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Detecting Human Falls with a 3-Axis Digital Accelerometer
Elderly individuals can suffer accidental falls due to weakness
or dizziness. The initial injury can be further aggravated if
treatment is not obtained within a short time. MEMS-based
fall detectors can sense changes in body position by tracking
acceleration, determine when an individual is falling, and
issue an alert for assistance. This article describes the use
of an ADXL345 three-axis digital accelerometer as a fall
detector. Page 3.

Measuring Noise of Low-Fixed-Gain Differential Amplifiers
Measuring noise of low-gain differential amplifiers presents
a challenge, as their integrated feedback and gain resistors
preclude high-gain configurations, and a differential-to-
single-ended conversion is needed to match the spectrum
analyzer. A second amplifier stage can provide gain and the
differential-to-SE conversion, neatly solving both of these
problems. Page 10.

The Basics of Video Decoders in Supervision and Inspection
Video cameras—which range from inexpensive, low-definition
black-and-white closed-circuit television systems to state-
of-the-art high-definition digital-video systems—are found
in diverse applications including product inspection, traffic
monitoring, and real-time face recognition. Dropping
unneeded data and passing only the essential parts of the
picture can simplify the video system—saving memory and
computational cycles. Page 11.

How to Apply Low-Dropout Regulators Successfully

A low-dropout regulator (LDO) is capable of maintaining a
specified output voltage over a wide range of load current and
input voltage, down to a very small difference between input
and output voltages. This difference, known as the dropout
voltage or headroom requirement, can be as low as 80 mV at
2 A. Page 14.

Phase Response in Active Filters, Part 2: Low-Pass and
High-Pass Responses

The transfer function of an active filter can be viewed as
the cascaded response of the filter transfer function and an
amplifier transfer function. This article examines the phase
shift of the filter transfer function itself. While filters are
designed primarily for their amplitude response, the phase
response can be important in applications such as time delay
simulation, cascaded filter stages, and especially process-
control loops. Page 18.

Difference Amplifier Forms Heart of Precision Current Source
Precision current sources are used to provide excitation
for RTDs in process-control systems; to measure unknown
elements in digital multimeters; and to drive 4-mA to 20-mA
current loops, which are widely used to transmit information
over long distances. This article shows how a difference
amplifier can be used to implement a precision current
source. Page 22.
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Detecting Human Falls with a
3-Axis Digital Accelerometer

By Ning Jia

Foreword

For a human, experiencing a fall unobserved can be doubly
dangerous. The obvious possibility of initial injury may be further
aggravated by the possible consequences if treatment is not obtained
within a short time. For example, many elderly individuals can
suffer accidental falls due to weakness or dizziness—or, in general,
their diminished self-care and self-protective ability. Since they
tend to be fragile, these accidents may possibly have serious
consequences if aid is not given in time. Statistics show that
the majority of serious consequences are not the direct result of
falling, but rather are due to a delay in assistance and treatment.
Post-fall consequences can be greatly reduced if relief personnel
can be alerted in time.

Besides senior citizens, there are many other conditions and
activities for which an immediate alert to a possible fall, especially
from substantial height, would be quite helpful—for example
mountaineers, construction workers, window washers, painters,
and roofers.

In light of this need to warn of falls, the development of devices for
detection and prediction of all types of falls has become a hot topic.
In recent years, technological advances in microelectromechanical-
system (MEMS) acceleration sensors have made it possible to
design fall detectors based on a 3-axis integrated MEMS (MEMS®)
accelerometer. The technique is based on the principle of detecting
changes in motion and body position of an individual, wearing
a sensor, by tracking acceleration changes in three orthogonal
directions. The data is continuously analyzed algorithmically
to determine whether the individual’s body is falling or not. If
an individual falls, the device can employ GPS and a wireless
transmitter to determine the location and issue an alert in order
to get assistance. The core element of fall detection is an effective,
reliable detection principle and algorithm to judge the existence
of an emergency fall situation.

This article, based on research into the principles of fall detection
for an individual body, proposes a new solution for detection of
fall situations utilizing the ADXL345,! a 3-axis accelerometer
from Analog Devices.

The ADXL345 /MEMS Accelerometer

iMEMS semiconductor technology combines micromechanical
structures and electrical circuits on a single silicon chip. Using
this technology, IMEMS accelerometers sense acceleration on one,
two, or even three axes, and provide analog or digital outputs.
Depending on the application, the accelerometer may offer
different ranges of detection, from several g to tens of g. Digital
versions may even have multiple inzerrupr modes. These features
offer the user convenient and flexible solutions.

The recently introduced ADXIL.345 is an iIMEMS 3-axis
accelerometer with digital output. It features a selectable =2-g, +4-g,
+8-g, or =16-g measurement range; resolution of up to 13 bits;
fixed 4-mg/LSB sensitivity; a tiny 3-mm X 5-mm X 1-mm package;
ultralow power consumption (25 wA to 130 pA); standard I?C® and
SPI serial digital interfacing; and 32-level FIFO storage. A variety
of built-in features, including motion-status detection and flexible
interrupts, greatly simplify implementation of the algorithm for fall
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detection. As you will see, this combination of features makes the
ADXI1.345 an ideal accelerometer for fall-detector applications.

The fall-detection solution proposed here takes full advantage
of these internal functions, minimizing the complexity of the
algorithm—with little requirement to access the actual acceleration
values or perform any other computations.

Interrupt System
Figure 1 shows the system block diagram and pin definitions of
the ADX1.345.
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Figure 1. ADXL345 system block diagram and
pin designations.

The ADX1.345 features two programmable interrupt pins—INT1
and INT2—with a total of eight interrupt functions available.
Each interrupt can be enabled or disabled independently, with
the option to map to either the INT1 or INT2 pin. All functions
can be used simultaneously—the only limiting feature is that
some functions may need to share interrupt pins. The eight
functions are: DATA_READY, SINGLE_TAP, DOUBLE_TAP,
ACTIVITY,INACTIVITY, FREE_FALL, WATERMARK, and
OVERRUN. Interrupts are enabled by setting the appropriate bit
in the INT_ENABLE register and are mapped to either the INT1
or INT2 pins, based on the contents of the INT_MAP register.
The interrupt functions are defined as follows:

1. DATA_READY is set when new data is available—and
cleared when no new data is available.

2. SINGLE_TAP is set when a single acceleration event that is
greater than the value in the THRESH_TAP register occurs
for a shorter time than specified in the DUR register.

3. DOUBLE_TAP is set when two acceleration events that are
greater than the value in the THRESH_TAP register occur
and are shorter than the time specified in the DUR register,
with the second tap starting after the time specified by the
LATENT register and within the time specified in the
WINDOW register.
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Figure 2 illustrates the valid SINGLE_TAP and DOUBLE_TAP and its content emptied below the value stored in the

interrupts. SAMPLES register.
Note: the FIFO register in the ADXI.345 has four operation
FIRST TAP SECOND TAP modes: Bypass, FIFO, Stream, and Trigger; and can store
--------------------------- up to 32 samples (X-, Y-, and Z-axis). The FIFO function
. \ is an important and very useful feature; however, the proposed
sl _ .~~~ ‘THRESHOLD solution does not use the FIFO function, so it will not be further
I e V4 (THRESH) discussed.
__i R | ,_/_ 8. OVERRUN is set when new data has replaced unread
;i TIME LIMIT FOR | | data. The precise operation of OVERRUN depends on the
| L | TAPS(DUR) \|__.| operation mode of FIFO. In bypass mode, OVERRUN is set
‘m\ﬂ‘_ TIME WINDOW FOR __| when new data replaces unread data in the DATAX, DATAY,
i TIME SECOND TAP (INTVL) and DATAZ registers. In all other modes, OVERRUN is
® (LATENT) set when the FIFO is filled with 32 samples. OVERRUN is
g [mooTommmTomT cleared by reading the FIFO contents and is automatically
E ! ?,',Nr%,'iERJQ-? Dl,?%?,{‘,EUT,ﬁ}P cleared when the data is read.
- 1
gl

Acceleration-Change Characteristics While Falling
The main research on the principles of fall detection focuses on

Figure 2. SINGLE_TAP and DOUBLE_TAP interrupts. the changes in acceleration that occur when a human is falling.

4. ACTIVITY is set when acceleration greater than the value Figure 3 illustrates changes in acceleration that occur when

stored in the THRESH_ACT register is experienced. (a) walkigg downstairs, (b) v.valking upstairs, (c) si.tting down, and
(d) standing up from a chair. The fall detector is mounted to a
5. INACTIVITY is set when acceleration of less than the value belt on the individual’s body. The red trace is the Y-axis (vertical)
stored in the THRESH_INACT register is experienced for acceleration; it is -1 g at equilibrium. The black and yellow
longer than the time specified in the TIME_INACT register. traces are the respective X-axis (forward) and Z-axis (sideways)
The maximum value for TIME_INACT is 255 s. accelerations. They are both 0 g at equilibrium. The green trace
Note: With ACTIVITY and INACTIVITY interrupts, the is the vector sum magnitude, 1 g at equilibrium.
user can enable or disable each axis individually. For example, 1024
the ACTIVITY interrupt for the X-axis can be enabled while  YESIORSUM
disabling the interrupts for the Y-axis and Z-axis. 768 | —— ;2))8:
Furthermore, the user can select between dc-coupled 512 !
or ac-coupled operation mode for the ACTIVITY and |
INACTIVITY interrupts. In dc-coupled operation, the current 5 2% AWV B =
acceleration is compared with THRESH_ACT and THRESH_ s 0 | ol ,J _ . P |
INACT directly to determine whether ACTIVITY or 4 ~TT ™ T
INACTIVITY is detected. In ac-coupled operation for activity $ 256 W ~ //\‘
detection, the acceleration value at the start of activity detection
is taken as a reference value. New samples of acceleration are -512
then compared to this reference value; if the magnitude of the 768
difference exceeds THRESH_ACT, the device will trigger an
ACTIVITY interrupt. In ac-coupled operation for inactivity -1024
. . . ; 1 51 101 151 201 251 301 351 401
detection, a reference value is used for comparison and is SAMPLES (50/s)
updated whenever the dev’lce exceeds the inactivity threshold. a. Walking downstairs.
Once the reference value is selected, the device compares the
magnitude of the difference between the reference value and the 1024
current acceleration with THRESH_INACT. If the difference  YECTORSUM
is below THRESH_INACT for a total of TIME_INACT, the 768 | — y-Axis
device is considered inactive and the INACTIVITY interrupt 512
is triggered.
6. FREE_FALL is set when acceleration of less than the value g 256 - 1 1_ =
stored in the THRESH_FF register is experienced for longer ] . ﬁ‘lw-’th P, v I —_—
than the time specified in the TIME_FF register. FREE_FALL 3 [\\-
interrupt is mainly used in detection of free-falling motion. S 256 AN ~7 ==
As a result, the FREE_FALL interrupt differs from the \l/
INACTIVITY interrupt in that all axes always participate, 512
the timer period is much shorter (1.28 s maximum), and it is _768
always dc-coupled.
7. WATERMARK is set when the number of samples in the 10, 51 101 151 201 251 301 351 401
FIFO has filled up to the value stored in the SAMPLES SAMPLES (50/s)
register. It is cleared automatically when the FIFO is read b. Walking upstairs.
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Figure 3. Accelerometer responses to different types of motion.

Because the movement of elderly people is comparatively slow,
the acceleration change will not be very conspicuous during the
walking motions. The most pronounced acceleration is a 3-g spike
in Y (and the vector sum) at the instant of sitting down.

The accelerations during falling are completely different.
Figure 4 shows the acceleration changes during an accidental
fall. By comparing Figure 4 with Figure 3, we can see four critical
differences characteristic of a falling event that can serve as the
criteria for fall detection. They are marked in the red boxes and
explained in detail as follows:
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Figure 4. Acceleration change curves during the process
of falling.
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1. Start of the fall: The phenomenon of weightlessness will always
occur at the start of a fall. It will become more significant
during free fall, and the vector sum of acceleration will tend
toward 0 g; the duration of that condition will depend on
the height of freefall. Even though weightlessness during
an ordinary fall is not as significant as that during a freefall,
the vector sum of acceleration will still be substantially less
than 1 g (while it is generally greater than 1 ¢ under normal
conditions). Therefore, this is the first basis for determining
the fall status that could be detected by the ADXI1.345s
FREE_FALL interrupt.

2. Impact: After experiencing weightlessness, the human body
will impact the ground or other objects; the acceleration
curve shows this as a large shock. This shock is detected
by the ACTIVITY interrupt of ADXL345. Therefore,
the second basis for determining a fall is the ACTIVITY
interrupt right after the FREE_FALL interrupt.

3. Aftermath: Generally speaking, the human body, after falling
and making impact, can not rise immediately; rather it
remains in a motionless position for a short period (or longer
as a possible sign of unconsciousness). On the acceleration
curve, this presents as an interval of flat line, and is detected
by the INACTIVITY interrupt of ADXL345. Therefore,
the third basis for determining a fall situation is the
INACTIVITY interrupt after the ACTIVITY interrupt.

4. Comparing before and after: After a fall, the individual’s
body will be in a different orientation than before, so the
static acceleration in three axes will be different from
the initial status before the fall (Figure 4). Suppose that
the fall detector is belt-wired on the individual’s body,
to provide the entire history of acceleration, including
the initial status. We can read the acceleration data in all
three axes after the INACTIVITY interrupt and compare
those sampling data with the initial status. In Figure 4,
it is evident that the body fell on its side, since the static
acceleration has changed from -1 g on theY axis to +1 g
on the Z-axis. So the fourth basis for determining a fall is
if the difference between sampling data and initial status
exceeds a certain threshold, for example, 0.7 g.

The combination of these qualifications forms the entire fall-
detection algorithm, which, when exercised, can cause the system
to raise an appropriate alert that a fall has occurred. Of course,
the time interval between interrupts has to be within a reasonable
range. Normally, the time interval between FREE_FALL
interrupt (weightlessness) and ACTIVITY interrupt (impact)
is not very long unless one is falling from the top of a very high
building! Similarly, the time interval between ACTIVITY
interrupt (impact) and INACTIVITY interrupt (essentially
motionless) should not be very long. A practical example will
be given in the next section with a set of reasonable values. The
related interrupt detection threshold and time parameters can
be flexibly set as needed.

If a fall results in serious consequences, such as unconsciousness,
the human body will remain motionless for an even longer period
of time, a status that can still be detected by the INACTIVITY
interrupt, so a second critical alert could be sent out if the
inactive state was detected to continue for a defined long period
of time after a fall.

Typical Circuit Connection

The circuit connection between the ADX1.345 and a microcontroller
is very simple. For this article, the test platform uses the ADX1.345
and an ADuC7026 analog microcontroller—which features 12-bit



analog I/0 and an ARM7TDMI® MCU. Figure 5 shows the
typical connection between ADXL.345 and ADuC70262 With
the CS pin of ADXL345 tied high, the ADXL345 works in I?C
mode. The SDA and SCL, the data and clock of the I?C bus, are
connected to the corresponding pins of ADuC7026. A GPIO of
ADuC7026 is connected to the ADX1.345’s ALT pin to select the
I?C address of the ADXL345, and the INT1 pin of ADXL345
is connected to an IRQ input of the ADuC7026 to generate the
interrupt signal.

Other MCU or processor types could be used to access the
ADXIL.345, with similar circuit connections to Figure 5, but the
ADuC7026 also provides a data-acquisition facility including

multichannel analog-to-digital and digital-to-analog conversion.
The ADXL.345 data sheet describes SPI-mode applications to
achieve higher data rates.

Using the ADXL345 to Simplify Fall Detection

Table 1, Figure 5, and the Appendix (Page 8) define the realization
of the algorithm for the solution mentioned above. The function
of each register is included in the table, and the values used in the
present algorithm are as indicated. Please refer to the ADX1.345
data sheet for the detailed definition of each register bit.

Some of the registers in Table 1 will have two values. This indicates
that the algorithm switches between these values for different
aspects of detection. Figure 6 is an algorithm flow chart.

3.3V
VDD cs Vs Vobpio

SDA L T SDA/SDI/SDIO
SCL g SCL/SCLK
GPIO SDO/ALT ADDRESS
IRQ INT1
GND GND

ADuC7026 ADXL345

Figure 5. Typical circuit connection between the ADXL345 and microcontroller.

Table 1. ADXL345 Registers Function Descriptions

Hex Reset Settings in
Address |Register Name Type Value Description Algorithm | Function of the Settings in Algorithm
0 DEVID Read-only 0xE5 Device ID Read-only
1-1C Reserved Reserved, do not access | Reserved
1D THRESH_TAP Read/write 0x00 Tap threshold Not used
1E OFSX Read/write 0x00 X-axis offset 0x06 X-axis, offset compensation get from
initialization calibration
1F OFSY Read/write 0x00 Y-axis offset 0xF9 Y-axis offset compensation, get from
initialization calibration
20 OFSZ Read/write 0x00 Z-axis offset 0xFC Z-axis offset compensation, get from
initialization calibration
21 DUR Read/write 0x00 Tap duration Not used
22 LATENT Read/write 0x00 Tap latency Not used
23 WINDOW Read/write 0x00 Tap window Not used
24 THRESH_ACT Read/write 0x00 Activity threshold 0x20/0x08 Set activity threshold as 2 g/0.5 g
25 THRESH_INACT Read/write 0x00 Inactivity threshold 0x03 Set inactivity threshold as 0.1875 g
26 TIME_INACT Read/write 0x00 Inactivity time 0x02/0x0A Set inactivity time as 2sor 10 s
27 ACT_INACT_CTL |Read/write 0x00 Axis enable control for 0x7F/0xFF Enable activity and inactivity of X-, Y-, Z-axis,
activity/inactivity wherein inactivity is ac-coupled mode, activity is
dc-coupled/ac-coupled mode
28 THRESH_FF Read/write 0x00 Free-fall threshold 0x0C Set free-fall threshold as 0.75 g
29 TIME_FF Read/write 0x00 Free-fall time 0x06 Set free-fall time as 30 ms
2A TAP_AXES Read/write 0x00 Axis control for tap/ Not used
double tap
2B ACT_TAP_STATUS |Read-only 0x00 Source of activity/tap Read-only
2C BW_RATE Read/write 0x0A Data rate and power 0x0A Set sample rate as 100 Hz
mode control
2D POWER_CTL Read/write 0x00 Power 1save features 0x00 Set as normal working mode
contro
2E INT_ENABLE Read/write 0x00 Interrupt enable control |0x1C Enable activity, inactivity, free-fall interrupts
2F INT_MAP Read/write 0x00 Interrtipt mapping 0x00 Map all interrupts to Intl pin
contro
30 INT_SOURCE Read-only 0x00 Source of interrupts Read-only
31 DATA_FORMAT Read/write 0x00 Data format control 0x0B Set as £16 g measurement range, 13-bit right
alignment, high level interrupt trigger, I>C interface
32 DATAXO Read-only 0x00 X-axis data Read-only
33 DATAX1 Read-only 0x00 Read-only
34 DATAYO0 Read-only 0x00 Y-axis data Read-only
35 DATAY1 Read-only 0x00 Read-only
36 DATAZO Read-only 0x00 Z-axis data Read-only
37 DATAZ1 Read-only 0x00 Read-only
38 FIFO_CTL Read/write 0x00 FIFO control Not used
39 FIFO_STATUS Read/write 0x00 FIFO status Not used
6 Analog Dialogue Volume 43 Number 3
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Figure 6. Algorithm flow chart.

Each interrupt threshold, and the related time parameter in the
algorithm, is as described below.

1. After initialization, the system waits for the FREE_FALL
interrupt (weightlessness). Here THRESH_FF is set to 0.75 g
and TIME_FF is set to 30 ms.

2. After FREE_FALL interrupt is asserted, the system begins

waiting for the ACTIVITY interrupt (impact). THRESH_ACT is
set to 2 g and the ACTIVITY interrupt is in dc-coupled mode.

3. Time interval between FREE_FALL interrupt
(weightlessness) and ACTIVITY interrupt (impact) is set
to 200 ms. If the time between these two interrupts is greater
than 200 ms, the status is not valid. The 200-ms counter is
realized through the MCU timer.

4. After the ACTIVITY interrupt is asserted, the system
begins waiting for the INACTIVITY interrupt (motionless
after impact). THRESH_INACT is set to 0.1875 g and
TIME_INACT is setto 2 s. INACTIVITY interrupt works
in ac-coupled mode.

5. The INACTIVITY interrupt (motionless after impact)
should be asserted within 3.5 s after the ACTIVITY
interrupt (impact). Otherwise, the result is invalid. The 3.5-s
counter is realized through the MCU timer.

6. If the acceleration difference between stable status and initial
status exceeds the 0.7-g threshold, a valid fall is detected, and
the system will raise a fall alert.

7. After detecting a fall, the ACTIVITY interrupt and
INACTIVITY interrupt have to be continuously monitored
to determine if there is a long period of motionlessness
after the fall. The THRESH_ACT is set to 0.5 g and the
ACTIVITY interrupt is running in the ac-coupled mode.
THRESH_INACT is set to 0.1875 g, TIME_INACT is
set to 10 s, and the INACTIVITY interrupt is working
in ac-coupled mode. In other words, if the subject’s body
remains motionless for 10 s the INACTIVITY interrupt
will be asserted and the system raises a critical alert. Once
the subject’s body moves, the ACTIVITY interrupt will be
generated to complete the entire sequence.

8. The algorithm can also detect if the individual’s body
freefalls from a high place. Here, we consider that the
two FREE_FALL interrupts are continuous if the interval
between them is shorter than 100 ms. A critical freefall alert
will be raised if the FREE_FALL interrupt (weightlessness)
is continuously asserted for 300 ms

S = 1 gt’

2

This algorithm is developed in C language to be executed on the
ADuC7026 microcontroller (See Appendix, Page 8). A test case is
also presented with the proposed solution to verify the algorithm. Each
position, including falling forward, falling backward, falling to the left,
and falling to the right is tested 10 times. Table 2 presents the test
results. Check marks (v) indicate each condition that is satisfied.

%XIO x0.3* =0.45m.

Table 2. Test Results

Prolonged Motionless
Falling Position | Period after Falling 1 2 3 4 5 6 7 8 9 10
Falling Forward No viviIivi|iviIiviIivI|IvI|Iiv]|v |V
Yes vl v vl vl vl vl ot
Falling Backward No vViviviviIiviviviIiv]|]yv v
Falling to the Left | No viviviviviv|iv|v]|v |V
Yes VI VIRV I v v v T
Falling to the Right | No Vi iviIiIvI|IvIiviv|ivIivI]Iiv|v
Yes vl v vl vl vl vl ot

Note: The , symbol indicates a detected fall; the *
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symbol indicates a detected prolonged motionless period after falling.



This experiment shows that falling status can be effectively
detected with the proposed solution, based on the ADX1.345. This
is only a simple experiment. More comprehensive, effective, and
long-term experimentation will be required to verify the reliability
of the proposed solution.

Conclusion

The ADX1.345 is a powerful and full-featured accelerometer.
We have described a proposed new solution for the fall-detection
problem that takes advantage of the various built-in motion-status
detection features and flexible interrupts. Tests have shown that it
combines low algorithm complexity and high detection accuracy.

Appendix—An Example of the Code
Please contact Analog Devices at www.analog.com or Ning Jia
[ning.jia@analog.com] regarding C code examples.
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Measuring Noise of Low-Fixed-Gain
Differential Amplifiers
By Angel Caballero

Noise, composed of small, random voltages, can be difficult
to measure. Lab instruments add their own noise, further
complicating the measurement. Special techniques are often
used when measuring noise. For example, amplifiers are
typically configured with high closed-loop gains, multiplying
their input noise to make it easier to measure. Low-fixed-gain
differential amplifiers present a greater challenge, however, as
their integrated feedback and gain resistors preclude the use of
a high-gain configuration. Additionally, differential-to-single-
ended conversion is needed to interface with available spectrum
analyzers. A second amplifier stage can provide gain and the
differential-to-single-ended conversion, neatly solving both of
these problems.

Figure 1 shows an ADA4950-1! selectable-gain (1, 2, or 3)
differential amplifier followed by an AD8099% low-noise, low-
distortion op amp. The AD8099, configured for a gain of 10,
converts the differential output into a single-ended signal. Its
1-nV/yHz input-referred voltage noise is negligible compared
to that of the ADA4950-1. The output of the ADA4950-1 is
multiplied by 10, making its noise proportionately larger as well.
With a 0.5-pF compensation capacitor and gain of 10, the AD8099
has enough bandwidth to measure the noise of the ADA4950-1
up to 10 MHz before the system’s frequency response starts to
roll off.

ADA4950-1

500 SpECTRUM
ANALYZER

v

&

Figure 1. The AD8099 low-noise, low-distortion op-amp is
used to measure the noise of the ADA4950-1 selectable-
gain differential amplifier.

The output voltage of the AD8099 is simply:
R
F2

VOUT = VOUT, pIFF X R— (1)
G2

The noise contribution of the AD8099, measured with inputs
grounded, is treated as the noise floor of the measurement system.
The total output noise including the ADA4950-1 was then
measured, with the contribution from the AD8099 subtracted
using root-sum-square math, as shown in Equation 2, where V;
is the output noise of the ADA4950-1 and V,;, is the output noise
of the AD8099.

Total output noise:
R 2
Vi F 2| 4,2
G2

A few other techniques were implemented to accurately measure
the system noise:

2 _
Vtotal -

(2)

* When measuring the noise of the AD8099, its inputs
were grounded with SMA connectors that had their
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center conductor shorted to the ground pins of the
connector. Additionally, the SMA connectors were
soldered together, creating a shared electrical connection
to ground directly at the connectors, instead of through
the board.

* An analog-controlled power supply was used for the
ADS8099 and the ADA4950-1. Compared to digitally
controlled power supplies, analog-controlled power
supplies are better at rejecting 60-Hz noise and
harmonics that couple in from the power line.

* All nearby instruments were turned off unless they
were being used for the measurement. This minimized
oscillations generated by the instruments to control their
digital circuitry. These oscillations can couple through
the air and into the amplifiers. For the same reason, 4-ft
cables were used to connect the circuit boards to the
spectrum analyzer, which was picking up the refresh
frequency of the display and affecting the output of
the AD8099.

» Low-value resistors (Rg =250 (); Rg = 25 ()) were used to
configure the AD8099’s gain in order to keep their noise
contribution small. Lower values caused the AD8099 to
oscillate. When the ADA4950-1 was connected to the
ADS8099 with a short cable, an oscillation was observed
at 250 MHz. When a 1-ft cable was used, the oscillations
went away.

The AD8099 itself contributed only a small amount of noise:
2 2
Vour. = [[1 + Rys Jv,l +R,_.22(n,+2 +n,.72) + 2(”1«;2 xh] +2m,," 0y (3)
RGZ RGZ

where v, is the input voltage noise; and n;; and n;_ are the input
current noise of the AD8099.

Measuring the ADA4950-1’s current noise is impossible because
a large feedback resistor is needed to amplify the noise, but the
value of the internal feedback resistor cannot be changed.

The Stanford Research Systems SR785 was used to measure noise
up to 100 kHz, while the Agilent E4440 PSA spectrum analyzer
was used for noise beyond 100 kHz.

1k
I 1
I IIIIIIIIIIIIIIIIIIIIIIII
oo LI LTI
=
ju
z
>
G
w
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g
10
IIIIIII|IIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIII
1 III|||\\IIII|||\\IIII|||\\IIII|||HIIII|||\\IIII|||HIIII|||HIIII|||H
1 100 10k 100k 10M 100M
FREQUENCY (Hz)
Figure 2. Test results.
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The Basics of Video Decoders
in Supervision and Inspection

By Witold Kaczurba

Video inspection' systems are used in many commercial and
industrial processes. Cameras—which range from those in
inexpensive, low-definition black-and-white closed-circuit
television (CCTV) systems to those in state-of-the-art
high-definition digital-video systems—are used in diverse
applications ranging from product inspection to traffic monitoring
to real-time face recognition.

Video inherently carries a lot of data, which can complicate
signal-processing and data-storage tasks. Video inspection can
often be simplified by cropping useless information and passing
only the essential parts of the picture, which saves both memory
and computational cycles. Figure 1 shows the elements of a
typical system.

MEMORY
CAMERA vibEo N DATA —N DATA
DECODER PROCESSING INTERPRETATION

40

BIN (DROPPED DATA)

Figure 1. Simplified video-inspection data flow.

This article shows a few examples of how extracting useful data
can minimize processing, memory size, and DSP usage—and
illustrates how special features of Analog Devices video decoders?
can simplify video algorithms and speed up development of video
inspection systems.

Example 1. Counting and Inspecting Objects

Imagine a wide conveyor belt containing many rapidly moving
products. The large number of products makes manual counting
difficult. In addition to automating the counting task, a camera
can be used to monitor product quality. This can be accomplished
by modifying the simple count algorithm to focus on particular
details and artifacts.

Storing all of the video data requires a huge amount of memory,
and processing a large amount of data will cost a lot in terms
of hardware and power. Instead of collecting whole pictures in
memory, the system can find interesting details in the pile of data
and drop as much useless data as possible when inspecting the
products on the conveyor belt.

In most cases, gray-scale pictures can carry enough information.
So chrominance information can be dropped by converting RGB
signals to Y (luminance only). The resulting monochromatic
picture can then be examined for content by using edge detection to
find products on the belt and compare their shapes with a template
to determine whether the product is misshapen.

Edge detection algorithms—which require only a few lines of
active video and a small amount of memory—find discontinuities
in the brightness of adjacent pixels by calculating the first and
second derivatives of active pictures, as described in Digital Image
Processing by Bernd Jahne.? Edge detection can be implemented in
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practice by extracting information using matrix calculations, such
as the Sobel* matrix operator. In an FPGA (field-programmable
gate-array) implementation, doing this on a pixel basis gives
satisfying results. A simple FPGA implementation is shown
in A Proposed FPGA Based Architecture for Sobel Edge Detection
Operator by Tanvir A. Abbasi and Mohm. Usaid Abbasi’ Noise
can be removed by adding a Gaussian 2D filter, as described in
Hardware Acceleration of Edge Detection Algorithm on FPGAs by
Mathukumar Venkatesan and Daggu Venkateshwar Rao,® which
describes a successful implementation of a detector similar to the
Canny edge detector”

Several other optimization algorithms can enhance the picture
quality, but all occupy significant space on the FPGA design.
However, some integrated-circuit (IC) video decoders are
already equipped with useful preprocessing algorithms or filters;
so choosing one of these would save space in the FPGA. For
example, the ADV7802 video decoder®includes both luma transient
improvement (LTT) and chroma transient improvement (CTT) blocks.
These blocks, which enhance the resulting picture by improving
the steepness of luma and chroma transitions, use adaptive peaking
and nonlinear methods—without increasing noise or introducing
artifacts—and can be very useful in the process of edge detection.
In addition, luma-shaping and other built-in input filters can
remove high-frequency noise from the source—focusing on the
signal and ignoring incidental noise.

/;> LTICTI |—» ‘

Figure 2. LTI/CTI operation diagram.

Edge detection provides information on an object’s edge
transitions instead of a full picture of the object. This reduction,
from 3 X 8 bits per pixel (bpp) to 1 bpp, saves a lot of memory:

*640 pixels X 480 pixels = 307,200 bits at 1 bpp
*800 pixels X 600 pixels = 480,000 bits at 1 bpp
*1024 pixels X 768 pixels = 786,432 bits at 1 bpp
*1280 pixels X 720 pixels = 921,600 bits at 1 bpp

By converting RGB to Y, storing just a few lines of active video in
memory, and using FPGA algorithms, we can detect objects and see
their shapes. Once their locations on the moving belt are known, we
can estimate their movement and collect color or other information
from the next frames with the assurance that a minimum amount
of memory is being used. The process involves

1. Edge detection

2. Storing information

3. Predicting the next position X,;

4. Extracting information in areas where product is supposed to be

Example 2. Detecting Motion and Quality

A robot is looking for items at a particular distance and within
a limited range. Ultrasound can be used in some applications;
but if the surface absorbs ultrasound or the items are behind
glass, video can be used. The camera is set to focus on nearby
objects. Items within a narrow range will have sharp edges, but
background items—which are outside that range—have fuzzy
edges (Figure 3).

SHARP PICTURE

—>|—'<— DISTANCE

0.5m 2m 5m 20m INF

Figure 3. Focus—narrow depth of field.
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Edge detection can be used to distinguish the items within the
target range, as these are the only ones with sharp edges. Items in
the background will be fuzzy enough to fail an edge detection test.
Processing yields a binary bitmap where a 1 means that an edge was
detected and a 0 means that no edge was detected. The position
(x, y) of each detected edge pixel can be used to approximate the
middle of an isolated object using Equation 1:

N N
Z'x” Zyn

(1)
xaverage - N ; Y average ~ N

Where x, is the x-position of edge pixel, n; y, is the y-position of
edge pixel, #; and N is the number of edge pixels detected.

Once the position of the object and its edges are known, we can try
to trace it. The key is to extract exactly one object from the picture,
transforming its edges to an outline that can be used to determine
if the item is moving toward the camera by checking the average
distance of pixels from the middle of the object to see if the size
of object is changing, as shown in Equation 2 (below).

N is the number of edge pixels in FRAME; M is the number of
edge pixels in FRAME-1.

Focusing on the horizontal axis leads to Equation 3 (below).

The value of this equation will be positive when the object is
moving toward the camera (pixels are spreading from the middle
of object). A negative value means that the object is moving away
from the camera, as shown in Figure 4.

INCREASE OF DISTANCE

® MIDDLE OF OBJECT
e=== OBJECT ON OLD FRAME
= OBJECT ON CURRENT FRAME

_————————————_— e e —

Figure 4. Frame change of moving object.

Note that the object has to be within the camera’s range of focus.
By modifying the algorithm, we can actively change the focus’
to scan a wider area. Once the objects are detected, they can be
segmented, processed, and tracked.

Tracking objects becomes more difficult as video complexity increases,
especially with textured objects and objects that lose sharpness
because they move quickly. Some tracking algorithms are shown in
Good Features to Track by Jianbo Shi.!® As objects lose sharpness, edge
detection fails. Tracking can still be done by using complex correlation
techniques such as block matching—used to estimate motion—or
other methods detailed in Video Processing and Communications by
Yao Wang, Jérn Ostermann, and Ya-Qin Zhang.!!

Thanks to continuous data flow from the camera, an object can
be tracked to determine its acceleration and other parameters.
However, a high-quality video sequence must be used in order
to obtain good video analysis results. When detecting edges by
analyzing adjacent pixels, the resolution will be better if progressive-
scan video is used instead of low-quality interlaced PAL or NTSC
signals. The ADV7401 and ADV7403 video decoders'? accept a
variety of video standards, including progressive modes. Capable
of digitizing video signals up to 140 MHz, they can handle SD,
ED, and HD component signals, CVBS, and graphics. In addition,
they support nonstandard video modes, allowing the use of less-
popular standards, such as STANAG. The flexible pixel output
bus allows data processing in 4:2:2, 4:4:4 YCrCb, or 4:4:4 RGB
formats. Nonstandard video formats can be oversampled or
undersampled to get a given horizontal width, as described in
AN-0978 Application Note, Component Processor Nonstandard
Video Formats."

The built-in color-space converter (CSC), shown in Figure 5,
transforms the color space to suit user requirements (Equation 4
below, where Al... A4, Bl... B4, C1... C4 are adjustable CSC
parameters). YPrPb or RGB input signals can be converted
to other formats using configurable matrix conversion.
For instance, converting RGB to YCrCb allows chroma
information (Cb, Cr) to be dropped, simplifying edge
detection with a monochrome picture.

CSC_SCALE

A1[12:0] A4[12:0]

IN_A[11:0] | X || + | + |»| +
OUT_A [11:0]

A2[12:0]

IN_B[11:0] = X

A3[12:0]

IN_C[11:0] -»| X

Figure 5. Single CSC channel (ADV7403).
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The CSC is very useful. With an RGB or YCrCb input, color
information can be simply transformed using a color-space matrix.
Figure 6 shows a YUV color space that is similar to YCrCb.

PRODUCT IS BURNT

-04 -03 -0.2 -0.1 +0.1 +0.2 +0.3 +0.4

PRODUCT IS NOT FRESH

Figure 6. YUV color space in product-quality evaluation
can be used to detect (for example) when a product is
burned or moldy. Y (luma) is constant.

As Figure 6 shows, the color (or YPrPb value), can help to
detect the quality of the product, for example, whether it is
burned or moldy. Color-space conversion is necessary in video
processing and for interfacing to ICs that use other standards.
The ADV7401/ADV7403 include an input multiplexer that
enables easy switching of video sources, a useful feature when
switching from a stopped conveyor belt to a working one.

Example 3. Adjusting White and Color Balance for Video Inspection
Significant effort is required to develop a video system that
extracts objects from a picture, as simple changes in light angle
or intensity can affect the inspection results. Video engineers
can use the ADV7401/ADV7403 gain and offset adjustments to
adjust the brightness and contrast by adding two small reference
stripes (one dark, one bright) to the conveyor belt. The offset and
gain of the ADV7401/ADV7403 are adjusted to get comparable
values, thus allowing the system to compensate for changes in
light, color, angle, and intensity.

=

VIDEO
CAMERA

REFERENCE STRIPES

CONVEYOR
BELT

Figure 7. Small reference stripes are added to the visible area.
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The algorithm for adjusting proper white balance' can be very
simple. First, get reference RGB (or YCrCb) values for the stripes.
Then, to compensate for light, simply change the offset and gain to
get the same values as the reference. This algorithm can be used:
1. Get RGB (or YCrCb) values of the dark stripe.
2. Adjust offset to match desired RGB (or YCrCb) value of
dark stripe.
3. Get RGB (or YCrCb) values of the light stripe
4. Adjust gain to match desired RGB (or YCrCb) value of
light stripe.
5. To improve accuracy, repeat steps 2 and 4.

This procedure is especially useful during system development, as
it provides the correct offset (brightness) and gain (contrast)—even
when the light is too strong or too weak, as shown in Figure 8.
The offset and gain registers are available via the I*C bus, allowing
quick adaptation.

A TOO STRONG LIGHT—CLIPPING

OUTPUT
OF VIDEO
DECODER

|

GOOD LIGHT

(REFERENCE)
[}

POOR LIGHT
| CONTRAST
OFFSET ~
( ) : N\ (GAIN)
1 1 >
L/ T REFERENCE VALUES
(R, G, B) FOR GOOD LIGHT

Figure 8. The offset and gain are adjusted to compensate
for changes in ambient lighting.

Colors can also be used for the reference stripes. This
compensation is similar to white balance, which is widely used,
but while white balance matches a human’s perception, the color
correction is to compensate for changes due to different lighting.
Although the algorithm is similar, an additional offset causes
dark colors to look unnatural. The ADV7401/ADV7403 color-
space conversion, flexible output pixel port, and offset and gain
adjustment registers allow engineers to quickly develop algorithms
using data that is already prepared for processing. As discussed
earlier, it is important to reduce the amount of data required for
video processing and to avoid advanced algorithms if they’re not
needed for simple video. An evaluation board for the ADV7401/
ADV7403 with an easily accessible pixel port is available to speed
up the start of new design. It’s a matter of simply plugging a
video-capture board into the pixel port of the evaluation board
and capturing the video-data (Figure 9).

ADV7401/ADV7403
EVALUATION BOARD PIXEL CUSTOM
BUS 1 BOARD
HEADER

ADV7403 |PIXEL BUS ADV7341 | 1 sp/ED/HD OUT

VIDEO IN —» DECODER ENCODER
ADV7125
VIDEO |+ RGB OUT
DAC
HDMI Tx » HDMI OUT

Figure 9. Pixel bus on ADV7401/ADV7403 evaluation board.

continued on page 17
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How to Apply Low-Dropout
Regulators Successfully

By Ken Marasco

A low-dropout regulator (LDO) is capable of maintaining its
specified output voltage over a wide range of load current and
input voltage, down to a very small difference between input and
output voltages. This difference, known as the dropout voltage
or headroom requirement, can be as low as 80 mV at 2 A. The
adjustable-output low-dropout regulator' first came to public
attention in 1977. Nowadays, portable devices often require
up to 20 low-dropout linear regulators. Many of the LDOs
in today’s portable devices are integrated into multifunction
power-management 1Cs? (PMICs)—highly integrated systems
with 20 or more power domains for audio, battery charging,
housekeeping, lighting, communications, and other functions.

As portable systems rapidly evolve, however, the integrated PMIC
cannot keep up with peripheral power requirements. Dedicated
LDOs must be added in the later stages of system development to
power such optional items as camera modules, Bluetooth, Wi-Fi,
and other bolt-on modules. LDOs have also been used as band-aids
for noise reduction, to solve voltage-regulation problems caused
by electromagnetic interference (EMI) and printed-circuit board
(PCB) routing, and to improve system efficiency by switching off
unneeded functions.

This article reviews the basic LDO topology, explains key
specifications, and shows the application of low-dropout voltage
regulators in systems. Examples will be given using design
characteristics of Analog Devices LDO families.

_L—Q— PASS TRANSISTOR

%
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1
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1
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Figure 1. An LDO regulates the output voltage with a low
dropout voltage (the difference between Vo1 and the
lowest specified value of V| at the rated load current).

Basic LDO Architecture.* An LDO consists of a voltage
reference, an error amplifier, a feedback voltage divider, and
a pass transistor, as shown in Figure 1. Output current is
delivered via the pass device. Its gate voltage is controlled by
the error amplifier—which compares the reference voltage
with the feedback voltage, amplifying the difference so as
to reduce the error voltage. If the feedback voltage is lower
than the reference voltage, the gate of the pass transistor is
pulled lower, allowing more current to pass and increasing
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the output voltage. If the feedback voltage is higher than
the reference voltage, the gate of the pass transistor is
pulled higher, restricting the current flow and decreasing
the output voltage.

The dynamics of this closed-loop system are based on two main
poles—the internal pole formed by the error amplifier/pass
transistor and the external pole formed by the amplifier’s output
impedance and the output capacitor’s equivalent series resistance
(ESR). The output capacitance and its ESR affect the loop stability
and the response to transient changes in load current. An ESR
of 1 Q or less is recommended to ensure stability. Also, LDOs
require input and output capacitors to filter noise and control
load transients. Larger values improve the transient response of
the LDO but increase the startup time. Analog Devices LDOs
are designed to be stable over the specified operating conditions
when the specified capacitors are used.

LDO Efficiency. Increased efficiency is a constant demand
from the design engineer. This translates into a reduction of the
quiescent current (I) and forward voltage drop.

v

our IOUT

Vil +1)

w \our™ ‘o

LDO efficiency = X 100% (1)

With I in the denominator, it is evident that the higher Iy, the
lower the efficiency. Today’s LDOs have reasonably low I, and for
simplicity, I can be neglected in efficiency calculations if I is very
small compared to the load current, Ioyt. Then LDO efficiency
is simply (Vour/Vin) X 100%. Because the LDO has no way to
store significant amounts of unused energy, power not delivered
to the load is dissipated as heat within the LDO.

- VOUT) X [IN (2)

Providing a stable power supply voltage independent of load and
line variations, changes in ambient temperature, and the passage
of time, LDOs are most efficient with small differences between
supply voltage and load voltage. For example, as a lithium-ion
battery drops from 4.2 V (fully charged) to 3.0 V (discharged), a
2.8-V LDO connected to the battery will maintain a constant 2.8 V
at the load (dropout voltage less than 200 mV), but its efficiency
would increase from 67% with the fully charged battery to 93%
with the discharged battery.

Power dissipated (P,) = (an

To improve efficiency, LDOs can be connected to an intermediate
voltage rail generated by a high-efficiency switching regulator.
With a 3.3-V switching regulator, for example, the LDO efficiency
would be constant at 85%, and the overall system efficiency would
be 81%, assuming 95% efficiency for the switching regulator.

Circuit Features Enhance LDO Performance. An enable input
permits external control of LDO turn-on and turn-off, allowing
supplies to be sequenced in proper order in multirail systems.
Soft-start limits inrush current and controls output-voltage rise
time during power-up. A sleep state minimizes power drain,
especially useful in battery-based systems, while allowing fast
turn-on. Thermal shutdown turns the LDO off if its temperature
exceeds the specified value. Overcurrent protection limits the
LDO’s output current and power dissipation. Undervoltage lockout
disables the output when the supply voltage is below the specified
minimum value. Figure 2 shows a simplified typical power system
for portable designs.
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Figure 2. Typical power domains in a portable system.

Understanding Linear Regulator Requirements

LDOs for Digital Loads. Digital linear regulators, such as the
ADP170 and ADP1706, are designed to support the main digital
requirements of a system, usually microprocessor cores and system
input/output (I/O) circuitry. LDOs for DSPs and microcontrollers
have to work with good efficiency and handle high and rapidly
varying currents. Newer application requirements put tremendous
strain on the digital LDO because processor cores often change
clock speed to save energy. The clock-speed variation, in response
to software-induced loading, translates into a demanding need for
LDO load-regulation capability.

The important characteristics for digital loads are line- and load
regulation and transient under- and overshoot. When powering
low-voltage microprocessor cores, accurate output-control is very
important at all times; inadequate regulation can allow the core
to latch up. The above parameters are not always featured in data
sheets, and graphs of transient response may show optimistic
rise and fall speed in response to transient signals. Line and
load regulation is stated in two ways: percent deviation of output
voltage with load change, actual V/I values, or both, at a specific
load current.

To save energy, digital LDOs are designed with low I to increase
battery life, and portable systems have long periods of low-power
operation when the software is idling. During periods of inactivity,
systems will go to sleep—requiring the LDO to shut down and
consume less than 1 pA. While the LDO is in sleep mode, all of
the circuits—including the band-gap reference—are switched
off. When the system returns to active mode, fast turn-on times
are required—during which the digital supply voltage must not
overshoot excessively. Excessive overshoot can result in system
latch up, sometimes requiring the removal of the battery or
activation of the master reset button to correct the problem and
restart the system.

LDOs for Analog and RF Loads. Low noise and high power
supply rejection (PSR), as found in the ADP121 and ADP130,
are important for LDOs used in the analog environment because
analog devices are more sensitive to noise than digital devices.
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Analog LDO requisites are mainly driven by the wireless interface
requirements: “Do no harm to the receiver or transmitter,
and create no pop or hum in the audio system.” The wireless
connection is highly susceptible to noise, and the receiver’s
effectiveness can be reduced if the noise interferes with the signal.
When considering an analog linear regulator, it is important for the
device to suppress noise from upstream sources and downstream
loads, while not adding further noise itself.

Analog regulator noise is measured in volts rms and PSR, its
ability to suppress upstream noise. Adding an external filter or a
bypass capacitor can reduce noise, but it adds cost and size. Noise
reduction and supply-noise rejection can also be achieved by
care and ingenuity in the LDO’s internal design. When selecting
LDGOs, it is important to review the product details in relation to
the overall performance needed for each system.

Key LDO Specifications and Definitions

Note: Specifications on the front page of manufacturers’ data sheets
are brief summaries, often presented in a way that emphasizes the
device’s attractive features. The key parameters often emphasize
typical performance characteristics, which can be more fully
understood only when consulting the complete specifications
and other data within the body of the document. Also, because
there is little standardization among manufacturers in the way
specifications are presented, power designers need to understand
the definition and the methodology used to obtain key parameters
listed in the electrical specifications table. The system designer
should pay close attention to key parameters, such as ambient and
junction temperature range, X-Y scales of graphic information,
loads, rise- and fall times of transient signals, and bandwidth.
We list here a discussion of important parameters relating to the
characterization and application of Analog Devices LDOs.

Input Voltage Range: An LDO’s input voltage range determines
the lowest usable input supply voltage. The specifications may show
a wide input-voltage range, but the lowest input voltage must be
greater than the dropout voltage plus the desired output voltage.
For example, a 150-mV dropout means that the input voltage must
be above 2.95 V for a regulated 2.8-V output. If the input voltage
drops below 2.95 V, the output voltage will drop below 2.8 V.

Ground (Quiescent) Current: The quiescent current, Ig,
is the difference between the input current, I;y, and the load
current, IoyT, measured at the specified load current. For fixed-
voltage regulators, I is the same as the ground current, Ig. For
adjustable-voltage regulators, such as the ADP171, the quiescent
current is the ground current minus the current from the external
resistance-divider network.

Shutdown Current: The input current consumed when the
device has been disabled. Usually below 1.0 pA for portable LDOs,
this specification is important for battery charge life during long
standby times when the portable device is turned off.

Output Voltage Accuracy: Analog Devices LDOs are designed
for high output-voltage accuracy; they are factory-trimmed to
within +1% at 25°C. Output-voltage accuracy is specified over
the operating-temperature, input-voltage, and load-current ranges;
error is specified as *x% worst case.

Line Regulation: Line regulation is the change in output
voltage for a change in the input voltage. To avoid inaccuracy
due to changes in chip temperature, the measurement is
made under conditions of low power dissipation or by using
pulse techniques.

Dynamic Load Regulation: Most LDOs can easily hold the
output voltage nearly constant as long as the load current changes
slowly. When the load current changes quickly, however, the
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output voltage will change briefly. How much the output voltage
changes when subjected to a change in load current defines load
transient performance.

Dropout Voltage: Dropout refers to the smallest difference
between input and output voltages required to maintain regulation.
That is, an LDO can hold the output load voltage constant as
the input is decreased until the input reaches the output voltage
plus the dropout voltage, at which point the output “drops out”
of regulation. The dropout voltage should be as low as possible to
minimize power dissipation and maximize efficiency. Typically,
dropout is considered to be reached when the output voltage has
dropped to 100 mV below its nominal value. The load current
and junction temperature can affect the dropout voltage. The
maximum dropout voltage should be specified over the full
operating temperature range and load current.

Start-Up Time: Start-up time is defined as the time between
the rising edge of the enable signal and Voyt reaching 90% of its
nominal value. This test is usually performed with Vpy applied and
the enable pin toggled from off to on. Note: in some cases where
the enable is connected to Vyy, the start-up time can substantially
increase because the band gap reference takes time to stabilize.
Start-up time of a regulator is an important consideration for
applications where the regulator is frequently turned off and on
to save power in portable systems.

Current-Limit Threshold: Current-limit threshold is defined as
the load current at which the output voltage drops to 90% of the
specified typical value. For example, the current limit for a 3.0-V
output voltage is defined as the current that causes the output
voltage to drop to 90% of 3.0 V, or 2.7 V.

Operating Temperature Range: Operating temperature range
can be specified by ambient and junction temperature. Because
an LDO dissipates heat, the IC will always operate above the
ambient. How much above the ambient temperature depends on
the operating conditions and the PCB thermal design. A maximum
junction temperature (Ty) is specified because operation above
the maximum junction temperature for extended periods may
affect device reliability—statistically specified as mean time to
failure (MTTF).

Thermal Shutdown (TSD): Most LDOs have silicon thermostats
for protecting the IC from thermal runaway. They are used to
power down the LDO if the junction temperature exceeds the
specified thermal shutdown threshold. Hysteresis is required to
allow the LDO to cool down before restarting. TSD is important
because it protects more than the LDO alone; excessive heat affects
more than just the regulator. Heat conducted from the LDO to
the PCB (or to the LDO from hotter elements on the board) can
damage the PCB material and solder connections over time, and
also damage nearby components, reducing the life of the portable
device. Also, thermal shutdown affects system reliability. Thermal
design to control the board temperature (heat sinking, cooling,
etc.) is thus an important system consideration.

Enable Input: LDO enables, offered in positive and negative logic,
turn the device on and off. Active-high logic enables the device
when the enable voltage exceeds the logic high threshold. Active-
low logic enables the device when the enable voltage is below the
logic low threshold. The enable input permits external control of
LDO turn-on and turn-off, an important feature in the sequencing
of supplies in multirail systems. Some LDOs have substantially
shorter start-up times, because their band gap reference is on while
the LDO is disabled, allowing the LDO to turn on faster.
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Undervoltage Lockout: Undervoltage lockout (UVLO) will
ensure voltage is supplied to the load only when the system input
voltage is above the specified threshold. UVLO is important
because it only allows the device to power on when the input voltage
is at or above what the device requires for stable operation.

Output Noise: The LDO’s internal band gap voltage reference
is the source of noise, usually specified in microvolts rms over a
specific bandwidth. For example, the ADP121 has an output noise
of 40 pV rms from 10 kHz to 100 kHz at a Voyt of 1.2 V. When
comparing data sheet specifications, the specified bandwidth and
operating conditions are important considerations.

Power-Supply Rejection: PSR, expressed in decibels, is a
measure of how well the LDO rejects ripple from the input power
supply over a wide frequency range (1 kHz to 100 kHz). In an
LDO, PSR can be characterized in two frequency bands. Band 1
is from dc to the control loop’s unity-gain frequency; PSR is set
by the open-loop gain of the regulator. Band 2 is above the unity-
gain frequency; PSR is unaffected by the feedback loop. Here PSR
is set by the output and any leakage paths from the input to the
output pins. Choosing a suitably high-value output capacitance
will typically improve PSR in this latter band. In Band 1, Analog
Devices proprietary circuit design reduces changes in PSR due to
input voltage and load variations. For optimum supply rejection,
the PCB layout must be considered to reduce the leakage from
input to output, and grounding should be robust.

Minimum Input- and Output Capacitance: The minimum
input- and output capacitance should be greater than specified over
the full range of operating conditions, especially operating voltage
and temperature. The full range of operating conditions in the
application must be considered during device selection to ensure
that the minimum capacitance specification is met. X7R- and
X5R-type capacitors are recommended; Y5V and Z5U capacitors
are not recommended for use with any LDO.

Reverse-Current Protection Feature: A typical LDO with a
PMOS pass device has an intrinsic body diode between Vyand
Vout When Viyis greater than Voy, this diode is reverse-biased.
If Vour is greater than Vyy, the intrinsic diode becomes forward-
biased and conducts current from Voyr to Vi, potentially causing
destructive power dissipation. Some LDOs, such as the ADP1740/
ADP1741, have additional circuitry to protect against reverse
current flow from Voyut to Vin. The reverse current protection
circuitry detects when Vgyr is greater than Vyy and reverses
the direction of the intrinsic diode connection, reverse-biasing
the diode.

Soft Start: Programmable soft start is useful for reducing inrush
current upon startup and for providing voltage sequencing. For
applications that require a controlled inrush current at startup,
LDOs such as the ADP1740/ADP1741 provide a programmable
soft-start (SS) function. To implement soft start, a small ceramic
capacitor is connected from SS to GND.

Conclusion

LDOs perform a vital function. Though simple in concept, there
are many factors to consider in applying them. This article has
reviewed basic LDO topology, and explained key specifications
and application of low-dropout voltage regulators in systems. Data
sheets contain much helpful information. Further information
(selection guides, data sheets, application notes)—as well as ways to
get human help—is available on the power management’ website.
Also available is ADIsimPower™®, the fastest, most accurate
dc-to-dc power management design tool.
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The video encoder, video DAC, and AD9889B HDMI
transmitter'® are connected to the same pixel bus, allowing viewing
of the current picture on the second output. Analog Devices video
decoders include the blocks required for processing video, giving
robust performance and stable pictures.

Conclusion

Video cameras provide many benefits in industrial applications.
This is particularly important when moving items must be sorted,
tracked, or recorded. Video technology and real-time processing
with highly integrated video decoders can be used to efficiently
analyze items or sort mixed products on a moving conveyor belt.
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Phase Response in Active Filters
Part 2, the Low-Pass and High-Pass Responses
By Hank Zumbahlen

A previous article! examined the relationship of the filter phase to
the topology of its implementation. This article will examine the
phase shift of the filter transfer function itself. While filters are
designed primarily for their amplitude response, the phase response
can be important in applications such as time-delay simulation,
cascaded filter stages, and especially process-control loops.

This article will concentrate on the low-pass and high-pass
responses. Future articles in this series will examine the band-pass
and notch (band-reject) responses, the all-pass response, and the
impulse and step responses of the filter.

To review, the transfer function of an active filter can be viewed
as the cascaded response of the filter transfer function and an
amplifier transfer function (Figure 1).

FILTER TRANSFER AMPLIFIER TRANSFER
Oo—»|  FUNCTION > FUNCTION —o
Fi(s) Fa(s)

Figure 1. Filter as cascade of two transfer functions.

The Low-Pass Transfer Equation
First, we will reexamine the phase response of the transfer equations.

For the single-pole low-pass case, the transfer function has a phase
shift given by:

d(w)=—tan"! (w%) (1)

where w represents a radian frequency (w = 2mfradians per second;
1 Hz = 27 radians per second) and w, denotes the radian center
frequency of the filter. The center frequency can also be referred to
as the cutoff frequency. In terms of phase, the center frequency will
be the frequency at which the phase shift is at 50% of its range.
Since the radian frequency is used in a ratio, the frequency ratio,
ffy, can be easily substituted for w/w,.

Figure 2 (left axis) evaluates Equation 1 from two decades
below the center frequency to two decades above the center
frequency. Since a single-pole low-pass filter has a 90° range of
phase shift—from 0° to 90°—the center frequency has a phase
shift of —45°. At w = w, the normalized center frequency is 1.
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Figure 2. Phase response of a single-pole low-pass filter (left
axis) and high-pass filter (right axis) with a center frequency of 1.
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Similarly, the phase response of a single-pole high-pass filter is
given by:

b= 5 —tan"! (=)
w)= ——tan — 2
3 o (2)
Figure 2 (right axis) evaluates Equation 2 from two decades below
to two decades above the center frequency. The center frequency
(=1) has a phase shift of +45°.

If the low-pass pass band is defined as frequencies below the cutoff
frequency and the high-pass pass band as frequencies above the
center frequency, note that the lowest phase shifts (0° to 45°) are
in the pass band. Conversely, the highest phase shifts (45° to 90°)
occur in the stzop bands (frequencies above low-pass cutoff and
below high-pass cutoff).

In the low-pass case, the output of the filter lags the input (negative
phase shift); in the high-pass case the output leads the input
(positive phase shift). Figure 3 shows waveforms: an input sine-
wave signal (center trace), the output of a 1-kHz-cutoff single-
pole high-pass filter (top trace), and the output of a 1-kHz-cutoff
single-pole low-pass filter (bottom trace). The signal frequency
is also 1 kHz—the cutoff frequency of both filters. The 45° lead
and lag of the waveforms are clearly evident.
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Figure 3. Input (center trace) and outputs of a single-
pole high-pass filter (top trace) and low-pass filter
(bottom trace).

For the second-order low-pass case, the transfer function’s phase
shift can be approximated by:

d(w) = ~tan’? %{2 0)2 + m}

0

~tan! i {2 ° V4 —az}

ol o

Figure 4 (left axis) evaluates this equation (using o = V2 = 1.414)
from two decades below the center frequency to two decades
above the center frequency. Here the center frequency is 1, with
a phase shift of —90°.
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Figure 4. Phase response of a 2-pole low-pass filter
(left axis) and high-pass filter (right axis) with a center
frequency of 1.

In Equation 3, a, the damping ratio of the filter, is the inverse of
Q (thatis, Q = 1/a). It determines the peaking in the amplitude
(and transient) response and the sharpness of the phase
transition. An « of 1.414 characterizes a 2-pole Butterworth
(maximally flat) response.

The phase response of a 2-pole high-pass filter can be
approximated by:
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In Figure 4 (right axis), this equation is evaluated with a = 1.414
from two decades below the center frequency to two decades
above the center frequency. At the center frequency (=1), the
phase shift is 90°.

Figure 2 and Figure 4 use single curves because the high-pass
and the low-pass phase responses are similar, just shifted by 90°
and 180° (w/2 and 7 radians). This is equivalent to a change of
the sign of the phase, causing the outputs of the low-pass filter
to lag and the high-pass filter to lead.

In practice, a high-pass filter is really a wideband band-pass
filter because the amplifier’s response introduces at least a
single low-pass pole.

Figure 5 shows the phase- and gain response of a 2-pole low-pass
filter, plotted as a function of Q. The transfer function shows that
phase change can spread over a fairly wide range of frequencies,
and the range of the change varies inversely with the circuit’s
Q. While this article is primarily about phase response, the
relationship between rate of change of phase and rate of change
of amplitude is worth considering.
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Figure 5. Phase and amplitude response of a 2-pole low-pass filter section as a function of Q.
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Figure 6. Phase and amplitude response of a 2-pole high-pass filter section as a function of Q.
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Note that each 2-pole section provides a maximum 180° of phase
shift; and, at the extremities, a phase shift of ~180°, though lagging
by 360°, is an angle with the same properties as a phase shift of
180°. For this reason, a multistage filter will often be graphed in
a restricted range, say 180° to —180°, to improve the accuracy of
reading the graph (see Figures 9 and 11). In such cases, it must
be realized that the angle graphed is actually the true angle plus
or minus m X 360°. While in such cases there will appear to be
a discontinuity at the top and bottom of the graph (as the plot
transitions £180°), the actual phase angle is changing smoothly
and monotonically.

Figure 6 shows the gain- and phase response of a 2-pole high-pass
filter with varying Q. The transfer function shows that the 180°
of phase change can take place over a large frequency range, and
the range of the change is inversely proportional to the Q of the
circuit. Also note that the shapes of the curves are very similar.
In particular, the phase responses have the same shape, just over
a different range.

The Amplifier Transfer Function

The open-loop transfer function of the amplifier is basically that
of a single-pole filter. If it is an inverting amplifier, it is in effect
inserting 180° of additional phase shift. The closed-loop phase shift
of the amplifier is generally ignored, but it can affect the overall
transfer of the composite filter if its bandwidth is insufficient. The
AD822 was chosen for the simulations of the filters in this article.
It affects the composite filter transfer functions, but only at the
higher frequencies, because its gain and phase shift are maintained
up to considerably higher frequencies than the corner frequency
of the filter itself. The open-loop transfer function of the AD822,
from the data sheet, is shown in Figure 7.
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Figure 7. AD822 Bodé plot gain and phase.

Example 1: A 1-kHz, 5-Pole, 0.5-dB Chebyshev Low-Pass Filter
As an example, we will examine a 1-kHz, 5-pole, 0.5-dB Chebyshev
low-pass filter. A few reasons for this specific choice:
1) Unlike the Butterworth case, the center frequencies of the
individual sections are all different. This allows a graph

that spreads out the traces a bit more, so the graph is a little
more interesting.

2) The Q’s are generally a bit higher.

3) An odd number of poles emphasizes the difference between
single- and two-pole sections.

The filter sections were designed using the Filter Design Wizard,
available on the Analog Devices website.

The fy’s and Q’s of the sections follow:

fo] =615.8 Hz f02 =960.8 Hz
01 = 1.178 02 = 4.545

Figure 8 shows the schematic of the complete filter. The filter
topology chosen—mulriple feedback (MFB)—was again arbitrary, as
was the choice to make the single-pole section an active integrator
rather than a simple buffered passive RC circuit.

f03: 342 Hz

Figure 9 shows phase shifts at each stage of the complete filter.
The graph shows the phase shift of the first section alone
(Section 1—blue), the first two sections (Sections 1 and 2—red)
and the complete filter (Sections 1, 2, and 3—green). These include
the basic phase shifts of the filter sections, the 180° contributed
by each inverting amplifier, and the effects of amplifier frequency
response on overall phase shift.
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Figure 9. Phase response of the 1-kHz, 5-pole, 0.5 dB
Chebyshev low-pass filter in Figure 8.

A few details of interest: First the phase response, being a net
lag, accumulates negatively. The first 2-pole section starts with
—-180° (=180° modulo 360°) due to amplifier phase inversion at
low frequencies, increasing to —360° (=0° modulo 360°) at high
frequencies. The second section adds another phase inversion
starting at —540° (=180° modulo 360°), and the phase increases to
~720° (=0° modulo 360°) at high frequencies. The third section
starts at —900° (=180° modulo 360°) at low frequencies and
increases to —990° (=90° modulo 360°) at high frequencies. Also
note that at the frequencies above 10 kHz the phase is rolling off
slightly due to the amplifier’s frequency response. That roll-off is
seen to be cumulative, increasing for each section.

$10.5kQ ‘L10nF

S _T_ 10nF
S 11
10.5kQ | 5.23kQ 31.82kQ 10nF il
- 1.82kQ| 9090 T | 46.4kQ
110nF AD822 AW _T_ AN—— — 46.4K0 Wv
$ + 16uF  |AD822 -
;g + AD822
+

Figure 8. A 1-kHz, 5-pole, 0.5 dB Chebyshev low-pass filter.
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Example 2: A 1-kHz, 5-Pole, 0.5-dB Chebyshev High-Pass Filter
The second example (see Figure 10) considers the phase
response of a 1-kHz, 5-pole, 0.5-dB Chebyshev high-pass
filter. In this case, the filter was designed (again using the
Filter Design Wizard) with Sallen-Key voltage-controlled voltage
source (VCVS) sections rather than multiple feedback (MFB).
Though an arbitrary choice, VCVS requires only two capacitors
per 2-pole section, rather than MFB’s three capacitors per
section, and the first two sections are noninverting.

10nF 10nF 10nF
— 24.3kQ 1.69kQ & 5.49k0
10nF 10nF
+ + -
AD822 p AD822 p AD822
243k03 - 140kQ3 - +
V \V, \V,

Figure 10. A 1-kHz, 5-pole, 0.5 dB Chebyshev high-pass filter.

Figure 11 shows the phase response at each section of the filter. The
first section’s phase shift starts at 180° at low frequencies, dropping
to 0° at high frequencies. The second section, adding 180° at low
frequencies, starts at 360° (=0° modulo 360°) and drops to 0° at
high frequencies. The third section, adding a phase inversion,
starts at —180° + 90° = 90° at low frequencies, dropping to —-540°
(= —180° modulo 360°). Note again the additional roll-off at high
frequencies owing to amplifier frequency response.

180

135
— —— SECTION 1
S 90 |—— SECTIONS 1 AND 2
° —— SECTIONS 1, 2, AND 3
3 45
o
=
3 o
e
o
Q
Q 45 ﬁ
w
2
£ -90
o

135

-180

10 100 1k 10k 100k

FREQUENCY (Hz)

Figure 11. Phase response of the 1 kHz, 5-pole, 0.5 dB
Chebyshev low-pass filter in Figure 8.

Conclusion

This article considers the phase shift of low-pass and high-pass
filters. The previous article in this series examined the phase
shift in relation to filter topology. In future articles, we will look
at band-pass, notch, and all-pass filters—in the final installment,
we will tie it all together and examine how the phase shift affects
the transient response of the filter, looking at the group delay,
impulse response, and step response.

Appendix

Generic operational equations for single- and two-pole low-pass
and high-pass filters are given by equations Al through A4.

The transfer function of a single-pole low-pass filter:

V, o,

[

Ve S+0, (A1)

where s = jo and wy = 21f;.
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The transfer function of a two-pole active low-pass filter:

2
v, _ H,o,
v ® A2
A e T (A2)
where H, is the section gain.
The transfer function of a single-pole high-pass filter:
v, s
= (A3)
Vi s+,
The transfer function of a two-pole active high-pass filter:
Vv H s’
= (A4)
Vin

Q)
2 2
s+ 25+,

The values of f and Q for a 1-kHz, 0.5-dB Chebyshev low-pass filter:

Section fo Q
Section 1 690.5 1.1779
Section 2 1017.8 4.5451
Section 3 362.3

For a more detailed discussion, see References 6, 7, and 8.
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Difference Amplifier
Forms Heart of Precision
Current Source

By Neil Zhao, Reem Malik, and Wenshuai Liao

Precision current sources provide a constant current in many
applications, including industrial process control, instrumentation,
medical equipment, and consumer products. For example, current
sources are used to provide excitation for resistance-temperature
detectors (RTDs) in process-control systems; to measure unknown
resistors, capacitors, and diodes in digital multimeters; and to drive
4-mA to 20-mA current loops, which are widely used to transmit
information over long distances.

Precision current sources have traditionally been built using op
amps, resistors, and other discrete components—with limitations
due to size, accuracy, and temperature drift. Now, high-precision,
low-power, low-cost integrated difference amplifiers,' such as the
AD8276, can be used to achieve smaller, higher performance
current sources, as shown in Figure 1. The feedback buffer
uses amplifiers with low offset and low bias current, such
as the AD8538, AD8603, AD8605, AD8628, AD8655,
AD8661,AD8663, OP177, or OP1177, depending on the required
current range.

-IN Rg4 40kQ
£y L

= VRer Rg2 40kQ
3)

+IN

AD8276

Figure 1. Difference amp and op amp form precision
current source.

The output current can be calculated as follows:

RFZ + RFI % RF2

[0 — VREF RRGZ RG] RREZ R
R|1+—|+R,,,» RF2 —R—“ (1)
G2 G2 Gl

IfR,; = Ry, = Ry = Rpy, the equation can be reduced to:

v,
I, =2 2
o R (2)

The maximum output current is limited by the op amp input
range, difference amp output range, and difference amp SENSE
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pin voltage range. The following three conditions must be met:

V

roap = Lo X Rioup (3)

within op amp input range
Vour = 1o X (Rypp+ R)) (4)
within SENSE pin voltage range =2X(-Vs) —0.2 Vto 2X(+Vs) -3V
[ox (Roupt R+ Vi (5)

within AD8276 output voltage range =-Vg+ 0.2 Vto +Vs- 0.2V

The SENSE pin can tolerate voltages almost twice as large as the
supplies, so the second limitation will be very loose. The wide
2.5-V to 36-V supply range makes the AD8276 ideal for many
applications. The maximum gain error of A- and B-grades is
0.05% and 0.02%, respectively, allowing current sources with up
to 0.02% accuracy to be achieved.

Configuration Variations

For cost-sensitive applications that can tolerate a little more error,
the circuit can be simplified by removing the feedback buffer, as
shown in Figure 2.

With
Ry =Rg =Ry =Ry, =R, (6)
the output current is
Lo = Vegr 2 & (7)
RQ2R,+R, )
where:
2R, >>R,,,, and R, (8)
and
I, = % (9)

\_/
+Vg
-IN 40kQ
T G) RG1wv
= VREE; Rz 40kQ y
o  Vour
SRy
AD8276 e b Vioap
-Vs Rg
@ o ¢ $ Rioap

Figure 2. Simplified circuit eliminates feedback amplifier.

If the required output current is less than 15 mA—the output
capability of AD8276—then the boost transistor can be eliminated,
as shown in Figure 3. If both low current and reduced accuracy
are acceptable, the simpler, lower-cost configuration of Figure 4
can be employed.
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3) 2444

+IN

AD8276

Ok

Figure 4. Simplified circuit for low-cost, low-current
applications.

Figure 5 shows a topology that can be used for high-current,
high-accuracy applications without the limitation of op amp
input range.

2 MW

ADB8276

Figure 5. Difference amp and matched resistors form
precision current source.
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The output current can be calculated as:

R,
R, RH(R—“H]+ R, R, + Ry R,

Fi

Ly =V R (10)
RIRGI RGZ [1 + Tnj + RI.OAI) (RGIRF_’ - RGZRFI + RG]RZ - RGz R])
G2

If ideally matched, Rg; = Rg, = Rg; = Rpy =40 kQ and R; = R,
the output current is:

1 1
Iy =Vegr (—— + —) (11)
P40k Q R,
External resistors R; and R, should have ultrahigh precision and

matching, or the output current will vary with the load, an error
that cannot be corrected with software.

Peripheral Components

The input voltage, Vrgr, can be a DAC output, voltage reference,
or transducer output. If a programmable current source is needed,
precision 14- or 16-bit DACs, such as the AD5640, AD5660,
AD5643R, and AD5663R, are recommended. For voltage
references, the precision ADR42x and ADR44x are recommended
for higher performance; the ADR36x is recommended for low
power; the AD158x and ADR504x are recommended for low
cost; and the ADR82x integrated op amp and voltage reference is
recommended for small size.

The reference can connect to either the inverting or the
noninverting input of the AD8276. If using the noninverting input,
the common-mode voltage will be

V;eEF + VLOAD 12)
2
and the output current will be
I =V R +R
0] REF R.R (13)
FIY
If using the inverting input, the common-mode voltage will be
V
LOAD (14)
2
and the output current will be
I -y R, +R, 5
o REF R.R,

When using the inverting input, a buffer amplifier is required; the
noninverting input is thus recommended for simplicity.

Transistor Selection

When selecting the boost transistor, make sure that V¢ is higher
than the power supply voltage and I is higher than the desired
output current. Low-cost devices such as 2N3904, 2N4401, and
2N3391 are recommended. For lower current, the transistor is
not needed.
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Experimental Bench Results and Analysis

The input voltage vs. output current measured using the circuit
of Figure 1 is shown in Figure 6. The AD8276 and AD8603 are
powered by +5 V. The tolerance of R; is 0.1%. The transistor is
a 2N3904. The reference was swept from 0.05 V to 1.20 V with
0.01-V steps. The input range is limited by the power supply and
the AD8603 input range.

The maximum error is 0.87%, and the average is 0.10%.
The current-sense error is limited by the external resistors.
Higher accuracy resistors will produce higher accuracy
current sources.

Conclusion

The AD8276 difference amplifier—with its low offset voltage,
low offset voltage drift, low gain error, low gain drift, and
integrated resistors—can be used to implement accurate, stable
current sources. Its wide power supply range (2.5 Vto 36 V)
allows it to accommodate a wide range of loads. Its space-
saving 8-lead MSOP package and its low power dissipation
make it ideal for battery-powered and portable systems.
Implementing a precision current source with a difference
amplifier can reduce PCB area, simplify layout, decrease
system cost, and improve reliability.
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Figure 6. Test result using difference amplifier and
feedback amplifier (see Figure 1).
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Difference Amplifiers

Common- . . Supply Supply Supply . .
Bandwidth | CMRR | Gain Vos TC Gain TC | Temperature Price
Model Mode Voltage | Voltage Current Package
(MHz typ) (dB) Range (uV/I°C) | (ppml/°C) Range (1000s)
Range (V) (Vumv) (Vmax) (mA)
ADS8270 -Vs to +Vg 10 98 1.5 +5 +36 25 1.5 1 —40 to +125 LFCSP $1.91
-Vg-0.4to
ADS8271 15 80 1.5 +2.5 +36 2.6 2 2 —-40 to +85 MSOP $1.25
+Vgs + 0.4
AD8273 +40 20 86 15 +5 +36 2.5 3 2 —40 to +125 SOIC $1.67
MSOP,
AD8274 +3 10 86 1.5 +5 +36 2.6 3 0.5 —40 to +85 $1.05
SOIC
AD8275 -13 to +24 15 96 0.2 +3.3 +15 2.3 2.5 0.3 —-40 to +85 MSOP $1.60
2(-Vs) +0.2 MSOP,
AD8276 0.55 86 1 +2.5 +36 0.22 2 1 —-40 to +125 $1.00
t02(+Vs) -3 SOIC
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