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An instrument and procedure for electrophoresis with continuous optical scan- 
ning densitometry, automated data processing, and related methodology are de- 
scribed for the continuous analysis of electrophoresis and unity gravity sedi- 
mentation of macromolecules or cells in a static density gradient system. The 
instrument consists of a dual-beam spectrophotometer, a scanning stage and 
scanner control unit, an electrophoresis cell cassette, a filling/purging/cooling 
module, an analog-to-digital converter, and a digital data-logger. The distribution 
of cells is monitored repetitively during migration by absorbance measurements at 
any wavelength in the 200-800-nm range. A computer program provides the 
statistical analysis of each peak (baseline correction, smoothing, area, mean, stan- 
dard deviation, skewness, and kurtosis) which can be further utilized for com- 
puting additional parameters, such as resolution and heterogeneity. A mixture of 
human and rabbit erythrocytes were used as a model system to evaluate the per- 
formance of the instrument and demonstrate some of its capabilities. 

A considerable body of knowledge about the electrokinetic behavior 
of cells has been acquired by the microscope electrophoresis technique 
(1,2X However, bulk separation and analysis of cell populations by 
electrophoretic methods has been limited primarily to flow methods, 
including free-flow electrophoresis (3,4), steady-flow (STAFLO) elec- 
trophoresis (5), and endless belt electrophoresis (6). The use of sta- 
tionary vertical density gradients for the stabilization and preparative 
electrophoresis of viable mammalian cells was introduced only recently 
(733). 

In the present study, fractionation of cells was carried out in an in- 
strument capable of repetitive optical scanning during electrophoresis. 
The instrument is a modification, largely based on commercially avail- 
able components, of previous designs (9) which are similar to devices 
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used in gel filtration (10) and “free zone electrophoresis” (11). These 
devices, in turn, are descendants of the original Tiselius apparatus. 

The application of the continuous scanning instrument to cell separa- 
tion provides analysis of physical-chemical properties, such as average 
velocity, mobility, charge heterogeneity, and resolution in addition to 
cell separation. Human and rabbit erythrocytes were selected for frac- 
tionation because they exhibit a rather large electrophoretic mobility dif- 
ference of at least 0.6 X 1O-5 cm2/sec/V (in 0.15 M saline, pH 7.2, at 
25°C) by the microscope method (2). At its present state of develop- 
ment, the instrument described here must be considered analytical rather 
than preparative since it is capable of handling a maximum of 106-lo7 
cells per experiment. However, collection of fractions for further analy- 
sis is possible. 

APPARATUS 

The principles of electrophoretic analysis with continuous scanning 
during electrophoresis have been reviewed previously (9). A schematic 
diagram of an improved apparatus and accessories is provided in Fig. 1. 
The dual-beam spectrophotometer is similar to that described previously 
(12) except for the following: A 200-W xenon-mercury arc lamp and as- 
sociated power supply (Schoeffel) are used in conjunction with a tandem 
grating monochromator (Schoeffel GMIOOD) to produce monochro- 
matic light in the 200-700-nm wavelength range of very low stray light 
characteristics (specified by the manufacturers, 1: IO4 at 220 nm) (Fig. 
2). Slit widths available for each monochromator are 0.5, 1.0, 1.4, 2.0, 
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FIG. 1. Block diagram of the apparatus. 
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FIG. 2. Schematic diagram of the spectrophotometer scanning stage. 

and 2.5 mm. The monochromatic light beam is subsequently collimated 
by a quartz lens, shaped by a variable horizontal slit (25-100 pm), and 
divided to illuminate the sample and reference electrophoresis cells 
simultaneously. Each beam is detected separately by its own photomul- 
tiplier tube, and the log of the ratio of the two signals, i.e., the linear op- 
tical density, is obtained electronically (Schoeffel model SD 3000 Spec- 
trodensitometer). The use of a split-beam instrument eliminates errors 
due to fluctuations of the power supply, light intensity, and photomul- 
tiplier high voltage. A balance control and zero meter permit matching 
sensitivity levels of the photomultipliers at any desired wavelength. This 
adjustment equilizes the electrical outputs of the two channels, providing 
a reading of zero optical density (OD) at the beginning of the scan, with 
the sample beam in a “neutral” area of the media to be measured. The 
photometer supplies an analog output of 1 V per 1 OD unit and 100 mV 
Ml scale (corresponding to 0.1, 0.2, 0.4, 1, 2, 4, or 10 OD units) for 
operating a recorder. The output is processed by an analog-to-digital 
converter and recorded on perforated paper tape. An optional single 
channel mode of operation is also available in the instrument. 

SCANNING STAGE 

Linear trunsport:1 This part of the instrument provides vertical linear 
transport of a stage for the removable electrophoresis cassette by means 
of a reversible stepping motor attached to a precision leadscrew (Fig. 3). 
The stepping motor and adjustable frequency generator provide six 

1 Blueprints, engineering drawings, or sample output provided upon request. 



SCANNING ELECTROPHORESIS OF CELLS 375 

Rubber Washer 

Cooler Block 

Lower Elect 

FIG. 3. Schematic diagram of the electrophoresis cassette. 

reversible up or down scanning speeds of 5, 10, 20, 40, 80, and 
160 se&m. This unit also provides dark housing. 

Control unit? The control unit regulates the movement of the scan- 
ning stage, the X-Y recorder, and the tape puncher. A 25kohm 
“scanner pickoff” linear displacement potentiometer is mechanically 
fixed to the moving stage. The potentiometer is driven from an appropri- 
ately scaled dc voltage source such that the output voltage is equal to 
the position of the scanner (in centimeters) with 0.05% accuracy. This 
potential is displayed on a digital panel meter (Newport 2000) which 
provides a direct readout of the scanner position in centimeters. The 
signal is also supplied to two amplifiers which are in a double limit com- 
parator configuration. Two 1 0-kohm ten-turn potentiometers permit 
setting up “high’ and “low” scanner travel limit positions and are 
calibrated directly in centimeters with a 1% accuracy. The comparator 
continuously compares the limit potentiometer settings with the pickoff 
signal and issues motor-reversing commands to the memory/switching 
element which functions as a set-reset flip-flop, with versatile switching 
capability and high noise immunity. One set of relay contacts functions 
as a latch and provides the “memory” function. A second set of contacts 
transmits the reversing information to the motor. A third set of contacts 
automatically operates the “sweep” and “reset” functions of an X-Y 
recorder and signals the paper tape punch to issue a leader (blank space 
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on tape) on the tape. A fourth set of contacts provides for the motor to 
run at higher speed in the “down” scan mode. All the functions of the 
control unit may be superseded by manually controlled panel switches. 

The practical implications of the control unit are several. The scan- 
ning interval (in centimeters) can be selected digitally and be set at any 
part in the column by means of two controls. A digital display of column 
position with respect to the light beam is available at all times. The 
recorder and paper tape puncher are actuated automatically when de- 
sired. Finally, the scanner may have different speeds for the “scan” or 
“reset” mode of travel. This permits data collection either in both direc- 
tions of travel (which is more difficult to analyze) or preferentially at 
normal speed in the “up” mode accompanied by fast reversal in the 
“down” mode without data collection. Without this control unit large- 
scale experiments with the apparatus are impractical. 

Electrophoresis cassette.’ This part of the assembly is removable and 
accommodates two quartz columns (Amersil, Hillside, N.J.; Suprasil 
T21) (Fig. 3), with dimensions of 6.0-mm i.d., &O-mm o.d., and 142-mm 
length. One column carries the sample for analysis, the other acts as ref- 
erence background in balancing the photometer output. In density gra- 
dient experiments the bottom of the sample column is closed either with 
a semipermeable membrane or by a plug of polyacrylamide gel. The cas- 
sette also accommodates the upper and lower flow-through electrolyte 
reservoirs, with removable platinum electrodes, and a flow-through 
cooling block maintaining constant temperature by dissipating Joule 
heat. An additional outlet is provided at the top of the lower electrolyte 
reservoir to allow escape of any air pocket introduced during loading or 
gas bubbles generated by electrolysis. The cassette can be readily disas- 
sembled for cleaning. 

Fillinglpurginglcooling pump accessories.’ This unit consists of a 
multichannel Technicon proportioning pump, a vacuum pump, Hamilton 
chemically inert valves, a thermostatically regulated cooler/circulator, 
and associated tubing. The function of the assembly is to recirculate the 
buffers into the upper and lower electrolyte reservoirs during elec- 
trophoretic fractionations, purge and wash the electrolyte flow lines at 
the end of the run, and circulate temperature-controlled fluid through the 
cooling block of the electrophoresis cassette. The buffer reservoir 
bottles are equilibrated in a constant temperature bath. Recirculation of 
upper and lower buffers allows marked reduction in size of the 
chambers in the electrophoresis cassette. This allows the electrophoresis 
cell to fit in the available space for dark housing. 

Monitoring accessory. Voltages, current, temperature inside the 
cooling block (on the inlet side) or of the water bath can be monitored at 
adjustable intervals (l-100 set/channel), digitized, recorded on a tele- 
type, and punched on paper tape. 



SCANNING ELECTROPHORESIS OF CELLS 377 

Other accessories. A Beckman Duostat constant current or constant 
voltage regulated dc power supply was used for electrophoresis. The 
photometer output was recorded with an Esterline-Angus model 2417 
TB X-Y and Y-time recorder connected to the scanner control unit. 

Data fogging accessory. This unit (ESP model No. DDS, II) consists 
of an analog-to-digital converter with visual display, two-channel analog 
multiplexer, variable speed sampler, and a Tally tape punch. Data can 
be punched at a switch-selectable rate of l-20 readings per second. 
Other provisions include choice of three gain settings, single or double 
channel operation, and single or continuous sampling of the data. 
The acquired data punched on the paper tape are processed by a re- 
mote computer, accessed via a teletype and acoustic coupler. Programs 
were developed in FORTRAN for a CDC 3600 time-share computer ser- 
vice (MULTICOMP) using a considerable extension and refinement 
of methods previously used (13). 

PROCEDURE 

Liquid flow through the cooling block of the electrophoresis cell cas- 
sette is initiated at approximately 100 ml/min. The quartz column, cov- 
ered at the lower end with a dialysis membrane sheet premoistened with 
the lower buffer, is placed in the cassette and the density gradient is 
generated in situ. Concurrently, buffer is pumped into the lower electro- 
lyte reservoir which is tilted at a slight angle to prevent entrapment of air 
under the column. The sample solution is then applied above the gra- 
dient and carefully overlayered with upper buffer, which fills the re- 
mainder of the column. Subsequently, the upper buffer is pumped into 
the upper reservoir with the upper chamber cover (without electrode 
plug) in position. The upper electrode plug is then gently inserted to 
avoid applying pressure to the column. The electrophoresis power 
supply is turned on for a few seconds to verify the expected conduc- 
tivity. The electrophoresis cassette is placed on the scanning stage and 
the dark housing lid is closed. The photometer is adjusted to zero at a 
“neutral” area of the column, and a preliminary scan is obtained to es- 
tablish the baseline before the voltage is applied. During electrophoresis 
the buffers are circulated through the upper and lower electrode reser- 
voirs at 1.4 ml/min to remove products of electrolysis. The column is 
repetitively scanned during the experiment providing both a graphical 
record on the chart recorder and digital output on the paper tape. If 
desired, microfractions can be collected sequentially from the top of the 
column with a micropipet. Then, the reservoirs and tubing are cleared of 
buffer by suction. The quartz column is removed, appropriate plugs are 
inserted, and the total buffer circulation system is washed with water 
and purged repetitively by means of the filling/purging accessories. 

Quartz column. The column is made of clear fused quartz T2I Su- 
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prasil synthetically produced (Amersil). The dimensions of the col- 
umn are as follows: 0.6 + O.Ol-cm i.d.; 0.8 I+ 0.02-cm o.d.; 14-cm 
length; and 0.28 i- O.Ol-cm2 cross-sectional area. The volume of the col- 
umn is approximately 4.0 ml. 

Data processing. The photometer output is digitized at a preselected 
rate (usually S/set or lOO/cm of scan) and punched on paper tape, which 
is subsequently entered into a computer accessed via teletype and 
acoustic coupler. The computer program developed for these studies 
plots the densitometry profile together with its first and second deriva- 
tives. This facilitates the recognition of the limits of each peak. Then the 
program subtracts the baseline from the peak, computes the area, cen- 
toid, standard deviation, variance, third and fourth moments around the 
mean as well as indices of skewness and kurtosis or “excess” (PI and p2 
cofficients) (13). 

A second computer program plots the peak position versus duration of 
electrophoresis and calculates velocity of the peak by least-squares 
linear regression analysis. 

Cell electrophoresis. The procedures of cell preparation and elec- 
trophoresis are given in Appendix I. 

RESULTS 

Scanning projiles. Typical optical scans of the electrophoresis of a 
mixture of human (M) and rabbit (R) erythrocytes are shown in Fig. 4. 
The absorbance distribution of the cells versus migration distance is 
shown for different periods of electrophoresis. The complete separation 
of the two cell populations is evident. The higher-mobility fraction 
(human) appeared as normal biconcave discs with a small admixture of 

FIG. 4. Densitometric scan of human (M) and rabbit (R) erythrocytes obtained after 
various periods of electrophoresis. 
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FIG. 5. First and second derivatives of the “smoothed” data superimposed on a typical 
scan of human (M) and rabbit (R) erythrocytes. 

slightly crenated forms when examined by phase microscopy. The low- 
mobility cells (rabbit) appeared as spheroidal discs of smaller diameter 
than the high-mobility cells. These results are in agreement with pre- 
vious studies (16), indicating that human and rabbit erythrocytes should 
be separable because human erythrocytes have a considerably higher 
mobility. Measurement of absolute or relative electrophoretic mobilities 
were not obtained in these studies, due to the changes in density, con- 
ductance, and viscosity during the course of fractionation. Graphical 
output of the computer analysis of a profile is shown in Fig. 5. 

Estimation of average velocity. As discussed above, the instantaneous 
velocity of the cells in the system depends on a number of factors as- 
sociated with both the nature of the cell (e.g., surface charge, radius, and 
density) and experimental parameters (e.g., conductance, voltage gra- 
dient, viscosity, cross-sectional area, density of the supporting medium, 
and electroendosmosis). The present apparatus and procedures allow for 
the estimation of the average cell velocity. This is accomplished by plot- 
ting peak position, Y versus the duration of electrophoresis for data ob- 
tained from different scans. If the relationship is linear, average peak 
velocity can be estimated from the slope dxldt. A typical plot of position 
versus time is shown in Fig. 6. Linear regression analysis allowed for the 
estimation of the slope df/dt with a coefficient of variation that ranged 
between 3 and 6%. The average velocity of human erythrocytes was 
27.4 X lop5 (kO.89 X 10-5) cmlsec and that of the rabbit cells 
14.8 X 10m5 (*8.89 X lo-*) cm/set. 

Resolution. The dispersion, or variance, #, of each distribution of 
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FIG. 6. Peak position versus electrophoresis time for estimation of mean velocity of the 
distribution of cells. 

cells can be estimated as the second moment about the mean using well- 
known equations (13,15). 

Since cells diffise negligibly during electrophoresis (in contrast to 
macromolecules), resolution should improve continuously in the absence 
of charge or size (and hence mobility) microheterogeneity. Resolution 
was calculated by methods described previously (16,17). 

The above relationships were used to establish the time of elec- 
trophoresis at which the resolution between human and rabbit erythro- 
cytes was greater than unity. The populations were “completely” re- 
solved (Rs = 1.5) at approximately 8000 sec. Thus, the present system 
provides data necessary for estimation of the degree of contamination of 
different cell populations (exhibiting different mobility) with each other 
assuming Gaussian distributions. Calculation of resolution also permits 
one to rationally decide on the optimal duration of electrophoresis in a 
fractionation experiment. Also, calculation of resolution provides a 
quantitative criterion for selecting among a wide variety of fractionation 
conditions (e.g., pH, buffer, ionic strength, voltage etc.) 

DISCUSSION 

The reported experiments represent a first attempt in applying elec- 
trophoresis with optical scanning for the separation of cells in density 
gradients and subsequent automated data processing for analysis of the 
distributions. The system is capable of measuring the average velocity of 
migrating cells, and providing information on polydispersity of the cell 
population. 

Once methods are developed to measure field strength at any point in 
the tube, the system used will provide the electrophoretic mobility dis- 
tribution of cells currently obtained by tedious microscopic procedures 
(2). 
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The most vulnerable aspect of the present technique involves the pos- 
sible alteration of the cell mobility by interaction of the cell surface with 
the stabilization medium (e.g., Ficoll) which may also result in some 
cases in cell aggregation phenomena. Although disaggregation could be 
achieved by controlling the ionic strength of the medium (14), the 
problem of alteration of the zeta potential at the cell surface by polymer 
adsorption is more difficult to handle and may require additional correc- 
tions in standardized systems. However, the application of computer 
techniques may again offer a significant advantage over a simpler appa- 
ratus, provided the appropriate physical correction data are at hand. The 
separation system described here offers a new approach to cell separa- 
tion and appears very promising in obtaining useful biological informa- 
tion involving cell surface charge. 

It is planned that future modifications of the instrument will involve 
the addition of a fluorescent detection and laser small angle light scat- 
tering system. These features should expand considerably the informa- 
tion obtained on specific cell populations ( 18,19). A preparative method 
for separation of cells in a density gradient was reported recently (20). 
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APPENDIX I 

Procedures Used for Cell Fractionation 

Cohnn coating procedure. The quartz column is coated before use to 
minimize electroendosmosis by a modification of the procedure de- 
scribed by Hjerten (11). Methyl cellulose (Methocel, viscosity 8000 cP, 
Dow Chemical Company) (0.4 g) is dispersed in 30 ml of boiling water 
and stirred until dissolved. An additional 70 ml of cold (4°C) water is 
added, and stirring is resumed in the cold room until the solution appears 
clear. Formic acid (7 ml) and then formaldehyde (35 ml) are added, with 
stirring. The final solution is clarified by filtration and can be stored at 
4°C for at least 6 months. The quartz tube is rinsed thoroughly with 
a detergent solution, hot and cold tap water, distilled water, and dried. 
The methyl cellulose solution is introduced into the tube and after 5 



382 CATSIMPOOLAS ET AL. 

min is drawn out slowly by placing the tube on a pad of paper towels. 
Subsequently, the tube is dried at 120°C for 40 min. The coating and 
drying procedures are repeated once more. Care should be exercised to 
avoid air bubble adherence to the tube wall and to keep the tube in the 
vertical position during coating. 

Density gradient. Stabilization of cells during electrophoresis is 
achieved by a 2.5-10.0% Ficoll (400,000 MW, Pharmacia Fine Chemi- 
cals) gradient which is also an inverse 6.35-5.1% sucrose gradient 
(7,30). All solutions are in buffer. The gradient is formed from a “dense” 
solution containing 10% Ficoll plus 5.1% sucrose and a “light” solution 
containing 2.5% Ficoll plus 6.35% sucrose. The “bottom” solution is 
10% Ficoll plus 5.1% sucrose, and the “top” solution consists of 6.8% 
sucrose. The cells are suspended in 2.0% Ficoll plus 6.44% sucrose. 
The density gradient is formed in the analytical column with a microden- 
sity gradient maker (Buchler no. 2-507OA). The gradient covers the den- 
sity range 1.032-l .060 g/cm3 at 4°C. The gradient is isotonic throughout 
in the electrophoresis buffer. 

Bufer. The buffer is a modification of that described by Boltz et al. (7) 
and has the following composition: 0.20 g of KCl, 1.15 g of N+HP04, 
0.2 g of KH,P04, 0.12 g of Na-acetate; 10.00 g of glucose, glass-dis- 
tilled water to 1 liter. The pH of the buffer is 7.2 at 25°C with a conduc- 
tivity of 800 X lop6 mho/cm. 

Since only 10.5 cm of the quartz column length is available for the 
scanning window, the contents of the column are arranged as follows. 
The lowest 1.3 cm (0.46 ml) is filled with the dense solution which is 
thus brought up to the lower edge of the window. The next 8.9 cm 
(2.5 ml) are occupied by the gradient which is available to the scanning 
window in its entirety. An additional 1.9 cm (0.53 ml), are occupied by 
the sample (0.1 ml) and the light solution. The remainder of the tube, 
1.9 cm (0.53 ml), is filled with the light solution. This particular arrange- 
ment standardizes the density at each point in the column and permits 
calculation of the viscosity at any point in the column. 

Description of cell movement. Boltz et al. (7) proposed the following 
equation describing downward cell velocity in a density gradient and in 
the presence of the electric field. 

v(x) = M - 
&) + 9 Y)(X) 

2 a2 [PC - p(x)], (1) 

where v(x) = instantaneous velocity of cells at any position x in the col- 
umn (cm set-l); M = electrophoretic mobility (cm2 V-l see-l); i = cur- 
rent; 4 = cross-sectional area of the tube (cm?; K(X) = conductivity at 
position x (ohm-’ cm-l); g = acceleration of gravity (980.7 cm set-?: 
q(x) = viscosity of the medium at position x (poises); pc = cell density 



SCANNING ELECTROPHORESIS OF CELLS 383 

(g cm-a); and p(x) = density of the medium at position x (g cme3). In- 
dependent measurement of pc, cell radius (a), assuming sphericity of the 
cell, and K(X), T&K), and p(x) should allow the calculation of the mobility 
(M) from Eq. (1). Equation (1) allows one to calculate any of the 
parameters (M, pe, or a) if the other two are known from independent 
measurements. 

Cell preparation and fractionation. Human blood was anticoagulated 
with citrate phosphate dextrose solution (Fenwal, Morton Grove, Ill.). 
Rabbit blood was collected by orbital Venus plexus bleeding with a 
special micropipet and diluted immediately in 20 volumes of the sample 
buffer. Both human (blood type B) and rabbit erythrocytes were allowed 
to sediment at 1OOOg for 3 min and washed three times with 2.5% Ficoll 
plus 6.35% sucrose in portions of the “light” buffer solution. Each 
washing was followed by centrifugation. 

Electrophoresis of a mixture of human and rabbit erythrocytes was 
carried out as described above with a constant current of 1.0 mA at 4°C 
for 250 min. After electrophoresis the separated cells were withdrawn 
from the quartz tube (under light scattering illumination) with a micro- 
pipet and analyzed by phase microscopy. In addition, the cells were 
washed once with 0.15 M NaCl, pH 7.2, and tested for hemagglutination 
with anti-B serum. 
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A highly regulated (better than 0.01%) power supply of novel design is 
described for use in electrophoresis, isoelectric focusing, and isotachophoresis 
experiments. This new instrument provides constant voltage, current, and power 
output with recording capabilities at a low cost. The power supply has 
been used extensively in high precision scanning electrophoresis and iso- 
electric focusing procedures which require continuous monitoring of the 
applied electric field. 

Recent experimental approaches to electrophoresis and isoelectric 
focusing (1-3) require a flexible, highly regulated power supply with 
recording capabilities. The instrument should be able to provide constant 
voltage, current, and power output with regulation better than 0.01%. 
Such a power supply built at a low cost (i.e., less than $500) could also 
find extensive applications in commonly practiced electrophoretic 
procedures. 

Stable high voltage (500-1000 V) power supplies are available from 
several manufacturers. While these units feature good precision, they 
are unable to produce more than a few milliamperes of output current 
(usually 100-250 mA). These supplies are usually designed according to 
the series pass regula~tion scheme and utilize high voltage transistors or 
vacuum tubes as t h e  pass element. As is well known, series 
pass configurations Offer excellent regulation at the expense of efficiency 
due to their power dissipative nature. Conversely, switching regulation 
techniques yield efficiency at the cost of stability. Although cons tan t  

power  supplies are also commercially available (Ortec, Oak Ridge, 
Tenn.; Grainer, Milan, Italy; Isco, Lincoln, Nebraska; Medical Re- 
search Apparatus, Boston, Mass.; LKB, Rockville, Md.), these rely 
either on approximation methods such as pulse width control and 
time proportioning (pulsed power supplies) or on modifications of 
available circuitry (4,5) which results in compromises in performance. 
In addition, pulse-power supplies do not really provide constant 

555 
Copyright © 1976 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



556 WILLIAMS AND CATSIMPOOLAS 

power  when operating at high load conditions such as those en- 
countered in isoelectric focusing. 

This paper describes a versatile high voltage power supply that 
combines the advantages of linear and switching technologies to 
produce a precision output at high current. This supply is adjustable from 
50 to 1,000 V at up to 100 W output to better than 0.01% regulation. 
In addition, it will operate as a current source with up to 100 mA output 
with 0.01% stability. Finally, because this unit was also specifically de- 
signed for isoelectric focusing (which requires constant power dis- 
sipated in the load for optimum results) it will regulate power (EI product) 
to 0.01% stability at up to 100 W. 

The combination of a hybrid circuitry approach and high performance 
circuit elements allow this precision 100-W supply to fit in a 3 x 14 x 19 
in. unventilated rack mount chassis while using no high voltage semi- 
conductors other than diodes. Recording ~utput capabilities of current, 
voltage, and power have been incorporated. 

Generalized Description 

The instrument functions by controlling the input power to a toroidal 
dc-dc-conver ter  with an operational amplifier (Fig. 1). One of the 
amplifier inputs is referenced to a precision variable voltage. The other 
input is connected, through suitable circuitry, to the output of the con- 
verter. The pass regulator and converter function as an amplifier within 
the op-amp's feedback loop. When the feedback is taken from the "voltage 
sense" network, a constant voltage output is produced. When the 
feedback comes from the "current sense" network, a constant current 
through the load results. When the " V "  and " I "  loops are multiplied 

AC 
LINE 

[ 
SE IRVO j 

t  vro, I I 

FIG. 1. Block diagram of the main power supply components. 
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by the multiplier module, the load receives constant power, especially at 
low voltage output settings. 

The overvoltage/overcurrent protection circuit prevents overload by 
shutting down the supply when it senses too much current flowing in 
the load. If the supply is either shorted or a load dropout occurs, the 
instrument will shut down nondestructively due to the overvoltage/ 
overcurrent provisions. 

Circuitry Discussion 

The 1N944B temperature-compensated zener diode provides a stable 
reference voltage which is scaled to 10,000 V across the Kelvin-Varley 
potentiometer (Fig. 2). The 1018 amplifier is biased by the potentiometer's 
output and functions as a precision servo amplifier. Its 20 pA bias current 
ensures negligible loading error on the potentiometer. The 1018's output 
drives the 2N2102-2N3442 darlington pair via the 2N2102 pull down 
transistor. The 2N3442,collector is supplied dc power from the output 
of the prechopper which will be described. The transformer is driven from 
the 2N3442 emitter. The wide dynamic range of the inverter is due to the 
2N2528 transistors which feature low saturation voltages, good beta 
linearity, and reasonable speed. These devices allow the inverter to run 
at low output voltages with no resultant sacrifice in performance at high 
output potentials. 

The transformer output is rectified by the IN5061's in a bridge. The 
diodes are stacked two to each leg because of their 800-V rating. Filter- 
ing is provided by the 1-/zf capaci tor  which is adequate  for the 
square wave output. The filtered output is divided by a 99 to 1 ratio to 
provide the voltage feedback signal. The current feedback signal is split 
into four separate panel switch-selectable ranges. This promotes ease of 
setting and keeps the current feedback signal at high levels making 
it easy to work with. The "shorting" switch-selection scheme is used 
to preclude a transient absence of feedback when the current range 
selector switch is operated. 

The current and voltage signals are unity gain followed by the 310 
amplifiers because the input resistance of the multiplier is low. The im- 
pedance transformation also allows easy monitoring of the respective 
signals by a voltmeter or (as is the case in the system this unit was de- 
signed for) a multiplexing data acquisition s~,stem. A switchable meter is 
provided to give a "ballpark" indication of the voltage or current at the 
load. The 310 followers feed the 4455 multiplier which provides the wattage 
feedback signal. The "regulation mode" switch selects which feedback 
signal, " E " ,  " I " ,  or " P " ,  is sent to the 1018 servo amplifier, thereby 
determining the regulation mode of the instrument. The 22-Meg. resistor 
prevents the servo loop from "running wild" during the transient "no 
signal" condition which exists when the regulation mode switch is used. 
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NOTES 

1.30V each diode heat sunk 

2. Indicates output on 
3. Select to saturate Q4 
4. Heat sunk {rear panel) 

5. Solid tantalum 

6. Philbrick 
7. Q8 and Q9 heat sunk {rear panel) 

8, Ultronix-- 105A .01% W. W. 
9. Current trough IN944 7,5 mA 

10, Kelvin voltage divider E. F I. 1311 

11. Select 50 TP-8 to 10,00(I 

12. Select value to note 9 
13. Ultronix No. 102P .1% 

(select value to be specif 

14. To be specified 
Test points to be given 

All resistors unless spe t 
are 10% carbon ~/4 W .~ 
All resistor values in 

FIG. 2. Schematic diagram of the power supply. 

As might be suspected, the loop is very prone to oscillation. Stable 
loop compensation is effected by the 0.33-/ff capacitor at the 1018 and the 
1-/zf capacitor that runs between the 2N3442 emitter to the switch- 
selected sense line. Loop response is about 75 msec (no load to full load); 
plainly transient response is not this circuit's forte. 

The prechopper is essentially a servo which keeps the voltage across 
the 2N3442 pass transistor at a constant low voltage regardless of in- 
verter demand conditions. This keeps dissipation down and ensures re- 
liability. The 301A looks differentially across the 2N3442 pass element. 
The negative input is biased through a 10-V zener diode. The 301A output 
voltage is compared to a 120-Hz line synchronized ramp by another 301A 
amplifier. This 301A functions as a pulse-width modulator and drives the 
2N2102-2N2528 switch which delivers phase-controlled power to the 
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3500-/xf filter capacitor and the 2N3442 collector. The diode ensures that 
the 2N2528 will not be reverse biased when the 120 Hz signal is below the 
D.C. value across the capacitor. Since the 301A negative input is looking 
through the 10-V zener diode, the 2N3442 emitter will always be 10 V 
below the collector despite the required inverter input power. This volt- 
age (10 V) is low enough to keep dissipation down but high enough to 
ensure good regulation characteristics. The unpleasant surprises that can 
be affected by running a servo loop within a servo loop can be avoided by 
giving the prechopper a slower response time than the main servo loop. 
This condition is satisfied by the 2.2-/xf capacitor across the 301A. The 
120-Hz reference ramp arrives via the 2N2646 unijunction transistor 
which is driven by the 2N2907 current source. The SCR, 1N914, and the 
3.3K resistor to - 15 assure a true zero-volt reset for the ramp. The 120-Hz 
synchronizing signal is derived through the 1N914 diodes. The syn- 
chronizing signal cannot be derived from the bridge rectifier because the 
bridge output waveform is heavily influenced by the phase angle the 
2N2528 switch fires at. 

The output of the supply is protected against excessive current drain 
by the 301A amplifier. This 301A looks at the current feedback signal 
and will swing its output to positive saturation if the current signal ex- 
ceeds 10 V. This will trigger the C106 SCR which grounds the inverter 
drive signal, resulting in a supply shutdown. The "overload indicate" 
light will come on to alert the operator to the situation. When the "over- 
load reset" button is pressed, the SCR is commutated and the inverter 
is again able to receive bias. The 1N914 in the 2N2102 base line 
assures a clean turn-off when the SCR comes on. 

General Remarks 

The physical construction of the supply is not critical except for the 
usual point grounding considerations in any precision circuit. The inverter 
ground return contains fast, high current spikes and should be returned 
directly to supply common. Returns from the reference diode and its 
potentiometer are also critical as are amplifier grounds. 

A particularly insidious failure mode is possible with a malfunction in 
the prechopper circuitry. Assume that Q3 or Q4 shorts emitter to col- 
lector. All of the 120-Hz waveform will then be supplied to the 3500-~f 
integrating capacitor. This will cause the D.C. potential at Q7's collector 
or rise to maximum voltage. The instrument will, however, continue to 
function in an apparently normal fashion until Q7 achieves its molten state. 
This most unwelcome state of affairs is prevented from occuring by the 
175°F thermal switch mounted next to Q7. When the switch closes, it 
will blow the fuse at the transformer. 
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F1G. 3. Inverter and output noise waveforms: (a) 50 V/div; 50/~sec/div; (b) 0.5 V/div; 
10 msec/div; (c) 0.5 V/div; 20/xsec/div. B and C were taken at 750 V output. 

Instrument Performance 

Figure 3A depicts typical patterns of  inverter  waveforms taken at the 
2N2525 emitters. Despite the high current ,  the combination of good 
transistors and a well designed transformer yield clean waveforms with 
almost no overshoot  or ringing. Figures 3B and 3C illustrate power  supply 
output noise characteristics. The low frequency noise component  (Fig. 
3B) is residual p rechopper  noise, whereas  the high f requency  noise 
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FIG. 4. Prechopped waveforms at two different supply outputs: (a) 4.2 W output; (b) 
4.2 W output-scale: 50 V/div, 1 msec/div. 

(Fig. 3 C) is inverter-frequency related. The prechopper waveforms shown 
in Fig. 4 were obtained with a 15K load at the supply output. Top 
waveform is 120 Hz out of the full wave bridge. Note the spike created 
by flyback effect in the power transformer when the pre-chopper allows 
it to "let go". The spike would normally rise to 150 V, but it is chopped 
by the 90-V zener (three 30-V zeners in series) at the bridge output. The 
second waveform is the 301A pulse-width modulator output. The third 
waveform is taken at the Q3's collector and clearly shows how much of 
the 120-Hz waveform is being utilized. The last trace is taken at the 
2N2528 collector (anode of the 1N4722 diode). The cathode of the diode 
is at a pure D.C. potential. The diode prevents the Q4 from becoming 
reverse biased when the charge on the 3500-~f capacitor is greater than 
the Q4's emitter voltage. 

Table 1 shows typical teletype recorded outputs of voltage, current, and 
power as a function of time under different dummy loads and modes of 
operation. Note the exceptional stability over long periods of time of the 
voltage, current, and power outputs. It should be pointed out that 
despite the fact that the load changed by approximately a factor of 5 or 6, 
the power changed by an incredibly small one part in 2000. The power 



562 W I L L I A M S  A N D  C A T S I M P O O L A S  

T A B L E  1 

SAMPLE DIGITAL OUTPUT a OF CURRENT, VOLTAGE, AND POWER AS A FUNCTION OF TIME 

Power b 
Approximate (W × 10 a) 

load Time Voltage Current 
Mode (ohm × 10 -8) (sec x 10 -4) (V) (A x l0 s) A B C D 

Constant 3.30 1 191.0 55.9 8.3 10.6 11.4 -0 .8  
voltage 3.30 2 191.0 55.8 7.8 10.6 10.9 -0 .3  

2.20 3 191.0 86.6 13.0 16.5 16.1 +0.4 
2.20 4 191.0 86.3 13.4 16.4 16.6 -0 .2  
1.50 5 191.0 124.2 19.9 23.7 23.3 +0.4 
1.50 6 191.0 122.8 19.5 23.4 22.8 +0.6 
1.00 7 191.0 197.5 33.8 37.7 37.5 +0.2 
1.00 8 191.0 203.3 35.0 38.8 38.7 +0.1 
0.68 9 191.0 321.1 57.5 61.3 61.8 -0 .5  
0.68 10 191.0 319.2 56.6 60.9 60.8 +0.1 

Constant 3.30 1 558.3 191.0 104.2 106.6 106.3 +0.3 
current 3.30 2 558.4 191.0 104.2 106.6 106.3 +0.3 

2.20 3 374.4 190.9 68.9 71.4 71.9 -0 .5  
2.20 4 375.1 191.0 68.8 71.5 71.8 -0 .2  
1.50 5 264.2 191.0 47.4 50.4 50.9 -0 .5  
1.50 6 264.6 190.9 47.6 50.5 51.0 -0 .5  
1.00 7 178.7 190.9 30.6 34.3 34.5 -0 .2  
1.00 8 179.9 190.9 30.6 34.3 34.5 -0 .2  
0.68 9 122.6 190.9 19.4 23.4 23.5 -0 .1  
0.68 10 124.5 190.9 19.5 23.7 23.6 +0.1 

Constant 3.30 1 733.4 263.6 191.0 193.3 193.1 +0.2 
power 3.30 2 733.5 263.7 191.0 193.4 193.1 +0.3 

2.20 3 595.4 325.3 191.0 193.6 193.1 +0.5 
2.20 4 596.0 325.0 191.0 193.7 193.1 +0.6 
1.50 5 498.8 389.0 191.0 194.0 193.1 +0.9 
1.50 6 499.4 387.7 191.0 193.6 193.1 +0.5 
1.00 7 397.4 487.8 191.0 193.8 193.1 +0.7 
1.00 8 396.0 487.0 191.0 192.8 193.1 -0 .3  
0.68 9 322.3 594.5 191.0 191.6 193.1 - 1.5 
0.68 10 321.3 596.6 191.1 191.6 193.1 -1 .5  

a Recorded on a 33 ASR teletype through an AD converter/multiplexer interface. 
Column A, recorded value; B, estimated from the product of the recorded voltage and current; 

C, corrected A values (see text); D = B - C. 

can be read directly from its output channel (through the multiplier) with 
an error of approximately 3 to 5 mW, or it can be computed from data 
of the product of the recorded output of current and voltage to a pre- 
cision better than 0.5 mW. The computations are performed as follows. 
For the constant voltage or current mode, linear regression analysis is 
carried out using the recorded power value (Xob s) and the computed 
(EI) power value (Yobs) to obtain the corrected power values Wv and 
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Wi corresponding to constant voltage and constant current conditions, 
respectively. The regression equations are: 

Wv = (1.024)Xobs + 2.868 (r = 0.9995) 

W~ = (0.976)Xobs + 4.592 (r = 0.9998) 

For constant power conditions, the mean value of the computed power 
(EI) is used. 

This high-precision power supply has been used successfully for more 
than 6 months in this laboratory in various electrophoresis and iso- 
electric focusing experiments. The recorded output routinely filed with the 
protocol of each experiment has been extremely helpful in the interpre- 
tation of results and in experimental troubleshooting. 
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SESSION !: ANALOG TECHNIQUES 

W A M  1.5: A 25MHz Thermally-Based RMS-to-DC  Converter 

James M.  Williams, T.L.  Longman 

Linear  Technology  Corp. 

Milpitas,  CA 

EARLIER DESIGSED  monolithic circuits to convert waveforms to 
their dc rme equivalents utilized logarithmic  techniques,  limiting  band- 
width to below lMHz  and crest factor performance to  about 1 O : l .  

Thermal computing provides improved  bandwidth and  crest-factor 
capability compared to 1o.garithmically based converters. 

A monolithically-based  circuit which accomplishes  this function 
appears in Figure 1. Here, the input signal drives R1, producing  heating 
which lowers  the  emitter-base voltage of Q1. In  respome  A1 drives R2 
to  heat  Q2, closing a  loop  around  the amplifier. Because the trannis- 
tors and  resistors are matched,  Al’s dc output equals the rms value of 
the  input, regardless of input  frequency  or waveshape. 

Parasitic thermal terms  limit the circuit’s practical  performance. 
In particular,  thermal cross coupling  between the  R1-Ql  and  R2-Q2 
pairs degenerates gain, degrading  accuracy. Differences in the dissipa- 
tion  constants  and  thermal capacity of the R-Q pairs result in overall 
gain errors. Additionally, thermal resistance to ambient  must be high, 
to maximize the signal from  Q1  and Q2 for reasonable input drive. 
Finally,  the  thermal path between the thermally-mated  rcsistor-transis- 
tor pairs must be designed for efficient, low loss heat transfer. 

Although the converter’s basic principle is straightforward,  the 
electro-thermal design is carefully  addressed to  produce  a practical 
monolithic circuit.  These thermal considerations dominate the design 
and  form of the circuit. 

Figure 2 shows an  electro-analog of the  thermal terms in the  con- 
verter. The overall lumped matching of these  terms heavily influences 
achievable performance. In particular, the die attach thermal  resistance 
dominates  the thermal  impedance path. If this  resistance is made very 
high, mismatch in the  other  terms will not cause significant gain error. 

Thermal cross coupling is almost entirely  eliminated by using 
separate,  identical die for  the transistor  resistor pairs. This  eliminates 
cross heating  more effectively than  any possible single die approach. 
A time  stable gain error, which is corrected by introducing a corre- 
sponding gain trim, is caused by residual mismatch in thermal  terms. 
These include die size, dissipation constant,  and thermal  capacity 
differences. The  most significant  term is differing amounts  and dis- 
tribution of the die attach material. The gain-correcting  trim is intro- 
duced by adjusting the value of the appropriate  heater resistor, or by 
altering the gain of the  output stage in Figure 1. 

Because the die attach resistance is so important it must be care- 
fully  considered.  Table 1 shows  results for various die attach methods;. 
As might be suspected,  die  suspended in free  air offers  the  highest 
thermal  resistance,  although the approach is impractical. Conversely. 
standard  eutectic  bonding offers  low  thermal  resistance, but is easily 
producible. Another die attach  method, air impregnated  polymer, 
is nearly as good as air suspension, and is practical. 

beneath  the die. Large areas beneath  the  die are filled with  air; resul- 
ting in the high thermal  resistance noted in Figure 3. Sufficient 
amounts of polymer  attach material  ensure a reliable die attach. 

Figure 3 is a  photo showing the air impregnated polymer die attach 

[See  page 288 for Tables I, 2.1 

Figure 4 is a die view  of one  heater resistor-transistor pair. The 
circular, concentric  heater resistor promotes evenly distributed, iso- 
thermal characteristics. The placement and resistivity of the heater 
rings and  the spacing  between them is optimized for an even thermal 
flow across the die. The sensing fransistor is actually a paralleled quad 
located  symmetrically about the die center. This quad arrangement 
provides improved temperature sensing characteristics over a single 
device. The die’s center is occupied by a  test  structure, which is not 
used. It should be noted  that  the die contains  only the basic thermal 
cell to maintain  isothermal  conditions.  Inclusion of support circuitry 
would add thermally based error terms,  degrading  performance. 

Results for  the  converter appear in Table 2. The accuracy figures 
quoted are  applicable for  a variety of waveshapes, including sines, 
triangles, square waves and low duty cycle pulses. The accuracy- 
bandwidth  limits  are primarily imposed by the  effects of stray capa- 
citance  between the  input  heater resistor and its sensing transistor. 
This parasitic allows high-frequency components to influence the 
transistor’s operation, limiting 1% accuracy operation to 25MHz. 
Crest factor performance is limited by available power  supply range. 
The  step response  specification  reflects the design’s optimized thermal 
considerations.  Figure 5 is a scope photo detailing Figure 1’s response 
to  a 5V input  step.  One per cent settling  occurs  within thirty milli- 
seconds. 

The converter treats  ambient  temperature shifts as a  common  mode 
effect,  resulting in the low temperature  drift  noted. 
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DIE OUT 
ATTACH 

LEAKAGE 
TO 
AMBIENT - - 

COUPLING 
. . _. , , , 

OUT 

LEAKAGE 
TO 
AMBIENT 

WHERE  RDIEATTACH>>ALL OTHER R TERMS 

FIGURE 2-Simplified electro-analog of the rms converter. 

FIGURE 3-Air impregnated die attach details. FIGURE 5-The rms converter step response. 

FIGURE 4-Die  photo of a  section of converter: size is 
76 x 79 mils. 



Die  Attach  Type Thermal  Resistance OC Per Watt 

Air  Suspended 460 

Air  Impregnated  Polymer 380 

Epoxy12 Mil Polymer Barrier 250 

Glass - IO mil 115 

Epoxy11 Mil Polymer Burrier 107 

Eutectic 54 

TABLE  1-Thermal resistance for die attach types. 

Pardmeter Results 

Accuracy 

DC-5%1& 

DC-1OMHz 

DC-25MHz 

Crest  Ehctor 

1/10 scale 

Full scale 

0.4% 

0.70/[ 

1.0% 

100: 1 

10:  1 

Step  Response  Time 30mn 

Temperature  Effect  on  Accuracy 50PPM/OC 

Input  Resistance 300Q 

Minimum Input for Rated  Accuracy 5% of full scale 

TABLE 2-Performance details with air impregnated die 
attach. 
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Jim Williams wrote over 350 publications relating to
analog circuit design between 1971 and 2011. Here’s
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1 Biography

Jim Williams (1948–2011) was at the Massachusetts
Institute of Technology from 1968 to 1979 concentrat-
ing exclusively on analog circuit design. His teaching
and research interests involved application of ana-
log circuit techniques to biochemical and biomedical
problems. Concurrently, he consulted U.S. and for-
eign concerns and governments, specializing in ana-
log circuits. In 1979, he moved to National Semicon-
ductor Corporation, continuing his work in the ana-
log area with the Linear Integrated Circuits Group.
In 1982, he joined Linear Technology Corporation as
staff scientist. His interests included product defini-
tion, development and support. Jim authored over
350 publications relating to analog circuit design.
Awards include the 1992 Innovator of the Year Award
from EDN Magazine and election to the Electronic
Design Hall of Fame in 2002. His spare time interests
included sports cars, collecting antique scientific in-
struments, art and restoring and using old Tektronix
oscilloscopes. He lived in Palo Alto, California with
his wife and 62 Tektronix oscilloscopes.2

2 Massachusetts Institute of

Technology

Jim wrote several M.I.T. internal reports [1, 2, 3, 4]
while he worked for the Department of Nutrition and
Food Science. Another report [5] was referenced in
an EDN article without a publication date.3

3 National Semiconductor App

Notes

Jim worked for National Semiconductor Corporation
in the Linear Integrated Circuits Group from 1979 to

2The information in this biography was given to the author
by Jim Williams in 2009 (see also Appendix A).

3There were probably other reports. Unfortunately, the
M.I.T. Libraries don’t seem to have copies of these reports (or
anything written by Jim Williams, except his 1991 and 1995
books). Searching in the M.I.T. Institute Archives and Special
Collections didn’t turn up anything either.

1982. During this period,4 he wrote 21 application
notes.

• App Note 256 [6]

• App Note 260 [7]

• App Note 262 [8]

• App Note 263 [9]

• App Note 264 [10]

• App Note 265 [11]

• App Note 266 [12]

• App Note 269 [13]

• App Note 272 [14]

• App Note 285 [15]

• App Note 286 [16]

• App Note 288 [17]

• App Note 289 [18]

• App Note 292 [19]

• App Note 293 [20]

• App Note 294 [21]

• App Note 295 [22]

• App Note 298 [23]

• App Note 299 [24]

• App Note 301 [25]

• App Note 311 [26]

4Getting a complete list of his app notes is a bit of a mystery
hunt. There are several unfortunate reasons for this difficulty:

1. National doesn’t always print bylines with author’s
names on their app notes.

2. National regularly deletes old app notes from their
archives.

3. National sometimes updates the publication date of their
app notes upon revision.

Thus, for all of these application notes, I had to infer Jim’s au-
thorship based on the right time period and other clues. One
reliable clue was the inclusion of photographs of Jim’s Tek-
tronix 556 oscilloscope with the damaged graticule. In other
cases, I made educated guesses based on his use of references,
footnotes, or subject matter. A reference to one of Jim’s past
publications is a good hint, a footnote discussing the Hewlett
Packard HP200 oscillator is a dead giveaway! Based on this
research, there are (at least?) 21 application notes. Not bad
for three years’ work!

For more details on the frustrations of this mystery hunt,
see http://web.mit.edu/klund/www/jw/jw-nsc.html.
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4 Linear Technology

4.1 App Notes

Jim wrote 62 application notes for Linear Technology
Corporation:

• App Note 1 [27]

• App Note 2 [28]

• App Note 3 [29]

• App Note 4 [30]

• App Note 5 [31]

• App Note 6 [32]

• App Note 7 [33]

• App Note 8 [34]

• App Note 9 [35]

• App Note 10 [36]

• App Note 11 [37]

• App Note 12 [38]

• App Note 13 [39]

• App Note 14 [40]

• App Note 15 [41]

• App Note 17 [42]

• App Note 18 [43]

• App Note 21 [44]

• App Note 22 [45]

• App Note 23 [46]

• App Note 25 [47]

• App Note 28 [48]

• App Note 29 [49]

• App Note 31 [50]

• App Note 32 [51]

• App Note 35 [52]

• App Note 37 [53]

• App Note 43 [54]

• App Note 45 [55]

• App Note 47 [56]

• App Note 49 [57]

• App Note 55 [58]

• App Note 61 [59]

• App Note 65 [60]

• App Note 70 [61]

• App Note 72 [62]

• App Note 74 [63]

• App Note 75 [64]

• App Note 79 [65]

• App Note 81 [66]

• App Note 83 [67]

• App Note 85 [68]

• App Note 86 [69]

• App Note 89 [70]

• App Note 90 [71]

• App Note 92 [72]

• App Note 93 [73]

• App Note 94 [74]

• App Note 95 [75]

• App Note 98 [76]

• App Note 101 [77]

• App Note 104 [78]

• App Note 106 [79]

• App Note 112 [80]

• App Note 113 [81]

• App Note 118 [82]

• App Note 120 [83]

• App Note 122 [84]

• App Note 124 [85]

• App Note 126 [86]

• App Note 128 [87]

• App Note 131 [88]

In October 2011, Linear Technology released a sixty-
third app note, App Note 132 [89]. Although this
note bears his name (as coauthor) and discusses an
appropriate topic, (a high-purity sine wave oscilla-
tor5), Jim’s signature touches are absent6.

5As Jim said in [52], “The sinewave is probably the
paramount expression of the analog world. The Old Man Him-
self, George A. Philbrick, once elegantly discussed analog func-
tions as ‘those which are continuous in excursion and time’.”

6The oscilloscope shots are not from his Tektronix 556,
there’s no hand-drawn cartoon, there are no voluminous ap-
pendices, and there are three pages on computer-screen cap-
tures. It just doesn’t feel like Jim.
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4.2 LT Magazine

Jim wrote several short articles for Linear Technol-
ogy Magazine between 1991 and 2009:7

Volume 1 [90, 91, 92, 93]
Volume 2 [94]
Volume 3 [95, 96, 97]
Volume 4 [98, 99]
Volume 6 [100, 101]
Volume 7 [102]
Volume 8 [103, 104, 105, 106]
Volume 9 [107, 108]
Volume 12 [109]
Volume 15 [110]
Volume 16 [111, 112]
Volume 17 [113]
Volume 19 [114, 115]

7See http://www.linear.com/designtools/lt_journal.php.
This list is based on the issues found on the Linear Technology
website. There may be some missing issues (there are gaps in
the number sequence). For example, volume 11 only has one
issue. Other obviously missing issues include vol. 10 no. 3,
vol. 12 no. 1, vol. 13 no. 1, and vol. 14 no. 1.

4.3 Design Notes and Solutions

Jim also wrote some short (two-page) Design Notes:8

• Design Note 8 [116]

• Design Note 11 [117]

• Design Note 17 [118]

• Design Note 32 [119]

• Design Note 38 [120]

• Design Note 40 [121]

• Design Note 44 [122]

• Design Note 45 [123]

• Design Note 51 [124]

• Design Note 52 [125]

• Design Note 58 [126]

• Design Note 70 [127]

• Design Note 101 [128]

• Design Note 137 [129]

• Design Note 163 [130]

• Design Note 164 [131]

• Design Note 185 [132]

• Design Note 190 [133]

• Design Note 220 [134]

• Design Note 345 [135]

He also wrote Design Solution 11 [136]9.

8List http://www.linear.com/doclist/?au=Jim+Williams

is incomplete. It lists all the app notes, but some of the de-
sign notes are missing, and there may be other missing items.
I have a complete collection up to Design Note 69, but after
that, my coverage is incomplete.

9Were there other Design Solutions?
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5 Books and Book Chapters

Jim edited five books [137, 138, 139, 140, 141].

5.1 EDN Designer’s Guides

Jim edited two books of collected articles from EDN
in 1985 and 1987. The first one [137] included 25
collected articles from his time at M.I.T., Teledyne
Philbrick, Arthur D. Little, and National Semicon-
ductor. The second book [138] included 26 collected
articles from the early days at Linear Technology. For
a list of articles in these books, see Section B.1.

5.2 Analog Circuit Design

In the 1990s, he edited of two books on analog circuit
design [139, 140] with a wide variety of authors sub-
mitting chapters. In these books, he authored several
chapters himself:

• “Is analog circuit design dead?” [142]

• “Max Wien, Mr. Hewlett, and a rainy Sunday
afternoon” [143]

• “Should Ohm’s Law be repealed?” [144]

• “The zoo circuit: History, mistakes, and some
monkeys design a circuit” [145]

• “The importance of fixing” [146]

• “Tripping the light fantastic” [147]

• “There’s no place like home” [148]

5.3 Other Book Chapters

He also contributed a chapter [149] to Bob Pease’s
book, “Analog Circuits: World Class Designs”, which
is a reprint of the “The zoo circuit” [145].

5.4 Analog Circuit Design 3

In 2011, he co-edited a third book in this “series” with
Bob Dobkin [141]. This final book is a collection of
41 reprinted Linear Technology Application Notes, of
which Jim wrote 27:

• Chapter 2 is App Note 101 [77]

• Chapter 4 is App Note 126 [86]

• Chapter 6 is App Note 25 [47]

• Chapter 7 is App Note 35 [52]

• Chapter 8 is App Note 70 [61]

• Chapter 11 is App Note 122 [84]

• Chapter 12 is App Note 83 [67]

• Chapter 15 is App Note 81 [66]

• Chapter 16 is App Note 89 [70]

• Chapter 17 is App Note 90 [71]

• Chapter 18 is App Note 92 [72]

• Chapter 19 is App Note 112 [80]

• Chapter 20 is App Note 7 [33]

• Chapter 22 is App Note 86 [69]

• Chapter 24 is App Note 120 [83]

• Chapter 25 is App Note 3 [29]

• Chapter 26 is App Note 9 [35]

• Chapter 27 is App Note 11 [37]

• Chapter 29 is App Note 23 [46]

• Chapter 30 is App Note 28 [48]

• Chapter 32 is App Note 43 [54]

• Chapter 33 is App Note 47 [56]

• Chapter 34 is App Note 72 [62]

• Chapter 36 is App Note 93 [73]

• Chapter 37 is App Note 94 [74]

• Chapter 38 is App Note 106 [79]

• Chapter 39 is App Note 124 [85]

Unfortunately, unlike his other Analog Circuit Design

books [139, 140], there is no original material in this
book.
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6 Magazine Articles

Jim wrote many, many articles in various trade mag-
azines.

6.1 EDN

Papers published between 1975 and 2011. He wrote
35 full-length feature articles that appeared in EDN
between June 1983 and November 1987 (according to
[150]10). EDN recently listed11 some of the articles
that he wrote between 1994 and 2011.

1975 [151]
1976 [152]
1977 [153] [154] [155] [156]
1978 [157]
1979 [158]
1980 [159] [160]
1981 [161] [162] [163] [164] [165] [166] [167] [168]
1982 [169] [170] [171] [172] [173] [174]
1983 [175] [176] [177] [178] [179] [180]
1984 [181] [182] [183] [184] [185] [186]
1985 [187] [188] [189] [190] [191] [192] [193] [194] [195] [196]
1986 [197] [198] [199] [200]
1987 [201] [202] [203] [204] [205] [206]
1988 [207] [208] [209] [210] [211] [212]
1989 [213] [214]
1990 [215] [216] [217] [218]
1991 [219] [220] [221] [222] [223] [224] [225] [226]
1992 [227]
1993
1994 [228] [229] [230]
1995 [231] [232] [233]
1996 [234] [235] [236]
1997 [237] [238]
1998 [239] [240] [241]
1999 [242] [243]
2000 [244] [245] [246] [247]
2001 [248] [249] [250] [251] [252]
2002 [253]
2003 [254] [255] [256] [257] [258]
2004 [259] [260]
2005 [261] [262] [263] [150] [264]
2006 [265] [266]
2007 [267] [268]
2008 [269] [270]
2009 [271] [272] [273]
2010 [274] [275] [276]
2011 [277]

10Right now, I have 29 of them. He published two papers in
May 1983; am I not supposed to count them?

11http://www.edn.com/article/472111-Jim_Williams.php

6.2 Electronics

Papers published between 1974 and 1981.

1974 [278]
1975 [279] [280]
1980 [281]
1981 [282] [283] [284] [285] [286]

6.3 Electronic Design

Papers published between 1974 and 1985.

1974 [287] [288] [289]
1975 [290]
1977 [291]
1981 [292] [293] [294] [295] [296] [297]
1983 [298]
1984 [299] [300] [301]
1985 [302]

6.4 Other Magazines

Jim wrote a short article for Analog Dialogue in 1976
[303]. He wrote one article in Electronic Engineering
in 1983 with George Erdi [304]. He wrote an article
in New Electronics [305], an article in ESD [306], an
article in VLSI Systems Design [307], an article in
EE Times [308], and an article in Electronic Design
Analog Applications [309].

Also, there were three articles in Electronic
Product Design:

1983 [310]
1984 [311]
1986 [312]

7 Technical Publications

Jim coauthored two papers in Analytical Biochem-
istry [313, 314] while he was at MIT. Jim co-wrote
one ISSCC paper in 1986 [315] on the LT1088 RMS-
to-DC converter. He also wrote a 1986 Wescon paper
[316].
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A How Many Oscilloscopes?

In the biography that Jim wrote in 2009 (see Sec-
tion 1), he said he owned 62 Tektronix oscilloscopes.
It is interesting to see how this number changed over
time. In 1991 [139], he claimed 14 oscilloscopes. In
1995 [140], he claimed 28 oscilloscopes. In 2008 (in
the bio with [149]), he claimed 84 oscilloscopes.

B Cross References

B.1 EDN Books

Jim edited two books of his collected articles from
EDN.12 The first book [137] included the following
articles (in the order they appear in the book) [158]
[175] [170] [173] [163] [172] [155] [166] [171] [168] [165]
[317] [153] [318] [167] [319] [174] [151] [164] [157] [160]
[161] [159] [154] [162].13

The second book [138] included the following arti-
cles (in the order they appear in the book) [178] [181]
[183] [188] [189] [190] [196] [193] [194] [195] [158] [197]
[176] [177] [182] [184] [186] [187] [191] [192] [198] [199]
[200] [179] [180] [185].

B.2 National Semi App Notes

He cited some of his magazine articles in two of
his app notes for National Semiconductor. These
articles that were cited:

App Note 256 referenced [159].
App Note 260 referenced [290, 280, 157, 4].

12Unfortunately, these books do not include any information
about when the articles were originally published. Shameful.
All dates listed in the bibliography entries have been found
from secondary sources.

13I need more information about [317, 318, 319]. I can’t find
the original publication data.

B.3 Linear Tech App Notes

He cited some of his magazine articles in his app
notes for Linear Technology. These articles that
were cited (this list does not include cross references
to other app notes) :

App Note 9 referenced [290]
App Note 13 referenced [160, 296]
App Note 14 referenced [157]
App Note 22 referenced [315]
App Note 28 referenced [153]
App Note 29 referenced [295, 174]
App Note 49 referenced [315]
App Note 55 referenced [1, 154, 315]14

App Note 61 referenced [315]
App Note 55 referenced [1, 315]
App Note 70 referenced [295, 174, 209]
App Note 72 referenced [296]
App Note 74 referenced [185]
App Note 75 referenced [157, 185]
App Note 79 referenced [241]
App Note 81 referenced [165, 211]
App Note 83 referenced [315]
App Note 86 referenced [290]
App Note 89 referenced [1, 155]
App Note 92 referenced [183]
App Note 112 referenced [169]
App Note 120 referenced [241, 185]
App Note 128 referenced [241, 185]

14Reference 20 in this app note is “The Ultimate Oven,”
MIT Reports on Research, March 1972. This article is about
Jim’s work, but he didn’t write it.

7



References

[1] Jim Williams, “Temperature controlling to mi-
crodegrees,” Massachusetts Institute of Technol-
ogy, Cambridge, Mass., Education Research Cen-
ter, Oct. 1971.

[2] Jim Williams, “Portable wide range chopper sta-
bilized temperature controller,” Massachusetts In-
stitute of Technology, Cambridge, Mass., Dept. of
Nutrition and Food Science, 1974.

[3] Jim Williams, “An experimental microprocessor-
controlled 18-bit single-slope A/D converter with
1-ppm linearity,” Massachusetts Institute of Tech-
nology, Cambridge, Mass., Dept. of Nutrition and
Food Science, 1975.

[4] Jim Williams, “Characterization, measurement,
and compensation of errors in capacitors... a com-
pendium of study, hacks, some good stuff, and a
few pearls,” Massachusetts Institute of Technology,
Cambridge, Mass., Dept. of Nutrition and Food Sci-
ence, 1975.

[5] Jim Williams, “A 0.1-Hz sine wave oscillator us-
ing thermal feedback,” Massachusetts Institute of
Technology, Cambridge, Mass., Dept. of Nutrition
and Food Science, unknown date.

[6] Jim Williams, “Circuitry for inexpensive relative
humidity measurement,” National Semiconductor
Corp., Santa Clara, Calif., Application Note 256,
Aug. 1981.

[7] Jim Williams, “A 20-bit (1 ppm) linear slope-
integrating A/D converter,” National Semiconduc-
tor Corp., Santa Clara, Calif., Application Note
260, Jan. 1981.

[8] Jim Williams, “Applying dual and quad FET
op amps,” National Semiconductor Corp., Santa
Clara, Calif., Application Note 262, May 1981.

[9] Jim Williams, “Sine wave generation techniques,”
National Semiconductor Corp., Santa Clara, Calif.,
Application Note 263, Mar. 1981.

[10] Jim Williams, “Applications of audio amplifier–
transistor array ICs,” National Semiconductor
Corp., Santa Clara, Calif., Application Note 264,
May 1981.

[11] Jim Williams, “An electronic watt-watt-hour me-
ter,” National Semiconductor Corp., Santa Clara,
Calif., Application Note 265, Feb. 1984.

[12] Jim Williams, “Circuit applications of sample-hold
amplifiers,” National Semiconductor Corp., Santa
Clara, Calif., Application Note 266, Jan. 1981.

[13] Jim Williams, “Circuit applications of multiplying
CMOS D to A converters,” National Semiconductor
Corp., Santa Clara, Calif., Application Note 269,
Sep. 1981.

[14] Jim Williams, “Op amp booster designs,” National
Semiconductor Corp., Santa Clara, Calif., Applica-
tion Note 272, Sep. 1981.

[15] Jim Williams, “An acoustic transformer powered
super-high isolation amplifier,” National Semicon-
ductor Corp., Santa Clara, Calif., Application Note
285, Oct. 1981.

[16] Jim Williams, “Applications of the LM392 com-
parator op amp IC,” National Semiconductor
Corp., Santa Clara, Calif., Application Note 286,
Sep. 1981.

[17] Jim Williams, “System-oriented DC-DC conversion
techniques,” National Semiconductor Corp., Santa
Clara, Calif., Application Note 288, Apr. 1982.

[18] Jim Williams, “Circuit applications of analog
data multiplexers,” National Semiconductor Corp.,
Santa Clara, Calif., Application Note 289, Jan.
1982.

[19] Jim Williams, “Applications of the LM3524 pulse-
width-modulator,” National Semiconductor Corp.,
Santa Clara, Calif., Application Note 292, Aug.
1982.

[20] Jim Williams, “Control applications of CMOS
DACs,” National Semiconductor Corp., Santa
Clara, Calif., Application Note 293, Mar. 1982.

[21] Jim Williams, “Special sample and hold tech-
niques,” National Semiconductor Corp., Santa
Clara, Calif., Application Note 294, Apr. 1982.

[22] Jim Williams, “A high performance industrial
weighing system,” National Semiconductor Corp.,
Santa Clara, Calif., Application Note 295, Mar.
1982.

[23] Jim Williams, “Isolation techniques for signal con-
ditioning,” National Semiconductor Corp., Santa
Clara, Calif., Application Note 298, May 1982.

[24] Jim Williams, “Audio applications of linear in-
tegrated circuits,” National Semiconductor Corp.,
Santa Clara, Calif., Application Note 299, Apr.
1982.

8



[25] Jim Williams, “Signal conditioning for sophisicated
transducers,” National Semiconductor Corp., Santa
Clara, Calif., Application Note 301, Jan. 1982.

[26] Jim Williams, “Theory and applications of loga-
rithmic amplifiers,” National Semiconductor Corp.,
Santa Clara, Calif., Application Note 311, Jul.
1982.

[27] Jim Williams, “Understanding and applying the
LT1005 multifunction regulator,” Linear Technol-
ogy Corp., Milpitas, Calif., Application Note 1,
Aug. 1985.

[28] Jim Williams, “Performance enhancement tech-
niques for three-terminal regulators,” Linear Tech-
nology Corp., Milpitas, Calif., Application Note 2,
Aug. 1984.

[29] Jim Williams, “Applications for a switched-
capacitor instrumentation building block,” Lin-
ear Technology Corp., Milpitas, Calif., Application
Note 3, Jul. 1985.

[30] Jim Williams, “Applications for a new power
buffer,” Linear Technology Corp., Milpitas, Calif.,
Application Note 4, Sep. 1984.

[31] Jim Williams, “Thermal techniques in measure-
ment and control circuitry,” Linear Technology
Corp., Milpitas, Calif., Application Note 5, Dec.
1984.

[32] Jim Williams, “Applications of new precision op
amps,” Linear Technology Corp., Milpitas, Calif.,
Application Note 6, Jan. 1985.

[33] Jim Williams, “Some techniques for direct digiti-
zation of transducer outputs,” Linear Technology
Corp., Milpitas, Calif., Application Note 7, Feb.
1985.

[34] Jim Williams, “Power conditioning techniques for
batteries,” Linear Technology Corp., Milpitas,
Calif., Application Note 8, May 1985.

[35] Jim Williams, “Application considerations and cir-
cuits for a new chopper-stabilized op amp,” Lin-
ear Technology Corp., Milpitas, Calif., Application
Note 9, Aug. 1986.

[36] Jim Williams, “Methods for measuring op amp
settling time,” Linear Technology Corp., Milpitas,
Calif., Application Note 10, Jul. 1985.

[37] Jim Williams, “Designing linear circuits for 5V sin-
gle supply operation,” Linear Technology Corp.,
Milpitas, Calif., Application Note 11, Sep. 1985.

[38] Jim Williams, “Circuit techniques for clock
sources,” Linear Technology Corp., Milpitas, Calif.,
Application Note 12, Oct. 1985.

[39] Jim Williams, “High speed comparator tech-
niques,” Linear Technology Corp., Milpitas, Calif.,
Application Note 13, Apr. 1985.

[40] Jim Williams, “Designs for high performance
voltage-to-frequency converters,” Linear Technol-
ogy Corp., Milpitas, Calif., Application Note 14,
Mar. 1986.

[41] Jim Williams, “Circuitry for single cell operation,”
Linear Technology Corp., Milpitas, Calif., Applica-
tion Note 15, Nov. 1985.

[42] Jim Williams, “Considerations for successive ap-
proximation A→D converters,” Linear Technology
Corp., Milpitas, Calif., Application Note 17, Dec.
1985.

[43] Jim Williams, “Power gain stages for monolithic
amplifiers,” Linear Technology Corp., Milpitas,
Calif., Application Note 18, Mar. 1986.

[44] Jim Williams, “Composite amplifiers,” Linear
Technology Corp., Milpitas, Calif., Application
Note 21, Jul. 1986.

[45] Jim Williams, “A monolithic IC for 100MHz RMS-
DC conversion,” Linear Technology Corp., Milpi-
tas, Calif., Application Note 22, Sep. 1987.

[46] Jim Williams, “Micropower circuits for signal con-
ditioning,” Linear Technology Corp., Milpitas,
Calif., Application Note 23, Apr. 1987.

[47] Jim Williams, “Switching regulators for poets: A
gentle guide for the trepidatious,” Linear Technol-
ogy Corp., Milpitas, Calif., Application Note 25,
Sep. 1987.

[48] Jim Williams, “Thermocouple measurement,” Lin-
ear Technology Corp., Milpitas, Calif., Application
Note 28, Feb. 1988.

[49] Jim Williams and Brian Huffman, “Some thoughts
on DC-DC converters,” Linear Technology Corp.,
Milpitas, Calif., Application Note 29, Oct. 1988.

[50] Jim Williams, “Linear circuits for digital systems:
Some affable analogs for digital devotees,” Lin-
ear Technology Corp., Milpitas, Calif., Application
Note 31, Feb. 1989.

[51] Jim Williams, “High efficiency linear regulators,”
Linear Technology Corp., Milpitas, Calif., Applica-
tion Note 32, Mar. 1989.

9



[52] Jim Williams, “Step down switching regulators,”
Linear Technology Corp., Milpitas, Calif., Applica-
tion Note 35, Aug. 1989.

[53] Jim Williams, “Fast charge circuits for NiCad bat-
teries,” Linear Technology Corp., Milpitas, Calif.,
Application Note 37, Feb. 1990.

[54] Jim Williams, “Bridge circuits: Marrying gain and
balance,” Linear Technology Corp., Milpitas, Calif.,
Application Note 43, Jun. 1990.

[55] Jim Williams, “Measurement and control circuit
collection: Diapers and designs on the night shift,”
Linear Technology Corp., Milpitas, Calif., Applica-
tion Note 45, Jun. 1991.

[56] Jim Williams, “High speed amplifier techniques: A
designer’s companion for wideband circuitry,” Lin-
ear Technology Corp., Milpitas, Calif., Application
Note 47, Aug. 1991.

[57] Jim Williams, “Illumination circuitry for liquid
crystal displays: Tripping the light fantastic...” Lin-
ear Technology Corp., Milpitas, Calif., Application
Note 49, Aug. 1992.

[58] Jim Williams, “Techniques for 92% efficient LCD
illumination: Waste not, want not...” Linear Tech-
nology Corp., Milpitas, Calif., Application Note 55,
Aug. 1993.

[59] Jim Williams, “Practical circuitry for measurement
and control problems: Circuits designed for a cruel
and unyielding world,” Linear Technology Corp.,
Milpitas, Calif., Application Note 61, Aug. 1994.

[60] Jim Williams, “A fourth generation of LCD back-
light technology: Component and measurement im-
provements refine performance,” Linear Technology
Corp., Milpitas, Calif., Application Note 65, Nov.
1995.

[61] Jim Williams, “A monolithic switching regulator
with 100µV output noise: Silence is the perfectest
herald of joy...” Linear Technology Corp., Milpitas,
Calif., Application Note 70, Oct. 1997.

[62] Jim Williams, “A seven-nanosecond comparator for
single supply operation: Guidance for putting civi-
lized speed to work,” Linear Technology Corp., Mil-
pitas, Calif., Application Note 72, May 1998.

[63] Jim Williams, “Component and measurement ad-
vances ensure 16-bit DAC settling time: The art of
timely accuracy,” Linear Technology Corp., Milpi-
tas, Calif., Application Note 74, Jul. 1998.

[64] Jim Williams, “Circuitry for signal conditioning
and power conversion: Designs from a once lazy
sabbatical,” Linear Technology Corp., Milpitas,
Calif., Application Note 75, Mar. 1999.

[65] Jim Williams, “30 nanosecond settling time mea-
surement for a precision wideband amplifier: Quan-
tifying prompt certainty,” Linear Technology Corp.,
Milpitas, Calif., Application Note 79, Sep. 1999.

[66] Jim Williams, Jim Phillips, and Gary Vaughn, “Ul-
tracompact LCD backlight inverters: A svelte beast
cuts high voltage down to size,” Linear Technology
Corp., Milpitas, Calif., Application Note 81, Sep.
1999.

[67] Jim Williams and Todd Owen, “Performance verifi-
cation of low noise, low dropout regulators: Silence
of the amps,” Linear Technology Corp., Milpitas,
Calif., Application Note 83, Mar. 2000.

[68] Jim Williams and David Beebe, “Low noise varac-
tor biasing with switching regulators: Vanquishing
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