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Buffer adapts single-ended signals
for differential inputs

Randall Carver, Analog Devices Inc, Greensboro, NC

C coupLING of single-ended signals -5¢
D into differential-input, single-sup- 250 e

ply ADCs can be challenging. The R
input signal requires level shifting from 240 220 VW
ground to V /2 as well as single-ended- Vo ) 240 . 3
to-differential conversion. In addition, 64.93 p 5 Ic, V'N*lc
you must balance the differential inputs s Re (REESI AD6645
of the ADC to cancel even-order har- 82 = 240 i welely VIN- CML
monics and common-mode noise. Sys- 3

tems often require this signal translation
to take place without injecting dc bias
currents back into the signal source. Pro-
cessing wideband signals with large dy-
namic range (12- to 14-bit ADCs) can
also add to the circuit complexity. Wide-
band amplifiers address nearly all these
issues, but their standard implementa-
tion requires the use of ac coupling.
This Design Idea describes a new cir-
cuit that eliminates this requirement
through the use of an external dc feed-
back loop. It also allows the lower end of
the passband to extend to dc. The basis
of the circuit is a simple level-shifting cir-
cuit (Figure 1). Tying two series resistors
between V and a signal source attenuates
the signal by a factor of two and biases it
to V/2. The center tap is buffered; single-
sided supply circuits can then process the
signal. Two additional series resistors

’ els that track one another. In addition, f0( d/ffereﬁt/a//nputs o 85
5 this design implements differential sig- Triac lighting and heating controller
naling by doubling the number of level- USES TEW PATTS ..ot 86
shifting resistors. You produce the £V Constant-current, constant-voltage
levels by subtracting the 2.4V ADC ref- converter drives white LEDS................. 88
erence signal (CML pin) from the com- Sequential state machine aids
mon-mode level of the amplifier, which in auUtomMatic CONrol ..., 90

Figure 1

7VS

This simple circuit level-shifts ac signals to
accommodate the =V, supplies.
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Figure 2

This circuit is a wideband, dc-coupled, single-ended-to-differential buffer.

connected between the source and a neg-
ative supply of equal value remove dc bias
currents from the source.

The circuit of Figure 2 expands upon
this simple concept by replacing the sup-
ply voltages =V with precise £V lev-

you form by summing the two amplifier
outputs through equal-value resistors.
The circuit amplifies, filters, and inverts
the difference to create the =V levels.
The dc feedback-loop gain of approxi-
mately 1040 allows the amplifier to track
the output common-mode level to with-
in (2.4V/1040)=2.3 mV of the ADC’s

reference (CML) signal. The addition of
this external dc feedback path allows you
to open the VOCM pin of IC, and de-

Buffer adapts single-ended signals

Hysteretic regulators provide
high performance at low cost .................. 92

Power-supply IC drives multiple LEDs ......94

Supercapacitor boosts current
from small battery

Publish your Design Idea in EDN. See the
What's Up section at www.edn.com.

SEPTEMBER 2, 2004 | EDN 85



— “ideas

FRONT-END
GAIN 6

15 -60
12 -65
=70
9
=75

HARMONIC
DISTORTION _gg)

THIRD HARMONIC AT 6 dB
™~ THIRD HARMONIC AT 12 dB

SECOND HARMONIC AT 6 dB
\ SECOND HARMONIC AT 12 dB

various values of gain.

couple it to ground, disabling the
AD8351’s internal dc feedback path.
The level-shifting resistors have a ratio
of 1.09-to-1 to reduce the required swing
of the £V _ levels to *2.4 [(1.09+
1)/1.09] =£4.6V. The design uses accu-
rate networks with excellent tracking to
ensure good CMRR (common-mode-re-
jection ratio) and minimize the injection
of dc bias currents into the source. IC,
uses a rail-to-rail feedback amplifier to al-
low the use of *5V supplies. The re-
maining circuits are powered from 5V.
Resistor R, varies the overall gain of the
front end. For a front-end gain of 0 dB,

This graphic shows the frequency response of the circuit in Figure 2 for
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the bandwidth extends beyond 1 GHz
(Figure 3). After you determine the re-
quired gain, you adjust resistor R to bal-
ance the two differential signals into the
ADC. Table 1 shows typical values of R ,
and R, for various gain levels. The 64.9Q)
resistor provides for a 50() source im-

RESISTOR VALUES
FOR VARIOUS FRONT-END GAINS
R, R, Front-end gain
) ) (dB)
56.2 1540 12
154 698 6
1000 316 0

30 S0 70 90

FREQUENCY (MHz)

This plot shows harmonic distortion versus frequency for a —1-dB
(referred to full-scale) input to the ADC at 80 MHz.

pedance. The 28() resistor provides for a
balanced input that the amplifier sees.
You can accommodate a differential-in-
put signal structure by replacing the 28()
resistor with a 64.9€) resistor and tying
the additional negative input signal to the
junction of the new 64.9Q) resistor and
the two 240() level-shifting resistors. This
differential-input structure allows you to
remove R. The circuit maintains the ex-
cellent distortion performance of the
ADB8351 amplifier, allowing the circuit to
drive 12- and 14-bit ADCs with minimal
degradation of the ADC’s dynamic range
(Figure 4).0

Triac lighting and heating controller uses few parts

David Caldwell, Flextek Electronics, Carlsbad, CA

HE TRIAC LIGHTING-control circuit in c, . S P

Figure 1 is small and inexpensive be- I LINE (120760 Hz) 0,1\9 O/IO PLUG =

cause load and housekeeping power 0.47 uF o SPST )
come directly from the line voltage, R 120V AC R, L 3

s . . 1 -
thereby eliminating bulky, expensive sup- 10M - 120V INCANDESCENT
plies. The CLZDO010 closed-loop con- PHASE E I
troller maintains constant light intensity | svDe R 300 LAMP
by automatically adjusting the timing of |
oy e . . FEEDBACK
the triac’s firing until the feedback signal 1N4148 ////
d i d 1. The 5V Vser IC,
and setpoint command are equal. The 1 18
: . FBK  HEN IR
supply is a charge pump that energizes C, D, R,  @—2fREF  LEN 12 SENSOR Q
on the negative swing of the line voltage = 7 gf’g ?ITG 5O SELL3
and then transfers charge to C, on the 1N55_26?,28 5lcnp voD R4
positive swing. Zener diode D, minus the = C —=C —§ Eg? ggg 3
forward drop of rectifier D, sets the 5V. 220 pF 0.1k g PS2  CS1 1(1) S
Triac Q, is a latching switch that N PWM ~ CSO 4.9
e g Figure 1 CLZDO10 a
conducts in either direction un- = 1 .
. . 4 . .
til you remove gate drive and load cur- 200 The uF
. . VWA L4008L6 >
rent drops below its holding threshold,
. . . CLOSED-LOOP LOGIC
which occurs at the zero-crossing point NEUTRAL CONTROLLER TRIAG
of the line voltage. @ e
The circuit pulses the triac gate for 100 | This closed-loop lighting-control system uses a few inexpensive parts.
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?/1 LINE (120V/60 Hz) f OS/1 PLUG o
" NS SpsT© !
) 0.47 pF 10A 2
psec to turn on the load for the remain- 120V AC Ry 3
der of each 60-Hz half-cycle, so higher 10m =
power accrues by turning on earlier in the PHASE
half—cycle.. R,,at the t.irning pin of the con- | svoe R - | 'CzOUT J
tr.oller chip, detects line phase. Controller 1 CEDBACK L
pins CS3 to CSO set the closed-loop con- 1N4148
figuration for an application. You can eas- Yoer L R lclHEN 8 GIYD
ily modify the lighting-control circuit for o R 0—§ REF  LEN é 3
. s SPT STAE2O <R TEMPERATURE
thermal control (Figure 2). Closed-loop 1N5232B >0k ;1 BP TIM Z 35 SENSOR
timing is 134 sec for optimized tempera- 5.6V 2 gglg \égg 3 200
ture response, using controller pins CS3 ::2202 Tc, Lpst  cs2[i2 HEATER
to CSO. The circuit initially drives the OrF 01w ] [ i
heater at high power levels until . CLzDO10 Q
. Figure 2 R !
the temperature nears its final o
value and then reduces the power to avoid VWA L4008L6
i CLOSED-LOOP LoGIC
ove}rshoot. The CLZD010 cogtroller is NEUTRAL CLOSED-LoOF Loale
available from Flextek Electronics (www. .
flex-tek.com).OI A slight modification adapts Figure 1’s circuit to for heating control.
Constant-current, constant-voltage
ter dri hite LED
Keith Szolusha, Linear Technology Corp, Milpitas, CA
v
EDs usuaLLy take their drive from a 33 T6N4_2v (531
Lconstant dc-current source to main- ? D, ™
tain constant luminescence. Most S ¢ 4%
dc/dc converters, howeve1.r, deliver a con- LXH{-BWOZ L,
stant voltage by comparing a feedback o250 D, PMEG2010EA
voltage to an internal reference via an in- ° A EL
ternal error amplifier. The easiest way to l «
turn a simple dc/dc converter into a con- ON/OFF s 5 ’—6|
stant-current source is to use a sense re- Vi SW SW
sistor to convert the output current to a C, 9 3
1 o1aF SHDN [
voltage and use that voltage as the feed- T by o
back. The problem is that 500 mA of out- CERAMIC 866K
put current with a 1.2V drop—the typi- c
cal reference voltage—in the sense f " == 4.72uF
resistor incurs relatively high power loss- R 1ov
. . 1 | cERAMIC
es and, thus, a drop in efficiency. . 124k
: Figure 1
One approach is to use an ex- |
ternal op amp to amplify the voltage drop L _T_
across a low-value resistor to the given * 500-mA FLASH ONLY. L
referencef;o?tage. Tl? 18 m?th(.)tfi savels €O | The LTI618 white-LED driver supplies 250-mA constant current and 500-mA flash from a
verter efficiency but significantly in- | gy don pattery.

creases the cost and complexity of a sim-
ple converter by using additional
components and board space. A better
approach is to use the LT1618 constant-
current, constant-voltage converter,
which combines a traditional voltage-
feedback loop and a unique current-feed-
back loop to operate as a constant-volt-
age, constant-current dc/dc converter.
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Figure 1 shows the LT1618 drivinga 1W,
white Lumileds (www.lumileds.com)
LXHL-BWO02 Luxeon LED.

You need no external op amps for this
compact approach. The LXHL-BW02
has a forward voltage of 3.1 to 3.5V for
250 mA of current. Although the maxi-
mum dc rating of the LED is 350 mA, you

can pulse it up to 500 mA for a camera
flash. R, is set for a 250-mA torch or dim-
ming operation. The I, (current-ad-
justment) pin provides the ability to dim
the LED during normal operation by
varying the resistor setting or injecting a
PWM signal. Access to both the positive
and the negative inputs of the special in-

www.edn.com
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ternal constant-current amplifier allows
you to place the sense resistor anywhere
in the converter’s output or input path
and provide constant output or input
current. Without access to both inputs,
you would need a ground-referenced
sense resistor, some additional level-shift-
ing transistors, or an op amp. In this case,
the floating sense resistor’s value is only
100 m£); at 500 mA, it consumes an av-
erage of 50 mW of power. The sense re-
sistor connects directly to the positive and

the negative input pins of the LT1618.
Although the LT1618 conventionally
serves as a high-frequency boost con-
verter with the load connected between
Vur and ground, this method of tying
theload from V j  back to V allows the
IC to drive the LXHL-BWO02 from a lithi-
um-ion battery input. Tying the load
back to V  allows the forward voltage of
the LED (the load voltage) to be either
above or below the input voltage as the
battery voltage changes. This topology

avoids the need for an additional induc-
tor. This design uses one small, low-cost
inductor, matching the all-ceramic ca-
pacitors and low-profile IC. Tying the
load back to V, increases the inductor
current by summing both the input and
the output currents. The internal switch
losses double, and the overall efficiency
of the approach is approximately 70%
over the input-voltage range. Even at this
efficiency, it is difficult to match the com-
pactness and low cost of this approach.00

Sequential state machine aids in automatic control

Abel Raynus, Armatron International, Malden, MA

chine is a common approach for au-

tomatic-control design. The meth-
od finds wide use for controlling
sequential processes in industry, robot-
ics, and measuring. The concept of a state
machine is simple: A number of states de-
scribe a process under control; each state
produces some output signals and ad-
vances to the next state according to re-
ceived input signal.

Two kinds of state machines exist. In a
Moore machine, only the current state
determines an output. A Mealy machine’s
output depends on both the current state
and the inputs. A state diagram unique-
ly and completely specifies a Moore
machine (Figure 1). Based on this di-
agram, you can create a microcontroller
program that assigns five assembler di-
rectives to each state: an address offset,
the outputs, a time to remain in this state

c REATING A SEQUENTIAL State ma-

STATE 1
PORT A=$01
DELAY=2 SEC

STATE 3
PORT A=$03
DELAY=2 SEC

DELAY=4
MINUTES

This state diagram uniquely
and completely specifies the
workings of a Moore state machine.

Figure 1
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(delay value), the next state to go to for
an input of zero, and the next state to go
to for an input of one.

As an example of a Moore machine,
consider a phototimer, which automati-
cally lights a lamp for a given time when
it becomes dark. After that time expires,
it switches off the lamp and waits for the
next night to repeat the process (Figure
2). The design uses an eight-pin Mo-
torola (www.motorola.com) MC68HC-
908QT2 microcontroller; Listing 1 at
www.edn.com shows the program code.
The photocell determines the Moore ma-
chine’s input signal. The threshold of
darkness is equal to 1.6V, which corre-
sponds to a value of 52H after built-in
analog-to-digital conversion. The sensi-
tive triac, Q,, model L2004F31 from Tec-

ACTIVE
— ©120VAC
LED,
® LAMP
Q
= o| L2004F31
430 3/°1
NEUTRAL

This simple circuit uses a Moore state machine to control a phototimer.

cor (www.teccor.com) activates the lamp.
The triac needs a gate current of 3 mA
from the microcontroller can drive load
current as high as 4A rms at a maximum
voltage of 200V. The two LEDs with
built-in resistor, LTL-4231T-R1s from
LiteOn (www.liteon.com), indicate a cur-
rent state in binary code. Thus, the Moore
machine has two outputs—the lamp and
the state indicator—both of which the
Port A setting determines. The delays oc-
cur at 2 sec for states 1 and 3, and 4 min-
utes for state 2. In a real project, you can
set any delay, even several hours or days.
The delay affects only the complexity of
the timer-interrupt routine. You can
download the program code in Listing 1
from the Web version of this Design Idea
at www.edn.com.OI
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Hysteretic regulators provide
high performance at low cost

Wayne Rewinkel, National Semiconductor, Phoenix, AZ

the potential advantages of sim-

plicity, fast response, 100%-duty-
cycle operation, high efficiency at light
loading, and low cost. They need no
loop-compensation components to add
delays; thus, response time to a load
change is less than one switching cycle.
What's the catch? You must be able to ac-
cept a switching frequency that is not
precisely controlled and a sensitivity
to noise that requires layout skill.

Figure 1 shows a simple hysteretic

switching regulator made from a com-
parator with a fixed hysteresis and a
PFET. The comparator switches on the
PFET whenever V. falls to its low
threshold and off again when V. rises
to its high threshold. The time V.
lingers between the thresholds deter-
mines the on-time and, hence, the
switching frequency. The inductor’s rip-
ple current flowing through the ESR of
C,; provides a triangular voltage-ripple
waveform, which produces predictable
operation.

H YSTERETIC VOLTAGE regulators offer

Figure 1

R FB2

O VOUT

This hysteretic regulator suffers from unpre-
dictability of the switching frequency because
of C,; ESR variance.
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Figure 2

RFBZ

An added series resistor makes this circuit's
switching frequency more predictable.

Herein lies a potential problem with
simple circuits of this type. ESR is a ma-
jor factor in determining switching fre-
quency, and ESR can vary over a wide
range for any given capacitor type. This
variance is seldom a good thing and can
lead to inductor saturation if the fre-
quency falls too low or

FET overheating aris- Vin
570 15VO—e

itors (Figure 2). It is almost identical to
Figure 1’s circuit except for the added re-
sistor, Ry, ., and the new connection
point for C,.. The inductor’s ripple cur-
rent induces the ac voltage present across
Ry and connects to comparator by
C,;- This controlled ac voltage eliminates
the need for any C | ESR. The feedback
loop eliminates the dc voltage drop that
Rgpnps Creates. This new configuration
produces predictable switching frequen-
cy with even zero-ESR capacitors and of-
fers the potential of nearly zero V. rip-
ple at the cost of a resistor and the small
added dissipation of R carrying full
load current.

The following equation approximates
the switching frequency for either circuit,
provided that C_’s reactance at the
switching frequency is lower than the
ESR and C_s reactance is much lower
than Ry, o Fe= (V0 / Vi) (Vg = Vo) X
ESR/(V,; XL+2ESRX T, (V. =V 1),
where ESR is the sum of C s ESR and
Ropnies Viysr 18 the comparator’s hystere-
sis voltage, and T, is the average propa-
gation delay of the comparator plus the
PFET.

You can build the circuits of figures 1

and 2 as drawn, using a comparator, such

SERIES

ing from switching
losses if the frequency
rises too high. A simple
solution to the ESR-
variance problem is to
use a ceramic C;; ca-
pacitor in series with a
resistor. Although this
technique works nicely
in the lab, it often pos-
es problems in the real
world, in which several
ceramic capacitors
bypass loads.

Another approach
to predictable frequen-
cy control allows the
use of low-ESR capac-

Figure 3

10 nF 8
5

30.1k

S13457
Vin 7

(el Paate

LM3485 —

lSEN

MBRS2040

- MO0S6020-472
330 pF

;

= 10k 442k

VOUT

— 10 pF
6V

This circuit occupies an area smaller than a postage stamp.
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as the LMV7219, which claims 7.5-mV
built-in hysteresis, or by using a con-
troller, such as the LM 3485, which pro-
vides a current-limiting feature, wider
V,, range, and lower cost. You cannot
overemphasize the layout sensitivity for
hysteretic regulators. You cannot allow
the feedback connection to pick up any
stray signals. Open-core inductors are at-
tractive for cost reasons but difficult to

use, because any induced voltages from
stray magnetic fields can produce unpre-
dictable switching frequencies and ripple.

You can build the circuit in Figure 3
in an area smaller than a postage stamp.
This circuit produces output current of
at least 1A, using small ceramic capaci-
tors,a SOT-6 PFET, a 6 X7-mm inductor,
and an SMB-package, surface-mount
Schottky diode. F varies from 600 to 700

kHz over a V range of 5 to 15V for
Vour=1.8V and V. ripple less than 5
mV p-p. The 30.1-kQ) resistor and the
PFET’s on-resistance of 0.1€) set the cur-
rent limit to trigger at 1.5A. The no-load
bias current is lower than 500 wA. Most
impressive is the dynamic V_ , change of
only 10 mV for a load transient greater
than 0.5A.0

Power-supply IC drives multiple LEDs

John Lo Giudice and Vee Shing Wong, STMicroelectronics, Schaumburg, IL

nent sources of light. They often have

better efficiency and reliability than
do conventional light sources. Although
LEDs can operate from an energy source
as simple as a battery and a resistor, driv-
ing a string of LEDs in constant-current
mode can better match the luminance be-
tween the devices without needing to
match LEDs for their forward-voltage
drop. A switching supply also gives better
efficiency than methods using a linear bal-
last resistor to limit the current.

B RIGHT LEDs are becoming promi-

R1
68

5%
P 1w D

The circuit in Figure 1 uses IC , the in-
tegrated offline Viper22A switching reg-
ulator in a constant-current configuration
to drive two to eight IW LEDs. The cir-
cuit operates by monitoring the voltage
drop across the sense resistor, R , and uses
this voltage as feedback to regulate the
current through R and the LEDs. An op-
erational amplifier in the TSM103, IC,,
monitors the voltage drop across R,
and compares it with the 0.175V refer-
ence, which resistor divider R.-R; sets,
and closes the loop to maintain a 0.175V

CRAMER

drop across the sense resistor. The output
of the TSM103 drives the optocoupler,
IC,, which transfers the feedback to the
Viper22A on the primary side. Figures 2a,
2b, and 2¢ show the completed board and
the top and bottom layouts.

The LED’s drive currentis I .=V./R,
where V. is the voltage at Pin 5 of IC,. You
could easily modify the circuit to drive 3
or 5W LEDs, as long as you respect the
maximum power rating, by simply
changing the sense resistor to set a high-
er current value. When you design a con-

COMPOSTAR
45 mH

Figure 1

This constant-current LED driver can
drive two to eight LEDs.
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Figure 2

stant-current power supply, the design of
the transformer and the operating limi-
tations of the circuit directly determine
the output-voltage compliance of the
constant-current source. For a design
that can drive two to eight LEDs in series,
the voltage drop across the LEDs can vary
from approximately 7V for two LEDs to
28V for eight LEDs. This output voltage
reflects back across the transformer and
in turn changes the V& voltage to the
control circuit and the peak V  across
the power MOSFET.

The designers of the transformer in
this application considered three limiting

93 mm

s
I.I
i

These photos show the completed board (a) and the top (b) and bottom (c) layouts.

factors: the allowable V| for the Viper22,
which has a range of 9 to 38V for the un-
dervoltage and overvoltage thresholds, re-
spectively; the maximum wattage of 12W
for the Viper22A; and the fact that the re-
flected voltage across the drain of the
MOSEFET, which takes account of the
turns ratio [(N,/N)V ], added to the
input voltage, must be less than 730V.
For a design that can drive two to eight
LEDs, you must design the system taking
into account the fact that the reflected
voltage on'V is proportional to the out-
put voltage. To keep the reflected voltage
manageable, the transformer’s design

uses a turns ratio of primary to second-
ary output voltage for the maximum
number of LEDs. Using these criteria, as
the number of LEDs decreases, so does
the reflected voltage. If you base the
transformer on two LEDs, then the re-
flected voltage quadruples with eight
LEDs and may exceed the rating of the
Viper. The turns ratio between second-
ary to the V winding is set for an out-
put voltage of two LEDs to the minimum
V,;, voltage of 9V. As you add LEDs, V|
increases proportionally until it reaches
the overvoltage-shutdown point of 42V
nominal.00
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Supercapacitor boosts current
from small battery

Yongping Xia, Navcom Technology, Torrance, CA

quire large amounts of current in a

short period of time but spend most
of the time in sleep (power-down) mode.
The momentary large-load current de-
mands large batteries to meet the time re-
quirement, even though the average cur-
rent consumption is low. For instance, a
system operates for 1.5 sec every 10 hours
and needs 500 mA at 3.3V during the op-
eration. Although the average current is
only 21 pA, small, “coin” batteries cannot
drive such a heavy load.

S OME BATTERY-POWERED devices re-

1/2 FDC6312P

ence, senses the voltage on the superca-
pacitor. R, provides 0.5V hysteresis to the
comparator. When the voltage is lower
than 1.7V, the comparator’s output is low
and thus turns on the p-channel MOS-
FET, Q,. The battery charges the super-
capacitor. Once the voltage on the super-
capacitor reaches 2.2V, the comparator
switches high to shut off Q,. You could
use this low-to-high transition at Point A
as a battery-charge-complete indicator or
to trigger another device, such as a mi-
crocontroller’s interrupt line.

1/2 FDC6312P

B L =)
1
> 10M 1%,1\/'
R3
60M f
—\NV—e c
Hour  vec|2d L 2
+___BTl IC, T-1.5F LOAD
=3 2| maxo17 2.5V |_J
1 VEE
0.1 pF 3N+ rer 2o
R2
15M
(o] O
A B
Figure 1

To eliminate the need for larger bat-
teries, the circuit in Figure 1 solves the
problem by gradually building up energy
in a supercapacitor. The device releases
the energy when it is needed. Because the
supercapacitor has low internal imped-
ance, the momentary current can easily
exceed several amperes.

Because a coin-type lithium battery
delivers 3V and the supercapacitor’s rat-
ed voltage is 2.5V, the circuit uses a volt-
age-controlled switch to cut off the bat-
tery once the voltage on the super-
capacitor reaches 2.2V. This design uses
a 1.5F, 2.5V supercapacitor from Power-
Stor (www.powerstor.com), model A10-
30-2R5155. IC,, a micropower voltage
comparator with built-in 1.245V refer-

www.edn.com

A supercapacitor helps a small battery to deliver large pulses of energy.

Q,, another p-channel MOSFET, con-
trols the discharge of the supercapacitor.
When Point B is floating, the switch is off.
When an open-drain or open-collector de-
vice pulls down Point B, the switch is on.
Because the voltage on the supercapacitor
continuously drops when the switch is on,
you can use a boost dc/dc converter to gen-
erate a constant output voltage. Select a
boost converter with the lowest possible
working input voltage to obtain the max-
imum energy from the supercapacitor. For
example, you can use an LTC3402 to gen-
erate a stable 3.3V output. Once it starts,
the LTC3402 can work with input voltages
aslow as 0.5V. The energy from the super-
capacitor is 1/2V2C, or 1/2[(2.2V)*X
1.5F—(0.5V)*X1.5F]=3.4].0
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