtering. Instead of including an am-
plifier in front of the mixer, you can 
easily integrate the mixer function 
with the amplifier. A low-cost imple-
mentation uses an amplifier with a 
power-down-disable feature. When a 
square-wave local oscillator drives the 
disable pin, a square wave at the oscil-
lator’s frequency multiplies the input 
signal, and frequency conversion takes 
place.

The circuit in Figure 1 uses an An-
alog Devices (www.analog.com) low-
cost, 300-MHz, rail-to-rail AD8063 
amplifier. The test circuit comprises 
a noninverting-op-amp circuit, which 
drives a load of 4 kV. The two resistors 
in the feedback loop regulate the volt-
age-conversion gain. In the test cir-
cuit, the voltage gain is 20 dB. How-

ever, you must consider the switching 
loss, which is about 10 dB when using 
an ideal switch and a 50%-duty-cycle 
clock. This scenario results in a 10-dB 
voltage-conversion gain.

Because the switching interrupts 
the power-supply current, the device’s 
turn-on and turn-off times have a non-
negligible influence on conversion 
gain and nonlinearities. The AD8063’s 
turn-on time, at 40 nsec, is less than 
the turn-off time of 300 nsec. In these 
cases, more signal power passes to the 
output, which results in an increase 
in voltage-conversion gain. Figure 2 
shows the voltage-conversion gain of 
the test circuit when downconverting 
an input signal to 12 kHz with a local-
oscillator duty cycle of 50%. You can 
easily adjust this conversion gain by 
changing the two resistors in the feed-
back loop.

Another aspect of a mixer’s ac per-
formance is distortion. The test circuit 

maintains a second-order harmonic 
distortion of 35 dB and a third-order 
harmonic distortion of 43 dB when 
mixing a 5-MHz signal to a 12-kHz, 
1V-p-p output signal. The circuit 
can downconvert two sine waves of 
identical power at 5 and 5.002 MHz 
to 12 and 14 kHz, respectively, with 
an intermodulation distortion of  
47 dB.EDN
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readerS SOLVE DESIGN PROBLEMS

Edited By Martin Rowe  
and Fran Granville
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Low-cost circuit incorporates  
mixing and amplifying functions 

Figure 1 This circuit integrates the mixer function 
with a noninverting amplifier. The two resistors in 
the feedback loop set the voltage-conversion gain.
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Figure 2 This graph shows the voltage-conversion gain of the 
test circuit when downconverting an input signal to 12 kHz with a 
local-oscillator duty cycle of 50%. You can easily adjust this con-
version gain by changing the two resistors in the feedback loop.
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Power-cycle testing is important 
because it tests the user environ-

ment. A poorly designed system board 
or chip can cause the power-cycle test-
ing to fail, however. What’s more, the 
power-cycle-test setup for system-board 
bench testing could require the use of a 
bulky and expensive commercial power 
supply. The situation gets worse when 
you need to simultaneously test several 
system boards.

This Design Idea describes a simple 
and inexpensive power-cycle circuit 
using just a few components (Fig-
ure 1). The power-supply input volt-
age is a dc supply from an inexpen-
sive switching-power-supply adapter. 
This type of power adapter normally 
provides power for the system board. 
The circuit uses a 12V supply. You 
plug the power jack of the power unit 

into power socket J1. The output volt-
age of this circuit from socket J2 then 
connects to the system board to per-
form the power cycling. The 12V sup-
ply passes through resistors R5 and 
R6, which limit the current flowing 
through relay switches S1 and S2.

During start-up, the contact of relay 
S2 is normally closed, allowing the 
12V supply coming from R6 to pass to 

resistors R1 and R2 and charge up ca-
pacitor C1. Resistor R8 in series with 
transistor Q2 increases the charging 
and discharging duration of capacitor 
C1. Transistor Q2 turns on once capac-
itor C1 charges toward 2V. This action 
impresses approximately 0.7V across 
the base-emitter voltage of transistor 
Q2, which turns on Q2. When transis-
tor Q2 turns on, it provides a low-resis-
tance path for the coil of S2 and thus 
energizes the relay, causing S2’s con-
tact, 2B, to close.

When this scenario occurs, the 12V 
power supply switches its path to con-
tact 2B and enables the optocoupler’s 
diode to conduct, turning on its inter-
nal transistor. The optocoupler then 
drives transistor Q1. When Q1 turns 
on, it provides a path for the coil of 
S1, which energizes and thus connects 
the 12V supply to the output voltage. 
The circuit connects the output volt-
age to the power supply of the system 
board, thus powering up the board. 

designideas

Tester cycles system-power supplies
Goh Ban Hok, Infineon Technologies Asia Pacific Ltd, Singapore



Safety fuses or fusible links see 
wide use in modern electron-

ic equipment to protect the load and 
the power supply—especially batter-
ies—against short circuits and exces-
sive load current. Fuses are inexpensive 
and simple, and a wide range of parts is 
available. However, you must replace 
them when they blow, and, when they 
do, you need an indicating circuit that 
warns you about its failure, especially 
when the fuse body is ceramic or sand-
filled for improved protection against 
arcing.

The circuit in Figure 1 signals that 
a fuse has blown. Input voltage rang-
es from 4 to 30V dc. The input range 
of the 78L05 voltage regulator deter-
mines the high limit; the lower one is 
less than the input range of the voltage 
regulator, but 4V dc is sufficient for the 
indicator to operate.

When fuse F1 is in good order, diode 

D1 is forward-biased, but its forward 
voltage is insufficient to bias forward-
flashing diode D2 and the Q1’s base-
emitter junction. The self-driven  
HCM1206X buzzer is off, and the flash-
ing diode does not flash. So, the alarm 

circuit is in standby mode. When F1 
blows, it no longer bridges the base-
emitter-flashing-LED network. The 
1-kV resistor forward biases D2 and 
Q1’s base-emitter junction, forcing 
the buzzer to sound at a low frequency 
equal to the flashing frequency of D2. 
During circuit operation, the 0.1-mF 
capacitor eliminates the buzzer’s “tin-
kling” when the flashing LED is in the 
off state.EDN

Simple blown-fuse indicator 
sounds an alarm
Vladimir Oleynik, Moscow, Russia



This Design Idea 
describes a simple 
and inexpensive 
power-cycle  
circuit using just  
a few components.

Figure 1 When fuse F1 blows, the transistor biases on, sounding the buzzer 
and powering D2.
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A certain type of cordless opti-
cal computer mouse operates on 

two AA alkaline cells. It has no power 
on/off switch. When not in use, it auto-
matically reduces power consumption 
by switching its light source on and off 
at a low duty cycle. Nevertheless, this 
function unnecessarily drains the bat-
tery, and it is annoying to often find 
the device inoperable. The solution to 
the problem is to add a battery switch 
that automatically disconnects the bat-
tery after a preset time. This approach 
requires no disassembly or other kind 
of tampering. This Design Idea de-
scribes two distinct implementations 
of a touch-activated timer switch that 
you can add to many battery-operated 

gadgets that you might inadvertently 
leave on.

The circuit in Figure 1 illustrates an 
analog implementation of the switch. 
Figures 2 and 3 show digital imple-
mentations. The idea is to insert a 30-

mil-wide strip of dual-sided PCB (print-
ed-circuit board) between the nega-
tive pole of the battery and the spring 
contact of the battery holder (Item A 
in the figures). Q3 is a low-threshold 
MOS transistor that connects between 
the two sides of the strip and serves as 
the switching element (Figure 1). C1 
is a 0603 X7R ceramic-chip capaci-
tor, and R1 is a 0603 chip resistor. You 
mount Q3 and all associated compo-
nents near the upper edge of Item A. 
You insert a narrow strip of thin brass, 
Item B, in series with the positive pole 
of the second cell. You connect it to 
the circuit with a piece of thin, flexible 
wire. Touch contacts C and D comprise 
short strips of self-adhesive copper tape 
that you attach outside the battery 
compartment. Thin and flexible wires 
connect C and D to the circuit.

Q1, Q2, and C1 form a monostable 
flip-flop. When the switch is off, C1 

designideas

The system board remains powered up 
for approximately 45 sec. During the 
on time, capacitor C1 discharges slow-
ly through R2, Q2, and R8. C1 turns off 
transistor Q2 once the voltage across 

the base of the transistor is below the 
transistor’s turn-on voltage. Then, con-
tact 2B connects to contact 2A, and the 
cycle repeats.

The off time for this circuit should 

be approximately 17 sec. Freewheel-
ing diodes D1 and D2 reduce the large 
transient voltages that occur when the 
currents through the relay coils change 
quickly.EDN

Touch-activated timer switch  
extends battery life
Israel Schleicher, Prescott Valley, AZ

Figure 1 This simple and inexpensive power-cycle circuit uses just a few components.
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This Design Idea 
describes a touch-
activated timer 
switch that you 
can add to many 
battery-operated 
gadgets.
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does not charge, and both Q1 and Q2 
are off. When you momentarily touch 
both C and D with bare fingers, cur-
rent through your hand charges C1 
to the threshold level of Q2. Both 
Q2 and Q1 turn on, discharging C1 
through Q1 and your conductive fin-
gers. The voltage level at the gate of 
Q2 is then close to the battery volt-
age. After you remove your fingers, 
the leakage through the internal gate 
protection of Q2—the zener diode in 
the figures—causes the voltage at the 
gate of Q2 to slowly drift lower until it 
reaches the threshold level of approxi-
mately 1.3V. Q2 exits conduction and, 
with Q1, causes a regenerative action 
to quickly turn off Q3.

The switch remains off until you 
again touch C and D. Item E is an op-
tional contact similar to C and D. If 
you touch E and D, the switch turns 
off. Using a value of 0.01 mF for C1, 
you obtain a delay of approximately 
one hour. Because the gate leakage is 
on the order of a few picoamperes, you 
must clean the circuit with a flux sol-
vent and then coat it with a drop of 
wax or epoxy resin.

In some cases, you might want to be 
able to adjust the timing of the switch. 
The circuit in Figure 2 provides that 
option. It uses a tiny microcontroller in 
an SOT-23 package. Listing 1, which is 
available in the Web version of this De-
sign Idea at www.edn.com/080710di1, 
contains the touch-activated timer 
switch. Items A, B, C, and D are the 
same as those in Figure 1. When the 
switch is off, the PIC10F200T micro-
controller is in sleep mode and con-
sumes practically no power. When you 
simultaneously touch contacts C and 
D, the level at Pin 1 of IC1 goes high, 
and the microcontroller starts to tally 
the time that Pin 1 remains high. After 
0.5 sec, the buzzer sounds a short beep. 
The buzzer then sounds two, three, and 
four fast beeps in 0.5-sec intervals. By 
immediately releasing contacts C and 
D after hearing any number of beeps, 
you can set the switch for 30 seconds, 
30 minutes, four hours, and eight hours 
of operation, respectively. The choic-
es of operating times are arbitrary; you 
can modify the code in Listing 1 to 
whatever fits your application. Jump-

C
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Figure 1 In parallel with the cells of a battery-powered device, this analog circuit 
disconnects the battery after a delay. Touching contacts C and D with a finger 
turns on the switch, connecting the cells to the load. The components fit inside 
the battery compartment.
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er switch J1 is optional. If you leave it 
open, touching C and D turns it off. 
Short-circuiting J1 disables this option, 
and the switch will turn off only at  
the end of the programmed time. As 
is the case with the analog implemen-
tation, you mount all components ex-
cept the buzzer at the edge of Item A. 
The buzzer is a small piezoelectric el-
ement with a resonant frequency of 4 
kHz and can easily fit inside the battery 
compartment.

In some cases, you may not have 
access to the negative contact of the 
battery holder. The circuit in Figure 
3 addresses this situation. It is essen-
tially the same as the circuit in Figure 
2, except that you place Item A in se-
ries with the positive pole and attach 
B to the negative pole of the battery. 
A P-channel MOS transistor acts as 
a switch, and you modify the micro-
controller’s program to provide a low 
level to drive Q1. A comment in List-
ing 1 indicates the proper line of code 
for the options in either Figure 2 or 
Figure 3.EDN
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Piezoelectric transducers find 
use in NDE (nondestructive-

evaluation) applications. The PVDF 
(polyvinylidene-fluoride) transducer 
has many advantages, including a wide 
bandwidth and high sensitivity. These 
transducers require high-voltage and 
wide-bandwidth amplifiers. The basis 
of the circuit in Figure 1 is an earlier 
Design Idea (Reference 1). The op-
eration of the circuits is basically the 
same, but this one can drive a 2.3-nF 
capacitive load at frequencies as high 
as 500 kHz.

In this circuit, an LM7171 op amp 
from National Semiconductor (www.
national.com) replaces the LF411, also 

from National Semiconductor, of the 
earlier design. The LM7171 op amp has 
a unity-gain bandwidth of 200 MHz. 
To further improve the bandwidth, 
this design’s mirror circuit uses lower-
value resistors to increase the current 
in the transistors, thus increasing the 
bias current and the power dissipa-
tion of Q3 and Q4. To improve thermal 
stability, this design adds resistors R16 
and R17, and, to increase the current to 
drive the transducer’s capacitive load, 
this design adds a current driver to the 
circuit’s output. VCC and VEE are 15 and 
215V, respectively, and VH1

 and VH2
 

are a maximum of 150 and 2150V, re-
spectively.EDN

R e fe r e n ce
Duggal, Bipin, “High-voltage ampli-

fier drives piezo tubes,” EDN, Dec 7, 
2004, pg 100, www.edn.com/article/
CA484492.
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Edited By martin rowe  
and Fran Granville

designideas
High-voltage, high-frequency 
amplifier drives piezoelectric  
PVDF transducer

Figure 1 This high-frequency, high-voltage amplifier can drive the capacitive load from a PVDF (polyvinylidene-fluoride) 
piezoelectric transducer.
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While recently designing an au-
tomatic test station employing a 

microcontroller, I faced a nonstandard 
task: Detect the presence or the ab-
sence of output pulses in the DUT (de-
vice under test). You might think this 
task is easy to accomplish by connect-
ing an LED to the DUT output. The 
blinking LED provides evidence of the 
pulse’s presence. That approach would 
work if that test were the only one 
you needed to perform. In this station, 
however, the pulse test is just one of 
more than a dozen tests and measure-
ments. The test station should display 

the final result—pass or fail—only after 
completing all the tests. So, it should 
represent the result of each test in bina-
ry format—that is, yes for pass or no for 
fail. This Design Idea describes a simple 
way of solving this problem.

The pulses for detection enter the 
IRQ (interrupt-request) pin of the 
Freescale (www.freescale.com) MC
68­HRC908JK1 microcontroller (Fig-
ure 1). Each pulse period is 500 msec, 
causing an external interrupt. At least 
three interrupts should occur within 2 
seconds. The program waits for 2 sec-
onds, and, if no external interrupts 

occur during that time, it declares that 
the pulse test has failed. The red LED 
on the PB1 pin then switches on, and 
the test stops. Otherwise, after three 
interrupts, the program starts the next 
test. To evaluate the pulse test sepa-
rately from the rest of the tests, this 
demo program ends in an indefinite 
loop instead of starting the next test. 
When the green LED on the PB0 pin 
lights up, it indicates that the pulse 
test has successfully completed. The 
LEDs work with built-in current-limit-
ing resistors, such as W934GD5V and 
W934ID5V devices from Kingbright 
(www.kingbright.com).

This design uses the low-end, 8-bit 
MC68HRC908JK1 microcontroller 
because of its low cost and ability to 
have 10 8-bit ADC channels. You can 
find Listing 1, the firmware-assembly 
code for the device, at the Web ver-
sion of this Design Idea at www.edn.
com/080724di1. You calculate the 
time delay for the oscillation frequen-
cy at approximately 4 MHz, which a 
20-kV resistor and a 10-pF capacitor 
determine. This approach is applicable 
to any type of microcontroller because 
it uses standard assembly instructions. 
You need to recalculate the time delay 
only in case of different oscillation fre-
quencies.EDN
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You can fulfill a requirement for 
sampling the difference of two 

signals in two classic ways. You can 
subtract the two input signals with an 
instrumentation amplifier whose out-
put connects to an input of a classic 
sample-and-hold amplifier. Despite 
the positive feature of needing no ex-
ternal resistors for a gain-of-one differ-
encing instrumentation amplifier, this 
approach suffers from high relative 
output distortion when the inputs are 
of the same polarity and close in mag-
nitude. In such a case, the difference of 
two input signals is close to 0V, and the 

amplifier is therefore more vulnerable 
to residual dynamic imperfections of 
the sample-and-hold amp. The other 
approach is to separately sample the 
two input voltages in two sample-and-
hold amps and subtract the outputs of 
these amps in an instrumentation amp. 
Here, the relative error of output signal 
with similar input waveforms is lower 
than in the first approach.

If you like all-in-one solutions, you 
can use the circuit configuration in 
Figure 1. This circuit simultaneously 
tracks both input voltages, VINA and 
VINB, at an active-high level of the in-

ternal logic-control signal, which en-
ables the A1, B1, and A2 voltage follow-
ers. VINA thus appears on capacitor C2, 
which is ground-referenced. Capacitor 
C1, which is temporarily grounded at 
its upper node, Pin 9 of IC1, tracks the 
VINB voltage. After a settling interval 
when all of the internal logic-control 
signals go inactive low, the QSB logic-
control signal goes high. The voltage 
of VC2(TS)5VINA(TS) shifts the po-
tential at the lower node of capaci-
tor C1 because of the enabled B3 fol-
lower. Upon the sample command, QS 
is high, and the upper node of C1 is 
grounded within the tracking interval. 
Storage capacitor C3 therefore charges 
through the B2 follower to a voltage of 
VC2(TS)2VC1(TS)5VINA(TS)2VINB 
(TS). The A3 follower serves as an im-
pedance converter.

designideas

Sample-and-hold amplifier holds 
the difference of two inputs
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Microcontroller detects pulses
Abel Raynus, Armatron International, Malden, MA
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The voltage gains of both the A and 
the B channels are slightly lower than 
ideal. This slight gain decrease has ap-
proximately the same value for both 
channels: dGAINA5dGAINB;(COUTB1/
C1). The equality of gain decrements 
on both channels stems from the fact 
that the upper node of the storage ca-
pacitor, C1, connects at the instant that 
QSB goes high to the output capacitor, 
COUTB1, of the disabled follower, B1. Fol-
lower B1 always discharges to 0V with-
in the tracking interval without regard 
to the voltages at the A and B inputs. 
For Analog Devices’ (www.analog. 
com) AD8592 op amps, the output ca-
pacitance, COUT, in the disabled state is 
approximately 26.2 pF.

Note, however, that if VINA and VINB 
are of opposite polarity and of equal 
magnitude, almost reaching the value 
of VS/2, the output voltage approach-

es either the positive- or 
the negative-supply rail. 
In this case, the relative 
output error is about twice 
that given in the previous 
equation. The op amps’ ca-
pacitance rises as the out-
put voltage approaches any 
of the supply rails, reaching 
the value of 55 pF. This in-
creasing output capaci-
tance arises from one of 
the complementary power 
transistors in the AD8592’s 
output stage as its drain-to-
source voltage approaches 
0V at the output voltage 
close to the positive-supply 
rail. The increasing drain-
to-source capacitance with 
decreasing drain-to-source 
voltage is an inherent 
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Figure 1 The basis for the operation of this circuit is the simultane-
ous tracking of the VINA and VINB input voltages on capacitors C1 and 
C2 and a stacking of these capacitors within the sample interval on 
capacitor C3.
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Figure 2 The bottom waveform shows that, at the 
upper node of capacitor C1, 0V appears within 
the tracking interval, and it rises to the value of 
a difference between both input voltages within 
the get-ready interval when QSB is high. The dif-
ference of input voltages of VINA(TS)2VINB(TS) 
resides within the store interval when QS is high.
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In some applications of capaci-
tive sensors, the instrument’s 

front end must be small enough to fit 
into a narrow space. Figure 1 shows a 
precision capacitive-sensor interface 
for such use. The square-wave out-
put from a low-voltage 555 timer, IC1, 
constantly triggers the precision one-

shot, IC2, to produce quasistable out-
puts for time periods T1 and T2, which 
are proportional to external timing 
capacitance: T15KR0(CS1C0), and 
T25KR0CS, where K is the multiplier 
factor. K is nearly independent of the 
external timing capacitance when that 
capacitance is more than 100 pF (Ref-

erence 1). So, a 150-pF capacitor, C0, 
in shunt with the capacitive sensor, 
CS, supplies an offset so that operation 
of the one-shot remains within a lin-
ear range even if the value of CS is less 
than 100 pF.

To achieve good measurement accu-
racy, connect a reference channel with 
a fixed 150-pF capacitor. This method 
cancels the effects of both stray ca-
pacitance and transition time. A sin-
gle 3.3V supply powers this interface 
circuit. The circuit’s compact design 
permits flexibility, and you can easily 

designideas

property of MOSFET transistors. The 
same situation holds true for the bot-
tom power transistor of the AD8592’s 
output stage, when the output voltage 
approaches the negative-supply rail.

The turn-on time of the AD8592 is 
much longer than the turn-off time. 
Although the device’s data sheet does 
not directly specify these times, you can 
see from the internal structure of the IC 
that the on/off control enters almost all 
of the IC’s stages (Reference 1). Thus, 
turn-off is fast because the turn-off of 
the output stage occurs without regard 
for the states of the preceding stages. 

Within one period of operation of the 
circuit in Figure 1, a sequence of two 
turn-ons (TON) plus four intentional-
ly added delays (TDE) determines the 
shortest sampling period: TMIN;TONB31
4TDE1TONA1B1A2. Here, TONA1B1A2 is the 
largest from among the values of turn-
on times of followers A1, B1, and A2, 
which depend on the actual values of 
VINA and VINB. The maximum sampling 
frequency is then 1/2(TON12TDE).

If you assume that the maximum 
turn-on time can reach the value of the 
overvoltage-recovery time of approxi-
mately 3 msec and that the delay time 

is approximately 0.35 msec, then it fol-
lows that the maximum sampling fre-
quency is approximately 135 kHz. The 
duty-factor of the external logic-con-
trol signal, Q, for sampling frequencies 
near the value of the maximum sam-
pling frequency should be about 0.5 
(Figure 2).EDN

R e fe r e n ce
“AD8592-Dual, CMOS Single 

Supply Rail-to-Rail Input/Output 
Operational Amplifier,” Analog Devic-
es Inc, 1999, www.analog.com/zh/
prod/0,,759_786_AD8592,00.html.

Precision capacitive-sensor interface 
suits miniature instruments
Jiaqi Shen and Xiaoshu Cai,
University of Shanghai for Science and Technology, Shanghai, China
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integrate the circuit into a miniature 
sensor head near the measuring point. 
IC3 converts the outputs to LVDS 
(low-voltage-differential-signaling) 
levels and then transmits these outputs 
using a standard Category 5e cable to 
the terminal, which may be some dis-
tance away. As long as the cable is 
shorter than 10m, the transmission 
bandwidth is adequate for ensuring ac-
ceptable measurement accuracy within 

several picofarads to hundreds of pico-
farads (Reference 2). In Figure 2, the 
terminal at IC4 converts the signals it 
receives from the interface to LVTTL 
(low-voltage-transistor-to-transistor-
logic) levels and then feeds them to a 
set of passive filters. Each dc output is 
proportional to the signal’s duty cycle:

and

where VH is the high-level output 
voltage of IC4 and TP is IC1’s oscilla-
tion period. By digitizing the two out-
puts, you can obtain a reading pro-
portional to the sensor’s capacitance, 
VO12VO2. Be sure that T1,TP,—that 
is, CS,TP/(K3R0)2C0; otherwise, 
the final output will be erroneous. For 
the sake of a wide measurement range, 
keep TP as long as the target applica-
tion permits.EDN

R e fe r e n ce s
“SN54LV221A, SN74LV221A: 

Dual Monostable Multivibrators With 
Schmitt-Trigger Inputs,” Texas Instru-
ments, April 2005, http://focus.
ti.com/lit/ds/symlink/sn74lv221a.pdf.

High-performance linear products 
technical staff, LVDS Application and 
Data Handbook, Texas Instruments, 
November 2002, http://focus.ti.com/
lit/ug/slld009/slld009.pdf.

edn080501di42412     DIANE

7
8

4

VCC

IC4A

1
2

5

6

4

VCC

IC4B

1
3

100 nF

SN65LVDS9637D

RJ45
CONNECTOR

1Z

1Y

2Z

2Y

RT1
100

RF
20k

RS
150k

CF
220 nF

20k
RT2
100

220 nF 150k

V01

V02

Figure 2 At the terminal, IC4 converts the signals it receives from the interface 
to LVTTL levels and then feeds them to a set of passive filters.
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The novelty circuit in Figure 
1 illustrates the extremely low 

gate-leakage current typical of mod-
ern power MOSFETs. You can find 
parts that, in a moderately dry en-
vironment, will hold their state for 
days at a time. In operation, if MOS-
FET Q1 is off, the load—perhaps a 
lamp or a buzzer—pulls Q1’s drain to 

nearly the 12V-dc power-supply volt-
age. R2 charges C1 to practically the 
same voltage. If you tap momentary-
contact switch S1, C2 and the gate of 
Q1 charge to about 99% of C1’s ini-
tial voltage, assuming that the tap 
is short enough that C1 doesn’t dis-
charge significantly back through R2 
to the drain of Q1, which is now at a 
low voltage. During the next couple 
of seconds, C1 discharges through R2 
toward the new drain voltage of Q1, 
which now conducts current through 
load resistor R1.

In the construction of the circuit, 
you must ensure extremely low leak-
age from the MOSFET’s gate node. 
You can omit C2 if you use a switch 
with essentially no leakage, and you 
may find that the gate capacitance of 
Q1 is enough and that the leakage is 
low enough that days pass before the 
output changes significantly. If you’d 
like to ensure a longer hold time, you 

can increase the value of C2. A modern 
polypropylene capacitor should have a 
self-discharge time constant measured 
in years if you keep it clean, dry, and 
not too far above room temperature. 
If you increase C2, proportionately in-
crease C1 and decrease R2 to maintain 

an R2C1 time constant of about 
half a second.

Another curious behavior 
of this novelty circuit occurs if 
you hold down S1 for a few sec-
onds. The gate of Q1 then goes 
to a voltage slightly higher than 
the gate’s threshold voltage for 
Q1. If, for example, the power 
supply is 6V and the load is a 
6V incandescent lamp and Q1’s 
gate threshold is approximate-
ly 3V, the lamp will light dimly. 
When you release the switch, 
because a typical power MOS-
FET has a high rate of drain-
current change with gate-volt-
age change—that is, transcon-
ductance—you can observe 
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Simple toggle circuits illustrate  
low power-MOSFET leakage

Figure 1 This “toggle” circuit dem-
onstrates the low gate leakage of 
modern power MOSFETs.
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Tom Bruhns, Mukilteo, WA

Figure 2 This circuit can control 
higher voltages because it supple-
ments R2 with a resistor to ground to 
form a voltage divider, ensuring that 
C1 doesn’t charge to a voltage that 
would destroy the gate of Q1.
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Figure 3 This version of the toggle circuit 
indefinitely holds a state.
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NOTE: LOADS AS LARGE AS A FEW AMPS
ARE POSSIBLE WITH THE RIGHT
POWER MOSFET.



72  EDN  |  august 7, 2008

Gate generation is often an in-
evitable step in digital-signal 

processing. Invariably, the gate gen-
eration during event processing in a 
digital system uses the input trigger of 
a monostable multivibrator. The val-
ues of the RC (resistance-capacitance) 
components within the manufacturer-
supplied parameters determine the gate 

width of the output pulse of the mono-
stable multivibrator. The monostable 
multivibrator generates only one-shots 
for each input trigger during event  
processing.

However, you can enhance the func-
tional capability of gate generation of 
a monostable multivibrator with mod-
ifications in its input-trigger circuitry 

to generate any number of output-gate 
pulses for each single-input triggering. 
You can exploit the resultant circuit to 
generate a fixed number of repetitive 
gate pulses with a single-input trigger 
by incorporating a counter with the 
circuit to keep track of the gate gen-
eration. The monostable multivibrator 
becomes inactive as soon as it gener-
ates the requisite number of gates.

Figure 1 shows modifications to a 
monostable multivibrator that allow it 
to repetitively generate 63 gate pulses 
with one trigger. The RC components 
determine a gate width of 5 to 75 msec. 
However, this design has a preset gate 
width of 20 msec to give a total time 
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the slow change in gate voltage as a 
change in lamp brightness. Any leak-
age is inside and external to Q1. You 
may be able to detect a change in 
lamp brightness within a few seconds. 
But, even if you don’t notice it, some 
change of voltage will occur. If you tap 
S1 several times at intervals of a few 
seconds, the lamp will soon toggle be-

tween full brightness and fully off.
To use the circuit to control higher 

voltages, you can supplement R2 with 
a resistor to ground to form a volt-
age divider to ensure that C1 doesn’t 
charge to a voltage that would destroy 
the gate of Q1 (Figure 2). For a more 
practical toggle circuit that will indefi-
nitely hold a state, you can add a tran-

sistor and some resistors (Figure 3).
If Q1 is on and powers the load, then 

Q2 is also on, holding Q1’s gate on at 
about half the power-supply voltage 
because of the voltage-divider action 
of R4 and R5. Tapping S1 toggles the 
output as before, and, with Q1 off, Q2 
is also off, allowing R5 to hold Q1’s gate 
near ground potential.EDN

Circuit adds functions  
to a monostable multivibrator
PM Ishtiaq, S Mufti, MA Darzi, and GN Shah,  
Nuclear Research Laboratory, Bhabha Atomic Research Centre,  
Kashmir, India



Figure 1 By adding counters and an oscillator to the output of a monostable multivibrator, you can generate any number of 
output-gate pulses.
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Piezoelectric buzzers find wide 
use as audible-signal generators 

because of their low power consump-
tion and clear, penetrating sound. An 
external driver or a self-driven circuit 
that oscillates at the resonant fre-
quency of the piezoelectric element 
can drive these buzzers. A piezoelec-
tric element produces the maximum 

sound output at its resonant frequen-
cy. However, the resonant frequency 
of a piezoelectric element can have a 
tolerance as great as 615%. An exter-
nal driver tuned to the nominal reso-
nant frequency is therefore likely to 
miss the actual resonance point. This 
Design Idea externally drives a piezo-
electric element and automatically 

finds its actual resonant frequency.
The basis for operation is the follow-

ing principle: When you apply an al-
ternating voltage to the terminals of a 
piezoelectric element, the element will 
begin to vibrate. If you remove the ex-
citation, vibrations will continue in a 
damped manner before they cease al-
together. These residual vibrations will 
cause damped oscillations at the termi-
nals of the piezoelectric element. If the 
excitation is close to the resonant fre-
quency, the vibrations will be stronger 
and the residual oscillations will last 
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interval of 1260 msec. When the in-
put-trigger pulse goes to the active low, 
Pin 1, of the JK 74LS112 flip-flop, the 
falling edge of the input-trigger pulse 
activates the flip-flop to set Q. Be-
cause the default condition of Pin 2 of 
the NAND gate is at a high level, the 
transition at the output pin, Pin 3, of 
the NAND gate passes on to the ac-
tive-low input of the monostable mul-
tivibrator at Pin 1. The falling edge of 
the output pulse of the NAND gate 
triggers the monostable multivibrator 
to generate the first gate pulse of pre-
defined gate width.

Subsequently, when the Q output 
pulse of the monostable multivibrator 
makes a transition from high to low, 
the rising edge of the complementary 
output pulse of the monostable multi-

vibrator at Q, Pin 4, connects back to 
the two-input NAND gate. Through 
a series of inverter retriggers, the mo-
nostable multivibrator again generates 
the next gate pulse. The gate genera-
tion can continue indefinitely. How-
ever, the Q output after inversion also 
feeds into two 74LS393 hex counters. 
The two hex counters cascade together 
to count the 63 gate pulses. As soon as 
the circuit counts the requisite number 
of gate pulses, Pin 9 of the hex coun-
ter goes high and, after inversion, clears 
the active state of the JK flip-flop.

The two-input NAND gate’s Pin 1 
also goes to a low level and disables the 
flip-flop, preventing the feedback ris-
ing-edge transition of the Q of the mo-
nostable multivibrator from again pass-
ing on to the trigger input—Pin 1 of 

the monostable multivibrator. So, the 
trigger to the monostable multivibrator 
and further gate generation stop (refer-
ences 1 and 2).EDN

R e fe r e n ce s
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and MA Darzi, “Burst profile of 
the lightning generated neutrons 
detected by Gulmarg Neutron Moni-
tor,” Preconference Proceeding of the 
30th International Cosmic Ray Con-
ference, 2007, Merida, Mexico, 2007, 
www.icrc2007.unam.mx.

Shah, GN; H Razdan; CL Bhat; 
and QM Ali, “Neutron generation in 
lightning bolts,” Nature, Volume 313, 
Feb 28, 1985, pg 773, www.nature.
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Piezoelectric driver finds  
buzzer’s resonant frequency
Mehmet Efe Ozbek, PhD, Atilim University, Incek, Ankara, Turkey
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Figure1 At a frequency of 4 kHz, which is closer to the resonant frequency, residual oscillations last longer (a) than the 
resonant frequency with 3.2 kHz (b).
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Many applications involve the 
digital synthesis of three-phase 

sinusoidal waveforms, such as ac-motor 
drives, active power filters, and grid-
voltage synchronizers, that use a mi-

crocontroller or a DSP for digital con-
trol. You can perform this synthesis by 
using conventional analog techniques 
(Reference 1) or DDS (direct digital 
synthesis). Digital techniques provide 

higher stability and the ability to in-
corporate frequency, phase, and am-
plitude adjustments. For applications 
requiring 16-bit or higher-resolution, 
three-phase-signal synthesis, DDS in-
volves the use of a microprocessor or a 
DSP to interface multiple DACs. This 
approach uses not only a lot of devices, 
but also supporting components and 
board space. Although one device can 
have multiple-output serial-controlled 
DACs with four, eight, 32, or more 
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longer (Figure 1). You can determine 
the actual resonant frequency by trying 
all the frequencies around the nominal 
resonant frequency and comparing the 
duration of residual oscillations.

In this design, a Microchip (www.
microchip.com) PIC18F452 micro-
controller drives a piezoelectric ele-
ment through its I/O pins, RB4 and 
RB3 (Figure 2). Initially setting RB3 
to zero and RB4 to one and toggling 
them after each half-period gener-
ates an alternating piezoelectric volt-
age (VP) with a 0V-dc bias. After ap-
plying 10 cycles, RB3 is kept low, and 

RB4 is made an input to count the low-
to-high and high-to-low transitions of 

VP. Enabling the “interrupt-on-port-
change” feature of Port B for 10 msec 
and incrementing a counter in the in-
terrupt-service routine counts the tran-
sition of the piezoelectric voltage. List-
ing 1, which is available in the Web 
version of this Design Idea at www.edn.
com/080807di1, demonstrates this fea-
ture. The program repeats these steps 
for all frequencies of interest and iden-
tifies the frequency corresponding to 
the maximum number of transitions at 
the resonant frequency. You can easily 
expand the idea for the case of multiple 
resonant frequencies.EDN

Low-cost digital DAC provides  
digital three-phase-waveform synthesis
SA González, Universidad de Mar de Plata, Argentina,  
and R García-Gil, J Castelló, and JM Espí, Universidad de Valencia, Spain
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Figure 2 A PIC18F452 microcon-
troller first drives the piezoelectric 
buzzer at a programmed frequency 
and then configures one of its pins 
as an input to count the residual 
oscillations.
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channels, the DACs provide 
few bits at the expense of the 
number of channels. Hence, 
using multiple-output DACs 
is an unappealing approach.

Alternatively, you can use 
shift registers or switched-
capacitor filters, but this ap-
proach also involves a high 
parts count, and the lack of 
phase and amplitude adjust-
ment makes this method 
inappropriate for high-reso-
lution DDS (Reference 2). 
In contrast, stereo DACs are 
readily available. Their widespread use 
has produced low-cost, high-quality 
components. For example, the NXP 
UDA1330ATS has an I2S-serial da-
ta-format interface; word lengths of 
16, 18, and 20 bits; and sampling fre-
quencies of 8 to 55 kHz (Reference 
3). These features make the DACs at-
tractive for three-phase DDS with few 
components.

This Design Idea implements DDS 
techniques using an ARM microcon-

troller, IC1; one stereo-DAC, IC2; and 
one op amp, IC3 (Figure 1). The ARM 
AT91SAM7X256 code in Listing 1, 
available in the Web version of this De-
sign Idea at www.edn.com/080807di2, 
generates a table containing the cosine 
function of the desired resolution and 
length. The table produces cos(α1 
2/3p) and cos(α22/3p). The ARM 
microcontroller sends the data using 
I2S-serial format by using interrupts at-
taching the ISR (interrupt-service rou-

tine) whenever the output 
buffer is empty. Listing 2, 
also in the Web version of 
this article, shows how to 
achieve an ISR to send the 
data. IC2 provides voltage 
outputs VA and VB, which 
are two of the three signals 
for a maximum amplitude 
of 5V p-p, but with an offset 
of 2.5V. You can derive the 
third channel as a function 
of the other channels. You 
can easily implement this 
operation using a single in-

verting, summing op amp, IC3, and the 
2.5V DAC reference for canceling the 
offset. In this case, RF5RA5RB510 kV 
for obtaining unity gain, and you could 
add a potentiometer in the inverting 
pin for an exact offset cancellation if 
the resistors don’t match exactly.

Figure 2 shows the synthesis of the 
three-phase waveforms. For further ex-
planation and to access the referenc-
es to this article, go to www.edn.com/
080807di2.EDN

Figure 2 Traces 1 and 2 show the voltage outputs from the 
DAC. Trace 4 is the third channel that an inverting, summing 
op amp provides.
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Lighting LEDs from a single 
1.5V cell poses a problem be-

cause their forward voltages are high-
er than the cell’s. The simplest way to 
light the LED is to use a step-up dc/
dc converter. This Design Idea offers a 
simple and reliable alternative for ap-
plications in which low cost is of pri-
mary concern. The circuit in Figure 
1 employs a classic astable oscillator, 
which transistors Q1 and Q2 form. The 
square-wave drive signal at Q2’s collec-
tor turns a PNP switching transistor, 
Q3, on and off. When Q3 turns on, it 
charges inductor L1, and, when it turns 
off, inductor L1 discharges its stored en-
ergy through the LED during flyback, 
allowing you to light any type or color 
of LED.

The astable circuit oscillates at a fre-
quency of 1/TO, where TO5TL1TH 
with TLQ0.76R2C2 and THQ0.76R1C1 
when the cell voltage is 1.5V, where 
TO is the time, TL is the on-time, and 

TH is the off-time. With the compo-
nent values in Figure 1, the frequency 
and the duty cycle are about 28.5 kHz 
and 50%, respectively. During the on-
time, transistor Q3 is on, and inductor 
L1 starts to charge with constant volt-
age so its current ramps up linearly to 
a peak value, as the following equation 
describes: IL1PEAK5[(VBAT2VCESATQ3)/
L1]×TL, where IL1PEAK is the peak cur-
rent of L1, VBAT is the battery voltage, 
and VCESATQ3 is the collector-to-emit-
ter saturation voltage of Q3. During the 
off-time, Q3 is off, and the inductor’s 
voltage reverses polarity, forward-bias-
ing the LED and discharging through it 
at a constant voltage roughly equal to 
the forward voltage of the LED while 
its current ramps down to zero.

Because this cycle repeats at a high 
rate, the LED appears always on. The 
LED’s brightness depends on its own 
average current, which is proportion-
al to the peak value. Because the LED 

current is roughly a triangular pulse 
with a peak current approximately 
equal to the inductor’s current because 
of the finite turn-off time of Q3, you 
can easily estimate the average cur-
rent: ILEDAVGQ(½)3IL1PEAK3(TDIS/TO), 
where TDIS is the discharge time of in-
ductor L1 through the LED, which you 
can roughly estimate from the slope of 
L1’s discharge, which is VLED/ L1, where 
VLED is the LED’s voltage.

To control the LED’s brightness, 
you may increase or decrease the in-
ductor’s peak current by varying its 
inductance from 100 to 330 mH to 
achieve the optimal brightness for the 
type of LED you are using. However, 
L1’s charge slope is always smaller than 
its discharge slope, and, because TL 
and TH are equal, L1 has enough time 
to discharge completely. When it re-
charges on its next cycle, its current 

Astable multivibrator lights LED  
from a single cell

Figure 1 This simple astable multivibrator provides a low-cost way to drive an 
LED from a single cell.
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cycle always starts from zero. If this 
is not the case—if you reduce TH too 
much, for example—the inductor cur-
rent increases on each cycle until Q3 
goes out of saturation, and the final 
current value becomes unpredictable 
because it depends on Q3’s dc gain. 
Optional transistor Q4 allows the cir-
cuit to flash the LED when a low-fre-

quency gating signal drives its base.
No one component is critical; for 

example, any small-signal transistor is 
suitable. But, if possible, choose a PNP 
transistor for Q3 with high dc-current 
gain and low collector-to-emitter satu-
ration voltage for best efficiency. Also, 
take care that the peak current does 
not saturate L1 and does not exceed the 

maximum peak-current rating of Q3 
and the LED. The astable circuit starts 
to operate with a supply voltage as low 
as 0.6V, but the LED is off and begins 
to light dimly when the supply voltage 
exceeds 0.9V. When the supply volt-
age exceeds 1V, the LED’s brightness is 
adequate, even if it depends slightly on 
the forward voltage of the LED.EDN

The circuit in Figure 1 offers 
not only as many as six chan-

nels in a single IC package, but also 
a high level of additional flexibility. 
The configuration of Output 1 is a 
“plain-vanilla” toggle. A resistive di-
vider comprising R1 and R2 provides 
a midsupply bias to all the channels 
through resistors R3, R6, R7, R10, and 
R12. Because the bias voltage of R1/R2 
is within the hysteresis range of the 
gates, they behave as flip-flops, retain-
ing their high or low state in a stable 
manner.

Debouncing capacitors C2, C3, C4, 
and C5 charge to the level of the out-
put. Pushing switch S1 inverts the out-
put state because of the inverting ac-
tion of the gate. This state remains 
stable because, in the first gate’s cir-
cuit, for example, R4’s value is larger 
than that of R3, and R4 cannot over-
come the hysteresis threshold of the 
gate. Only the discharge of C2 can ac-
complish that task. When you release 
the pushbutton, C2 fully charges after 
the debouncing delay, and the circuit 
is ready for another inversion. C1 pro-
vides a general power-on-reset feature 
to all the channels. If your circuit re-
quires only one channel, you can di-
rectly connect R1 and R2 to the input 
of the gate, omitting R3.

IC provides 
versatile toggle 
functions
Louis Vlemincq,  
Belgacom, Evere, Belgium
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Figure 1 This circuit shows multiple Schmitt-trigger inverters functioning as a 
variety of set/reset toggles.
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Output 2 has the same toggle func-
tion as Output 1 but also includes a di-
rect reset. Output 3 works only in a set/
reset mode; the position of R8 deter-
mines the priority state. Output 4 also 
has a toggle action, but you can set or 
reset it to a state opposite that of Out-
put 3. Output 5 works in a similar man-
ner, except it allows only a condition-

al reset because of the position of D1. 
Output 5 also includes a forced, non-
priority set. You can mix and match all 
these functions, providing almost un-
limited versatility.

The IC in Figure 1 is a Fairchild 
Semiconductor (www.fairchildsemi.
com) CD4000-series circuit, suitable 
for supplies of 3 to 15V, but it could also 

be a 74AC14 or 74HC14 from NXP 
(www.nxp.com), for example. Any 
CMOS-input gate having a Schmitt-
trigger action is suitable. You must take 
care to bias the inputs in the middle 
of their hysteresis range. HCMOS cir-
cuits would require an average bias of 
approximately 1.2V for a 5V supply, for 
example.EDN

Instrumentation amp has low offset, 
drift, and low-frequency noise
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Analog Devices’ (www.analog.
com) digitally gain-program-

mable AD8231 instrumentation am-
plifier exhibits zero offset. It has pro-
grammable voltage gains, which are 
successive powers of two, from 2051 
to 275128 (references 1 and 2). The 
AD825x family also includes some 
digitally gain-programmable instru-
mentation amplifiers, which have 
gain expressed as powers of 10. These 
amplifiers contain no internal autoze-
ro circuitry, however. The composite 
instrumentation amplifier in Figure 1 

suits applications requiring instrumen-
tation amplifiers having voltage gains 
of a multiple of 10 and requiring low 
voltage offset, drift, and low-frequency 
noise.

The design exploits the fact that 
the gain is 10M, where M is an integer, 
which you can express as 10M52M35M. 
The circuit in Figure 1 employs a cas-
cade of the autozeroed AD8231 in-
strumentation amp, IC1, with a preset 
voltage gain of eight, IC2, and IC3. The 
net result is that the input-voltage off-
set of IC2 causes an RTI (referred-to-

input) voltage offset, which decreas-
es by a factor of eight compared with 
an offset of a stand-alone circuit, IC2. 
The same holds also for the offset-volt-
age drift. The auto-zeroing circuitry of 
the IC1 decimates the low-frequency 
noise.EDN

R e fe r e n ce s
“Zero Drift, Digitally Programmable 

Instrumentation Amplifier, AD8231,” 
Analog Devices Inc, 2007, www. 
analog.com/en/prod/0,2877,AD8231, 
00.html.

“10 MHz, 20V/s, G51, 2, 5, 10 
iCMOSR Programmable Gain Instru-
mentation Amplifier, AD8250,” Ana-
log Devices Inc, 2007, www.analog.
com/en/prod/0,2877,AD8250,00.
html.

1

2

Figure 1 By cascading an autozeroed instrumentation amplifier having a gain of 23 and instrumentation amplifiers having 
gains of five, you get a decade-gain instrumentation amp whose dc performance is much better than that of monolithic 
decade-gain instrumentation amps.
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A previous Design Idea makes 
clever use of the ability of the 

4017 CMOS counters to accept ei-
ther positive or negative edge-clock 
signals, even though it leaves two 
LEDs on at once (Reference 1). But 
what happens if you want more than 
19 counts? A quick check in some old 
CMOS data books uncovered a cir-
cuit for using 4017 counters to make 
sequential displays. However, this ap-
proach sacrifices some outputs and 
yields nine outputs for the first coun-
ter and only eight for each subse-
quent one. It also requires you to add 

an AND gate between each successive 
counter stage.

The circuit in Figure 1 differs from 
the one in the earlier Design Idea in 
that it uses HCMOS parts and adds 
one 74HC540 to facilitate a simple 
means of multiplexing the outputs of 
two 4017 counters for as many as 80 
outputs. The 74HC540 is a conve-
nient pinout version of the venerable 
74HC240-series bus drivers. By includ-
ing a DIP-resistor network, you can 
also reduce the discrete-component 
count for the design. The recommend-
ed current-sourcing capability of the 

HC-series parts at 6V supply is slightly 
lower than that of the 4000-series parts 
at 15V, but the reduced resistor losses 
provide a more energy-efficient circuit 
if you use better LEDs.

The figure omits the necessary sup-
ply-bypassing capacitors or a clock or 
power-on-reset circuit. D1, D2, and R1 
form a simple AND gate, which you 
might use instead of an external reset 
input to form a continuous ring coun-
ter, at which the cathodes connect to 
selected outputs of each of the coun-
ters, IC1 and IC2.EDN

R e fe r e n ce
Tregre, Jeff, “Cascade two decade 

counters to obtain 19 sequential 
outputs,” EDN, Dec 14, 2007, pg 62, 
www.edn.com/article/CA6512153.

Four DIPs provide as many as  
80 sequential-LED outputs
Greg Carkner, Cobourg, ON, Canada
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Figure 1 This circuit provides a simple means of multiplexing the outputs of two 4017 counters for as many as 80 outputs.
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Solid-state replacements for 
traditional electromechanical 

trimmer potentiometers are increas-
ingly available in a variety of tech-
nologies from a variety of vendors. 
These replacements have many ob-
vious advantages, such as automatic 
adjustability, miniaturization, and im-
munity to vibration. Some of these de-
vices have only limited programmable 
spans, however. This limitation can 
sometimes be problematic and may 
preclude the use of a solid-state option 
in some design applications. An exam-
ple of this shortcoming is the Rejustor 
family of devices, which Microbridge 
(www.mbridgetech.com) recently in-
troduced. The MBT-303-A Rejustor 
voltage divider is programmable over 
a span of only 610%. When such a 
limited-capability device sets the gain 
of a typical amplifier circuit, the corre-
spondingly narrow range of accessible 
gains may be woefully inadequate.

Figure 1 suggests a generally appli-

cable workaround that works not only 
with rejustors, but also with all limited-
adjustability, programmable dividers 
with a 610%-ratio-adjustment range. 
It uses a single op amp in a differen-
tial topology that, in effect, subtracts 
the minimum programmable-divider 
ratio from the maximum and amplifies 
the difference. This approach expands 
the programmable-gain span to include 
zero and any desired figure. Potential 
applications for this trick include any 
design situation requiring a wide range 
of inverting and noninverting pro-
grammable-gain factors.

Although the circuit in Figure 1 im-
plements a programmable gain of zero 
to 10, you can implement almost any 
range with a suitable choice of resistors 
and op amps. Figure 2 illustrates a gain 
of zero to 210 for the inverting case. 
The design equations are RF/RI, which 
is five times the maximum desired 
gain; RP51/((1/0.9/RI)2(1/RF)) for 
noninverting gain; and RP51/((1/1.1/ 

RI)2(1/RF)) for 

inverting gain. The availability of stock 
resistances sometimes determines a 
starting value for RI or RF. For example, 
the circuit in Figure 1, where RF has 
a value of 1 MV, accommodates the 
fact that many inexpensive precision-
resistor families, such as those made of 
metal film, have maximum resistances 
of 1 MV. However, if resistor availabil-
ity isn’t a factor, then choosing RI to 
have the same value as R1 minimizes 
sensitivity to op-amp bias-current er-
rors. Choosing RP midway between the 
resistances for the noninverting- and 
inverting-gain equations reveals an ad-
ditional flexibility of the circuit. That 
variation results in a bipolar—that is, 
both inverting and noninverting—gain 
range, with a gain of zero at midspan.

This topology eliminates the inflex-
ibility penalty that limited divider pro-
grammability imposes. This benefit, 
however, incurs a price in the op amp’s 
performance. Because of the partial 
cancellation of amplifier gain, the gain-
bandwidth product and dc accuracy of 
the op amp must surpass the overall 
maximum gain and offset requirements 
of the gain block by at least a factor of 
five. One way to accommodate this re-
quirement is to incorporate a decom-
pensated, precision op amp, such as the 
classic OP37, which is stable only for 
closed-loop gains higher than five.EDN

Program an op-amp gain block  
with a limited-adjustability,  
monolithic, solid-state resistor
W Stephen Woodward, Chapel Hill, NC



Figure 1 Adding an op amp and associated components 
to a Rejustor solid-state resistor allows you to trim the 
output over the full input-voltage range.
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Figure 2 Adjusting the value of RP allows the circuit to 
function as an inverting trimmer.
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The standard way of using an 
RTD (resistance-temperature-

detector) sensor is to include it in a 
bridge followed by a differential am-
plifier. The problem is that two non-
linearities—one from the sensor and 
another from the bridge—affect the 
transfer function. Some approaches 
are available that attempt to avoid the 
problem, but they tend to be bulky and 
expensive (references 1, 2, and 3). 
An alternative circuit proposes add-
ing only one extra resistor to the dif-
ferential amplifier but provides neither 
design guidelines nor results (Refer-
ence 4). This Design Idea fills the gap. 
Although circuit analysis is somewhat 
complex, performance is good, and the 
circuit uses few components.

Besides the platinum RTD, R
U
, the 

circuit features only six precision resis-
tors, an op amp, and a voltage refer-
ence (Figure 1). R4, the extra resistor 
for the differential amplifier, delivers 

additional current to the sensor that 
relates to the temperature you are mea-
suring. With proper design, the circuit 
can provide good linearity and stabil-
ity over a wide range of input tempera-
tures. The output voltage, VO, depends 
on circuit components in the follow-
ing way:

where YI51/RI and I=0 to 4.
For positive temperatures, a second-

degree polynomial of the following form 
can approximate RTD characteristics:

where R0 is sensor resistance at 08C, 
a and b are coefficients, and U is the 
measured temperature.

After replacing the second equation 

in the first and doing some rearrange-
ments, you get:

where B, C, and K are constants and 
f(U) is a function of temperature. Fig-
ure 2 shows the general shape of f(U). 
The output voltage depends linearly 
on temperature when f(U) is as close 

as possible to a con-
stant. This situation 
is most true around 
the minimum point 
of f(U).

Some additional 
relations provide 
that the output volt-
age is 0V at temper-
ature 08C, the con-
version coefficient 
is 10 mV/8C, the 
minimum of func-
tion f(U) is in the 
middle of the mea-
surement span, and 
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Platinum-RTD-based circuit  
provides high performance  
with few components

Figure 1 This generic RTD circuit needs few 
components.
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DIs Inside
72 Proportional-ac-power  
controller doles out whole cycles 
of ac line

78 Extend monolithic program-
mable-resistor-adjustment range 
with active negative resistance

78 1-Wire network controls remote 
SPI peripherals

EWhat are your design problems 
and solutions? Publish them here 
and receive $150! Send your 
Design Ideas to edndesignideas@
reedbusiness.com.

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

Jordan Dimitrov, Toronto, ON, Canada

Figure 2 The general shape of function f(U) 
varies with temperature.
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In industrial and process con-
trol, it is often necessary to ac-

curately control the temperature of a 
process. You control most heating el-
ements using the “bang-bang” meth-
od—turning the power to them on and 
off at a predetermined setpoint. The 
temperature of the heated substance 
constantly hunts back and forth around 
the setpoint. You can achieve much 

greater temperature precision using 
proportional power control. With this 
method, the controller monitors the 
temperature, proportionally varying the 
heater power to keep the temperature 
as close as possible to the setpoint. A 
PID (proportional-integral-derivative) 
control loop usually accomplishes this 
function. Varying the ac power to the 
heating element in a linear-proportion-

al manner is neither easy nor simple.
This Design Idea borrows from the 

delta-sigma-modulator concept. The 
controller sends cycles of the ac line 
to the load as the delta-sigma modula-
tor determines. For example, when the 
input-control voltage is 15% of full-
scale, only 15 of 100 ac cycles arrive at 
the load. Likewise, at 85%, 85 of 100 
arrive (Figure 1). The control-voltage-
input stage, IC1A, is an inverting ampli-
fier with a gain of negative one. This 
stage makes the control-voltage range 
over the positive side of 0V. In this ex-
ample, the control-voltage input rang-
es from 0 to 2V full-scale. The control 

designideas

the current through R
U
 causes 

negligible self-heating of the 
sensor.

Figure 3 shows the circuit 
that meets these requirements. 
The sensor is a DIN-IEC 751 
platinum RTD. Microsoft (www. 
microsoft.com) Excel software 
fits 13 points of 0 to 6008C in 
steps of 508 from the RTD’s cal-
ibration table. The spreadsheet 
software determined R0 to have 
a value of 100V, a to have a 
value of 3.908310238C21, and 
b to have a value of 25.801310278C22 
with an R2 factor of one.

All the circuit’s resistors have toler-
ances of 0.02%, and the temperature 

coefficient is 50 ppm/8C. You can use 
two trimming potentiometers, VR1 and 
VR2, to independently adjust zero and 
span readings. You should perform span 

adjustment at 5508C to match 
the magnitudes of the posi-
tive and the negative errors. 
You can also extend the tem-
perature range to start from 
21008C instead of 08C with-
out exceeding the basic non-
linearity. The three-lead con-
nection to the sensor signifi-
cantly reduces the influence of 
connection-cable resistance, 
RC, on accuracy.

Table 1 shows the results of 
evaluating this circuit’s per-

formance with a calibrated, precision-
decade resistance and a calibrated, 
4.5-digit multimeter with readings 
at ambient temperatures of 24 and 
688C; power supplies of 612, 615, 
and 618V; and cable resistances of 0 
and 5V.EDN

R e fe r e n ce s
 Bryant, James, Walt Jung, and 

Walter Kester, Op Amp Applications, 
Analog Devices, 2002.

 Villanucci, Robert S, “Design an 
RTD interface with a spreadsheet,” 
EDN, Feb 7, 2008, pg 57, www.edn.
com/article/CA6526816.

 Moghimi, Riza, “Low-error platinum 
RTD circuit has shutdown capability,” 
EDN, Sept 14, 2000, pg 186, www.
edn.com/article/CA47186.

 Gutnikov, VS, Integrated Electron-
ics in Measuring Devices, Leningrad, 
1980.

Proportional-ac-power controller 
doles out whole cycles of ac line
Richard Rice, Oconomowoc, WI



Figure 3 The full circuit needs trimming potentiometers VR1 and VR2 to adjust 
zero and span, respectively, and a three-lead cable for sensor connection.  
RC is the cable’s resistance.
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TABLE 1 experimental results
Measurement range 1100 to 1600°C

Nominal sensitivity 10 mV/°C

Basic accuracy (nonlinearity) Well below 61°C

Ambient-temperature effect 0.05°C/10°C

Power-supply effect 0.1°C/V

Cable effect (three-lead connection) 0.7°C/V

Power-supply range 612 to 618V

Consumption (600°C input) 9 and 13 mA

Operating temperature 140 to 185°C

1

2

3

4
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voltage’s input impedance is 100 kV.
The next stage, IC1B, is an integrator. 

The integrator output ramps either up 
or down depending on the polarity of 
the input current. The speed at which 
it ramps depends on the magnitude of 
the input current. The integrator is the 
heart of the delta-sigma modulator. It 
forces a balance, on the average, be-
tween the control-voltage current in 
R4 and the feedback current in R6. In 
other words, the duty cycle of the out-
put of IC3A, a CMOS D-type flip-flop, 
must match the control-voltage per-
centage of full-scale.

Comparator IC2A detects whether 
the integrator’s output is positive, thus 
requiring more feedback current, or 
negative, thus requiring less feedback 
to maintain the balance. The output 
of the comparator switches between 0 
and 5V. The flip-flop latches the com-
parator’s decision on the next rising 
edge of the 60-Hz clock.

PNP transistor Q1 and optoisolated 
SCR (silicon-controlled rectifier) IC4 
drive load-switching SCR1 into con-
duction whenever the flip-flop provides 
feedback current to the integrator. In-
dicator LED1 lights when the load SCR 
is on. The secondary of transformer 
T1 detects the zero crossings of the ac-
power line; these crossings provide the 
60-Hz clock. The output of comparator 

IC2B switches high during the positive 
half-cycles of the ac line and low during 
the negative half-cycles. Resistor R15 
provides a small positive bias, causing 
the edges of the 60-Hz clock to occur 
slightly early—which is better than late 
in this case. If you turn off the SCR too 
late, its self-latching nature may cause it 
to stay on for an extra half-cycle when 
it should have been off.

Both comparators IC2A and IC2B use 
a small amount of hysteresis to promote 
fast, clean switching. The remaining 
components generate the regulated 5 
and 25V power supplies. Transformer 
T1 and optoisolator IC4 provide isola-
tion from the ac-power line.

This Design Idea works well for an 
application such as a spa-heater control 
but does not work for light-dimming or 
motor-speed control because the out-
put power is pulsating in nature. You 
can easily adapt the design for 240V-ac 
or 50-Hz operation.EDN
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Figure 1 This ac controller borrows from a sigma-delta converter to output a number of whole cycles of ac-line power according  
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If you turn off  
the SCR too late, 
its self-latching 
nature may cause  
it to stay on for  
an extra half-cycle 
when it should  
have been off.
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Many 1-Wire-compatible pe-
ripherals are available, but, for 

those that lack the 1-Wire capability, 
the circuit in Figure 1, pg 80, illus-
trates one way to implement it. The 
example controls a remote LED display 
by the 1-Wire network through an SPI 
(serial-peripheral-interface)-compat-
ible display controller.

To produce the three-wire SPI that 
a MAX7221 display controller re-
quires for the CS (chip-select), DIN 
(serial-data), and CLK (clock) signals, 
the 1-Wire network serially addresses 
three DS2405 1-Wire switches. The 
first switch directly creates CS; the 
second switch directly creates DIN; 
and the third switch, aided by three 

exclusive-OR gates, creates CLK.
The edge detector and one-shot 

IC4A, IC4B, and IC4C combine the out-
puts of IC2 and IC3—Data 1 and Da-
ta 0—to create a clock signal for the 
SPI. This one-shot clock-generation 
circuit improves the data rate by re-
quiring only a single 1-Wire transac-
tion per SPI bit, instead of the three 
transactions—data, clock low, and 
clock high—that would be necessary 
if you directly use the IC3 output as a 
clock signal.

To transmit data to the SPI inputs, 
first set the output of IC1 low. Then, 
transmit the data bits using the follow-
ing rules: If the current data bit differs 
from the previous bit, set IC2’s Data 1 

output accordingly. If the current da-
ta bit is the same as the previous bit, 
toggle IC3’s Data 0 output. The circuit 
automatically generates a clock pulse 
each time and requires only one 1-Wire  
command for each data bit sent. When 
data transmission is complete, send a 
final 1-Wire command to set the IC1 
output high.

This circuit allows a 1-Wire network 
to control a remote temperature dis-
play, but similar techniques can pro-
vide an interface to I2C (inter-inte-
grated-circuit)-compatible devices and 
to other SPI peripherals, such as ADCs 
and DACs. You can also produce a bi-
directional-data capability by adding 
a fourth DS2405. Note that the SPI 
data rate and updates to the peripheral 
are relatively slow, but speed is not an 
issue for many remote-monitoring ap-
plications.EDN
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1-Wire network controls  
remote SPI peripherals
Michael Petersen, Maxim Integrated Products, Colorado Springs, CO
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A variety of solid-state, in-cir-
cuit-programmable replace-

ments exist for the traditional elec-
tromechanical trimmer potentiom-

eter. These replacements have many 
obvious advantages, such as auto-
matic adjustability, miniaturization, 
and immunity to vibration. But these 

devices, unlike humble mechanical 
potentiometers, have relatively large 
minimum programmable resistance. 
Although you can adjust a typical 
trimming potentiometer down to a 
fraction of 1V, solid-state-potentiom-
eter substitutes usually bottom out at 
10s, 100s, or even 1000s of ohms. This 
limitation can sometimes be problem-
atic and frequently precludes use of 
the solid-state option in some design 
applications.

The Rejustor family of devices, which 
Microbridge (www.mbridgetech.com) 
recently introduced, provides an ex-
treme example of this effect. You can 
program a typical Rejustor over only 
a narrow span of 30%. For example, 
you can program a 10‑kV Rejustor to 
no lower than 7 kV, imposing a seri-
ous and obvious obstacle to general-
purpose application of these devices. 
Figure 1 suggests a generally appli-
cable workaround that works not only 
with Rejustors, but also with all adjust-
able resistances. It uses an op amp in 
a negative-resistance topology that, in 
effect, subtracts RMIN (minimum pro-
grammable resistance) from the total 
programmed resistance.EDN

Extend monolithic programmable-
resistor-adjustment range  
with active negative resistance
W Stephen Woodward, Chapel Hill, NC


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Figure 1 This circuit uses an op amp in a negative-resistance topology that,  
in effect, subtracts the minimum programmable resistance from the total  
programmed resistance.
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network to control this display through the SPI peripheral IC5.



You can easily add margining 
capability—that is, the ability 

to digitally adjust the output voltage—
to a dc/dc converter by making a single 
connection to the circuit (Figure 1). 
The dashed line in the figure shows 
the connection. The extra IC is a two- 
or four-channel, I2C (inter-integrated-
circuit)-adjustable-current DS4402 or 
DS4404 DAC. Because each DAC 
output is 0 mA at power-up, the extra 
circuitry is essentially transparent to 
the system until you write a command 
using the I2C bus.

For example, assume that the input 
voltage is 3 to 5.5V; the output voltage 
is 1.8V, which is the desired nominal 
output voltage; and the feedback volt-
age is 0.6V. You can obtain the feed-
back voltage from the dc/dc converter’s 
data sheet; be sure to verify that it is 
within the output-voltage range that 
the current DAC’s data sheet speci-
fies as sinking or sourcing voltage de-
pending on whether you are sinking or 
sourcing current. You should also ver-
ify the input impedance of the dc/dc 

converter’s feedback pin. The circuit in 
Figure 1 assumes a high impedance.

Assume that you want to add a 620% 
margining capability to the dc/dc con-
verter’s output so that the maximum, 
nominal, and minimum output voltages 
would be 2.16, 1.8, and 1.44V, respec-
tively. First, determine the necessary 
relationship between R1 and R2, which 
yields the nominal output when the cur-
rent of the DS4404 DAC is 0 mA:

where VFB is the feedback voltage and 
VOUTNOM is the nominal output volt-
age. Solving for R1,

For this example,

Summing the currents at the feedback 
node derives the current to make the 
output voltage increase to the maxi-

mum output voltage:

where IR1 is the current through R1, IR2 
is the current through R2, and IDS4404 is 
the current into the DAC.

where VOUTMAX is the maximum output 
voltage.

You can simplify Equation 7 by solv-
ing Equation 1 for R2 and then substi-
tuting, which yields:

In margin percentage, you can express 
Equation 8 as:
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An earlier Design Idea described 
how to linearize the output of 

an RTD (resistance-temperature-de-
tector) sensor and how to calculate 
the resistor values using a spreadsheet 
(Reference 1). That idea limited the 
use of Microsoft (www.microsoft.com) 
Excel to calculating the coefficients 
you need for the polynomial expres-

sion and stopped short of using Excel 
to calculate the resistor values. You can 
generalize this proposed approach such 
that you can select any type of RTD 
and any temperature range, but this 
Design Idea limits the details to the 
following example.

You can download the worksheet 
(Figure 1) from the Web version of 

this Design Idea at www.edn.com/
080918di1. You plot the chart as an 
XY diagram, and you create the trend 
line on the chart using a second-order 
polynomial, which will appear on the 
chart. The original Design Idea includ-
ed this information. Unfortunately, you 
cannot access the coefficients you gen-
erate in this way from the worksheet, 
so you cannot directly calculate the re-
sistor values.

To access the polynomial coeffi-
cients, you can use Excel’s LINEST 

designideas

where the margin is 0.2 to implement 
620% margining in this case. Before 
you can use this relationship to calcu-
late R1 and R2, you must select the full-
scale current.

According to the DS4404’s data 
sheet, the full-scale current must be 
0.5 to 2 mA to guarantee the specifi-
cations for accuracy and linearity. Un-
fortunately, no formula is available for 
calculating the ideal full-scale current. 
The desired number of steps, the step 
size, and the values for R1 and R2 in-
fluence that value. Another factor af-
fecting the full-scale current value is 
whether there is a requirement that a 
particular register setting corresponds 
to a particular margin percentage.

In any case, your selection of a full-
scale current will likely require several 
iterations, in which you select an arbi-
trary value within the range and then 
calculate R1, R2, RFS (full-scale resis-
tance), and step size. When you’ve de-
termined an acceptable full-scale-cur-
rent value, you may want to further 
adjust it or some of the resistor values 
to ensure that the resistor values you fi-
nally specify are commonly available.

To calculate R1 for the original ex-
ample, make the full-scale current 
equal to the current of the DS4404. 
This step gives you 31 equal incre-
ments, or steps, from the nominal out-
put voltage to the maximum output 
voltage, as well as 31 steps from the 
nominal output voltage to the mini-

mum output voltage. This resolution is 
more than adequate for this example.

You could, for instance, begin by ar-
bitrarily choosing the full-scale current 
in the center, or 1.25 mA, of the speci-
fied range and then performing all the 
calculations. Instead, for illustrative 
purposes, the calculations are shown 
for the endpoints of the range: 0.5 and 
2 mA. Analyzing the 0.5-mA case first, 
you perform the following calculations 
and then repeat for the 2-mA case.

Using Equation 9 and solving for R1 
yields:

To calculate the full-scale resistance, 
use the formula and the reference volt-
age in the DS4404’s data sheet:

where RFS is the full-scale resistance, 
VREF is the reference voltage, and IFS is 
the full-scale current.

Finally, for completeness, you deter-

mine the DS4404’s output current as a 
function of register setting:

Note that this register setting does 
not include the sign bit, which selects 
sink or source. The DS4404 sinks cur-
rent when the sign bit is zero, mak-
ing the output voltage increase to the 
maximum output voltage. It sources 
current when the sign bit is one, mak-
ing the output voltage decrease toward 
the minimum output voltage. 

Now, you can repeat the calculations 
for the 2-mA case.

Comparing R1 and R2 for the two cas-
es—with a full-scale current of 0.5 or 
2 mA—0.5 mA is the more attrac-
tive value because the resistances are 
higher.EDN

A better approach to designing  
an RTD interface with a spreadsheet
Aubrey Kagan, Emphatec, Markham, ON, Canada
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A TL431 shunt reg-
ulator is a perfect 

choice for many applica-
tions. You can use it as a 
comparator with hyster-
esis by taking advantage of 
its inner voltage reference 
along with few additional 
components. You can use 
this comparator with hys-
teresis, like a Schmitt trig-
ger, as a simple battery mon-
itor (Figure 1). You calcu-
late the threshold voltage, 
VT1

, of this comparator as 
VT1

5VREF3(11R1/R3), 
where VREF, the internal 

reference voltage of shunt-regulator 
TL431, is 2.5V.

When the battery voltage is higher 
than the threshold voltage, the cath-

ode voltage of the TL431 is at 
its low level of approximately 
2V, and transistor Q1 turns on, 
lighting LED1. You calculate the 
release voltage, VT2

, of the trig-
ger as VT2

5VREF3(11R13R2/
(R11R2) 31/R3).

When the battery voltage 
is less than the release volt-
age, the cathode voltage of the 
TL431 goes to its high level—
to the battery voltage. Transis-
tor Q1 turns off, and LED1 does 
not shine. LED1 turns on again 
when the battery voltage, after 
recharging, exceeds the thresh-
old voltage.EDN
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array formula. It prescribes a specific 
way of entering data; without that pro-
tocol, Excel will not provide the de-
sired results. LINEST returns a num-
ber of regression statistics; to allow for 
these statistics, you must first highlight 
the range on the worksheet on which 
you want the regression results. Only 
the polynomial coefficients are impor-
tant in this example, so this Design 
Idea limits the returned results by se-
lecting block B24:D24 for those three 
values. You then enter the following 
line into the formula bar at the top of 
the worksheet:5LINEST(G5:G21,E5:
F21,,TRUE).

Simultaneously press the Control, 
Shift, and Enter keys rather than just 
Enter to terminate this command. The 
coefficients will then drop into the se-
lected range. Excel will add the braces, 
{ }, to indicate the array formula. The 
input range of the function in the for-
mula above includes the Vt2 column, 
allowing LINEST to create a second-
order polynomial equation.

You can enter user-selected values 
as set numbers, providing easy and 
quick modification and an immediate 
update of the calculated values. These 
values include the current source 
through the RTD, the reference volt-

age, and the value of R7 and R9, all of 
which are “named” cells that the for-
mulas refer to. The idea rewrites the 
original formulas to isolate the desired 
variable. You will find each in the as-
sociated cells for R6, R8, and R10 on 
the worksheet. You could also com-
plete the model by creating an auto-
matic look-up of standard resistor val-
ues (Reference 2).EDN

R e fe r e n ce s
 Villanucci, Robert S, “Design an 

RTD interface with a spreadsheet,” 
EDN, Feb 7, 2008, pg 57, www.edn.
com/article/CA6526816.

 Kagan, Aubrey, Excel by Exam-
ple: A Microsoft Excel Cookbook 
for Electronics Engineers, Else-
vier/Newnes, May 2004, ISBN 
0750677562.

Shunt regulator monitors 
battery voltage
Vladimir Rentyuk, Modul-98 Ltd, Zaporozhye, Ukraine

Figure 1 The linearizing values of an RTD circuit accompany a graph of the  
output voltage.
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Analog applications, such as 
testing, calibration, and gen-

eral system operation, often require a 
sine waveform of accurate amplitude 
and frequency, with low THD (total 
harmonic distortion). Some applica-
tions demand that the generator of 
such waveforms have the ability to ac-
curately synchronize the output with 
an external timing signal. Simple sine-
wave generators can offer various de-
grees of this performance, but main-
taining low THD with constant am-
plitude is a problem, particularly if the 

output and the synchronization signal 
must remain locked through an ex-
tended range of frequencies.

The circuit in Figure 1 can syn-
chronize a sine-wave output through 
three decades of frequency—20 Hz to 
20 kHz—and maintain low THD and 
constant amplitude (Table 1). The syn-
chronizer IC, an NXP Semiconductors 
(www.nxp.com) 74HC4046, is a PLL 
(phase-locked loop) with a VCO (volt-
age-controlled oscillator) and a phase/
frequency detector. It has three inter-
nal phase detectors, but this design uses 

the one with a frequency-capture range 
equal to that of the VCO-frequency 
range (the maximum frequency minus 
the minimum frequency).

The circuit’s general-purpose bina-
ry frequency divider, the 74HC4060, 
connects between the VCO output 
and the 74HC4046 feedback (phase/
frequency-comparator) input and has 
a division ratio of 64. When the PLL 
is locked, therefore, the Q6 output 
of the 74HC4060 generates a square 
wave equal to 1/64th of the VCO-
output frequency. The components 

designideas

Locked-sync sine generator covers  
three decades with low distortion
Alfredo H Saab and Tina Alikahi, Maxim Integrated Products, Sunnyvale, CA



Figure 1 shows a power sup-
ply that delivers 5V from a 12V 

battery. With only a few components, 
the supply copes with all the automo-
tive transients that ISO (Internation-
al Organization for Standardization) 
7637-1 lists without the need for a 
bulky transient-voltage suppressor. In 
normal operation, R3 connects to the 
common through a microcontroller 
port. In standby mode, R3 stays open, 

and the quiescent current of the supply 
decreases from approximately 2.8 mA 
to approximately 160 mA, and the out-
put voltage then drops to approximate-
ly 3.5V. If your application doesn’t re-
quire a standby mode, suppress R3 and 
set R5 to 220V. With most common 
zener diodes, you would then set R5 to 
120V and D1 to 4.3V. You can use the 
circuit in 24V systems if D2 is 36V.

If the voltage increases, the current 

through D1 and the base of Q3 increas-
es, so Q3 increases the current of Q2, 
which lowers the gate-to-source volt-
age of Q1. If the input voltage surpasses 
19V, D2 starts to conduct and makes 
Q2 switch off Q1, so permanent over-
voltages as high as 200V cannot dam-
age the circuit. The Miller capacitance 
of Q1 makes it act as a fast integrator, 
which keeps the system stable. If you 
remove D2, you must replace Q3 with 
a high-voltage transistor, such as an 
MMBTA42.

If you omit D2, the circuit cannot 
withstand permanent overvoltages 
without Q1’s overheating. In this case, 
however, the circuit can cope with all 
the impulses, including the load-dump 
pulse, of ISO 7637-1. You should re-
move D2 only if C1 cannot maintain 
the voltage during long overvoltages, 
such as the load-dump pulse, and keep-
ing the voltage is critical.

An added advantage of this cir-
cuit over most IC-voltage regulators 
is that it can sink current through D1 
and Q3. This feature allows the use of 
diodes to fully protect the micropro-
cessor’s inputs. Soldering the D-Pack 
package to a couple of 1-cm2 copper 
pads allows the circuit to source 300 
mA at 10 to 16V or 150 mA at 20 to 
32V. More dissipation area allows for 
higher currents.EDN

Power supply meets  
automotive-transient-voltage specs
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Figure 1 This automotive regulator withstands overvoltages that ISO 7637-1 
specifies.



that determine the 74HC4046 center 
frequency, C1 and R1, determine the 
VCO-frequency range from 20364 to 
20,000364 from the minimum to the 
maximum level of the VCO’s input-
voltage range.

A switched-capacitor lowpass fil-
ter, the Maxim (www.maxim-ic.com) 
MAX297, whose cut-off frequency by 
design equals 1/50th of the clock fre-
quency you apply to it, has for signal 
input the same square wave it uses for 
the PLL feedback, and its clock input 
attaches to the VCO output. Because 
the clock and signal inputs always have 
a frequency ratio of 64, the input signal 
always falls within the filter bandpass. 
No input harmonics fall within this 
bandpass because the ratio of the clock 
frequency to frequency is less than 50 
for all of them. (For the lowest second 
harmonic, the ratio is 32.) The THD, up to the 32nd har-
monic, is lower than 0.1%.

The fact that the filter’s input signal is a square wave with 
a 50% duty cycle helps in this application because a square 
wave contains only odd harmonics of the fundamental, and 
the lowest-frequency harmonic is the third, which is well 
within the filter’s deep-attenuation range.

You can frequency-modulate the synchronization signal, 
but that task entails a compromise between the synchro-
nization-tracking speed (or maximum modulation frequen-
cy and depth) and the frequency-locking range, which the 
PLL’s lowpass filter components, R2, R3, and C2, set. Modula-
tion speed is limited for the values the figure shows because 
those values are optimized for an extended-frequency lock-
ing range. You can download more information, including 
a full data sheet for the MAX297, from www.maxim-ic.com 
(Reference 1).EDN

R e fe r e n ce
 “MAX293/MAX294/MAX297 8th-Order, Lowpass, 
Elliptic, Switched-Capacitor Filters, Revision 2,” June 
2008, Maxim, http://datasheets.maxim-ic.com/en/ds/
MAX293-MAX297.pdf. 
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Figure 1 This three-IC sine-wave generator covers three frequency decades, 
provides low distortion, and allows you to synchronize it with an external signal.

Table 1 Amplitude versus frequency
Frequency  

(Hz)
Amplitude  

(V rms)

20 1.470

50 1.472

100 1.472

200 1.473

500 1.473

1000 1.473

2000 1.472

5000 1.473

10,000 1.473

20,000 1.472

1



Most engineers know that they 
can use an inexpensive, three-

terminal adjustable regulator, such 
as Fairchild Semiconductor’s (www.
fairchildsemi.com) LM317, as an ad-
justable regulator to only some neces-
sary value of voltage, such as 36 or 3V. 
This value cannot be less than 1.25V 
without employing other approaches, 
however. The devices’ inner reference 
voltage is 1.25V, and their output volt-
age accordingly cannot be less than 
this value without potential bias (Ref-
erence 1). One way to solve this prob-
lem is to use a reference-voltage source 
based on two diodes (Reference 2). 
Although this approach is suitable for 
a 1.2 to 15V or higher-voltage regula-
tor, it is not appropriate for an extra-
low-voltage fixed- or adjustable-volt-

age regulator. The two 1N4001 diodes 
it employs do not provide the needed 
potential bias of 1.2V, and they have 
additional temperature instability of 
approximately 2.5 mV/K (Reference 
3). Hence, additional temperature 
drifting of the output voltage is approx-
imately 100 mV; it is more than 6% for 
a 1.5V output voltage and 10% for a 
1V output voltage if you adjust the 
temperature to 208C—a typical indoor 
situation. You can solve these problems 
by using a Fairchild Semiconductor 
LM185 or an Analog Devices (www.
analog.com) AD589 adjustable-volt-
age-reference IC. These devices are 
expensive, however, and, in this case, 
they require not only additional zero 
adjustment but also matching. These 
adjustments at their reference voltages 

are 1.215 to 1.255V and 1.2 to 1.25V 
for the LM185 and AD589, respective-
ly. Note that the reference voltage of 
the LM317 is 1.2 to 1.3V.

Figure 1 shows an inexpensive ap-
proach using a simple 0 to 3V adjust-
able regulator. You implement the 
necessary potential bias using a simple 
temperature-stabilized constant-cur-
rent source (Reference 4). You cal-
culate this current source using the 
following equation: I5(VF2VEBO)/
(R51R6), where VF is D1’s forward 
voltage of approximately 2V and VEBO 
is Q1’s emitter-base voltage of approxi-
mately 0.68V. The current is approxi-
mately 1.32/(R51R6). The constant-
current source creates a bias voltage of 
approximately 21.25V on resistor R3. 
You implement the zero adjustment 
using resistor R6, which can change the 
current of the constant-current source. 
Resistor R5 protects transistor Q1. You 
can use D1 as a light indicator. You can 
adjust the output voltage using resis-
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and Fran Granville

designideas
Use an LM317 as  
0 to 3V adjustable regulator

Figure 1 This circuit is an inexpensive approach using a simple 0 to 3V adjust-
able regulator.
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You can use the circuit in Fig-
ure 1 to monitor the rotating 

speed of a dc fan motor and sound an 
alarm if the motor stalls. One poten-
tial application of the circuit is moni-
toring the CPU-fan speed in a PC in 
which overheating the CPU can ruin 
the whole system. A PC BIOS (basic 
input/output system) often has a limit-
ed capability for monitoring the speed 
of CPU or chassis fans during boot-up. 
Moreover, if you enable the CPU-fan-
protection function of BIOS today, you 
can have a problem with it tomorrow: 
If the fan’s starting acceleration slows 

down, the BIOS powers down the PC 
at the beginning of the boot sequence, 
not allowing you to go into BIOS set-
tings to correct the situation. So, the 
manual often advises you to disable 
this fan function. The circuit in Figure 
1 shows how to implement continuous 
monitoring and sound an alarm and 
automatically power off the system if a 
fan problem occurs.

The impulses on R1, arising from com-
mutation in the fan’s brushless motor, 
start up the Schmitt trigger, Q1/Q2,  
which controls transistor switch Q3, 
commutating the sense pin of the fan’s 

motherboard connector; the frequen-
cy of commutation is proportional to 
the rotation speed. Optionally, the 
output of the trigger resets the timer 
with two time-out periods; the expira-
tion of the first time-out activates the 
alarm buzzer.

After the second time-out, transistor 
Q5 powers down the PC with or with-
out the relay switch. The relay switch-
ing is more consistent, is less prone to 
interference, and is preferable when 
the distance between this circuit and 
the power-switch connector on the 
motherboard exceeds 20 to 30 cm. You 
must connect the collector of Q5 or the 
contacts of the relay in parallel with 
the power-switch button. The alarm 
circuit comprises Q4 and a three-ter-
minal piezoelectric buzzer.EDN

designideas

tor R2. Calculate the output voltage as 
follows: VOUT5VREF(11R2/R1)2VR3, 
where VREF is the reference voltage of 
IC1 and VR3 is some compensative volt-
age of resistor R3. You should establish 
this voltage to equal the reference volt-
age for its compensation. In this case, 
VOUT5VREF(R2/R1). With R2 having a 
value of 1.2 kV, this circuit found use 
as the equivalent of a typical battery 

with an output voltage of 1.56V for 
development projects.EDN

R e fe r e n ce s
 “LM317 3-Terminal Positive Adjust-
able Regulator,” Fairchild Semicon-
ductor Corp, June 2005, www. 
fairchildsemi.com/ds/LM/LM317.pdf. 
 “LM350 3-Terminal 3A Positive Ad
justable Voltage Regulator,” Fairchild 

Semiconductor Corp, 2001, www.
fairchildsemi.com/ds/LM/LM350.pdf.
 Schenk, C, and Ulrich Tietze, 
Halbleiter-Schaltungstechik, Spring-
er-Verlag Berlin Heidelberg, 2002, 
ISBN: 3540428496.
 Rentyuk, Vladimir, “The Simple 
Temperature-Stabilized Constant-Cur-
rent Source,” Electronics World, No-
vember 2006.

Alarm monitors rotational  
speed of dc motor
Peter Demchenko, Vilnius, Lithuania



Figure 1 This circuit provides an optional audible alarm after a time-out when a brushless-dc fan motor slows down. Then, 
after a second time-out, the circuit powers down the PC.
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Using a CMOS 555 timer and 
a single NPN transistor, you 

can drive as many as seven LEDs 
using a minimal amount of volt-
age and power from a single NiMH 
(nickel-metal-hydride) AA cell. The 
circuit works by creating much high-
er-voltage pulses than the voltage 
for powering the circuit by pulsing a 
high-Q power inductor. The circuit 

designideas

555 timer drives 
multiple LEDs 
from one  
NiMH cell
Chuck Irwin, Hendersonville, NC


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Like other simple, single-cell 
lithium-ion battery chargers, 

Microchip’s (www.microchip.com) 
MCP73812 provides no means of in-
dicating the charging status. You can 
remedy this situation by adding four 
components (Figure 1). Add one more 
LED, and you also get a charging-com-
plete indication. This two-LED con-
figuration has the added benefit that 
one of the LEDs is always on, provid-
ing an indication that the charger is 
powered.

While the cell is in the constant-
current charging mode, 401 mA flows 
through the 1N4001 diode, D1. The 
additional 1 mA is the supply cur-
rent of the control chip. Because the 
1N4001 conducts before the base-
emitter junction of Q1, it prevents 
Q1 from turning on until the forward 
voltage across it reaches about 450 
mV. Q1 then starts to conduct and 
turns on D2, a red LED that indicates 
charging. Because the forward-volt-
age drop for a green LED is typically 
higher than that of a red LED—2.1 

versus 1.7V—the voltage across D2 
and Q1 is less than the turn-on volt-
age of the green LED, D3, and it re-
mains off.

For the last part of the charging cycle, 
the controller switches to constant-

voltage mode. As the cell voltage gets 
closer to this 4.2V terminal voltage, the 
current through D1 drops, and at 15 to 
40 mA, both LEDs illuminate.

Tests measured this range for sev-
eral 2N3904 transistors. Testing with 
2N4401s gave a lower range of 4 to 18 
mA. When the current drops below 
about 15 mA, Q1 turns off D2. The volt-
age across D3 now rises above its for-
ward-voltage threshold, and the green 
charging-completed LED lights.EDN

Add charging status  
to simple lithium-ion charger
Peter T Miller, Applied Inspirations, Bethlehem, CT



Figure 1 Adding a few components to a lithium-ion cell charger provides  
an indication of charging status.
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Inputting multiple bits of in-
formation using a single entry 

pin of a microcontroller without the 
complexity of UARTs can prove use-
ful. Such a scheme could allow scan-
ning of a keyboard, mode switches, 
or any relatively slowly changing 
digital data. Reference 1 details a 

technique for outputting signals with 
a single pin. The data from switch 
bank S1 first presents itself to IC3, a 
74HC165 parallel-to-serial convert-
er from NXP Semiconductors (www.
nxp.com, Figure 1). Loading the 
data into the shift register requires a 
pulse on the PL line (Pin 1). Line CK 

accomplishes this pulse by sending as 
output a long pulse on the microcon-
troller-pin line. R2 and C2 introduce 
a delay, and, once the pulse exceeds 
that delay, the PL line goes low, and 
the data loads.

After the PL signal rises, shorter 
pulses on the microcontroller’s I/O 
port generate pulses at the shift reg-
ister’s clock input, CP, but not at the 
PL input. The duration of these clock 
pulses must be long enough to exceed 
delay R1C1 but not R2C2. These clock 

designideas

creates voltage pulses of 23V using 
a 1.25V NiMH cell with seven con-
nected LEDs.

The circuit uses a CMOS timer be-
cause it functions on low voltages—in 
this case, as low as 1V. A single white 
LED rated at 9300 mcd maintains its 
brilliance down to this low voltage. 
The circuit works for 192 hours using 
a 2000-mAHr-rated NiMH cell. The 
output of the timer is a 4.5-msec pulse 
repeating at a 222-kHz rate. Although 
you can use the circuit to power any 
LED, it works best using high-bright-
ness, high-power LEDs rated at 3000 
mcd or higher. Obviously, the higher 

the millicandela rating, the brighter 
the LED will appear.

You can connect the LEDs in parallel 
if their forward voltages match; other-
wise, the LED with the lowest forward 
voltage will dim out the other LEDs. 
Using the parallel connection, all LEDs 
will glow with equal brightness if their 
forward voltages match. Adding LEDs 
does not increase the current drawn 
from the battery but reduces the bril-
liance of all of the connected LEDs.

The advantage of connecting the 
LEDs in series—which is possible be-
cause of the high pulse voltage they 
produce—is equal brilliance of all 

LEDs, regardless of their individual 
forward-voltage drops and millicandela 
ratings. Each additional LED decreases 
additional voltage and lowers the re-
sulting current into the series string of 
LEDs, lowering their brilliance. Using 
seven LEDs with a single 1.25V cell 
draws a current of only 8 mA. By add-
ing a 1.25V cell to the power input, 
the LEDs become so brilliant that it is 
difficult to look at them. With a 2.5V 
supply, the peak voltage pulses increase 
to 70V with no connected LEDs. With 
the LEDs connected, the output volt-
age peaks at 25V. Current draw at 2.5V 
is 20 mA.EDN

Microcontroller inputs  
parallel data using one pin
Rex Niven, Forty Trout Electronics, Eltham, Victoria, Australia


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pulses shift the data so that the 8 bits 
appear in sequence at the shift-register 
output, QQ.

If the microcontroller’s data direc-
tion briefly changes to input with 
high impedance, this shift-register 
data dominates because of the rela-
tive values of R1, R2, and R3, with R3 
being a much lower value. The high-
impedance state must exist only for a 
time less than the R1C1 time constant 
(Figure 2). The microcontroller now 
reads the single bit of data. The action 
of three differing periods generates 
three functions: load, clock, and data 
read. The time the microcontrollers 
need to change port direction, read 
the pin data, and reset the pin’s direc-
tion to output determines the timing. 
For example, a 1-msec microcontroller 
requires 10 msec.

To avoid spurious CP pulses, this time 
constant must be less than 0.33R1C1, so 
R1C1 could be 30 msec and R2C2 could 
be 200 msec. These settings would 
allow a complete 8-bit read in about 1 
msec. To achieve faster operation, re-

place the RC delays with a precision 
retriggerable monostable multivibra-
tor, such as NXP’s 74HC123, and logic 
gates. You can expand the scheme with 
more shift registers to read dozens of 
signals.

Note that internal logic in the 
74HC165 shift register prevents the 
CP signal from shifting data when LD 
is active. Resistor R4 ensures the cor-

rect sequencing of LD and CP. Diodes 
D1 and D2 quickly discharge the capac-
itors to “reset” the delay function of 
R1C1 and R2C2.EDN

R e fe r e n ce
 Niven, Rex, “RC lowpass filter 

expands microcomputer’s output 
port,” EDN, June 21, 2007, pg 74, 
www.edn.com/article/CA6451248. 
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Every once in a while, I read 
that analog is on the way out, 

and everything should be digital. 
Recently, I was involved in a design 
project that illustrates that this belief 
doesn’t apply in many situations.

The problem was to put two new 
optical breaks into the drive mecha-
nism of a group of robotically con-
trolled, Internet-accessible telescopes 
in an education application. The 
drive mechanisms have been showing 
signs of wear from excess slipping at 
end of travel: The sensors would sig-
nal end of travel, so there would be 
no slipping. The fork arms and other 
locations enclosed the internal wiring 
harnesses of the telescopes so that re-
wiring the telescopes would have been 
awkward.

So, the best idea was to encode the 
signals from the new sensors into the 
current wiring. There was one digital 
signal available; the challenge was to 
encode the two new sensors onto that 
signal.

Using a digital approach 
would have involved adding 
a small microcontroller to the 
base and encoding a serial dig-
ital signal to send up the tube, 
with appropriate synchro-
nous pulses, data, and check 
sums, which then would un-
dergo decoding at the CPU. 
This approach would have re-
quired some sort of reset pro-
vision because the telescope 
needed to operate indepen-
dently for months, and those 

serial digital signals would have unde-
sirable switching noise on them. The 
CPU would also have had to spend 
time grabbing, decoding, and syn-
chronizing the signals, taking up more 
time. In addition, we would have had 
to have written some messy bit-bang-
ing code: not a huge challenge—but 
not a simple or elegant one, either. 

Instead, this approach uses a varia-
tion on a simple adder circuit in which 
each sensor contributes a different 
amount. Taking the basic binary idea 
that one sensor adds 61; the next, 62; 
and the last, 64, the approach unique-
ly represents each state.

The basic requirements are a volt-
age reference, some op amps, and a 
summing junction. This application 
uses IC4, a Texas Instruments (www.
ti.com) REF3040 voltage reference, 
which has an output tolerance of 
0.2% yet costs only approximately 
$1 (Figure 1). This reference gen-
erates a voltage of 4.096V and pro-
duces enough current to run the op 

amps, which run rail to rail to within 
a few millivolts. Be careful, however: 
Some “rail-to-rail” op amps have in-
sufficient current drive near the rails. 
This circuit uses 0.1%-precision resis-
tors, which cost only about 20 cents. 
Remember that you can use two 10-
kV resistors in series and two in par-
allel to create the 20- and 5-kV re-
sistances that you see in the figure. 
The assembly and bill of materials are 
simpler and precision is better because 
the distributions around the ideal re-

sistor value tend to cancel out. 
Table 1 lists the predicted out-
put voltages.

Tests with a voltmeter show 
that all output voltages were 
within 1 mV of the predicted 
output values. The error bud-
get of less than 1% shows that 
you could use this method to 
encode several more sensors. 
In the telescope, the CPU’s 
ADC reads the outputs. Read 
it twice to ensure that you 
aren’t catching it at a transi-
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Table 1 Predicted output voltages
Sensor 1 Sensor 2 Sensor 3 Output

0 0 0 0.256

0 0 1 0.768

0 1 0 1.28

0 1 1 1.792

1 0 0 2.304

1 0 1 2.816

1 1 0 3.328

1 1 1 3.84
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“Charlieplexing” as a method 
of multiplexing LED displays 

has recently attracted a lot of atten-
tion because it allows you, with N I/O 
lines, to control N3(N21) LEDs 
(references 1 through 5). On the 
other hand, the standard multiplex-
ing technique manages to control far 
fewer LEDs. Table 1 lists the number 
of LEDs that you can control using 
Charlieplexing and standard mul-
tiplexing by splitting the available 
number of N I/O lines into a suitable 

number of rows and columns. Table 
1 also shows the duty cycle of the 
current that flows through the LEDs 
when they are on.

Clearly, Charlieplexing allows you 
to control a much larger number of 
LEDs with a given number of I/O 
lines. However, the downside of this 
technique is the reduced duty cycle 
of the current that flows through 
the LEDs; thus, to maintain a given 
brightness, the peak current through 
the LEDs must increase proportion-

ately. This current can quickly reach 
the peak-current limit of the LED. 
Nonetheless, Charlieplexing is a fea-
sible technique for as many as 10 I/O 
lines, allowing you to control as many 
as 90 LEDs. To control an equivalent 
number of LEDs using the standard 

designideas

tion. The advantages of the circuit 
include the fact that its dc signals 
ensure that there’s no noise and that 

the updates are nearly instantaneous. 
Also, because op amps are simple, vir-
tually indestructible, and insensitive 

to noise, no reset circuits are neces-
sary. Best of all, the design requires no 
programming.EDN

Mutliplexing technique yields a 
reduced-pin-count LED display
Saurabh Gupta and Dhananjay V Gadre,  
Netaji Subhas Institute of Technology, Dwarka, New Delhi, India



Figure 1 This application uses IC4, a REF3040 voltage reference, which has an output tolerance of 0.2% yet costs only 
approximately $1.
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Figure 1 “Charlieplexing” with two 
I/O lines allows you to control two 
LEDs.
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multiplexing technique would require 
19 I/O lines.

This Design Idea proposes a modi-
fication to the Charlieplexing tech-

nique that allows you 
to control twice as 
many LEDs. Thus, 
the proposed method, 
“GuGaplexing,” al-
lows 23N3(N21) 
LEDs using only N I/O  
lines and a few addi-
tional discrete com-
ponents (Figure 1). 
To turn on LED D1 
using the Charlieplex-
ing method, set P1 to 
logic one and P2 to 
logic zero. To turn on 

LED D2, set P1 to logic zero and P2 to 
logic one. Figure 2 shows the pro-
posed GuGaplexing scheme with two 
I/O lines controlling four LEDs. The 

GuGaplexing technique exploits the 
fact that each I/O line has three states: 
one, zero, and high impedance. Thus, 
with two I/O lines, states 00, 01, 10, 
and 11 of eight possible states control 
the LEDs.

Table 2 lists the voltage at the 
output of the transistor pair for vari-
ous states of the two I/O lines, P1 
and P2. The transistor pair compris-
es a BC547 NPN and a BC557 PNP 
transistor; matched transistor pairs 
are recommended. For N I/O lines, 
the GuGaplexing technique requires 
N21 transistor pairs. Table 3 shows 
the state of the I/O lines P1 and P2 
and the voltage at node PR1 to con-
trol the four LEDs. The circuit re-
quires that the LED turn-on voltage 
should be slightly more than VCC/2. 
Thus, for red LEDs with a turn-on 
voltage of approximately 1.8V, a suit-
able supply voltage is 2.4V. Similarly, 
for blue or white LEDs, you can use a 
5V supply voltage. Modern microcon-
trollers, especially the AVR series of 
microcontrollers from Atmel (www.
atmel.com), operate at a wide variety 
of supply voltages ranging from 1.8 to 

Table 1 No. of LEDs and duty cycle
No. of 
I/O 

lines

Multiplexing-
controlled 

LEDs

Duty cycle 
with multi-
plexing (%)

Charlieplexing- 
controlled 

LEDs
Duty cycle with 

Charlieplexing (%)

Two Two 100 Two 50

Three Three 100 Six 16.67

Four Four 50 12 8.33

Five Six 50 20 5

Six Nine 33 30 3.33

Seven 12 33 42 2.4

Eight 16 25 56 1.78

Nine 20 25 72 1.38

10 25 20 90 1.11

TABLE 2 Output voltage

P1 P2

Voltage at node 
PR1

0 0 VCC

0 1 VCC

0 Z VCC

1 0 0

1 1 0

1 Z 0

Z 0 VCC/2

Z 1 VCC/2

Z Z VCC/2

TABLE 3 I/O lines and PR1 
voltage

P1 P2

Voltage at 
node PR1

LED that 
turns on

0 0 VCC L3

0 1 VCC L2

1 0 0 L1

1 1 0 L4

Z Z VCC/2 None

VCC

82

82
82

D3
D4

PR1

P2

D1
D2

P1

P2

470

470

BC557

BC547
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Figure 2 “GuGaplexing” with two I/O lines allows you 
to control four LEDs.

Figure 3 This graph plots the voltage at node PR1 for various supply-voltage  
values when the input to the transistor pair is floating.
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When electronic testing re-
quires an adjustable current 

source, you must often build that piece 
of test equipment in the lab. You can 
easily make such a current source from 

a standard force-sense lab power sup-
ply (Figure 1). The circuit requires an 
additional power supply for the ICs 
and a separate control voltage. The 
feedback signal to the force-sense sup-

ply comes from a MAX4172 high-side 
current monitor from Maxim (www.
maxim-ic.com). In the configuration 
in Figure 1, the circuit offers a 1-to-1 
ratio of control voltage to load current 
(1A/V). Figure 2 shows load current 
as a function of load resistance.

To change the voltage-to-current 
ratio, simply change the value of  
RSHUNT; a lower value of RSHUNT gives 
higher current and vice versa. The 

designideas

5.5V, and this design uses a Tiny13 
microcontroller to implement the 
GuGaplexing technique.

Figure 3 plots the voltage at node 
PR1 for various supply-voltage values 
when the input to the transistor pair is 
floating. The Spice simulation ensures 
that the circuit would work properly 
to provide VCC/2 at the PR1 node for 
wide operating-supply-voltage values 
when the input is floating.

A 24-LED bar display validates the 
scheme in a real application (Figure 
4). The display is programmable and 
uses a linear-display scheme for the 
input analog voltage. The input ana-
log voltage displays in discrete steps 
on the 24-LED display. Controlling 24 
LEDs requires only four I/O lines and 
three pairs of transistors. The system 
uses 5-mm, white LEDs in transpar-
ent packaging and a 5V supply volt-

age. The GuGaplexing implementa-
tion uses an AVR ATTiny13 micro-
controller. The analog input voltage 
connects to Pin 7 of the ADC input 
of the Tiny13 microcontroller.

The control program for the AT
Tiny13 microcontroller is available 
with the Web version of this Design 
Idea at www.edn.com/081016di1. The 
source code is in C and was compiled 
using the AVRGCC freeware compil-
er. You can modify the source code to 
display only one range of input voltage 
between 0 and 5V. For example, it is 
possible to have a linear-display range 
of 1 to 3V or a logarithmic scale for 
input voltage of 2 to 3V.EDN
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maximum allowed voltage of 150 mV between the RS1 
and RS2 terminals, the maximum positive RS voltage of 
32V, and the maximum current capability of the force-sense 
supply all limit the output current of the supply.

Because voltage and current meters in the force-sense sup-
ply display inaccurate values while this circuit is operating, 
you should use external meters to monitor the load voltage 
and load current. Also, be aware that, if you remove the 
load so that the output current is 0A, the open-circuit volt-
age of the force-sense supply goes to the maximum value it 
can generate.EDN
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trolled current source. As configured, the circuit pro-
duces a control ratio of 1-to-1A/V.
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Some applications, such as ADC 
testing and calibration, require a 

DAC with extremely good resolution, 
monotonicity, accuracy, and resolution. 
In these categories of performance, the 
circuit in Figure 1 is hard to beat. Its 
typical specifications follow:

• �Resolution532 bits5331011051.2 
nV5192 dB.

• �DNL (differential nonlineari-
ty)527 bits5400 nV5162 dB.

• �INL (integral nonlinearity)522 
bits51.6 mV5130 dB.

• �Ful l - sca le  accuracy  (un-
trimmed)511 bits562.5 mV566 
dB.

• �Zero accuracy523 bits56500 
nV610 nV/8C5140 dB.

• �Ripple and noise521 bits52 mV 
p-p5128 dB.

The basis of the DAC’s 32-bit res-
olution is the summing of two 16-bit 
PWM signals by analog switches S1 
and S2 and precision resistor network 
R2 through R6. The DAC’s monotonic-
ity and DNL are theoretically infinite, 
and, in practice, the only limit is the 1-
to-216 ratio of R2: (R61R51RS2-ON) and 
R3: (R61R41RS2-ON). Typical accuracy 
of 0.1% resistors yields a DNL of ap-
proximately 0.1 ppm527 bits.

The less-than-0.1V output imped-
ance of the AD586 reference and the 
130-dB CMR (common-mode rejec-
tion) of chopper-stabilized “zero-drift” 
amplifier A1 mostly limit INL. R7 sup-
presses a potential contribution from 
asymmetry in RS1-ON, yielding the typi-
cal INL of approximately 0.3 ppm522 
bits.

Zero-accuracy and output-noise 
specs are at the low-microvolt level 
because of the excellent specifications 
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DC-accurate, 32-bit DAC  
achieves 32-bit resolution

Figure 1 This DAC circuit sums two 16-bit PWM signals using precision analog switches to achieve 32-bit resolution.
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The current trend in advanced 
instrumentation amps is to use 

no external resistors. In these ampli-
fiers, a gain-control word, comprising 

a binary-coded one, sets the voltage 
gain. Several integer gains within one 
to 1000 are currently available; how-
ever, this range does not yet include a 
gain of three. Although external-resis-
tor-free amplifiers with a gain of three 
are available, they are neither instru-
mentation amps nor autozeroed devic-
es (Reference 1). These features are 
essential in applications requiring ac-
curate processing of low-level voltages. 
You can use the circuit in Figure 1 for 
applications requiring instrumentation 
amps having voltage gains of three or 
10 and the ability to process voltages as 
low as 1 mV. 

This design achieves a voltage gain 
of three by using the “algorithm” of 
35211. The circuit comprises two 
units of the Analog Devices (www. 
analog.com) digitally gain-programma-
ble, autozeroed AD8231 instrumenta-
tion amp. These ICs have voltage gains 
that are programmable as powers of 
two—that is, one, two, four … 128 (Ref-
erence 2). Amplifier A1 in IC1 is preset 
to provide a gain of two, and auxiliary 
amp A2 in IC2 is preset to a gain of one. 
The noninverting and inverting inputs 
of A1 and A2 connect together. The 
output of A2 connects with reference 
input REF1, and reference input REF2 
serves as a freely usable reference. You 
can thus calculate the output voltage 
as VOUT5VOUT11VREF15VOUT11VOUT2 
52DVIN1DVIN53DVIN, where DVIN is 
the input-difference voltage.

Similarly, you can achieve a voltage 
gain of 10 according to a symbolic for-
mula of 105812. This time, A1 has 
a voltage gain of eight, and A2 has a 
gain of two. Using Reference 2, you 
can derive that, for gains of both three 
and 10, A1A15A0A2. Therefore, the 
gain-control pins connect and remain 
low for a gain of three, and the high at 

designideas

of the LTC1151 A1 and A2 op amps 
and the charge-injection performance 
of the MAX4053A S2: approximately 
0.4 ppm, or 23 bits.

The precision of the AD586L 5V 
reference, which is 6500 ppm un-
trimmed, limits absolute accuracy. If  

your design requires greater accuracy, 
then you can use an Analog Devices 
(www.analog.com) simple trim cir-
cuit to further tweak it. There’s noth-
ing critical about the suggested 200-
Hz PWM cycle. You need to change 
only R1 and C1 to accommodate any 

convenient frequency. How closely 
the R1C1 time constant matches the 
PWM-cycle time determines the set-
tling time of the A1-S2-A2 synchro-
nous “zero-ripple” integrate-and-hold 
filter, and can be as fast as one cycle if 
the match is exact.EDN

Digitally programmable instrumen- 
tation amplifier offers autozeroing
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia


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Figure 1 The autozeroed instrumentation amp, digitally programmable for volt-
age gains of three and 10, can help you to overcome the current inavailability 
of monolithic ICs for this task. 
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This Design Idea describes a 
simple and low-cost ADC that 

you control using the serial port of a PC 
running Windows XP/Vista. The hard-
ware comprises Microchip’s (www.mi-
crochip.com) 12-bit SAR (successive-
approximation-register) MCP3201 
ADC, which attaches to the serial port 
of the PC through the RTS, CTS, and 
DTR lines (Figure 1). 

The circuit uses an SPI (serial-periph-
eral-interface)-compatible interface to 
communicate with the MCP3201. The 

MAX232 chip transforms the RS-232 
levels into TTL-compatible levels that 
the MCP3201 converter requires to op-
erate. The analog signal comes through 
the IN1 pin of the MCP3201. The 
output digital stream of bytes on the 
DOUT pin goes through the CTS line to 
the serial port of the PC. The RTS line 
of the serial port provides clock puls-
es that go through the CLK pin of the 
converter. Each separate bit appears on 
DOUT on the falling edge of CLK, and 
the application should latch the bit on 

the rising edge of 
the clock pulse.

The DTR line 
produces the CS 
signal that frames 
the conversion 
process.  The 
CS signal must 
be low while 
the conversion 
is in progress  
(Figure 2).

The mean-
ingful bits, with 
MSB first, appear 
on DOUT after the 
third CLK pulse 

goes low. It implies that, if you miss the 
first three data bits, the software would 
programmatically realize it. The soft-
ware that controls the device is written 
in free Microsoft (www.microsoft.com) 
Visual C# 2008 Express Edition. It uses 
a built-in SerialPort component that  
allows you to get full control over the 
serial port of the PC. You implement 
the software as a simple console ap-
plication containing Listing 1, which 
is available with the Web version of 
this Design Idea at www.edn.com/
081030di1. The program is uncompli-
cated, so you can easily modify it. For 
instance, you could send the data from 
ADC over the Internet or pass it into 
Microsoft Excel or Microsoft Access for 
further processing.

You can improve the simplified cir-
cuit in Figure 1 for higher accuracy 
by placing a lowpass filter in the ana-
log-signal chain. You should also al-
ways use a bypass capacitor with the 
MCP3201. Place a capacitor with a 
recommended value of 1 mF as close 
as possible to the device’s pin. You 
can also replace the MCP3201with 
a similar SAR ADC that works with 
an SPI-compatible interface. For in-
stance, you may use an LTC1286 or 
an LTC1297 device from Linear Tech-
nology (www.linear.com). If you plan 
to use a different ADC, you must 

designideas

these pins sets the gain to 10. Note that 
three approaches the square root of 10, 
or approximately 3.16. You can there-
fore consider it as roughly the geomet-
ric center of a decade.EDN

R e fe r e n ce s
 Štofka, Marian, “Gain-of-three 

amplifier requires no external resis-
tors,” EDN, Aug 16, 2006, pg 74, 
www.edn.com/article/CA6360318.

 “Zero Drift, Digitally Programmable 
Instrumentation Amplifier, AD8231,” 
Analog Devices Inc, 2007, www. 
analog.com/en/prod/0,2877,AD8231, 
00.html.

C# application controls simple ADC
Yury Magda, Cherkassy, Ukraine



1

2

Figure 1 This simple, low-cost ADC comprises a 12-bit SAR 
ADC, which attaches to the serial port of the PC through the 
RTS, CTS, and DTR lines.
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Figure 2 The DTR line produces the CS signal that frames the conversion process. The CS signal must be low while  
the conversion is in progress.
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Microsoft’s (www.microsoft.
com) Excel helps engineers 

with calculus and graphics to solve 
problems. But engineers often have to 
perform bitwise operations, too. Figure 
1 shows the bitwise operations’ tables. 
The bitwise functions work for deci-
mal values. If you need to use hexa-
decimal or binary values, you must use 
the Dec2Bin and Dec2Hex functions 
to convert all the decimal values for 
the desired format.

To install the add-in bitwise func-
tions, you can download the ins.xla 
file from the Web version of this De-

sign Idea at www.edn.com/081030di2. 
In Excel, go to Tools, then Add-Ins, 
and then Browser. Find the download-
ed add-in xla file and click OK. Now, 
Excel can run the bitwise functions. 

You can also download some ex-
amples from the EDN Web site at 
www.edn.com/081030di2 (Refer-
ence 1).EDN

R e fe r e n ce
 Kagan, Aubrey, Excel by Example: 

A Microsoft Excel Cookbook for 
Electronics Engineers, Newnes Else-
vier, 2004, ISBN 0-7506-7756-2.
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make some changes in the hardware 
and software. The changes neces-
sary to the hardware are obvious, and 
you may need to change the software 

source code of the application to cor-
rect the for (…) loop statement ac-
cording to the timing diagram of the 
selected part.EDN

Perform bitwise operation  
in Excel spreadsheets
Bruno Muswieck, Eletroeste, Uruguaiana, Brazil
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perform these bitwise operations 
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The rise of interest in renew-
able energy created by soaring 

fossil-fuel costs and global-warming 
fears has created a matching interest 
in associated support and demonstra-
tion instrumentation. This Design Idea 
hops on that bandwagon with the abil-
ity to directly and conveniently mea-
sure an important renewable-energy 
source: wind power. Handy for quick 
and easy preliminary evaluation of po-
tential wind-turbine sites, it includes 

a wind-speed transducer, comprising 
an optically sensed vane anemometer, 
and a temperature sensor, comprising 
a diode-connected transistor. These 
components interface with a hybrid 
digital/analog-computation circuit. In 
combination, they provide a real-time, 
linear, temperature-compensated read-
out of wind-power density.

The power-generation potential of 
wind is ½3air density (kg/m3)3air 
speed (m/sec)3. To compute it, there-

november 13, 2008  |  EDN  61

readerS SOLVE DESIGN PROBLEMS
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Linear wind-power meter 
compensates for temperature

Figure 1 This meter circuit uses a free-spinning anemometer and a diode-connected transistor temperature sensor  
to measure the available wind power for “green” power generation.
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In the last decade, engineers 
have done much work in de-

signing and implementing current-
mode circuits using second-generation 
current conveyors, which have high-
er signal bandwidth, greater linearity, 
larger dynamic range, simpler circuit-
ry, and lower power consumption than 
their predecessors. Recently, a second-
generation dual-output, current-con-
trolled conveyor has emerged. The de-
vice is an active building block (Fig-
ure 1), and the following equations 
characterize it: IY50, VX5VY1IXRX, 
and IZ+5IX; IZ–52IX.The parasitic re-
sistance at terminal X is RX5(VT/2IB), 
where VT is the thermal voltage and IB 
is the bias current of the conveyor that 

is tunable over several decades.
Figure 2 shows current-controlled 

oscillators with few components, em-
ploying only two dual-output current-
controlled conveyors and two ground-
ed capacitors. The devices use no ex-
ternal resistors, and the parasitic resis-
tance at terminal X realizes resistance. 
The proposed design for the circuit 
provides electronic controllability of 
frequency of oscillation. 

The characteristic equation for both 
of the circuits in Figure 2 is s2C1C2 
RX1RX21sC2RX12sC1RX11150. Satis
fying Barkhausen’s criteria—that the 
loop gain is unity or greater and that 
the feedback signal arriving back at 
the input is phase-shifted 3608—the 
required condition for oscillation is 
C15C2, and the frequency of oscilla-
tion is f51/(2p=C1C2RX1RX2).

Assuming that C15C25C and tak-
ing RX15RX25VT/2IB yield a frequency 
of oscillation: f5(IB/pCVT). Clearly, 
the dc-bias current, IB, can vary the fre-
quency of the current conveyors, and 
the frequency is, therefore, electroni-
cally controllable.EDN

designideas

fore, requires estimating air density, 
which is inversely proportional to abso-
lute temperature; measuring air speed; 
and calculating a cube.

Here’s how the wind-power meter 
does it. Diode-connected Q1 has a bias 
of 550 mA for a 258C (298K) base-to-
emitter voltage of approximately 600 
mV and a temperature coefficient of 
22 mV/8C. Thus, Q1 is a voltage refer-
ence that tracks the approximate ideal-
gas-law temperature dependence of air 
density: 20.3%/8C. Meanwhile, opti-
cal sensor O1 works with a free-spin-
ning anemometer impeller to produce 

wind-speed-proportional frequency: 
FW510 Hz/m/sec. Conversion of VQ1 
and FW into a 1-mV51W/m2 output 
signal is then the function of the third-
order X3Y3Z-multiplying behav-
ior of three cascaded CMOS-switch  
FVC (frequency-to-voltage-converter) 
charge pumps: S1, S2, and S3.

FVC S1/IC1A generates a negative 
voltage of 20.173VQ13FW; FVC  
S2/IC1B generates V252V3FW50.173 
VQ13FW

2; and FVC S3/IC1D gener-
ates 2V3520.173VQ13FW

3. Fi-
nally, differential inverter IC1C shifts 
and scales 2V3 to output VOUT5 

0.423VQ13FW
351V/kW/m2.

You can conveniently calibrate the 
wind-power meter in an automobile 
being driven on a windless day at a 
constant speed of 18.6m/sec541.5 
mph566.8 kph. With the anemom-
eter exposed to the external slip-
stream, adjust the calibration trim-
ming potentiometer for an output 
voltage of 4V or, for better accuracy, 
to the voltage that the following for-
mula that accommodates true air den-
sity yields: VOUT51.14V3air-pressure 
millibar/(2731ambient temperature 
Celsius).EDN

Oscillator uses dual-output  
current-controlled conveyors
Abhirup Lahiri, Netaji Subhas Institute of Technology, New Delhi, India
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A single-coil latching relay is a 
relay with memory, usually with 

a magnetic structure that provides two 
stable positions for the armature that 
holds the movable contacts. A perma-
nent magnet provides the force holding 

the armature in these stable positions. 
An application of electrical current to 
the relay coil moves the armature from 
one position to the other, which in 
turn changes the contact positions.

Applying to the coil a current pulse 

in one direction, of longer duration 
than the specified minimum for that 
relay type, sets the relay to the first of 
two stable positions, and it remains in 
that position after the current ceases 
to circulate. Current in the opposite 
direction resets the relay to the other 
position, which is also stable with no 
current. The relay then indefinitely 
remains in that position until a new 
current pulse toggles it to the other 
position.

designideas

Circuits drive  
single-coil latching relays
Alfredo H Saab and Tina Alikahi,  
Maxim Integrated Products, Sunnyvale, CA
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The electronic circuitry to drive one 
of these relays from logic signals can be 
a half-bridge if dual supply voltages are 
available or a full bridge—that is, an 
H-type power driver—if only a single 
supply voltage is available. The need 
to generate reversible-current pulses 
through the two-terminal coil impos-
es the use of these bridge topologies. 
Because the relay itself does not con-
sume power under static conditions, 
the driving circuitry should also con-
sume minimal power under the same 
conditions.

Figure 1 illustrates a variety of driv-
ing circuits, depending on the input-
signal-logic levels, their coding, and 
the magnitude of the available sup-
ply voltages. The circuits in figures 1a 
through c drive relays for voltages of 
4 to 15V. The circuit in Figure 1c re-
quires two separate control lines: The 
set line sets the relay, and the reset line 
resets it. You can code the set and reset 
signals as positive (active high) or neg-
ative (active low). You must use the 

same logic convention for both inputs 
in this circuit.

The widths of the set and reset sig-
nals must be longer than the minimum 
time required for the relay to operate—
typically, 3 to 5 msec. For proper op-
eration, you should apply only one sig-
nal at a time; while applying one, the 
other should remain at the nonactive-
logic value. Using positive logic, for 
example, the signal must go high for 
3 to 5 msec, and the other input must 
remain low until the first signal pulse 
ends. The choice of IC determines the 
logic level: TTL (transistor-to-transis-
tor logic) or power-supply-level CMOS 
(Figure 1c).

The circuits in figures 1a and 1b 
operate from a single on/off-signal 
line, generating a coil-current pulse 
with each transition of the input sig-
nal. The polarity of the coil-current 
pulse depends on the polarity of the 
input-signal transition that generates 
it (figures 1a, b, and d). The circuit in 
Figure 1a operates from CMOS-logic 

levels, and the one in Figure 1b oper-
ates from TTL levels. After each tran-
sition, the signal must remain stable for 
longer than the relay’s minimum oper-
ating time. The circuits in figures 1a 
and c typically draw quiescent currents 
of 40 mA, and the one in Figure 1b 
typically draws approximately 50 mA. 
The circuits in figures 1d and 1e are 
similar to those in figures 1a, 1b, and 
1c, but their supply-voltage range is 2.7 
to 5.5V, and their maximum quiescent 
current is only 50 nA.

Because the single-coil latching relay 
has a memory of its own, you must ini-
tialize its position after power-up to a 
known state, either by exercising the 
input logic or by analyzing and re-
sponding to a signal from the con-
tacts’ circuitry. Any of these circuits 
can deliver as much as several hun-
dred milliamps in either polarity while 
pulse-driving a relay coil. You can find 
technical information and data sheets 
for the ICs in these circuits at www.
maxim-ic.com.EDN
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Actual microcontrollers have 
powerful bidirectional I/O 

ports, and you can use different tech-
niques to fully exploit such capabili-
ties. Recent Design Ideas described 
the “Charlieplexing” method as an 
effective way to drive M5N3(N21) 
LEDs using only N bidirectional I/O 
ports and N resistors (references 1 
and 2). Unfortunately, using Char-
lieplexing allows you to drive only 
one LED at a time, so, when using 
a large number of LEDs, only a tiny 
slice of time is available to multiplex 
each LED: TDRIVE5T/M, where T 
is the PWM excitation period. As a 
consequence, to obtain a given aver-
age current and bright LEDs, you must 
excite them with a current M times 
higher, and you can’t usually obtain 
such peak currents from the micro-
controller port.

This Design Idea describes “Chipi-
plexing,” a method in which you need 
to add only N cheap, bipolar transis-
tors. This circuit uses PNP types, but 
you can also use NPN devices. (The 
term Chipiplexing comes from my nick-
name, Chipi.) The benefits pay the 

additional cost because you can simul-
taneously drive N21 LEDs, thereby 
reducing peak currents N21 times.

Figure 1 shows the approach for 
N53 and M56, but you can use the 
same criteria for different values of N; 
in this case, you can simultaneously 
drive two LEDs. The current-limit-
ing resistors connect in parallel with 

the base and emitter of the added 
PNP transistors, and all the collec-
tors connect to ground. If you set one 
of the microcontroller ports to zero, or 
ground, the respective PNP transistor 
has a grounded base, and its emitter is 
at a fixed voltage—typically, 0.7V. You 
can excite every LED whose cathode 
connects to this emitter through the 
remaining ports. If you set the port to 
one, the battery voltage, the LED turns 
on; if you set the port to high imped-
ance, the LED turns off.

Table 1 shows how there are now 
nine possible combinations of the 

“Chipiplexing” efficiently drives multiple 
LEDs using few microcontroller ports
Guillermo Jaquenod, La Plata, Argentina


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Figure 1 With Chipiplexing, you 
need to add only N cheap, bipolar 
transistors to simultaneously drive 
two LEDs.

Table 1 Nine possible useful port combinations to drive LEDs
A B C D1 D2 D3 D4 D5 D6

VBAT Ground High impedance Yes No No No No No

High impedance VBAT Ground No Yes No No No No

Ground VBAT High impedance No No Yes No No No

High impedance Ground VBAT No No No Yes No No

VBAT High impedance Ground No No No No Yes No

Ground High impedance VBAT No No No No No Yes

Ground VBAT VBAT No No Yes No No Yes

VBAT VBAT Ground No Yes No No Yes No

VBAT Ground VBAT Yes No No Yes No No



three microcontroller ports: the six 
available when using Charlieplexing 
to drive one LED at a time and three 
new combinations to drive two LEDs 
at a time. The microcontroller port 
grounds the transistor’s base. This ac-
tion fixes a junction-drop voltage at 
the emitter and collects and sinks all 
the LED currents to ground without 
overconstraining the microcontroller 
port, which has to sink only the tran-
sistor’s base current plus 0.7V per resis-
tor. Each of the other ports set to the 

battery voltage needs to source only 
one LED current.

With Charlieplexing, two resis-
tors are in the LED-current path; 
in this case, however, you can eas-
ily compute the limiting resistors as 
R5(VBAT2VLED20.7)/ILED, where VBAT 
is the battery voltage, VLED is the LED 
voltage, and ILED is the desired LED 
current. The benefits are more notice-
able as the number of LEDs increases. 
For N55, with 20 LEDs, this approach 
gives 20% of the total time to drive 

each LED, instead of only 5% of the 
time using Charlieplexing.EDN

R e fe r e n ce s
Gadre, Dhananjay V, “Microcon-

troller drives 20 LEDs,” EDN, Sept 
27, 2007, www.edn.com/article/
CA6483826.

Gadre, Dhananjay V, and Anurag 
Chugh, “Microcontroller drives loga-
rithmic/linear dot/bar 20-LED display,” 
EDN, Jan 18, 2007, pg 83, www.edn.
com/article/CA6406730.
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TEC (thermoelectric-cooler) 
temperature-control systems 

often have limited stability. The causes 
of these limitations are the thermal 
properties of the system, not the per-
formance of the control electronics. 
Real-world thermal-control systems 
incur nonzero thermal impedances in 
the heat-transfer paths between the 
TEC; the thermal load, which is the 
object of thermostasis; the temperature 
sensor—for example, a thermistor; and 
the ambient temperature.

If the ratios of these impedances 
don’t balance, then even perfect ther-
mostasis of the sensor’s temperature 
doesn’t equate to adequate stability of 
the load’s temperature. The circuit in 
Figure 1 provides a thermoelectronic 
design that directly measures the heat 
flux through the TEC and then uses 
the measurement to better estimate 
and cancel the effects of thermal im-
pedances. Its operation is based on the 
fact that the total voltage that every 
TEC develops is the sum of two com-
ponents: an ohmic component propor-
tional to drive current and the Seebeck 
voltage, VS, which is proportional to 
the temperature difference across the 
TEC and, therefore, to heat flux. 

In this circuit, however, the drive 
current switches to zero approximately 
every 100 msec because of the asym-
metrical sample-pulse waveform that 
multivibrator S2/S3 generates. Each 
sample pulse turns off 5V transistor Q1, 
which isolates the Seebeck voltage and 
allows its sampling through S1 and stor-
age capacitor C1 to hold it. The duty 
factor of the sampling pulse, which the 

designideas

Achieve precision temperature control 
with TEC Seebeck-voltage sampling
W Stephen Woodward, Chapel Hill, NC
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Passive current shunts for mea-
suring the value of current flow-

ing through a relatively small-value re-
sistor often have a full-scale voltage 
drop of 60 mV for higher-power equip-
ment and 200 mV for electronic in-
struments. Similarly, simple current-to-
voltage converters, in which the mea-
sured current flows through a sensing 
resistor, often have even higher voltage 
drops. In some cases, however, the volt-
age drop between the input terminal 
and the ground must be as low as pos-
sible; 0V—independent of the value 
of measured current—is ideal. If your 
application requires this feature, you 
can use the current-to-volt-
age converter in Figure 1.  
In this circuit, resistor R1 
serves as a classic current-
sensing resistor, on which 
the instrumentation ampli-
fier senses the measured cur-
rent, resulting in the voltage 
drop. The instrumentation 
amplifier, along with R1, not 
only serves as an inverting 
current-to-voltage convert-
er, but also creates a volt-
age through a resistive net-
work at Point B. This volt-
age is equal in magnitude 
to a voltage drop on R1 and 
has the opposite polarity to 
DVR1. The net result is that 
the value of voltage at Input 

A is theoretically 0V, regardless of the 
magnitude and polarity of the current 
flowing into the input.

The design uses the Analog Devic-
es (www.analog.com) AD8223 instru-
mentation amplifier because it has a de-
fault voltage gain of five; this value re-
mains close to the ideal one with high 
precision. The typical gain error at the 
default value of gain is 0.03%, and the 
worst-case error is 0.1% for the B-grade 
IC (Reference 1). For gain of five and 
R1 and R2 having the same value, you 
can derive that the value of R3 is two 
times that of R2 for a 0V drop at Input 
A (Figure 2). Resistors R1, R2, and R3 

in Figure 1 should be high-precision, 
low-temperature-coefficient types. In 
the experimental circuit with a value 
of 20V for R1 and R2, there is an input-
referred-current zero shift of 0.8 mA, 
and the voltage drop at Input A varies 
by 0.27 mV at a 1-mA input current. 
Similar slope of negative-voltage vari-
ations occurs at Input A for negative-
input current. The transfer constant, 

or transresistance, of the circuit is: 
(DVOUT)/(DIIN)525R.

Thus, for instance, an input 
current of 1 mA causes the volt-
age of 2100 mV to appear at the 
output. Because the output-cur-
rent capability of the AD8223 is 
approximately 2.5 times higher 
for sinking output current than for 
sourcing current, the input scale 
can be higher for positive currents 
by a factor of 2.5. You can further 
increase the scales for both posi-
tive and negative currents by in-
creasing the supply voltages from 
65V to 612V; you can also use 
12V and 25V. If your design re-
quires an even higher input cur-
rent, place a precision voltage 
buffer, having appropriately high 

designideas

R1-to-R2 ratio sets, is less than 10% to 
avoid significantly reducing the TEC-
drive capability of the circuit.

You apply the acquired Seebeck sig-
nal to the R3/R4/R5 adjustable-bridge 
circuit, which empirically determines 
the feedback ratio for both polarity 
and amplitude to provide best stabil-
ity. With proper bridge adjustment, 
you can make gradient cancellation 
nearly perfect over a wide range of 

ambient temperatures. The TEC-con-
trol circuit in Figure 1 derives from a 
previous Design Idea because it eases 
the incorporation of Seebeck sam-
pling (Reference 1). You can, howev-
er, adapt Seebeck sampling to virtually 
any TEC-drive topology. You can fur-
ther enhance the circuit in Figure 1 by 
using nonvolatile, in-circuit-program-
mable resistors for the R3/R4/R5 bridge, 
automatically optimizing gradient can-

cellation. One attractive choice is the 
Rejustor family of monolithic resistors 
from Microbridge Technologies (www.
mbridgetech.com).EDN

R e fe r e n ce
 Woodward, W Stephen, “Thermo-
electric-cooler unipolar drive achieves 
stable temperatures,” EDN, Dec 3, 
2007, pg 98, www.edn.com/article/
CA6505571.

Instrumentation-amplifier-based 
current shunt exhibits 0V drop
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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output-current capability, between the 
output of the instrumentation ampli-
fier and resistor R3.EDN

R e fe r e n ce
 “Single-Supply, Low-Cost Instru-

mentation Amplifier, AD8223,” Ana-

log  Devices Inc, 2008, www.analog.
com/en/prod/0,2877,AD8223,00.
html.
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Hall-effect ICs find use as prox-
imity sensors in applications 

such as proximity detection and an-
gular-velocity measurement on rotat-
ing machinery. Hall-effect devices can 
detect mechanical motion without me-
chanical contact. This noninvasive de-
tection is due to the magnetic nature 
of the Hall effect. A current flowing 
through a semiconductor in the Y di-
rection produces a negligible potential 
difference in the X direction (Figure 
1). In the presence of a magnetic field 
at a right angle to the current flow, the 
Z direction, a displacement voltage 
appears across the semiconductor in 
the X direction. This effect is the Hall 
voltage, VH.

Hall-effect ICs detect, signal-condi-
tion, and add hysteresis to the electri-
cal displacement. In essence, the devic-
es measure the electric field, which the 
magnetic field causes, across the semi-
conductor in the X direction. There-
fore, if you subject the semiconductor 
to an electric field of sufficient magni-
tude in the X direction, the Hall-effect 

device would detect the electric field, 
as well.

Internal-combustion-engine designs 
require precise control of spark timing. 
The microcontroller that controls en-
gine parameters not only changes the 
spark relation relative to the piston 
position, but also, in more advanced 
engines, requires feedback for variable 
valve timing. In addition, diagnostic 
aids and engine-troubleshooting hard-
ware can benefit from an easy way to 
measure spark timing using this novel 
approach. Even the most basic carbu-
retor adjustments on a lawnmower re-
quire a method to measure an engine’s 
revolutions per minute. Four-stroke 
small engines create a spark on every 
engine revolution. Therefore, the de-
tection of this spark is a direct indica-
tion of engine revolutions per minute.

By simply placing the Hall-effect IC 
against the spark-plug wire using the 
correct orientation, you can detect a 
spark-plug pulse using its electric field. 
Simply attach the device with electri-
cal tape to the spark-plug wire’s insu-

lation. Because the Hall-effect IC in-
corporates internal signal condition-
ing and hysteresis, no additional com-
ponents are necessary to read a basic 
frequency from the device, unlike with 
the traditional current-transformer 
method.

The circuit in Figure 2 converts the 
pulses from the Hall-effect IC into a 
dc voltage that the most basic voltme-
ter can read. The Hall-effect IC pro-
vides an open-collector output. You 
need only a pullup resistor. The sensor 
converts the series of generated pulses, 
which the LM2917 frequency-to-volt-
age converter from National Semicon-
ductor (www.national.com) converts 
to a voltage. The selection of C1 and 
R1 scales the output voltage in relation 
to the range of frequencies that the 
charge-pump section of this device will 
encounter. In the case of a four-stroke, 
single-cylinder engine, a range to 5000 
rpm is more than sufficient.

The circuit provides an output volt-
age as high as 5V and requires a bat-
tery-supply voltage of 9V. Operation is 
straightforward: By pressing the Hall-
effect IC against the spark-plug wire, 
the voltage on the DVM (digital volt-

Spark detector uses proximity
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This Design Idea describes a 9V 
battery-voltage monitor whose 

total parts cost less than 34 cents 
(Figure 1). You configure transistor 
Q1 as a 10-mA current sink. LED1, 
a Kingbright (www.kingbrightusa. 
com) WP7104IT, is on when the 
battery voltage is good. When the 
battery voltage nears the threshold 
voltage, the LED gradually dims. It 
goes out once it reaches the thresh-
old voltage. The threshold voltage 
for this design is 7.2V, which the val-
ues of D3, LED1, and R1 determine. If 
your application requires a different 
threshold voltage, you can change 
these three components’ values. You 
can reduce the PCB (printed-circuit-
board) space this circuit requires by 

using equivalent surface-mount com-
ponents.EDN
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Configure a low-
cost, 9V battery-
voltage monitor
Paul C Florian, McKinney, TX
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meter) can readily interpret the revo-
lutions per minute. Because the mea-
surement is noninvasive, this method 
can easily perform repeated measure-
ments or analysis of multicylinder en-
gines. Measurement of automobile 
engines differs slightly. Automobile 
engines have mechanical distributors 
that spark on every other engine rev-
olution. Ignition systems without dis-
tributors and with one ignition coil per 
cylinder also spark on every other en-
gine revolution.

Because there is no electrical con-
tact with the ignition system, this cir-
cuit intrinsically provides isolation 
from the high voltage. Interfacing to 
microprocessors and microcontrollers 
thus becomes a matter of compati-
ble logic levels. The Hall-effect IC’s 
power-supply voltage is 4.5 to 24V dc, 
which enables it to work with stan-
dard 5V processors as well as automo-
tive voltages. You can interface multi-
ple sensors to provide ignition diagno-
sis and timing analysis in automotive 
applications.EDN



Solar-photovoltaic arrays are 
among the most efficient, cost-

effective, and scalable “green” alterna-
tives to fossil fuels, and researchers are 
almost daily announcing new advanc-
es in photovoltaic technology. But suc-
cessful application of photovoltaics still 
depends on strict attention to power-
conversion efficiency. Figure 1 shows 
one reason for this attention.

A photovoltaic array’s delivery of 
useful power to the load is a sensitive 
function of load-line voltage, which 
in turn depends on insolation—that 
is, sunlight intensity—and array tem-
perature. Operation anywhere on the 
current/voltage curve except at the 
optimal maximum-power-point volt-
age results in lowered efficiency and a 
waste of valuable energy. Consequent-
ly, methods for maximum-power-point 
tracking are common features in ad-

vanced solar-power-management sys-
tems because they can boost practical 
power-usage efficiency—often by 30% 
or more.

Because of its generality, a popu-
lar maximum-power-point-tracking-
control algorithm is perturb and ob-
serve, which periodically modulates, 
or perturbs, the load voltage; calcu-
lates, or observes, the instantaneous 
transferred power response; and uses 
the phase relationship between load 
modulation and calculated power as 
feedback to “climb the hill” of the cur-
rent/voltage curve to the maximum-
power-point optimum. The perturb-
and-observe algorithm is the basis 
of the maximum-power-point-track-
ing-control circuit (Figure 2, in yel-
low) but with a twist (in blue), which 
achieves a feedback function equiva-
lent to a current-times-voltage power 

calculation but without the complex-
ity of a conventional multiplier. The 
idea relies on the well-known loga-
rithmic behavior of transistor junc-
tions, VBE5(kT/q)log(IC/IS)5(kT/q) 
[log(IC)2log(IS)], where VBE is the 
base-to-emitter voltage. It also relies 
on the fact that adding logarithms is 
mathematically equivalent to multi-
plication. Here’s how.

Capacitor C2 couples a 100-Hz, 
approximately 1V-p-p-modulation 
or 1V-p-p-perturbation square wave 
from the S2/S3 CMOS oscillator 
onto the photovoltaic-input volt-
age, V. The current/voltage curve of 
the array causes the input current, I, 
to reflect the V modulation with a 
corresponding voltage-times-current 
input-power modulation. IC1A forces 
IQ1 to equal I3x1, where I is the solar-
array current and x1 is a gain con-
stant. IC1B forces IQ2 to equal V/499 
kV, where V is the solar-array voltage. 
Thus, VQ15(kT1/q)1[log(I)2log(IS1)
1log(x1)], and VQ25(kT2/q)[log(V) 
2log(IS2)2log(499 kV)]. VQ1 is the 
base-to-emitter voltage of Q1; k is the 
Boltzman constant; T1 is the tempera-
ture of Q1; q is the elementary charge 
of the electron; I is the current input 
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Figure 1 It is important to operate solar-photovoltaic arrays at their maximum 
power point.
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from the solar panel’s negative ter-
minal; IS1 is the saturation current of 
Q1; x1 is the arbitrary gain constant, 
which IC3 determines; V is the volt-
age input from the solar panel’s posi-
tive terminal; IS2 is the saturation cur-
rent of Q2; K is degrees Kelvin; VPF is 
the power-feedback signal; and VIP 
is the calculated power-input signal. 
Because k, q, IS1, IS2, x1, and 499 kV 
are all constants and T15T25T, how-
ever, for the purposes of the perturb-
and-observe algorithm, which is inter-
ested only in observing the variation 
of current and voltage with perturba-
tion, effectively, VQ15(kT/q)log(I), 
and VQ25(kT/q)log(V).

The series connection of Q1 and 

Q2 yields VPF5VQ11VQ25(kT/q) 
[log(I)1log(V)]5(kT/q)log(VI), and, 
because of IC1B’s noninverting gain 
of three, VIP53(kT/q)log(V I)Q765 
mV/% of change in watts. The VIP 
log (power) signal couples through C1 
to synchronous demodulator S1, and 
error integrator and control op amp 
IC1C integrates the rectified S1 output 
on C3. The IC1C integrated error sig-
nal closes the feedback loop around 
the IC3 regulator and results in the 
desired maximum-power-point-track-
ing behavior.

Using micropower parts and de-
sign techniques holds the total power 
consumption of the maximum-power-
point-tracking circuit to approximate-

ly 1 mW, which avoids significantly 
eroding the efficiency advantage—the 
point of the circuit in the first place. 
Meanwhile, simplifying the interface 
between the maximum-power-point-
tracking circuit and the regulator 
to only three connection nodes—I, 
V, and F—means that you can eas-
ily adapt the universal maximum-
power-point-tracking circuit to most 
switching regulators and controllers. 
Therefore, this Design Idea offers the 
efficiency advantages of a maximum-
power-point-tracking circuit to small 
solar-powered systems in which more 
complex, costly, and power-hungry 
implementations would be difficult to 
justify.EDN
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Figure 2 This maximum-power-point-tracking controller relies on the well-known logarithmic behavior of transistor junctions.
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Using a PN-junction diode for 
temperature measurement usu-

ally depends on its 2‑mV/K tempera-
ture coefficient. Conventionally, you 
must amplify and digitize this voltage 
with an ADC before you can use the 
value in a microcontroller. Less well-
known is the fact that the reverse cur-
rent of a PN-junction diode shows a 
good exponential dependency over 
temperature; increasing the tempera-
ture by approximately 12K doubles the 

leakage (Figure 1). An easy way to 
measure current over such a large range 
of two to three decades is to charge and 
discharge a capacitor and measure the 
time or frequency.

A general-purpose I/O pin of a mi-
crocontroller charges a capacitor ei-
ther by using it temporally as an out-
put or by enabling a pull-up resistor, 
which is available in some controllers 
(Figure 2a). After charging the pin, 
you configure it as a high-impedance 

input, and a capaci-
tor discharges through 
the leakage current of 
the diode (Figure 2b). 
The discharge time 
then is proportional to 
the temperature of the 
diode; thus, the diode 
exhibits exponential 
behavior. Depending 
on the type of diode, 
the exponential be-
havior can be nearly 
ideal. Calibration of 
a base point is neces-
sary because the abso-
lute value of the cur-
rent varies greatly at a 
given temperature.

Selecting the diode 
and the value of the 
capacitor requires 
some care. The small-
er the PN junction, 

the smaller the reverse current and 
the longer the discharging time. Peri-
ods longer than a few seconds are usu-
ally unsuitable. Making the capacitor’s 
value too low leads to errors because 
the capacitance of any cable and the 
capacitance of the PN-junction diode 
come into effect.

Typically, a power diode, such as a 
1N4001 with a capacitance of 1 nF, 
gives suitable results. The discharge 
time is approximately 0.3 to 1 sec at 
room temperature, falling into the milli
second range at 1008C. The PN-junc-
tion diode of a power transistor should 
also work.EDN
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Simple microcontroller-temperature 
measurement uses only a diode  
and a capacitor
Andreas Grün, Wedemark, Germany
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Figure 1 The reverse current of a PN-junction diode 
shows an exponential dependency over tempera-
ture; increasing the temperature by approximately 
12K doubles the leakage.
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Figure 2 Capacitor C first charges 
through the pull-up resistance of the 
microcontroller’s I/O pin configured 
as an output (a). The capacitor then 
discharges through the reverse leak-
age of diode D1 (b).

edn080807di42932b    DIANE
(PLACED IN THE 8-21 FOLDER)

MICROCONTROLLER

D
C

1 nF

(b)

DISCHARGE CYCLE

INPUT

Driving LEDs at a regulated 
current from low supply volt-

ages can be difficult because minimal 

overhead voltage is available for con-
trol circuits. A current-mirror architec-
ture is suitable but usually works only 

with ICs with well-matched transis-
tors and in which the silicon substrate 
holds them at one temperature. How-
ever, high currents—approximately 
100 mA—are not normally possible. A 
thermal runaway can occur in circuits 
using unfavorable combinations of dis-
crete bipolar transistors. In this scenar-
io, one LED-driver transistor becomes 

Current mirror drives multiple LEDs  
from a low supply voltage
Rex Niven, Forty Trout Electronics, Eltham, Victoria, Australia
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slightly hotter than the others, its gain 
increases, and it takes more current and 
gets even hotter until it self-destructs. 
This Design Idea shows how you can 
avoid this problem for pulsed-current-
mirror applications.

The current mirror comprises Q4 
through Q7 with con-
nected bases and emit-
ters, and the collec-
tor current of Q3 is the 
control output (Figure 
1). Resistor R3 con-
verts Q3’s collector cur-
rent to a feedback volt-
age. Transistors Q1 and 
Q2 form a voltage-dif-
ference amplifier. The 
control-transistor cur-
rent after feedback is 
1.2V/R3, and the LEDs 
have a similar current. 
Because of the pulsed 
operation—say, 25% 
duty at 3 Hz—the tran-
sistor temperature does 
not reach a stable value 

and cools again toward the ambient 
temperature during the off period. The 
thermal-runaway effect does not have 
time to develop.

The capacitor prevents transient os-
cillations at switch-on or -off. Use the 
same transistor type for Q4 through Q7 

and mount all of them on the same 
part of the PCB (printed-circuit 
board). The supply voltage can be as 
low as 2.5V for certain LEDs, espe-
cially infrared types, and the collec-
tor current can exceed 100 mA per 
LED.EDN
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When I designed a system em-
ploying the LPC2138 ARM 

(www.arm.com)-based microcon-
troller, I quickly abandoned a pencil-
and-paper approach to allocating the 
I/O. That method is tedious and error-
prone because of the large number of 
pins on the microcontroller. Instead, I 
entered the data into Microsoft (www.
microsoft.com) Excel (Reference 1). 
This approach let me assess the ini-
tial amount of I/O and any addition-
al I/O that I would have to add. With 
the spreadsheet, I could create a rough 
bill of materials for a quote. Thereaf-

ter, it helped with the functional allo-
cation and is an elegant and practical 
approach for almost any project. The 
online version of this article, at www.
edn.com/081215dia, provides a sample 
spreadsheet that you can download.

First, you enter all the pins in as-
cending order (Column A in Figure 
1). The LPC2138 can have as many as 
four functions per pin. Columns C to 
F show the functions and their corre-
sponding pin numbers. Next, you in-
sert the data-validation feature in each 
concomitant cell in Column B. When 
you click on a cell with this setup, a 

drop-down arrow appears, and a selec-
tion of the cells appears to the arrow’s 
right. You click on any cell in Column 
B and then click on the “data” menu 
and then the “validation” menu to see 
the setup of data validation. You format 
cells for which no options are avail-
able, such as VSS, with a black back-
ground because, at start-up, you can 
delete the whole column to initialize, 
but the color formatting will remain.

You enter the project’s I/O in the  
I/O-allocation table (columns J to O). 
You classify each pin as I (input), O 
(output), I/O (input/output), AI (ana-
log input), or AO (analog output). You 
must allocate those pins to the micro-
controller. Any I/O device that is not 
green is a direct user decision and not a 
function of anything else on the work-
sheet. Note that the information that 
appears in the pin column (Column 
N) is not the pin number but a refer-
ence to the pin number in Column A, 
so that, if you were allocating the func-
tion to Pin 8, the entry is “5A11,” as 
it is in Cell N6. Column 12 contains a 
look-up formula that fetches the func-
tion name that appears in Column B to 
the right of the selected pin.

The bottom of each table (cells A69 
to B73 and K94 to N101) includes 

Program “excelerates” 
microcomputer-I/O allocation

Figure 1 The completed worksheet has a large number of hidden rows to 
show the top and the bottom of the range.


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some statistics on the usage and avail-
ability of pins based on the allocation 
to allow you to keep tabs on the allo-
cation as it progresses. Cell M101 has 
conditional formatting, so it turns red 
if the pins you allocate to the micro-
controller exceed the total number of 
pins available on the microcontroller 
as calculated in cell B73. You can add 
hardware I/O to the right of the table 
to ensure that you include all I/O.

The usage of the spreadsheet takes 
place as follows:

1. Delete cells B4 to B67.
2. Delete cells K4 to N87.
3. �Create a list of project I/Os and 

fill in the I/O-allocation table. In-
sert rows for additional pins, re-
membering to update the entries 
in columns K and O.

4. �Allocate those pins on the mi-
crocontroller that you cannot use 
for general I/O, such as the JTAG 
pins for emulation.

5. �Drag down the split-box indica-
tor so that the worksheet appears 
something like that in Figure 2.

6. �In the upper pane, select the cell 
in Column B associated with the 
desired pin. Select the configura-
tion from the drop-down box.

7. �Go to the project-I/O function 
in Column N in the lower pane. 
Enter an equals sign and then 
click on the desired pin in Col-
umn A in the upper pane, scroll-
ing up or down if necessary. The 
selected cell reference then fills 
into the formula. Complete the 
entry with the “enter” key.

8. �Repeat for all the I/O.
9. �Drag the split-box indicator back 

to the top to remove the screen 
split.

Some of the features in Excel can 
really make this model shine. For 
instance, the pin allocation of the 
LPC2138 does not follow the logical 
ordering of the pins. Perhaps it would 
help to see Port 0 listed in ascending 
order. You can use Excel’s sort feature 
to group like functions together.

To see where the information comes 
from, click on any entry in Column N, 
select the “tools” menu item, then se-
lect “auditing” and “trace precedents.” 
If you use this procedure with all the 

cells, you can visually trace unallocat-
ed or twice-allocated pins. A macro, 
“find all precedents,” which is avail-
able in the Web version of this De-
sign Idea at www.edn.com/081215dia, 
results in the screen in Figure 3. An-
other macro, “clear arrows,” also avail-
able on the Web site, clears all these 
indicators. Unfortunately, because the 
look-up table in Column O includes 

a reference to Column A, you cannot 
use the antecedents’ trace in the same 
manner.EDN

R e fe r e n ce
 Kagan, Aubrey, Excel by Exam-

ple: A Microsoft Excel Cookbook 
for Electronics Engineers, Else-
vier/Newnes, May 2004, ISBN: 
0750677562.

Figure 2 Two panes with the split box allow for easy pin allocation.

Figure 3 The precedent feature lets you verify that you have allocated all the 
pins and that each pin has a unique assignment.

1
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Sensors automate most 
of the processes in indus-

try. Most of these sensors, such 
as those for ammonia gas, tem-
perature, and the like, are re-
sistive devices in which electri-
cal resistance changes—mostly 
nonlinearly—as the surround-
ing conditions change. The 
sensors’ resistances may vary 
from 1 mV to 10 MV. Figure 
1 illustrates a circuit for resis-
tance measurement. The cir-
cuit uses an eight-pin AVR mi-
crocontroller, a Tiny13V from 
Atmel (www.atmel.com), for 
the controller. The Tiny13V 
works over a supply-voltage 
range of 1.8 to 5.5V.

This design implements an 
equivalent oscillator based on 
the principle of an astable mul-
tivibrator in the Tiny13 (Fig-
ure 2). The oscillator has no 
stable states, and the signal 
keeps oscillating between two 
quasistable states. This oscilla-
tor produces a frequency that 
depends on the value of the re-
sistor. As resistance increases, 
frequency decreases, and you 

can easily measure this frequency to 
yield the value of the resistance.

The resistance you want to measure 
connects between any two general-pur-
pose I/O pins of the microcontroller, 
and a capacitor, C1, of known value 
connects across the other general-pur-
pose I/O pin. Note that PB0 and PB1 
are always in different states to imple-
ment a NOT gate. PB2 measures a high 
or a low across resistor R1.

Initially, PB0 is high, PB1 is low, and 
there is a high-impedance state at PB2. 
As a result, the capacitor starts charg-
ing with time-constant RC. Note that 
the capacitor initially acts as a short, 
and PB2 senses a high. As the capacitor 
charges, the voltage across the resistor 
decreases, and, when PB2 detects a low, 
PB1 goes high and PB0 goes low.

Next, as the capacitor discharges, the 
potential across the resistor builds up, 
and, when PB2 detects a high, PB0 goes 
high and PB1 goes low. In this fashion, 
measuring the frequency or half the 
number of toggles of PB0 in a second 
gives an inverse relation of resistance, 
R1 (in Figure 1), with frequency, f: 
R15k/f, where k is a proportionality 
constant. The result travels to a PC 
through a serial RS‑232 interface. Be-
cause the Tiny13 has no UART, a soft-
ware UART program and the program 
for measuring resistance are available 
with the Web version of this Design 
Idea at www.edn.com/081215dib.EDN
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Figure 1 This circuit can measure resistance 
by measuring the frequency of a microcon-
troller configured as an astable multivibrator.

Microcontroller measures  
resistance without an ADC
Ashish Aggarwal, Netaji Subash Institute of Technology, Dwarka, India
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Figure 2 This design implements an equiva-
lent oscillator based on the principle of an 
astable multivibrator in the Tiny13.
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Almost all inexpensive com-
mercial LED flashlights use 

a 4.5V power supply—three AA or 
AAA batteries—because white LEDs 
require 3.3 to 3.5V to fully turn on. 
Thus, there is a voltage gap between 
LEDs and traditional 3V incandescent-
flashlight bulbs. The voltage difference 
makes for a difficult—but not impossi-
ble—transition from the old flashlight 
to an LED flashlight. The simple cir-
cuit in Figure 1 solves this problem. 

The circuit is just a typical voltage 
booster comprising six components 
that you can mount on a small PCB 
(printed-circuit board) measuring less 
than 1 in2. Component selection and 
their values are, however, important. 
IC1, an Atmel (www.atmel.com) AT-
tiny13 microcontroller, works as a 
charge pump for boost control. Its in-
ternal oscillator frequency is 1.2 MHz 
at 3.5V, and it can operate with voltag-
es as low as 1.8V with low power con-

sumption. The ATtiny13 has a small, 
eight-pin footprint.

Q1 is a low-saturation-voltage 
ZTX618 NPN transistor that can han-
dle more than 3A of collector current. 
D1 is a Schottky diode with low for-
ward-voltage drop to achieve high ef-
ficiency. When you apply the 3V sup-
ply-voltage power to IC1, IC1 outputs a 
high pulse that turns on Q1. Its collec-
tor is effectively grounded. Inductor L1 
charges linearly from 0A to some peak 
current until IC1 outputs a logic low, 
and Q1 then turns off (Figure 2). This 
circuit works only when the inductor 
is not saturated, so choosing the right 
inductor is important. At that mo-

Five- to 10-LED flashlight  
circuit runs at 3V 
GY Xu, XuMicro, Houston, TX
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ment, the established magnet-
ic field in L1 collapses, causing 
a reverse induced voltage that 
makes D1 conduct. The ener-
gy in L1 transfers to C2, which 
stores the energy until it is suf-
ficient to light up the LEDs. 
The relationship between 
the supply voltage (VIN), the 
inductor (L), its peak cur-
rent (IPK), and the microcon-
troller’s on time (TON) is VIN5 
L3IPK/TON.

For a supply voltage of 3V, 
you should select an inductor 
with a nominal value of 10 mH 
and a saturation current larger 
than 1.5A. You can calculate 
the microcontroller’s on time 
as 5 msec. Listing 1, which is 
available in the Web version 
of this Design Idea, at www.
edn.com/081215dic, uses this 
value for the charge pump’s 
on time. The program in List-
ing 1 is so simple that it takes 
only 22 bytes of the 1-kbyte 

program memory. The charge-
pump-control function is easy 
to understand. The instruction 
Sbi portb, 2 tells the microcon-
troller to output a logic high 
to turn on the charge pump. 
Because the microcontroller 
works at 1.2 MHz by its inter-
nal oscillator, each NOP (non-
operation) takes one clock 
cycle, or 0.83 msec, to execute, 
so the on time is 5 msec. Simi-
larly, Cbi portb, 2 tells the mi-
crocontroller to output a logic 
low that turns off the charge 
pump.

Measurement shows that 
the circuit works at a 100-kHz 
switching frequency and that 
the actual output is 17V/35 
mA for five LEDs and 32V/20 
mA for 10 LEDs. Unlike the 
usual voltage-booster circuit, 
this circuit needs no resistor, 
which wastes energy and gen-
erates useless heat, as a voltage 
divider or a sensor.EDN
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Figure 1 A charge-pump circuit creates the boosted 
voltage to light LEDs for a flashlight.
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