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An 8'2-Digit Digital Multimeter Capable of
100,000 Readings per Second and
Two-Source Calibration

A highly linear and extremely flexible analog-to-digital
converter and a state-of-the-art design give this DMM new
performance and measurement capabilities for autornated
test, calibration laboratory, or R&D applications.

by Scott D. Stever

most common and maost versatile instruments avail-

able forlow-frequency and dc measurements in auto-
mated test, calibration laboratory, and bench R&D applica-
tions. The use of general-purpose instrumentation in auto-
mated measurement systems has steadily grown over the
past decade, While early users of programmable instru-
ments were elated to be able to automate costly, tedious,
error-prone measurements or characterization processes,
the sophistication and needs of today’s users are orders of
magnitude greater. The computing power of instrument
controllers has increased manyfold since the mid-19870s
and so have user expectations for the performance of mea-
surement systems. Test efficiency in many applications is
no longer limited by the device under test or the instrument
controiler’s horsepower. Often either the ceonfiguration
speed or the measurement speed of the test instrumentation
has become the limiting factor for achieving greater test
throughput. In many systems, the DMM is required to per-
form hundreds of measurements and be capable of multiple
functions with various resclutions and accuracies.

In some applications, several DMMs may be required to
characterize a singie device. For example, measurements
requiring high precision may need 2 slower DMM with
calibration laboratory performance. Usually, the majority
of measurements can be satisfied by the faster, moderate-
reselution capabilities of a traditional system DMM. In ex-

T HE DIGITAL MULTIMETER OR DMM is among the

treme cases, where speed or sample timing are critical to
the application, a iower-resolution high-speed DMM may
be required. A single digital multimeter capable of fulfilling
this broad range of measurement capabilities can reduce
system complexity and development costs, If it also pro-
vides shorter reconfiguration time and increased measure-
men{ speed, test throughoput can also be improved for au-
tomated test applications.

The HP 3458A Digital Multimeter {Fig. 1} was developed
to address the increasing requirements for flexible, accu-
rate, and cost-sffective solutions in today's automated test
applications. The product concept centers upon the syner-
gistic application of state-of-the-art technologies to mest
these nesds. While it is tuned for high throughput in com-
puter-aided testing, the HP 3458A also offers calibration
laboratory accuracy in de volts, ac volts, and resistance.
Owners can frade speed for resolution, from 100,000 mea-
surements per second with 4%-digit {16-bit) resolution to
s1x measurements per second with 8%-digit resolution. Af
5%-digit resalution, the DMM achievas 50,000 readings
per second. To maximize the measurement speed for the
resolution selected, the integration time is selectable from
500 nanoseconds to one second in 100-ns steps. The effect
is an almost continuous range of speed-versus-resolution
trade-offs.

Fig. 1. The HP 3458A Digital Mul-

tmeater can make 100,000 4%%-
digit readings per secand for high-
speed automated test applica-
tions. For calibration faboratory
applicalions, if can make six 8%-
digit readings per second. Fine
caritrol of the integration aperture
aflows a nearly continuotis 1ange
of speed-versus-resoultion trade-
offs.



Measurement Capabilities
Measurement ranges for the HP 3458A’'s functions are:
& Voltage: 10 nV to 1000V dc
<1 mV to 700V rms ac
Current; 1 pA to 1A dc
100 pA to 1A rms ac

B Resistance: 10 p{2 to 1 GS}, 2-wire or 4-wire

@ Frequency: 1 Hz to 10 MHz

® Period: 100 nsto 15

B 16-bit digitizing at effective sample rates to 100
megasamples/second.

The ac voltage bandwidth is 1 Hz to 10 MHz, either ac or

dc coupled.

To increase uptime, the HP 3458A is capable of two-
source electronic calibration and self-verifying autocalibra-
tlon. Autocalibration enhances accuracy by eliminating
drift errors with time and temperature. The dc voltage sta-
bility is specified at eight parts per million over one year,
or 4 ppm with the high-stability option. Linearity is speci-
fied at 0.1 ppm, transfer accuracy at 0.1 ppm, and rms inter-
nal noise at 0.01 ppm. Maximum accuracies are 0.5 ppm
for 24 hours in dc velts and 100 ppm in ac volis. Midrange
resistance and direct current accuracies are 3 ppm and 10

ppm, respectively.

The HP 3458A can transfer 16-bit readings to an HP 8000
Series 200 or 300 Computer via the HP-IB (IEEE 488, IE(
§25; at 100,000 readings persecond. It can change functions
or ranges and deliver a measurement 200 times per second
{over 300/s from the internal program memory), about four
times faster than any earlier HP multimeter.

The following five articles describe the technologies re-
quired to achieve this performance and the benefits that
result. In the first paper, the development of a single analog-
to-digital converter capable of both high resolution and
high speed is discussed. The second paper describes the
deveiopment of a technique for the precise measureinent
of rms ac voltages. The application of these technologies
to provide improved measurement accuracy over extended
operating conditions and to provide complete calibration
of the DMM from only two external traceable sources (10V
de, 10 k}) is discussed in the third article. Hardwarse and
firmware design to achieve increased measurement through-
put is the topic of the fourth paper. The final paper dis-
cusses several applications for the HP 3458A’s ability to
perform high-resolution, high-speed digitizing.



An 82-Digit Integrating Analog-to-Digital
Converter with 16-Bit, 100,000-Sample-per-

Second Performance

This integrating-type ADC uses multislope runup,
multislope rundown, and a two-input structure to achieve

the required speed, resolution, and finearity.

by Wayne C. Goeke

design for the HP 3458A Digital Multimeter was driv-

en by the state-of-the-art requirements for the system
design. For example, autocalibration required an ADC with
Bv%-digit {28-bit) resclution and 7%-digit {25-bit} integral
lintearity, and the digital ac technique (see article, page 22)
required an ADC capable of making 50,000 readings per
second with 18-bit resolution.

Integrating ADCs have always been known for their abil-
ity to make high-resolution measurements, but tend to be
relatively slow. When the HP 3458A’s design was started,
the fastest integrating ADC kaown was in the HP 3456A
DMM. This ADC uses a technique known as multislope
and is capable of making 330 readings per second. The HP
34538A%s ADC uses an enhanced implementation of the
same multislope technique to achieve a range of speeds
and resolutions never before achieved-—from 16-bit resalu-
tion at 100,000 readings per second to 28-bit resolution at
six readings per second. [n addition to high resolution, the
ADC has high integral linearity—deviations are less than
0.1 ppm (parts per million)} of input.

Mutltistope is a versatile ADC technique, allowing speed
to be traded off for resolution within a single circuit. It is
easier to understand multislope by first understanding its
predecessor, dual-slope.

T HE ANALOG-TO-BIGITAL CONVERTER {ADC)

Basic Duai-Slope Theory

Dual-slope is a simple integrating-type ADC algorithm,
Fig. T shows a simple circuit for implementing a dual-slope
ADC.

The algorithm starts with the integrator at zero volts.
{This is achieved by shorting the integrator capacitor, C.)
At time 0 the unknown input voltage V,, is applied to the
resistor R by closing switch SW1 for e fixed length of time
t,. This portien of the algorithm, in which the unknown
input is being integrated, is known as runup. At the end
of runup (i.e., when SW1 is opened), the cuiput of the
integrator, V., can be shown to be

V() = - (URC) f "Vt
i)

or, when V. is time invariant,

Valty) = —{1/RC) Vialu-

Next a known reference voltage V,,; with polarity oppo-
site to that of V,, is connected to the same resistor R by
closing SW2. A counter is started at this time and is stopped
when the output of the integrator crosses through zero voits.
This portion of the algorithm is known as rundown. The
countar contents ¢an be shown to be proportional to the
unknown input.

VO{tZ} = Vu{tu} - (1I'RC]metd = {,

where 14 is the time required to complete rundown {i.e.,
ty = t, — t,). Solving for V,,

Vln = -—VreE(td/tu}'

Letting N, be the number of clock periods (T} during
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Fig. 1. Dual-slope integrating ADC (analog-to-digital con-
verter) circuit and a lypical waveform.



runup and Ny the number of clock periods during rundawn,
time cancels and

Vin = Vref{Nci{Nu}'

The beauty of the dual-slope ADC technique is its insen-
sitivity to the value of most of the circuit parameters. The
values of R, C, and T all cancel from the final equation.
Another advaniage of the dual-slope ADC is that a single
circuit can be designed to trade speed for resolution. If the
runup- time is shortened, the resolution will be reduced,
but so will the time required to make the measurement.

‘the problem with the duai-siope aigorithm is that its
resolution and speed are limited. The time T,, for a dual-
slope ADC to make a measurement is determined by:

Tm = ZTCkM',

where T, is the minimum theoretical time to make a fuli-
scale measurement, T, is the period of the ADC clock, and
M is the number of counts of resolution in a full-scale
measurement. Even with a clock frequency of 20 MHz, to
measure a signal with a resolution of 10,000 counts requires
at least 1 millisecond.

The resolution of the dual-slope ADC is limited by the
wideband circuit noise and the maximum voltage swing
of the integrator, about =10 volts. The wideband circuit
noise limits how precisely the zero crossing can be deter-
mined. Determining the zero crossing to much better than
a millivolt becomes very difficult. Thus, dual-slope is lim-
ited in a practical sense to four or five digits of resolution
{ie., 10V/1 mV).

Vo

Time
i 1, 2

Rundown

Fig. 2. Enhanced dual-siope ADC circuil uses two resistors,
ang lor runup and one for rundown

Enhanced Dual-Siope

The speed of the dual-slope ADC can be nearly doubled
simply by using a pair of resistors, one for runup and the
ather for rundown, as shown in Fig. 2.

The unknown voltage, Vy,, is connected to resistor R,
which is much smaller than resistor R,;, which is used
during rundown. This allows the runup time to be short-
ened by the ratio of the two resistors while maintaining
the same resolution during randown. The cost of the added
speed is an additional resistor and a sensitivity to the ratio
of the two resistors:

Vin == vrei(Nd/Nu}(Ru/Rd]'

Because resistor networks can be produced with excel-
lent ratio tracking characteristics, the enhancement is very
feasible.

Multislope Rundown

Enhanced dual-slops reduces the time to perform runup.
Multislope rundown reduces the time to perform rundown.
Instead of using a single resistor {i.e., a single slope} to
seek zero, multislope uses several resistors fi.e., multiple
slopes) and seeks zero several times, each time mare pre-
cisely. The ratio of one slope to another is a power of some
number base, such as base 2 or base 10,

Fig. 3 shows a maultislape circuit using hase 10. Four
siopes are used in this circuit, with waelghts of 1000, 100,
10, and 1. Each slope is given a name denoting its weight
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Fig. 3. Base-10 multislope rundown circuit.



and polarity. For example, S1000 is a positive slope worth
1000 counts per clock period and -5100 is a negative
slope worth ~ 100 counts per clock periad. A slope is con-
siderad to be positive if it transfers charge into the inte-
grator, This may be confusing because the integrator (an
inverting circuit) actually moves in a negative direction
during a positive slope and vice versa.

The multislope rundown begins by switching on the
steepest slope, 31000. This slope remains on until the inte-
grator output crosses zers, at which tims it is turned off
and the next slope, —5100, is turned on until the output
crosses hack through zero. The 510 slope follows next, and
finally, the —~S1 slope. Each slope determines the inte-
grator's zero crossing ten times more precisely than the
previcus slope. This can be viewed as a process in which
each slope adds another digit of resolution to the rundown.

If each slope is turned off within one clock period of
crossing zero, then each subsequent slope should take ten
or fewer clock periods to cross zero, Theoretically, then,
the time ty to complete a multislope rundown is:

tg < NBT,,

where N is the number of slopes and B is the number base
of the slope ratios. In practice, the time to complete run-
down is higher, because it isn’t always possible to to turn
off each slope within a clock period of its zero crossing.
Delays in detecting the zero crossings and delays in re-
sponding by turning off the slopes cause the actual time
to be: :

td < kNBTckr

where k is a factor greater than one. The delay in turning
off a slope results in the integrator outpul’s avershooting
zero. For each clock period of avershoot, the following
slope must take B clock periods to overcome the overshoot.
Typical values of k range from twao to four, The multislope
rundown shown in Fig. 3 completes a measurement yield-
ing 10,000 counts of resolution in 4.0 us assuming a 20-
MHz clock and k = 2. This is 125 times faster than the
equivalent dual-slope rundown.

Maultislope can be optimized for even faster measure-
ments by choosing the optimum base. Noting that the
number of slopes, N, can be written as logy{M}, where M
is the number of counts of resolution required from run-
down,

tg < kB IOgB{M)TCk.

This yields base e as the optimum base regardless of the
required resclution: Using base e in the above example
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Fig. 4. Multislope runup circuit.

results in a randown time of 2.5 us. This is a 60% increase
in multisiope rundown speed as a result of using base e
instead of base 10.

There is a cost associated with implementing multislope
rundown, A resistor network must be produced with sev-
eral resistors that have precise ratios. The tightest ratio
tolerance is the reciprocal of the weight of the steepast
slope and must be maintained to ensure linear ADC oper-
ation. If the ratio tolerances are no tighter than 0.05%, then
this requirement is feasible. Multislope also requires a more
complex circuit to contro! and accumulate the measure-
ment, but with the reduced cost and increased density of
digital circuits, this is also feasible.

Multislope Runup

Multislope runup is a modification of dual-slope runup
with the purpose of increasing the resolution of the ADC.
As mentioned earlier, the dual-slope technique's resolution
is limited by the maximum voltage swing of the integrator
and the wideband circuit noise. Multislope runup allows
the ADC to have an effective voliage swing much larger
than the physical limitations of the integrator circuit
hardware.

The technique involves periodically adding and subtract-
ing reference charge to or from the integrator during runup
such that the charge from the unkniown input plus the total
reference charge is never large enough to saturate the inte-
grator. By accounting for the total amount of reference
charge transferrad to the integrator during runup and add-
ing this number to the result of rundown, a measurement
can be meade with much higher resolution. Fig. 4 shows a
circuit for implementing multislope runup.

A precise amount of reference charge is generated by
applying either a positive refersnce voltage to resistor R,
or a negative reference veltage to resistor R, for a fixed
amount of time. The following table shows the four possible
runup reference currents using this circuit,

Slope 5Wa  SWb  Inteprator Current
Name Direction

S, +V ot @ Ny 1
Si0 0 0 - 0
S. 0 =V e A ~I
5.9 Vo T Vit - o

Notice that, like multislope rundown, $, adds charge to
the integrator and 5. subtracts charge from the integrator.
If we design the 8, and S. currents to have equal mag-
nitudes that are slightly greater than that of the current
generated by a full-scale input signal, then the reference
currents will always be able to remove the charze ac-
cuamulating from the input signal. Therefore, the integrator
can be kept from being saturated by periodically sensing
the polarity of the integrator output and turning on either
S, or 5. such that the integrator output is forced to move
towsrds or across zero.

Fig. 5 shows a typical multislope runup waveform. The
dashed line shows the effective voltage swing, that is, the
voltage swing without reference charge being put into the
integrator. The integrator output is staying within the limits
of the circuit while the effective voltage swing ramps far



beyond the limit. The HP 3458A has an effective voltage
swing of 120,000 volts when making 8:-digit readings,
which means the rundown needs to resolve a millivalt to
achieve an 8%-digit reading (ie., 120,000V/0.001V =
120,000,800 counts).

The muitislope runup algorithm has two advantages over
dual-slope runup: {1) the runup can be continued for any
length of time without saturating the integrator, and (2)
resolution can be achieved during runup as well as during
rundown. The HP 3458A resolves the first 4v4 digits during
runup and the final 4 digits during rundown to achieve an
8Y:-digit reading.

Animnnrtent racniramnnt for o AT Sa thas i b s
With the algorithm described above, multislope runup
would not be linear. This is because sach switch transition
transfers an unpredictable amount of charge into the inte-
grator during the rise and fall times. Fig. 6 shows two
waveforms that should result in the same amount of charge
transferred to the integrator, but because of the different
number of switch transitions, do not.

This problem can be overcome if each switch is operated
a constant number of times for each reading, regardless of
the input signal. If this is done, the charge transferred dur-
ing the transitions will result in an offset in al} readings.
Offsets can be easily removed by applying a zero input
periodically and subtracting the result from all subsequent
readings. The zero measurement must be repeated period-
ically because the rise and fall times of the switches drift
with temperature and thus the offset will drift.

Multislope runup algorithms can be implemented with
constant numbers of switch transitions by alternately plac-
ing an 8., and an S_, between each runup slope. Fig, 7
shows the four possible slope patterns between any two
8. slopes. Varying input voltages will cause the algorithm
to change between these four patterns, but regardless of
which pattern is chosen, each switch makes one and only
one transition between the first S, o slope and the S_, slope,
and the opposite transition between the S_g slope and the
second S, slope,

The cost of multislope runup is relatively small. The
runup slopes can have the same weight as the first slope
of multislope rundown. Therefore, only the oppasite-polar-

tntegrator Limit /

Vo /

T 27 ar 5T 5T 6T v 8T
Time

Fig. 5. Integrator output waveform for mutlisiope runup. The
dashed line shows the effective integralor output voftage
swing

ity slope has to be added, along with the logic to implement
the algorithm.

HP 3458A ADC Design

The design of the HP 3458A's ADC is based on these
theories for a multislope ADC. Decisions had to be made
on how to control the ADC, what number base to use, how
fast the integrator can be slewed and remain linear, how
much current to force into the integrator (i.e., the size of
the resistors), and many other questions. The decisions
were affected by both the high-speed goals and the high-res-
olution goals. For example, very steep slopes are needed
o zchiovn high speod, bul sfeep 210000 caues lnlugisio
circuits to behave too nonlinearly for high-resolution mea-
surement performance.

One of the easier decisions was to choose a number hase
for the ADC’s multislope rundown. Base e is the optimum
to achieve the highest speed, but the task of accurnulating
an answer is difficult, requiring a conversion to binary.
Base 2 and base 4 are both well-suited for binary systems
and are close to base e. Base 2 and hase 4 are actually
equally fast, about 6% slower than base e, but base 2 uses
twice as many slopes to achieve the same resclation. There-
fore, base 4 was chosen to achieve the required speed with
minimum hardware cost.

Microprosessors have always been used to control mul-
tislope ADCs, but the speed goals for the HF 3458A quickly
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Fig. 6. Ideally, these two wavelorms would fransfer eqgual
charge into the integrator, but hecause of the different number
of switch Iransitions, they do not.
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Fig. 7. Multisiope runup patterns for an algorithm that keeps
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eliminated the possibility of using & microprocessor to con-
trol the ADC algorithm, It was anticipated that the ADC
clock frequency would have to be hetween 10 and 20 MHz,
and making decisions at these rates requires dedicated
hardware, Therefore, a gate array was chosen to implement
state machines runping at 20 MHz for ADC control. The
ADC control and accumulator functions censume approx-
imately half of a 6000-gate CMOS gate array. The other half

18k 51024)

of the gate array is devoted to the timing and counting of
triggers and a UART (universal asynchronous receiver/
transmitter) to transfer data and commands through a 2-
Mhbit/s fiber optic link to and from the ground-referenced
logic (see article, page 31).

The number of slopes and the magnitude of the currents
for each siope are more subtle decisions. If the slope cur-
rents get too large, they stress the output stage of the inte-
grator’s operational amplifier, which can cause nonlinear
behavior. If the currents are too small, switch and amplifier
leakage currents can become larger than the smallest slope
current, and the slope current would not be able to converge
the integrator toward zero. A minimum of a microampere
for the smallest slope was set to avoid leakage current prob-
lems. Also, it was believed that the integrator could handle
several milliamperes of input current and remain linear
aver five or six digits, but that less than a milliampere of
input current would be required to achieve linearity over
seven or eight digits. On the other hand, greater than a
milliampere of current was needed to achieve the high-
speed reading rate goal. Therefore, a two-input ADC struc-
ture was chosen.

As shown in Fig. 8, when making high-speed measure-
ments, the input voltage is applied through a 10-k( resistor,
and the ADC’s largest slopes, having currents greater than
a milliampere, are used. When making high-resolution
measurements, the input voltage is applied through a 50-k(}
resistor and the largest slopes used have less than a milliam-
pere of current. The largest slope was chosen to be 51024,
having 1.2 pA of current. This led to a total of six slapes
{51024, $2586, 564, $16, 54, and $1) with S1 having about
1.2 pA of current. $1024 and 5256 are both used during
multislope runup; therefore, both polarities exist for both
slopes. The 8256 slopes (0.3 mA]} are used when the
50-kohm input is used and both the £ 51024 and the 25256
slopes (1.5 mA total) are used in parallel when the 10-k{}
input is used. The $256 slope is 25% stronger than a full-
scale input to the 50-k() resistor, which allows it to keep
the integrator from saturating. The 10-k{2 input is five times
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stronger than the 50-kohim input; thus, by using both $1024
and 5258, 25% stronger reference slopes can be maintained
during high-speed measurements.

Integrator

The integrator’s operational amplifier behaves more non-
linearly as the integrator slew rate {i.¢., the steepest slope)
approaches the slew rate of the amplifier. Two factors de-
termine the integrator slew rate: the totsl current into the
integrator and the size of the integrator capacitor. Wanting
to keep the integrator slew rate less than 10V/us led to an
integrator capacitor of 330 pF. This capacitor must have a
vary small amount of dielectrie ahsarnfinn sinee &0 §0 of
charge is one count,

The integrator circuit has to respond te a change in refer-
ence current and settle to near 0.01% befare the next pos-
sible switch transition {about 200 ns). It also has to have
low voltage and current noise, about 100V/us slew rate, a
de gain of at least 25,000, an offset voltage less than 5 mV,
and a bias current of less than 10 nA. A custom amplifier
design was necessary to achieve all the specifications.

Resistor Network

The resistor network has several requirements. The most
stringent is to obtain the lowest ratio-tracking temperature
coefficient possible. It is important to keep this coefficient
low because the gain of the ADC is dependent on the ratio
of the inpui resistor to the runup reference slope resistors.
An overall temperature coefficient of 0.4 ppm/°C was
achieved for the ADC. Even at this level, a temperature
change of 0.1°C results in a five-count change in a full-scale
8%:-digit measurement. (Autocalibration increases the gain
stability to greater than 0.18 ppm/C.)

Another requirement for the resistor network is to have
a low enough absolute temperature coefficient that non-
linearities are not introduced by the self-heating of the
resistors. For example, the 50-k{) input resistor has a input
voltage that ranges from + 12V to —12V. There is a 2.88-
milliwati power difference between a 0V input and a 12V
input. If this power difference causes the resistor to change
its value, the result is a nonlinearity in the ADC. A 0.01°C
temperature change in a resistor that has'an absolutes tem-
perature coefficient of 1 ppw/°C causes 2 one-count error
in an 8¥;-digit measurement. The network used in the HP
3458A's ADC shows no measurable self-heating non-
linearities.

The final requirement of the resistor network is that it
maintain the ratios of the six slopes throughout the life of
the FP3458A. The tightest ratio tolerance is approximately
0.1% and is required to maintain linearity of the high-speed
measurements. This is a relatively easy requirement. To
maintain the ADC’s 8v2-digit differential linearity at iess
than 0.02 ppm requires ratio tolerances of only 3%.

Switches

A last major concern for the ADC design was the switches
reguired to control the inpuis and the slopes. Because the
switches are in series with the resistors, they can add to
the temperature coefficient of the ADC. A custom chip
design was chosen so that each switch could be scaled to
the size of the resistor to which it is connected. This allows

the ADC to be sensitive to the ratio-tracking temperature
coefficient of the switches and not to the absolute temper-
ature coetficient. Another advantage of the custom design
is that it allows the control signals to be latched just before
the drives to the switches. This resynchronizes the signal
with the clock and reduces the timing jitter in the switch
transitions. The result is a reduction in the noise of the
ADC,

Performance
The performance of an ADC is limited by several non-
ideal behaviors, Often the stated resalution of an ADC is

1. PRV -
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41 naurily of nolse even wudgh o
number of counts generated would indicate much finer
resolution. For example, the HP 3458A’s ADC generates
more than 8% digits of counts but is only rated at 8% digits
because the ninth digit is very noisy and the differential
linearity is about one eight-digit count. Therefore, when
stating an ADC’s speed and resolution, it is important to
specify under what conditions the parameters are valid.
Fig. 9 shows the speed-versus-resolution relationship of
the HP 3458A ADC assuming less than one count of rms
noise.

Given a noise level, there is a theoretical limit to the
resolution of an ADC for & given speed. It can be shown
that the white noise bandwidth of a signal that is the output
of an integration over time T is
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Fig. 9. HP 3458A ADC spead versus resolution for one count
of tms noise.



BW = 1/2T.

If rundown took zero time then an integrating ADC could
sample once every T seconds. At this rate. the counts of
resolution, M, of an ADC are noise-limited to

M = (Vi VIT)IV,

where Vi, is the full-scale input voltage to the ADCand V,,
is the white noise of the ADC in V/VHz. Fig. ¢ shows the
best thearetical resolution for an ADC with rms noise of
100 nV/VHz and a fuli-scale input of 10 volts. The HP
3458A comes very close to the theoretical limit of an ADC
with a white noise of 130 nV/VHz near the 7-digit resolu-
" tion region. At lower resolutions the ADC’s rundown time
bacomes a more significant portion of the overall measure-
ment time and therefore pulls the ADC away from the
theoretical limit. At higher resoiutions the 1/f noise of the
ADC forces s measurement of zero several times within
the measurement cycle to reduce the noise to the 83%-digit
level. This also reduces the measurement speed.
Another way of viewing the ADC’s performance is to
plot resolution versus aperture. The aperture is the integra-
tion time, that is, the length of runup. This is shown in
Fig. 10 along with the 100-nV/VHz noise limit and the
ADC's resolution without regard to noise. At staaller aper-
tures, the HP 3458A s resolution is less than the theoretical
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4 5 6 7 B 9
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Fig. 10. HP 3458A ADC aperture (runup lirme) versus resolu-
tion.

noise limit because it is limited by noise in detecting the
final zero of rundown. That is, the algorithm does not have
enough resclution to achieve the theoretical resolution.

Linearity

High-resolution linearity was one of the major challenges
of the ADC design. The autocalibration technique requires
an integral linearity of 0.1 ppm and an differential linearity
of 0.02 ppm. One of the more significant problems was
verifying the integral linearity. The most linear commer-
cially available device we could find was a Kelvin-Varley
divider, and its best specification was 0.1 ppm of inpul.
Fig. 11 compares this with the ADC’s requirements, show-
ing that it is not adequate.

Using low-thermal-EMF switches, any even-ordered de-
viations from an ideal straight line can be detected by doing
a turnover test. A turnover test consists of three steps: (1)
measure and remove any offset, (2] measure a voltage, and
{3} switch tha polarity of the voltage {i.e., turn the voltage
over) and remeasure it. Any even-order errors will produce
a difference in the magnitude of the two nonzero voltages
measured. Measurements of this type can be made to within
0.01 ppm of a 10V signal. This left us with only the odd-
order errors io detect. Fortunately, the U.S. National Bureau
of Standards had developed a josephson junction array
capable of generating voltages from — 10V to +10V. Using
a 10V array we were able to measure both even-order and
odd-order errors with confidence to a few hundredths of
a ppm. Fig. 42 on page 23 shows the integral linearity error
of an HP 3458A measured using a Josephson junction array.

The differential linearity can De best seen by looking at
a small interval about zero volts. Here a variable source
need only be linear within 1 ppm on its 100-mV range to
produce an output that is within .01 ppm of 16 volts. Fig.
4b on page 23 shows the differential linearity of an HP
3458A.
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Fig. 11. HP 3458A linearity specification compared with a
Kelvin-Varley divider.
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Precision AC Voltage Measuremenis Using
Digital Sampling Techniques

Instead of traditional DMM techniques such as thermal
conversion or analog computation, the HP 3458A DMM
measures rms ac voltages by sampling the input signal and
computing the rms value digitally in real time. Track-and-
hold circuit performance is critical to the accuracy of the

method.

by Ronald L, Swerlein

r HE HP 3458A DIGITAL MULTIMETER implements
a digital method for the precise measurement of rms

B ac voltages. A technique similar to that of a modern
digitizing oscilloscope is used to sample the input voltage
waveform. The rms value of the data is computed in real
time to produce the final measurement result. The HP
3458A objectives for high-precision digital ac measure-
ments required the development of both new measurement
algorithms and a track-and-hold circuit capable of fulfilling
these needs.

Limitations of Conventional Techniques

All methods for making ac rms measurements tend to
have various performance limitations. Depending on the
needs of the measurement, these limitations take on differ-
ent levels of importance.

Perhaps the most basic specification of performance is
accuracy. For ac measurements, accuracy has to be
specified over a frequency band. Usually, the best accuracy
is for sine waves at midband frequencies (typically 1 kHz
to 20 kHz}. Low-frequency accuracy usually refers to fre-
guencies below 200 Hz (some fechniques can work down
to 1 Hz}. Bandwidth is a measure of the technique’s perfor-
mance at higher frequencies.

Linearity is another measure of accuracy. Linearity is a
measure of how much the measurement accuracy changes
when the applied signal voliage changes. In general, linear-
ity is a function of frequency just as accuracy is, and can
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be included in the accuracy specifications: For instance,
the accuracy at 1 kHz may be specified as 0.02% of reading
+ 0.01% of range while the accuracy at 100 kHz may be
specified as 0.1% of reading + 0.1% of range. The percent-
of-range part of the specification is where most of the linear-
ity error is found.

If a nonsinusoid is being measured, most ac rms measure-
ment techniques exhibit additional error. Crest-factor arror
is one way to characterize this performance. Crest factor
is defined as the ratio of the peak value of a waveform to
its rms value. For example, a sine wave has a crest factor
of 1.4 and a pulse train with a duty cycle of 1/25 has a
crest factor of 5. Even when crest factor error is specified,
one should use caution when applying this additional error
if it is not given as a function of frequency. A signal with
a moderately high crest factor may have significant fre-
quency components at 40,000 times the fundamental fre-
guency. Thus crest factor error should be coupled with
bandwidth information in estimating the accuracy of 2 mee-
surement. In some ac voltmeters, crest factor specifications
mean only that the voltmeter’s internal amplifiers will re-
main unsaturated with this signal, and the accuracy for
nonsinusoids may actually be unspecified.

Some of the secondary performance specifications for
rms measurements are shori-term reading stability, settling
time, and reading rate. Thess parameters may have primary
importance, however, depending on the need of the mea-
surement. Shori-term stability is self-explanatory, but the



difference between settling time and reading rate is some-
times confusing. Settling time is usually specified as the
time that one should wait after a full-scale signal amplitude
change before accepting a reading as having full accuracy.
Reading rate is the rate at which readings can be taken. Its
possible for an ac voltmster that has a one-second settling
time to be able to take more than 300 readings per second.
Of course, after a full-scale signal swing, the next 299 read-
ings would have degraded accuracy. But if the input signal
swing is smaller than full-scale, the settling time to
specified accuracy is faster. Therefore, in some situations,
the 300 readings/second capability is actually useful even
though the settling time is one second.

The traditional methods for measuring ac rms veltage
are thermal conversion and analog computation. The basis
of thermal conversion is that the heat generated in a resis-
tive element is proportional to the square of the rms voltage
applied to the element. A thermocouple is used to measure
this generated heat. Thermal conversion can be highly ac-
curate with both sine waves and wavefarms of higher crest
factor. Indeed, this accuracy is part of the reason that the
1J.5. National Institute of Standards and Technology (for-
merly the National Bureau of Standards) uses this method
to supply ac voltage traceability. It can also be used at very
high frequencies {in the hundreds of MHz)}. But thermal
conversion tends to be slow {near one minute per reading}
and tends to exhibit degraded performance at low frequen-
cies (below 20 Hz). The other majar limitation of thermal
conversion is dynamic range. Low output voltage, low ther-
mal coupling to the ambient environment, and other factors
limit this technique to a dynamic range of around 10 dB.
This compares to the greater than 20 dB range typical of
other techniques.

Analog computation is the other common technalogy
used for rms measurements. Essentially, the analeg con-
verter uses logging and antilogging circuitry to implement
an analog computer that calculates the squares and square
roots involved in an rms measurement. Since the rms av-
eraging is implemented using electronic filters {instead of
the physical thermal mass of the thermal converter}, analog
eomputation is very flexibie in terms of reading rate. This
flexibility is the reason that this technique is offered in the
HP 3458A Multimeter as an ATE-optimized ac measure-
ment function {SETACV ANA). Switchablé filters offer set-
tling times as fast as 0.01 second for frequencies above 10
kHz. With such a filter, reading rates up to 1000 readings/
second may be useful.

Analog computation does have some severe accuracy
drawbacks, however. It can be very accurate in the midband
audieo range, but both its accuracy and its linearity tend to
suffer severe degradations at higher frequencies. Alsa, the
emitier resistances of the transistors commonly used to
implement the logging and antilogging functions tend to
cause errors that are crest-factor dependent,

Digital AC Technique

Digital ac is another way to measure the s value of a
signal. The signal is sampled by an analog-to-digital con-
verter (ADC) at greater than the signal's Nyquist rate to
avoid aliasing errors. A digital computer is then used to
compuie the rms valus of the applied signal, Digital ac can

exhibit excellent linearity that doesn’t degrade at high fre-
quencies as analog ac computation does. Accuracy with
all waveforms is comparable to thermal techniques without
their long settling times, It is possible to measure low fre-
quencies {aster and with better accuracy than other methods
using digital ac measurements. Also, the technique lends
itself to autocalibration of both gain and frequency response
errors using enly an external dc voliage standard {see arti-
cle, page 22}. ‘

In its basic form, a digital rms voltmeter would sample
the input waveform with an ADC at a fast enough rate to
avoid aliasing errors. The sampled voltage points {in the
form of digital data) would then be operated on by an rms
estimation algorithm. One example is shown below:

Num = numberof digital samples

Sum = gum of digital data

Sumsg = sumofsquares of digital data
acrms = SQR{{Sumsg— Sum+SurmyNum)/Nurm)

Conceptuaily, digital rms estimation has many potential
advantages that can be exploited in a digital multimeter
(DMM]. Accuracy, linearity over the measurement range,
frequency response, short-term reading stability, and crest
factor performance can all be excellent and limited only
by the errors of the ADC. The performance limilations of
digital ac are unknown at the present time since ADC tech-
nology is continually improving. '

Reading rates can be as fast as theorstically possibie be-
cause ideal averaging filters can be implemented in
firmware. Low-frequency settling time can be improved by
measuring the period of the input waveform and sampling
only over integral numbers of periods. This would allow
a 1-Hz waveform to be measured in only two seconds—one
second to measurs the period and one second to sample
the waveform.

Synchronous Subsampling

A thermal converter can measure ac voltages in the fre-
quency band of 20 Hz to 10 MHz with state-of-the-art accu-
racy. Sampling rates near 50 MHz are required to measure
these same frequencies digitally, but present ADCs that can
sample at this rate have far less linearity and stability than
is required for state-of-the-art accuracy in the audio band.
If the restriction is made that the signal being measured
must be repetitive, however, a track-and-hold circuit can
be used ahead of a slower ADC with higher stability to
create an ADC that can effectively sample at a much higher
rate. The terms “effective time sampling,”” "equivalent time

Fig. 1. Simplified block diagram of a subsampling ac voitrne-
ter.
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sampling,” and “subsampling” are used interchangeably
to describe this technique.

The concept of subsampling is used by digitizing oscil-
lascopes to extend their sample rate to well beyond the
intrinsic speed of the ADC. The concepi is to use a irigger
level circuit to establish a time reference relative to a point
on a repetitive input signal, A timing cireoit, or time base,
is used to select sample delays from this reference point
in increments determined by the reguired effective sam-
pling rate. For example, moving the sampling point in 10-ns
increments corresponds io an effective sampling rate of
100 MHz, A block diagram of a subsampling ac voltmeter
is shown in Fig. 1.

Fig. 2 is a simple graphic example of subsampling. Here
we have an ADC that can sample at the rate of five samples
for one period of the waveform being measured. We want
to sample one period of this waveform at an effective rate
of 20 samples per period. First, the timing circuit waits for
a positive zero crossing and then takes a burst of five read-
ings at its fastest sample rate. This is shown as “First Pass®
in Fig. 2. On a subsequent positive slope, the time base
delays an amount of time equal to one fourth of the ADC’s
minimum time between samples and sgasin takes a burst
of {ive readings. This is shown as “Second Pass.” This
continues through the fourth pass, at which time the
applied repetitive waveform has been equivalent time sam-
pled as if the ADC could acquire data at a rate four times
fasier than it actually can.

The digital ac measurement technique of the HP 3458A
is optimized for precision calibration laboratory measure-
ments. Short-term measurement stability better than 1 ppm
has been demonstrated. Absolute accuracy better than 100
ppm has been shown. This aceuracy is achieved by auto-
matic internal adjustiment relative to an external 10V dc
standard. No ac source is required {see article, page 22},
The internal adjustrments have the added benefit of provid-
ing a guick, independent check of the voltage ratios and
transfers that are typically performed in a standards labo-

First Pass

fmf\..%/t

Second Pass

4 14 4 + 4 t 4 4
Third Pass
ke 0 S S YR . 2. o A S O 2 S

Fourth Pass

1 Muwuw_

Fig. 2. An example of subsampling.
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ratory every day. Fast, accurate i-Hz measurements and
superb performance with nonsinusoids allew calibration
laboratories to make measurements easily that were previ-
pusly very difficult.

The HP 3458 A enters inte the synchronously subsampled
ac mode through the command SETACV 8YNC. For optimal
sampling of the input signal, one must determine the period
of the signal, the number of samples required, and the
signal bandwidth. The measurement resolution desired
and the potential bandwidth of the input waveform are
described using the commands RES and ACBAND. The
period of the input signal is measured by the instrument.
The more the HP 5458A Knows abuut tire basdwidih of
the input and the required measurement resolution, the
better the job it can do of optimizing accuracy and reading
rate. Default values are assumed if the user chooses not to
enter more complete information. An ac measurement
using the SYNC mode appears to function almost exactly
the same to the user as one made using the more conven-
tional analog mode.

Subsampled AC Algorithm

The algorithm applied internally by the HP 3458A during
each subsampled ac measurement is totally invisible to the
user. The first part of a subsampied ac measurement is
autolevel. The input waveform is randomly sampled for a
period of time long enough to get an idea of its minimum
and maximum voltage points, This time isat least onecycle
of the lowest expected frequency value {the low-frequency
value of ACBAND)}. The trigger level is then set to a point
midway between the minimum and maximum voltages, a
good triggering peint for most waveforms. In the unlikely
event that this triggering point does not generate a reliable
trigger, provision is made for the user to generate a trigger
signal and apply it to an external trigger input. An example
of such a waveform is a video signal. Even though video
signals can be repetitive, they are difficult to trigger on
correctly with just a standard trigger level.

With the trigger level determined, the period of the input
wavsform is measured. The measured period is used slong
with the global parameter RES to determine subsampling
parameters. These parameters are used by the timing cir-
cuitry in the HP 3458A to select the effective sample rate,
the number of samples, and the order in which these sam-
ples are to be taken. In general, the HP 3458A fries to
sample at the highest effective sample rate consistent with
meeting the twin constraints of subsampling over an inte-
gral number of input waveform periods and restricting the
total number of samples to a minimum value large enough
to meat the specified resoiution. This pushes the frequency
where aliasing may occur as high as possible and also per-
forms the best rms measurement of arbitrary waveforms of
high crest factor. The number of samples taken will lie
somewhere between 4/RES and 8/RES depending on the
measured period of the input waveform.

The final step is to acquire samplas. Assamples are taken,
the data is processed in real time at a rate of up to 50,000
samples per second to compute a sum of the readings
squared and a sum of the readings. After all the samples
are taken, the two sum registers are used to determine
standard deviation [ACVY function), or rms value {ACDGV



function}. For example, suppose a 1-kHz waveform is being
measured and the specified measurement resolution is
0.001%. When triggered, the HP 3458A will take 400,000
samples using an effective sample rate of 100 MHz. The
timing circuit waits for a positive-slope trigger level. Then,
after a small fixed delay, it takes a burst of 200 readings
spaced 20 us apart, It waits for another trigger, and when
this occurs the timing circuit adds 10 ns to the previous
delay before starting another burst of 200 readings. This is
repeated 2,000 times, generating 400,000 samples. Effec-
tively, four periods of the 1-kHz signal are sampled with
samples placed every 10 ns.

Sources of Error

Internal time base jitter and trigger jitter during subsam-
pling contribute measurement uncertainty to the rms mea-
surement. The magnitude of this uncertainty depends on
the magnitude of these timing errors. The internal time
-base jitter in the HP 3458A is less than 100 ps rms. Trigger
jitter is dependent on the input signal’s amplitude and
frequency, since internal noise will create greater time un-
certainties for slow-slew-rate signals than for faster ones.
A readily achievable trigger jitter is 100 ps rms fora 1-MHz
input, Fig. 3 is a plot generated by mathematical modeling
of the performance of a 400,000-sample ac measurement
using the HP 3458A°s subsampling algorithm (RES =
0.001%) in the presence of 100-ps time base and trigger
jitters. The modeled errors suggest the possibility of stable
and accurate ac measurements with better than &-digit ac-
curacy.

Errors other than time jitter and trigger jitter limit the
typical absolute accuracy of the HP 3458A to about 50 ppm,
but there is reason te believe that short-term stability is
better than 1 ppm. Many five-minuie stability tests using
a Datron 4200 AC Calibrator show reading-to-reading stan-
dard deviations between 0.7 ppm and 3 ppm. Other mea.
surements independently show the Datron 4200 to have
simnilar short-term stability. More recently, tests performed
using a Fluke 8700 Calibrator, which uses a theoretically
quieter leveling loop, show standard deviations under 0.6
ppm.

The above algorithm tries to sample the applied signal
over an integral number of periods. To do this, the period
of the signal must first be measured, Errors in measuring
the period of the input waveform will cause the subsequent
sampling to cover more or less than an integral number of

4

Lt Timing Jilter = 100 ps
E s Approx. 404,500 Samples
£ 107+ Trigger Jitter = 100 ps at 1 MHz
«?—' White Nolse = 0.04%
S 140 4 Sine Wave Slgnal
i
g 17
o

0.1 $ } } t 4

10 140 1k 10k 100k M
Frequency {Hz)

Fia. 3. Subsampling errors resulting irom timing uncertain-
tigs.

periods. Thus, the accuracy of the subsampled ac rms mea-
surement is directly related to how accurately the periad
of the input waveform is known relative to the internal
sample time base clock.

Period measurements in the HP 3458A are performed
using reciprocal frequency counting techniques. This
method allows accuracy to be traded off for measurement
speed by selecting different gate times. A shorter gate time
contributes to a faster measurement, but the lower accuracy
of the period determination contributes to a less accurate
ac measurement. Fig. 4 is a graph of the error introduced
into the rms measurement by various gate times. At high
frequencies, this error is a constant dependent on the res-
olution of the frequency counter for a given gate time. At
lower frequencies, trigger time jitter increases, causing in-
creased error, because random noise has a larger effect on
slower signals. At still lower frequencies, where the period
being measured is longer than the selected gate time, this
error becomes constant again. This is because the gate time
is always at least one period in length, and as the frequency
islowered, the gate time increases just fast enough to cancel
the effect of increasing trigger jitter,

Any violation of the restriction that the input waveform
be repetitive will also lead to errors. A common condition
is amplitude and frequency modulation of the input. If this
modulation is of a fairly small magnitude and is fast com-
pared to the total measurement time this violation of the
repetitive requirement will probably be negligible. At most,
reading-to-reading variation might increase slightly. If
these modulations become large, however, subsampled sc
accuracy can be sericusly compromised. The signal sources
typically present on a lab benck or in a calibration labora-
tory work quite well with the subsampling algorithm of
the HP 3458A. ‘

Random roise spikes superimposed on an input can
make an otherwise repetitive input waveform appear non-
repetitive. Induced current caused by motors and electrical
devices turning on and off is just one of many ways to
generate such spikes. Largs test systems tend to generate
maore of this than bench and calibration laboratory environ.
ments. Low-voltage input signals {below 100 mV} at low
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& 10 ppm 1
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Fig. 4. Subsampling error as a function of gale time.
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frequencies are the signals most susceptible to these errors,

Two ways are provided by the HP 3458A to deal with
these potential errors. The first is to use the internal 80-kHz
low-pass trigger filter to reduce high-frequency trigger
noise {LFILTER ON). If this is not encugh, provision is made
for accepting external synchronization pulses. In principle,
getting subsampled ac to work in a noisy environment is
no more difficult than getiing a frequency counter to work
in the same environment.

If nonsinusoidal signals are being measured, the suhsam-
pling algorithm has some additional random ercors that
become greater for signals of iarge crest factor. Ali non-
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energy at frequenmes higher than thmr fundamental fre-
quency. Signals of high crest factor generally have more of
this high-frequency energy than those of lower crest {actor.
Randoin timing jitter, which tends to affect higher frequen-
cies the most, will create measurement errors that are
greater for large-crest-factor signals. These random errors
can be reduced by specifying a higher-resalution measure-
ment, which forces more samples per reading to be ac-
quired. The additional measurement error induced by &
signal crest factor of 5 can be as low as 50 ppm in the HP
3458A.

Track-and-Hold Circuit

Track-and-hold performance is critical to the accuracy
of digitai ac measurements. Track-and-hold linearity,
bandwidth, frequency flatness, and aperture jitter all affsct
the error in a sampled measurement. To meet the HP 34584
performance objectives, track-and-hold frequency response
flatness of 20.0015% (15 ppm) was required from de to 50
kHz, along with a 3-dB bandwidth of 15 MHz. In addition,
18-bit linearity below 50 kHz and low aperture jitter were
needed. A custom track-and-hold amplifier was developed
to meet these requirements.

The most basic implementation of a track-and-hold cir-
cuit—a switch and a capacitor-—is shown in Fig. 5. 1f the
assumption is made that the switch is perfect (when open
it has infinite impedance and when closed it has zero im-
pedance} and if it assumed that the capacitor is perfect (no
dielectric absorption), then this is a perfect track-and-hold
circuit. The voltage on the capacitor will track the input
signal perfectly in track mode, and when the switch is
opened, the capacitor will held its value until the switch
is closed. Also, as fong as the buffer amplifier’s input im-
pedance is high and well-behaved, its bandwidth can he
much lower than the bandwidih of the signal being sam-
pled. When the switch is opened, the buffer amplifier's
output might not have been keeping up with the input
signal, but since the voltage at the input of the amplifier
is now static, the buffer will eveniually settle out to the
hold capacitor's voltage.

The problem with building Fig. 5 is that it is impossibla
at the preseni time to build a perfect switch. When the
switch is opened it is not truly turned off; it has some

Vin mwogo—f*.“
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Fig. 5. Basic track-and-hold circuit with ideal components.
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residual leakage capacitance and resistance. In hold mode,
there is sore residual coupling to the input signal because
of this leakage capacitance. This error term is commonly
called feedthrough. Another errer term is pedestal voltage, |
The process of turning real-world switches off induces a
charge transfer that causes the hold capacitor to experience
a fixed voltage step (a pedestal) when entering hold mode.
Another problem with Fig. 5 is that it is impossible in
the real world to build a perfect capacitor. Resl-world
capacitors have nonideal behaviors because of dielectric
absorption and other factors. This dielectric absorption will
mamfest 1tself as a pedestal that is dtfferent for dafferent

1 o

wntil it is perfect enough " the switch and the buffer
amplifier may contribute enough capacitance in parallel
with Cy o4 that the resultant capacitance has dielectric ab-
sorplion problems.

Fig. 6 is an implementation of Fig. 5 using real-world
components. The switch is implemented with a p-channel
MOS FET. When the drive voltage is — 15V, the circuit is
in track mode. If the FET has an on resistance of R, then
the 3-dB bandwidth of the circuit is 1/427RCy4). Cyg (the
drain-to-gate capacitance) is always in parallel with G, .,
so even if Gy and the buffer amplifier have low dielectric
absorption, the dielectric absorption associated with Cyg
will cause this circuit to exhibit pedestal changes with
different input signal slew rates.

When the drive voltage is changed to 415V, the FET
turns off and puts the circuit into hold mode. The drain-to-
source capacitance {Cgy} contributes feedthrough error
equal to Cy/Chog. If the drive voltage changes infinitely
fast, the pedestal error is (30V)(Cyg/Cpgia). If the drive volt-
age changes at a slower rate, the pedestal error will be less,
but a gain error term will now appear. Assume that the
drive voltage changes slowly relative to the bandwidth of
the track-and-hold circuit (1/{27RGC;,,4)). Assume also that
the FET is on until the drive voltage is equal to V,, and
that it is off when the drive voltage is greater than V,,,. The
process of going into hold mode begins with the drive
voltage changing from ~15V to +15V. As the voltage
changes from — 15V to Vi, Cyg4 experiences very little
pedestal error since the current Cy(dv/di} mostly flows
into the FET, which is on. When the drive voltage reaches

Vi the FET turns off and all of the Cdg(dv/dt} current flows
into Cy;a- The pedestal in this case is [15V - V,,,](Cdi,3
Chata). Notice that this is a smaller pedestal than in the
previous case where the drive voltage changed infinitely
fast. Also notice that thers is a V,, term in the pedestal
equation. This is a gain error.

Pedesta] errors are easy to deal with in the real world.
There are a number of easy ways to remaove offset errors.

filk LU A,.e.,.‘.zt...u LiFL .‘J =3

Vi j t
" Vout
. Cug Chotd

Fig. 8. Basic track-and-hold cirouit with real cornponents.



Gain errors are not necessarily bad either, since ideal gain
errors can be corrected with a comypensating gain stage.
But because Cy, is a semiconductor capacitance, it tends
to change value with the applied voltage. This leads to a
form of error called nonlinearity. In general, gain errors
that are caused by semiconductor capacitances (like that
calculated in the above paragraph} lead to nonlinearity
arrors. A track-and-hold circuit application that is affected
by nonlinearity errors is sampling a signal and calculating
its Fourier transform. Feedthrough and dielectric absorp-
tion ervors also are hard to deal with. Commenly, a different
track-and-hold architecture is used to achieve better linear-
ity, feedthrough, and dieleciric absorption performance:

Fig. 7 is a diagram of the track-and-hold architecture
used most often 1o achieve 16-bit or better resolution along
with 2-MHz bandwidths. In track mode the drive voltage
is — 15V, turning Q1 on. The cutput voltage is the inverse
of the input voltage. The inverse of the input voltage is
impressed across Cyq14 during track mode. When the drive
voliage is changed to + 15V, Q1 turns off and V ,, is held.

Fig. 7 has several advantages over Fig. 6. Since the switch
(Q1) is at a virtual ground point, the pedestal voltage is
constant with Vi, and equal to (30V)(Cyg/Cpeig}- This is
because the drain and source are always af zero so that
when (1 is turned off the same amount of charge is always
transferred to Cpoiq. Also, since no point on Q1 moves with
Vi, the FET does not contribute any dielectric absorption
errar terms.

Fig. 7 dees have fesdthrough error. It is equal to V2(Cyyf
Chotal. Theoretically this error could be substantially elimi-
nated if a second switch could he turned on after entering
hold mode to ground the junction of the two resisiors.
However, a real drawback of this circuit is that the op amp
171 has to have the same bandwidth and slew rate capabil-
ities as the signal being sampled. In the descriptions of
Figs. 5 and 6 it was mentioned that the buffer amplifier
need not have the same bandwidth as the signal being
sampled. So in summary, Fig. 7 eliminates some of the
errors of the previous circuits but introduces at least one
new limitation.

HP 3458A Track-and-Hold Architecture

Fig, 8 is a modification of Fig. & that has most of the
advantages and very few of the disadvantages of the previ-
outs circuits. Here the switch is implemented with two
n-channel JFETs and one p-channel MOS FET. In track
mode the JFETs Q1 and (32 are on and the MOS FET Q3
is off. Q1 and (2 are on because their gate-to-source volt-
ages are zero, since their gates track Vi,. Their gates track

Fig. 7. Conventional track-and-hold architecture.

V,, because in track mode point B is an open circuit and
CRi and CR2 act like resistances of about 1 k2. CR1 and
CR2 are current regulator dicdes, which are simply JFETs
with their gates wired to their sources. In hold mode, Q1
and Q2 are off and Q3 is on. Q1 is now off because point
B is now at — 15V and thus the gate of (1 is at ~ 15V, CR2
now appears as a current source of high resistance and the
gate of Q2 is clamped at about 7V below V,,, turning off
Q2. Q3 is on because its gate [point A) is at —15V.

In hold mode, feedthrough error is very low, since the
feedthrough caused by Cy,; is shunted into the ac ground
created by Q3's being on. Also, the pedestal error caused
by Cygq is constant for all Vi, since the gate of Q2isclamped
at 7V below V. Since V. is tracking V;, during track
mode (or will settle out to Vy, after hold mode is entered),
the pedestal error caused by Cyg, 18 (— 7V){Cyga/Chora) and
has no V,, dependent terms. Therefore it makes no differ-
ence to the linearity errors of the track-and-hold gircuit
whether Cyg, is nonlinear with bias voltage.

It is not so obvious that Gy, contributes almest nothing
to the pedestal errors and the nonlinearity errors of the
circuit, In addition to being a T-switch that reduces feed-
through errors in hold mode, Q1, Q2, and Q3 when
switched in the correct sequence act to remove almost all
of the pedestal errors caused by Cyg,. This is very important,
since Cg,; is nonlinear, and if its pedestal errors remained,
the linearity of the circnit would be no better than that of
Fig. 6. Q1 is selected such that its pinchoff voltage (Vo)
is greater than that of Q2. Thus, as point B is driven to
-15V, Q2 turns off before Q1. Once Q2 is off, the only
coupling path to Cyaq is through the capacitance Gy

Fig, 6 shows the various waveforms present in the circuit.
When Q1 is finally turned off, the voltage on C1 has a
pedestal error of (Vi, — 15V)(Cg/Cy). This pedestal
couples into G ga through Cy.z. The magnitude is (V;, ~
15V){Cyg1/C1 H{Cueo/Chiena)- Since Cygy 1s nonlinear and the
coupling has a Vi, dependent term, the pedestal on Cyoia
now has a nonlinear component. But after 1 and Q2 are
off, point A is driven to — 15V, turning (3 on. C, is now
connected to V., through the on resistance of Q3 and ap-
proaches the voltage V.. This voltage movement, which

P~ Vour

Track: B

h A= F15V
lons =1 MA £ Hold: B = —15V
A= ~15V

~15V

Fig. 8. HP 3458A track-and-hald architecture.
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@ Goes Low Q3 Turns On

Fig. 9. Waveforms in the circuit of Fig. 8.

is of the same magnitude as C,’s previous change but in
the opposite direction, couples into Gy, 4 through Cy,, and
totally removes the pedestal error previously coupled into
Cim!d thn}ugh CdsZ'

Another point that also might not be so obvious is that
(1, Q2, and Q2 do not contribute any dielectric ahsorption
errors to the track-and-hold circuit. Since in track mode
the drains, sources, and gates of Q1 and Q2 are at the same
potential (V,.), none of the FET capacitances has charge
on it befors it is put in hold mode. Therefore, the charge
transiferred to Gy, through the FET capacitances when
hold mode is entered is the same for any value or slew rate
of Vi, so it doesn’t matter whether the FET capacitances
have high dielectric absorption.

Summary
The performance of the HP 3458A with sinusoidal and
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nonsinusoidal inputs is known to be very good. The DMM
was tested against a synthesized arbitrary waveform
generator under development at the {J.5. National Bureau
of Standards which was capable of generating sine waves
and ANSI-standard distorted sine waves with an absolute
uncertainty of 10 ppm. The HP 3458A measured all of the
various test waveforms with errors ranging from 5 ppm to
50 ppm for 7V rms inputs from 100 Hz to 10 kHz.

The digital ac measurement capability of the HP 3458A
combines the best features of the traditional thermal and
analog computational ac rms techniques in addition to add-
ing several advantages of its own. Measurement accuracies
for digitai ac are comparabie io iftermali techniques for bath
sinusoidal (crest factor 1.4) and large-crest-factor non-
sinusoidal waveforms. Like analog computation, digital ac
reading rates are reasonably fast compared to thermal rms
techniques. The major advantages of digital ac include
linearity superior to traditional analog rms detection
methods and significantly faster low-frequency rms ac mea-
surements {less than six seconds for a 1-Hz input). Short-
term reading stability is excellent, allowing previously dif-
ficult characterizations io be performed easily.
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Calibration of an 8'2-Digit Multimeter from
Only Two External Standards

internal transfer standards and autocalibration simplify
external calibration and extend the period between external

calibrations to two years.

by Wayne C. Goeke, Ronald L. Swerlein, Stephen B. Venzke, and Scott D. Stever

the HP 3458A Digital Multimeter was to develop

a means for calibrating its measurement accuracies
from only two external reference standards. This is not
possible with the traditional design for a DMM, which
requires independent adjustment of the full-scale gain and
zero offset for each measurement range and function.

Calibration is a process in which individual gain and
offset values are adjusted, manually or electrenically, to
vield minimum error relative to an applied input, as shown
in Fig. 1. Gain and offset calibration values are generally
determined using precision ratio transfer measurements
relative to a smaller set of working standards whose errors
are directly traceable to national standards. In the United
States, standards are kept by the National Institute of Stan-
dards and Technelogy (NIST), formerly the National Bureau
of Standards (NBS). Dc voliages are often derived from a
1.018-volt saturated elactrochemical cell known as a Wes-
ton standard cell. The output voltage is divided, or other-
wise ratioed, to yield other traceahble values. For example,
the output would be divided by 10.18 to produce 0,1V.
The ratio transfer process is, in general, different for each
calibration value. It is prone to both random and systematic
grrors, which may propagate undetected into instrumenta-
tion through the calibration process. This calibration (or
verification) uncertainty will produce a “floor” measure-
ment error sometimes equal to or greater than the uncer-
tainty of the instrument alone.

The objectives for two-source calibration are to reduce
this floor uncertainty and to provide an independent
method to increase confidence in the overall calibration
process. The HP 3458A uses a highly linear analog-to-digi-
tal converter {ADJC) to measure the ratio between a trace-
able reference and its divided cutput. The ADC performs
the function of the precige ratio transfer device,

O NE OF THE EARLIEST PRODUCT CONCEPTS for

Sources of Error

The errors in any ratio measurement can be divided into
two general types: differential errors {D) and integral errors
(I). A differential error is a constant percent ef full scale
and is independent of the input. These errors are handled
like dc offsets. An integral error is a function of the input,
and the relationship is usually nonlinear. These errors are
generally thought of as gain errors, The maximum total
error can be expressed as:

E,(x) = I{x/100%]} + D,

where x is the input to the ratio device and E;(x] is the
error, both expressed as a percent of full scale. The general
form of the error bound is shown in Fig. 2.

What is of concern is the error in the output or measured
value expressed as a percent of that value. Expressed in
this form, the maximum error is:

Enfx} = 1 + D{100%/x},

Where E,{x} is the total error in the output or measured
value expressed as a percent of x. The general form of this
grror bound is shown in Fig. 3. For ratios less than one,
the total error is dominated by the differential errors of the
ratio transfer device. Since the differential error term is
equal to the differential linearity error multiplied by one
over the divider ratio, this srrer grows to infinity as the
divider ratic grows smaller.

HP 3458A Uncertainty

The design goal for the HP 3458A DMM was for internal
ratio transfer errors to be equal to or lower than those
achievable with commercially available external ratio di-
viders. This set the total ratio measurement error (linearity}
requirement for the ADC for a 10:1 transfer to approxi-
mately 0.5 ppm of output or 0.05 ppm of input.

Fig. 4 illustrates the integral and differential linearity
achieved with the HP 3458A ADC design. The test data
was generated using a Josephson junction array intrinsic
voltage standard (see “Josephson Junction Arrays,” page

Calibrated

Uncalibrated

Output {y}

Input {x}

Fig. 1. Calibrated and uncalibrated gain and offset in & mea-
surernerit.

17



Lin 2arity Error as Percent of Range

Percent of Hange

Fig. 2. Linearily error as a percent of range

24), Fig. 4a shows typical deviation fram a straight line for
the input voltage range from minus full scale to plus full
scale expressed in ppm of full scale. This expresses the
test data in a form dominated by the integral linearity ef-
fects. Integral error less than 0.1 ppm of full scale was
achieved. Fig. 4b shows typical test data expressed as ppm
of reading {foutput). This data indicates differential linearity
erzor less than 0.02 ppm of reading. For a 10:1 ratio transfer
the predicted error would be approximately I -+ 10D or 6.3
ppm. Fig. 4c shows measured data, again using a Josephson
junction array standard to characterize the error at 1/10 of
full scale relative to a full-scale measured value. The data
indicatas a 10:1 ratio error of .01 ppm of the input or 0.1
ppm of the measured (output) value. Thisrepresents typical
results; the specified 3o ratio transfer error is greater than
0.3 ppm. Measurement noise contributes additional error,
which can be combined in a reot-sum-of-squarss manner
with the linsarity errors.

Offset Errors

Linear measurement errors in a DMM are of two general
types, offset errors and gain errors. Offset error sources
include amplifier offset voltages, leakage current effects

% integral

Linearity Error as Percent of Reading

Percent of flange

Fig. 3. Linearity error as a percent of reading.
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(IR}, and thermocouple effects generated by dissimilar met-
als used in component construction or interconnection,
Fig. 5 shows a simplified schematic of the dc measurement
function. Switches 81 and 82 are used to provide a zero
reference during each measurement cycle. Offset errors
common {o both measurement paths, for example the offset
voltage introduced by amplifier A1, are sampled and sub-
tracted during each measurement sequence. This is referred
to as the autozero process.

Correction of the remaining offset error is achieved by
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Fig. 4. Results of HP 3458A linearity tests using a Josephson
junction array. (a) Seven passes and the average resuit for
lingarily error characterization. {b) Differential linearily charac-
teristic. (¢} Linearily error for an inlernaf 10:1 ratio transfer.



A Josephson junction is formed by two supercanductors sepa-
rated by a thin insulating barrier. When cooled to liquid helium
temperatures (4 2K}, these devices exhibit very complex non-
finear behavior that has led to a wide range of applications in
anaiog and digital electronics. A quantum mechanical analysis
shows that these junctions generate an ac current whose fre-
quency is related to the junction voltage by the relationf = 28Vih
where e is the electron charge and h is Planck’s constant. When
the junction is drivens by an ac current the effect operates in
reverse. The junction oscillation: phase locks to the applied ac
current and the junction voltage locks to a value V = hff2e. This
phase iocking can also cocur between harmonics of the applied
ac curfent and the Josephson osciflation. Thus, the junction I-V
curve displays a set of constant-voltage steps {Fig. 1) at the
voltages V = nhif2e, where n is an integer. The dJosephson junc-
tion thereby pravides a means of transtating the inherent acou-
racy of the frequency scale to voltage measurements,
~ In July of 1972 the Josephson effect was adopted as the del-
inition of the U.S. legal voit. For the purpose of this definition the
quantity 2e/h was assigned the value 483503.42 GHz/V. Since
ther, tests of the Josephson veltage-lo-frequency relation have
verified its precision and independence of experimental condi-
tions to the level of a few parts in 10"}

The Josephson voltage standards of 1972 had only one or two
junctions and could generate voltages only up 1o about 10 mV.
This low voltage required the use of a complex voltage divider
to calibrate the 1.018Y standard cells used by most standards
laboratories. To overcome the limitations of these low voltages,

Josephson Junction Arrays

L

Voliage Step Present
under RF Excitation

’/

o } t + } } ¢
0 1 Voltage (5V/Div)

Flg. 1. Partial -V curve of an 18,892-junction Josephson junc-
Hon array without RF excitation. Also shown is a typical I-V
curve under 75-GHz excitation, which is a constant-vollage
step at a voltage V = nhli2Ze. The voltage V is between — 12V
and + 12V, and is determined by controlfing the bias current
and source impedance to select the value of n.

Cuarrent {50 uA/Div)

researchers at the U.S. Nationat Institute of Standards and Tech-
nology (formerly the Nationat Bureau of Standards), and PT8 in
West Germany have developed superconducting integrated cir-
cuils that combine the voltages of several thousand junctions.
The most complex of these chips uses 18,992 junctions to gen-
erate 150,000 constant-voltage steps spanning the rangs from
- 12V to +12V (Fig. 2}. The chip uses & finline to collect 75-GHz

providing a copper short across the input terminals. A re-
ference measurement is taken and the measured offset is
stored, Values are determined for each measurement func-
tion and range configuration. The offset is subtracted from
all subsequent measurements. The HP 3458A performs all
zero offset corrections by automatically sequencing through
each of the required configurations and storing the appro-
priate offset correction during the external calibration pro-
cess. These offsets are the b term in the linear equation
y = mx -+ b, where y is the calibrated output result and »
is the internal uncalibrated measurement. These calibrated
offsets can be made small and stable through careful printed
circuit jayout and component selection.

Gain Errors

Gain errors in a DMM result from changes in amplifier
gains, divider ratios, or internal reference voltages. Each
gain term exhibits a temperature coefficient and some finite
aging rate, and can potentially change value following ex-
posure to high-humidity environments or severe shock or
vibration. Periodically, known values close to the full scale
of each measurement function and range are applied to the
DMM to calibrate the gain ratio m such thaty = mx + b
is precisely equal to the known input value, y, However,
even after gain calibration, a DMM can easily be exposed
to conditions that may introduce new errors. The HP 3458A
DMM implements a special method for self-adjusting all
instrument gain errors and many offset errors relative to
its own internal references.

DC Calibration

Calibration of the dc function begins by establishing
traceability of the internal voltage reference. The internal
7V Zener reference (see ‘A High-Stability Voltage Refer-
ence,” page 28) is measured relative to an externally applied
traceable standard. A traceable value for this internal refer-
ence is stored in secure calibration memory until the next
external calibration is performed. Next, the gain of the 10V
range is determined by measuring the internal 7V reference
on this range. The gain value is stored in secure autocali-
bration memory. This gain value can be recomputed at any
time by simply remeasuring the internal 7V reference. The
stability, temperature coefficient, and time drift errors of
the internal 7V reference are sufficiently small (and speci-
fied) compared with other gain errors that remeasurement
or autocalibration of these gains will yield smaller measure-
ment errors in all cases. Adjustment of the full-scale gain
values of all other ranges relies on the precise ratio measure-
ment capabilities of the HP 3458A ADC as demonstrated
in Fig. 4c. For the 1V-range gain adjustment, the traceable
internal 7V reference is divided to preduce a nominal 1V
output. The exact value of this nominal 1V is meagured on
the previously adjusted 10V measurement range at approx-
imately 1/10 of full scale. The measured value, a ratio trans-
fer from the internal 7V reference, is used io adjust the
gain of the 1V range of the dc voltage function, This gain
value is again stored in secure autocalibration memory.
Neither the precise value nor the long-term stahility of the
nominal 1V internal source is important. The internal 1V
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Fig. & i layual fon dn T8,554-
Junction voltage standard array
capable of generating voltage
steps in the range of —12V fo
+ 12V. The horizontal ines repre-

sent 18 siriplines, each of which
passes through 1187 junctions.
The junctions are too small o be

= 19 mm

power from a waveguide and direct it through a set of power
splitters to 16 striplines, each of which passes through 1187
junctions A netwark of high-pass and low-pass filters aliows the
microwave power to be apphed in paraliel while the de voltages
add in series.?

In operation, the array is cooled to 4.2K in a lkquid-helium
dewas. A Gunn-tiode source at room temperalure provides the
required 40 mW of 75-GHz power. |t Is possible to select any
one of the 150,000 constant-voltage steps by controfling the bias
current level and source impedance. A contingous voltage scale
can be obtained by fine-tuning the frequency. The accuracy of
the vollage at the array terminais is equal to the aceuracy of the
time standard used to stabilize the Gunn-diode source. Actual
calibrations, however, are limited by noise and thermal voltages
fo an accuracy of a few parts in 10°.

The ability fo generate exactly known voltages between — 12V
and -+ 12V can eliminate the problems and uncertainties of poten-

~|  distinguished on this drawing.

tiometry fram many standards faboratory functions. For example,
Josephsan array standards make it possible to perform absolute
calibration of volimeters at levels between 0.1V ang 10V without
the uncertainty of a resistor ratio transfer from standard celis.
Another application is the measurernent of voitmeter linearity with
an accuracy higher than ever before possibile.

Reforences

1. RL Kaulzand¥ L. Lloyd, "Precision ol Sedes-Array Josephson Voltage Standards,”
Appliad Physics Lellers, Vot 51, no. 24, December 1987, pp. 2043-2045.

2 FL Uoyd. CA. Hamiton, K. Chieh, and W. Goeke, "A 10-V Josephson Voltage
Standard,” 1988 Conference on Precision Eleclomagnetic Measurernents, June 1988,
Tokyo.
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source must only be stable for the short time required to
perform the two measurements of the transfer.

Each of the remaining dc voltage ranges is automatically
gain adjusted relative to the internal 7V reference through
& similar sequence of full-scale-to-1/10-full-scale transfer
measurements. All gain errors can then be readjusted rela-
tive to the internal reference to remove measurement errars
at any later time. The only gain error that cannot be adjusted
during autocalibration is the time and temperature drift of
the internal 7V reference.

Ohms and DC Current Calibration

Calibration of the ohms functions is similar to that of
the dc voltage function. Traceability for the internal 40-k0}
reference resistor is established first. The internal reference
resistor is measured relative to an externally applied trace-
able 10-kf) standard resistor, The traceable value for this
internal reference is stored in secure calibration memory
until the next external calibration is performed. Resistance
measurements are made by driving a known current 1
through an unknown resistance R and measuring the resul-
tant voltage V. The unknown resistance value R is com-
puted from Ohm’s law, R = V/I. Since the dc voltage mea-
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surement function has been previously traceably adjusted,
only the values of the ohms current sources (I) need be
determined to establish calibration.

Adjustment of the ohms current source values begins by
applying the nominal 100-microampere current source (10-
k( rangej to the traceable 40-kQ) internal resistance stan-
dard. The value of the current source is computed from
the traceable measurements and stored in secure autocali-
bration memory. The 100-uA current source can be remea-
sured (autocalibrated) at any time to correct for changes in
its value. Residual errors in this autocalibrated measure-
ment are reduced 1o those of the internal reference resistor
and the autocalibrated error of the 10V de voltage range—
essentially the drift of the internal voltage reference. For
resistance measurements, only drift in the internal resis-
tance refersnce will affect measurement accuracies. The
gains of the voltage measurements V and the current
sources I, which are derived from the internal voltage refer-
ence, will also change as this reference drifts, but the com-
putad value for R is not affected since the V/ ratio remains
unchanged.

The known 100-uA current, its value determined in the
previous step, is next applied to an internal 5.2-k0 resistor



{an internal 10-to-1 ratio transfer measurement). The value
of this resistor is determined, again from Ohm'’s law. This
new resistor R is computed (R = V/I} from the 100-pA
current previously determined relative to known traceahle
standards and the previously calibrated dc voltage func-
tion. The value of this resistor is stored in autocalibration
memory. This resistor is actually the 10-xA dc current
function shunt resistor. With the shunt resistor R traceably
determined, traceable dc current measurements can be
computed from Qhm's law, I = V/R.

Now that the 5.2-kQ} internal shunt resistor is known,
the 1-mA ohms current source (1-kQ) range] is applied and
its value comnputed as a ratio relative to the 100-uA current
source value. The 1-mA current source value is stored in
autocalibration memory. This combined ohms current
source and dc current shunt resistor ratio transfer pracess
continues until all six currents and all eight shunt resistors
are known relative to the two external standards.

As we set out to show, all gain errors for dc voltage,
ohms, and dc current measurements have been traceably
adjusted relative to only two external standard values: 10V
dc and 10 k(). Table I summarizes the HP 3458A errars for
the internal ratio transfer measurements described so far.

Table |
Internal Ratlo Transfer Errors
External 10Vdc — Internal 7V 0.03 ppm
Internal 7V - 10V de 0.02 ppm
10V de — 1Vde 0.33 ppim
External 10k -» Internal40kQ  0.30 ppm
internal 40k - 100 A 0.15 ppm
Internal 40k — Internal 5.2k}  0.50 ppm
100 pA — 1mA Q.50 ppm

Additional Errors

Gain and offset variations are the dominant sources of
measurement error in a DMM, but they are by no means
the only sources of error. Measurement ervors are also pro-
duced by changes in leakage currents in the input signal
path. These may be dynamic or quasistatic leakages. A
more complete schematic of the input circuit of the HP
3458A is shown in Fig. 8. Recall that switches S1 and 82

H Vos N )
AM-—oro- @ Anafogto-
s1  Digital
Vin Converter
” “ORVErEr
R

810 Vin + Vg
52: 0+ Vg
Resull: (Vin + Vag) ~ (0 + Vos) = Vin

Fig. 5. Simplified schematic of the d¢ voltage measurement
function.

are used to null the dc offsets of amplifier A1 and its input
bias current. However, the capacitance C1 causes an error
current [, to flow when S1 is turned on. This current,
sourced by the input, generates an exponentially decaying
error voltage I, (R + R;). If R, is large, as it is for ochms
measursments, significant measurement errars can result.

These errors can be reduced by providing a' substitute
source {shown in the shaded section of Fig. 6) to provide
the charging current for the parasitic capacitance C1.
Amplifier A2 follows the input voltage so that when switch
53 is turned on between the S2 and $1 measurement
periads, C1 will be precharged to the input voltage. Second-
order dynamic currents flow because of the gate-to-drain
and gate-to-source capacitances of the switches, which are
FETs. The HP 3458A performs complementary switching
to minimize these effects. During an autocalibration, the
offset of buffer amplifier A2 is nulled and the gain of the
complementary switching loop is adjusted to reduce errars
further.

High ohms measurements are particularly sensitive to
parasitic leakage currents. For example, 10 ppm of error
in the measurement of a 10-M{} resistor will result from a
change of 5 pA in the 500-nA current source used for the
measurement. Over the 0°C-t0-55°C operating temperature
range a 5-pA change can easily accur. During autocalibra-
tion, which can be performed atany operating temperature,
several internal measurements are perforined with various
hardware configurations. The results are used to solve
simultaneous equations for leakage current sources. Know-
ing these leakage currents allows precise calculation of the
ohms current source value for enhanced measurement ac-
curacy.

Many other errors are also recomputed during autacali-
bration. Autocalibration can be performed in its entirety
or in pieces (dc, ohims, or ac) optimized for particular mea-
surement functions. The dc voltage autocalibration, for
example, executes in approximately two minutes. The au-
tocalibration process for the ohms functions, which also
calibrates the dc current function, takes about eight minutes
to complete. If the user is only concerned with correcting
errors for de or ac measurements, the chims autocalibration

Anslog-to-
Digitat
Converter

Fig. 6. A more complele schematic of the HP 3458A jnput
circuit.
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sequence can be omitted to save time.

AC Fregquency Response Calibration

The goals for self-calibration of the HP 3458A extended
beyond the dc measurement functions. Just as the concept
of sampling a signal and digitally computing its true-rms
value goes against traditional DMM methods, so does the
idea of adjusting the frequency response and gain of an ac
voltmeter without applying external ac calibration sources.
Normally, the first step in the calibration of an ac voltmeter
would be to adjust the instrument for constant gain at all
frequencies, This frequency flatness correction is generally
performed by manually adjusting either resistive or capaci-
tive circuit cormponents. Resistive components usually de-
termine gains at lower frequencies and capacitive compo-
nents usually determine gains at higher frequencies. The
frequency response characteristic of the HP 3458A ac mea-
surement function is dominated by five compensaied RC
divider networks, which are used to condition the input
signal for each measurement range. The gain-versus-fre-
quency characteristic of an RC aftenuator circuit is shown
in Fig. 7. When the attenuator is properly compensated
{ry = 75}, the resulting divide ratio is a frequency indepen-
dent constant determined solely by the resistive elements.

It can be shown using Fourier transforms that if the input
to a linear circuit is a perfect voltage step and the output

Approximately
10 k&

Volts

of the same circuit is also a perfect voltage step, then the
circuit transfer function is constant with frequency. The
hardware used to implement the digital ac measurement
technique of the HP 3458A is also used to sample a step
output of the RC attenuator. The sampled data is used to
compensate the internal RC divider networks for flat gain
versus frequency without external inputs,

A simplified schematic for the 10V ac measurement range
is shown in Fig. 8. The active compensation of the divider
network is achieved by generating a “virtual trimmer”’ cir-
cuit element to allow the adjustment of the divider time
constants. The tmmmer is a pragrammab!e—gam bootstrap

gisigil
amphf:er aliows control of the veltage across R1, effectively
varying K1's value. The resistive divider ratio can be elec-
tronically servoed to match the fixed capacitive divider
ratio given a measurable etror functicn. The servo error
signal is generated by applying an extramely square voltage
step to the network. The step output is sampled at least
twice. An amplitude difference between samples indicates
the presence of an exponential component resulting from
miscompensation of the attenuator. The digitally con-
trolled loop servaos the difference signal to adjust the virtual
trimmer to achieve precise cancellation of frequency de-
pendent errors. Sample times can be optimized for
maximum sensitivity to the attenuator time constant RC,
thus impraving servo-loop rejection of second-erder time
constants resulting from capacitor dielectric absorption or
other parasitic effects,

Sampling of the voltage step uses the same internal tools
required to perform the digital ac measurement function.
The flatness autocalibration voltage step is sampled with
the integrating ADC configured for 18-bit measurement res-
olution at 50,000 conversions per second. An internal pre-
cision sampling time base is used to place samples with
100-ns resolution and less than 100-ps time jitter. Fig. ¢
shows the range of attenuator output waveforms present
during frequency flatness autocalibration. When the at-
tenuztor is compensated correctly, the output waveform
will closely resemble an ideal voltage step as shown. Test
data has shown that the autornated compensation yields
less than 50 ppm of frequency response error from dc to
30 kHz. Autocalibration of the frequency response will
correct for component changes caused by temperature,
humidity, aging, and other drift mechanisms. Correction
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Autocallbration in the HP 3458A Digital Multimeter is a process
of transferring the gain accuracy of a single voltage reference
o all measurement gains. The design geal for the internal refer-
ence of the HP 3458A was to provide long-term stabitity and
temperature stability comparable to external standards that
would normally be used to cafibrate an BVe-digit muitimeter.
These goals were achieved by using a temperature-stabilized
solid-state Zener reference. Without temperature stabilization,
the Zener's voltage drift with lemperature is approximately 50
ppm/~C. A proportional termpetature control loop senses the chip
temperature of the reference device and reduces this drift to less
than 0.15 ppmrC.

The long-term drift of each voltage reference agsembly is mea-

B Mean Drift
& Mean + 3-sigma Drift

1Drift] (ppmy

A High-Stability Voltage Reference

sured by an automated drift monilaring and screening process.
Reference assemblies, inchuding the temperature controller, are
menitored until the aging rate is shown to be less than the 8
ppm/yr stabllity requirement of the HP 3458A. Summarized test
data for a number of 8 ppmlyr reference assembiies is shown
in Fig. 1. Monitoring the references for additional time allows the
selection of assembiies that exiibit aging rates less than 4 ppmfyr
for the high-stability option.

David E. Smith
Deveiopment Engineer
Lovetand Instrument Division

g t 1 b }
1] 30 &0 a0 1264
Days Since Shipment

Fig. 1. HP 3458A intermal voftage
reference drift distribution,

of these errors allows a single specification to apply for
extended operating conditions.

AC Gain Callbration

Once the frequency flatness characteristics are adjusted,
the second step of calibration can be completed, Gain cor-
rection for the measurement must still be achieved. In Fig.
7 it can be seen that when frequency compensation is
achieved, the atfenuator gain can he established equally
well at any frequency as long as the calibration signal
amplitude is precisely known. Adjustment of the circuit
gain using a dc signal is convenient since a traceably cali-
brated dc voltage reference and a d¢ voltage measurement
function are available, Gain adjustment of the ac measuore-
ment function using known de voltages allows complete
autocalibration of ac measurement accuracy in much the
same manner as the dc voltage measurement function.

Several mechanisms can limit the accuracy of a de gain
adjustment. Do offsets or turnover errors can be minimized
by performing gain adjustment calculations using known
‘positive and negative voltages. Errors caused by white noise

are reduced by averaging 40,000 samples for each voltage
measurement made through the wide-bandwidth track-
and-hold circuit. Low-frequency 1/f noise is minimized by
chopping these 40,000 readings into groups of 1000, each
group sampling alternating polarities of the known internal

Fig. 9. The range of attenuator output waveforms present
during frequency flatness compensation. The oufput
waveform closely resembles an ideal vollage step when com-
pensation Is correct.
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dc calibration voltages. This voltage chop is performed at
a fast enough rate to achieve maximum canceliation of the
1/f noise voltage. A final error mechanism results from
alissing of internal spurious signals. The internal 10-MHz
clock signal tends to be present in small amounts every-
where. The ac signal path and the track-and-hold circuit
{2-ns sample aperture} each have sufficient bandwidth o
couple the internal clock into measurements. If the sample
spacing is a multiple of the 100-ns clock period, the internal
spurious clock will be aliased or mixed down to contribute
a dc offset in the measurement. A 100-pV-peak spurious
clock signal can lead directly to 2 100-2£V error in measuring

a! Ar ralibration siemal Ao shanm in Tia 10 Tha
SIOTY DTS

HP 3458A uses a random sampling time base mode during
this calibration sequence. The time base generates ran-
domly spaced sample intervals with a resolution of 10 ns.
The chopped groups of random samples, 40,000 in all, are
averaged together to obtain the net gain of the divider,
Errors caused by dc offsets, white noise, 1/f noise, and
clock aliasing are reduced using this internal calibration
slgorithm. Gain calibration of the ac measurement function
relative to the internal de reference is accomplished with
less than 10 ppm error for intervals extending to twe years.
The residual de gain calibration error will Yimit the absolute
measurement acouracy for low-frequency inputs.

b i

Additional Errors

Besides adjusting the frequency response and gain of
gach ac measurement range, other corrections are per-
formed during autocalibration. Offset voltage corrections
are determined for each ac amplifier configuration. The
offset of the analog true-rms-to-dc converter is determined.
The offset of the analog trigger level circuit is nulled. Inter-
nal gain adjustments for various measurement paths are
performed. For example, the track-and-hold amplifier gain
is precisely determined by applying a known de voltage

100 gV

Voltage

a)

abs

b)

Fig. 10. (2) Using the clock-derived time base, a 100-u¥
spurious clock signal can lead directly 1o a T00-uV error in
measuring the internal dc calibration signal, {b) The HP 34584
uses a random sampling time base mode fo efiminate this
E170r SOUfCE.
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and measuring the output in track mode using 7%%-digit
internal dc measurements, A gain ratio is computed using
this measurement and the hold mode gain is determined
by averaging 40,000 samples using the 6-us, 50,000-read-
ing-per-second, 18-bit conversion mode of the integrating
ADC. This gain is critical to the accuracy of the digitally
computed rms ac voltage function and to the wideband
sampling functions. Ac current measurements use the same
shunt resistors as the dec currents, A differential amplifier
is used to sample the voltage across the shunt resistors for
ac current measurements, and the gain of this amplifier is
computed during autocalibration,

Ac arasult of antnpalibroting tha 2r mapsurement aceu.
racy of the HP 3458A is unchanged for temperatures from
0°C to 55°C, for humidity to 95% at 40°C, and for a periad
of twa years following external calibration. Execution of
anly the ac portien of the autocalibration process is com-
pleted in approximately one minute. ‘

Summary

Twao-source calibration of a state-of-the-art digital mul-
timeter provides several benefits;
8 Increased process control within the standards labora-

&)

Fig. 11. {a) Traditional calibration chain for dc and ac voltage.
{b) HP 345BA calibration chain, showing the increased verifi-
cation confidence that resulls from internal calibration.



tory through the independent ratio transfers of the DMM
# Reduced calibration time
® Increased measurement accuracies inreal environments
# Increased confidence through complete self-testing,

The greatest benefit of two-source calibration is seen not
by the inetrument end user but by the calibration facility
supporting those instruments. Fig. 11 shows the normal
instrument and two-source calibrated instrument iraceabil-
ity chain. When verifying the results of the two-source
calibration process, the metrologist now has the indepen-
dent checks of the HP 3458A to catch inadvertent human
errors in the normal process. Techniqus, cabling, and other
instruments used in the generation of calibration values
are no longer open-leop errors that may propagate through
a calibration laboratory, Two-source calibration can {den-
tify errars anywhere within the traceability chain, from
primary standards to final values,

The HP 3458A autocalibration procedures are also per-
formed during the instrument self-test, which takes about
ene minute, The only difference is reduced averaging of
the internal results for faster execution. Also, the resulis
are not retained in memory afterward, The self-test proce-
dures perform highly accurate measurements on each range
of each function, thereby providing a comprehensive
analog and digital confidence test of the system.
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Design for High Throughput in a System

Digital Multimeter

High-speed customn gate arrays, microprocessors, and
supporting hardware and a substantial investment in
firmware design contributed to the design of the HP 3458A

DMM as a system for moving data efficiently.

by Gary A. Ceely and David J. Rustici

types of products have learned that high test system

throughput is vital to maintaining production ca-
pacity. As a primary component of automated test and data
acquisition systems, the system digital multimeter (DMM])
has become a major factor in determining system through-
put. A DMM must not only be able to take and transfer high-
speed bursts of readings, but must also have the ability to
reconfigure itself quickly when measuring several different
parameters in rapid succession.

Historically, DMM performance has been hindered by a
number of factors, such as relay switching times, ADC con-
version delays, and the limited processing power of early-
generation microprocessors. In addition to controlling the
ADC hardware, taking and transferring readings, and pars-
ing commands, the microprocessor has been saddled with
scanning the front-panel keyboard, updating the display,
and pelling various peripheral ICs to monitor and update
status information. Increasing demands on the capabilities

M ANUFACTURERS OF ELECTRONIC and other

of firmware written for these machines have only com-
pounded the problem. Adoption of more English-like pro-
gramming languages has added greatly to both bus over-
head {because of the length of these commands) and parsing
time, which formerly was & minor facter.

Another performance limitation in systern DMMs has
resulted from the need to make floating measurements, that
is, measurements referenced to the LO terminal instead of
earth ground. Since the LO terminal may be raised to a
potential several hundred volis above ground, the ADC
hardware must also float with this voltage, The problem
here is that the HP-IB (IEEE 488, IEC 625), and therefore
the hardware that interfaces to it, is earth-referenced, re-
quiring that the ADC hardware be isolated from the control-
ling microprocessor. In many cases, the ADC hardware is
designed around a second microprocessor which com-
municates with the main microprocessor via an isolated
serial link, forming a bottleneck in high-speed ADC pro-
gramming and data transfers.

Gate Array

Input

Fig. 1. HP 3458A Digital Mullimeter system block diagram.
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Considering the history of DMM performance, it becomaes
obvious that the design of the instrument as a system in
itself is critical to the performance of the surrcunding auto-
matic test system as well. Two key design goals for the HP
3458A were that it be able to reconfigure itself and take a
reading 200 times per second, and that it be able to take
and transfer readings {or store them internally) at a burst
rate of 100,000/s. To achieve these goals, system desigr for
the HP 3458A focused on expediting the flow of data
through the instrument, both in the hardware and in the
firmware.

Design Overview

A simplified block diagram of the HP 3458A is shown
in Fig. 1. Like previous designs, the DMM is divided into
two sections, inguard and outguard, which cerrespond to
the hardware inside and outside of the guarded {isolated)
section of the DMM. In this design, however, the bottleneck
of the serial interface between the two sections is overcome
by the use of a high-speed (5 Mbits/s) fiber optic data link
and custom gate arrays on each end to decode and buffer
received data.

Performance features on the outguard side include an
&-MHz MC68C000 main processor, high-speed RAM and
ROM (requiring no wait states from the processor), a sepa-
rate 80C51 microprocessor to centrol the front-panel inter-
face, and a programmable timer used as an operating system
clock. This represents a significant upgrade in the outguard
hardware over previous 6800-based designs, and not anly
yields faster execution of instructions, but alse frees the
main pracessar from polling peripherals, since all YO and
interprocessor communications are now interrupt-driven.
Additional gains are realized through the use of a double-
buffered HP-1B inpu? scheme {the parser reads data from
one buffer while an interrupt service routine fills the other)
and a hardware HP-1B output buffer, which allows the main
processor to write data to the HP-IB in words (16 bits)
instead of bytes (8 bits).

Outguard RAM is divided into three sections: an EEPROM
for storing calibration constants, standard RAM {non-
volatile), and optional RAM ({volatile), Calibration RAM is
distinct from the rest of RAM hecause it is protected from
accidental overwrites by a hardware mechanism that alsa
makes writing to it vather slow. Standard RAM is divided
into prograrm memory, reading memory (10K 16-bit read-
ings}, state storage, and system overhead (stacks, buffers,
etc.). Nonvolatile RAM is used here to protect stored instru-
ment states, subroutines, and user key definitions. Optional
RAM is available only as additional reading storage (64K
readings),

Inguard hardware is also under microprocessor conirol
(an 80C51, in this case), but the heart of the inguard section
is a 6000-gate, 20-MHz CMOS gate array. Functions per-
formed by the gate array include communications with the
outguard section through a custom UART, trigger logic con-
trol, analog-to-digital conversion, and communications be-
tween the UART and other pdrts of the inguard section.
Shift registers are incorporated to minimize the number of
interconnections between the gate array and other inguard
circuits (the ADC, the ac and dc front ends, and the trigger
control logich Five shift registers containing 460 bits of

information reduce the number of interface lines to just
three per cireuit. Communications are directed by the pro-
cessor, which alsa interprets messages sent from the out-
guard section and generates response messages (see "Cus-
tormn UART Design,” page 36.

Firmware Structure

The division of tasks between the inguard and outguard
processors is based on the need to minimize the flow of
messages between them, Inguard firmware is responsible
for controlling the ADC measurement sequence, controlling
the trigger logic during measurements, and directing con-
figuration data to the other inguard circuits. Outguard
firmware responsibilities are as shown in Fig. 2. Primary
functions, such as parsing, command execution, display
updating, and keyhoard input are performed by separate
tasks under operating system control. Other functions, such
as HP-IB VO and interprocessor communications, are inter-
rupt-driven, are coded in assembly language for maximum
speed, and communicate with the primary tasks via signals
and message exchanges. High firmware throughput is
achieved by focusing on optimization of time-intensive
tasks, such as data transfer and manipulation, parsing and
execution of commands, task switching overhead, and the
measurerents themselves,

Fig. 3 shows the flow of data through the HP 34584,
Data flow is divided into two main paths: the input path
for messages received from the controller, and the output
path for measurements generated by the instrument. When
a controller sends a command such as bev 10, the data flow
is from the controller to the HP 3458A through the HP-IB.
The HP-IB handier accepts incoming data and passes it on
to the outguard processor's parser, which interprets the
command and then passes control to an execution routine.
After determining the necessary actions, the execution
routine sends state change data to RAM and inguard-bound
messages to the UART. Messages sent to the inguard section
are of two types: measurement messages, which control
the type of measurement {e.g., dc voltage or ac voltage),
and configuration messages, which define the state of the
front ends and the ADC and timer control circuits, Data is
received by the inguard UART and passed to the inguard
pracessor, which parses the message and either acts upon
it or directs it through the communication controller to
ane of the other inguard circuits. Once the configuration
phase is complete, the ADC is ready to take a reading, and
throughput becomes a matter of getting the reading out of
the instrument quickly. Referring again to Fig. 3, the output
data path is from the ADC to the inguard UART, through
the fiber optic link, and on to the outguard processor. The
processor performs any required math and formatting op-
erations, and then directs the data either to reading storage
or to the HP-IB.

Data Input, Configuration, and Measurements
Programming commands coming in over the HP-IB are
received and buffered by an interrupt service routine,
which in turn signals the HP-IB parser/execution task. The
interrupt code is designed to continne reading characters
from the HP-IB chip as long as they continue to come in
at a rate of 100 pus/character or faster. In this manner, an
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Firmware for the HP 3458A DMM was developed on four HP
90090 Compuiters (Modeis 320 and 350) under the HP 64000-UX
microprocessor development environment. Each system was
fully equipped to operate as an independent developmernt sia-
tion, and the systems were nelworked to facilitate transfer of
code revisions (see Fig. 1). Afifth station was used for consoiidat-
ing code modifications to be {ested using a prototype HP 3458A
and the HP 3458A production test system After passing an ex-

_ \EEE B02.3 LAN

Firmware Development System

tensive hattery of tests, code was released in EPROM form far
other protatype instruments.

Firmware tasks were divided along lines intended {o minimize
interdependence between the designers. The areas of responsi-
biiity were (1} measurements and calibration, (2) digitizing, (3}
data processing, formatting, and storage, and (4) parsing, VO,
and operating systemn overhead. Fig. 2 shows a breakdown of
the amount of obiect code generated by various modules. Al-

&

SHM Network

Fig. 1. HP 3458A firmware de-
velopment and QA regression les(
systerns.

entire command or string of commands can be read in
during a single invocation of the interrupt routine, thereby
generating only one signal to the parser tagk. In reality, two
input buffers are used: one that is filled by the interrupt
routine, and another that is read by the parser task. After
the interrupt routine signals the parser that data is present
in one buffer, that buffer helongs to the parser task, and
the other buffer is used for the next command that comes
in. When the parser empties a buffer, that buffer is freed
for later use by the interrupt routine. Using two buffers
simplifies pointer manipulation so that data can be read
in and passed to the parser gquickly.

To maximize the flow of data to the HP-IB parser/execu-
tion task, the instrument must first be programmed to an
idie state {e.g., using TARM HOLD). This allows the operating
systemn to keep the HP-IB parser task active so that no task
switching is necessary when an HP-IB command is re-
ceived. The parser is a table-driven SLR (simple left-right)
design, with all critical components coded in assembly
language. Simple commands can be parsed in as little as
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1 ms; longer commands take as much as 3 ms. For a further
increase in system throughput, command sequences can
be stored as subprograms, in which case they are first com-
piled into assembly language by the parser/code generator.
Executing command sequences in this fashion eliminates
most of the overhead of bus /O and parsing and allows
the HP 3458A to perform reconfiguration and trigger oper-
ations almost twice as fast ag the same sequence with indi-
vidual commands {340/s instead of 188/s).

In many situations, the HP 3458A will be reconfigured
for a different measurement setup with each test, which
may include only one measurement. The setup changes in
these cases may take more time then the measurement, so
the configuration time must be minimized. Ta perferm 180
reconfigurstion and trigger operations per second, the in-
strument must be able te transfer, parse, and execute a
command in slightly over 5 ms. Of this total, several
hundred microseconds are spent in hus transfer and system
overhead, and up to 3 ms may be spent parsing the com-
mand. Given that an additional several hundred microsec-
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together, over 28,000 iines of C code were writlen, tepresenting
roughly 80% of the 356K byles of object code generated. The
remainder {12,000 lines) was wrilten in 68000 assembly lan-
guage.

Ouring the most intense period of firmware development, code
revisions were released on a weekly basis. To ralieve the firmware
team of the ime-consuming task of generating and testing code
revisions, a fitth team member was given this responsibility.
Firmware designers uploaded source code weekly to the fifth
systern, where it was compiled, linked, and downioaded {o an
emutator. Having source code availabie on this systemn made it
possible to trace and analyze defects using a dedicated QA
system to repraduce them, The fifth development system was
alsa used for archiving firrmware revisions using ACS (UNIX ravi-
sion cordrol system). To reduce duplication of effort, the test
system used for firmware development was a replica of the HP

3458A production test system, which had been deveioped eatlier
in the project cycle o be used in environmental testing and
proiotype characterization.

As the firmware construction phase neared completion, two
engineers were added to the project so that test software could
be developed in paralle! with the firmware efion. To save test
wiiters the frouble of learning the detalls of test system operation,
drivers and utifities were written that allowed each new test 1o
be writien as an isclated subrouting, The test system executive
simply foaded and ran sach iest as it was needed, thereby pro-
viding an efficient machanism for adding new tests throughout
the construction and test phases. Both hardware and firmware
designers wrote tests for the test sulle. Each was assigned a
specific area of functionality to be tested, using both white-box
and black-box approaches.

in addition to the tests written specifically to verify firmware
operation, each revision of code was subjected to the production
test software {which mainly tested the analog hardware for mea-
surement accuracy). Additional lest coverage inciuded the entire
HF 3458A user's manual, with emphasis.on the command refer-
ence, exampla progtams, and randomly generated combinations
of valid and invalid syntax. As defects were found, they were
fixed and the test code run again for verification. Following a
successiul run through the test suite, code was released and
source code was saved using RCS Saving old code revisions
enabied the firmware leam lo recreate earlier code revisions to
help track down defects that may not have been reproducible
on a newer code revision. When a new defect was found, tests
were written and added to the test suite to ensure that the defect
would not recur, By the end of the project, the test suile had
grown to where 12 hours were required to run all tests. To assess
testing progress and effectiveness, defects were submitted to
HP's DTS {defect tracking system). Metric reparts were gener-
ated and analyzed on a weekly basis to help asseass the firmware
statusg.

Victoria K. Swestser
Development Engineer
Loveland Instrument Division

ands will be spent taking and transferring the reading, only
about 1 ms is left for the execution of the command. In
this millisecond, the execution routine must range-check
parameters, calculate the gain and offset values, and config-
ure the trigger controller, the ADC, the front-end hardware,
and the inguard processor. In the worst case, performing
these operations takes considerably longer than a mil-
lisecond. A complete configuration of all the inguard sec-
tions takes 1.4 ms, and settling time for the front-end relays
adds another 1.3 ms. In addition, a function command may
require as many as six floating-point calculations, each
taking 0.3 ms. This all adds up to well over 4 ms; therefore,
a number of optimizations have been incorporated to re-
duce configuration time.

The first step is to avoid reconfiguring the instrument or
a section of inguard if there is no change. For example, if
the present function is ac volis and the new command ig
ACV, only the range is configured (if it changes), not the
function. The ADC configuration is the same for dc volts,
ohms, and dc current, so the ADC section is not reconfi-
gured for changes between these functions. The trigger con-
figuration changes only for digital ac voltage or frequency
measurements, 50 a new configuration is sent only when

entering or leaving these functions. In general, reconfigura-
tion occurs only to the extent required by a given command.

Each combination of function and range uses different
gain and offset values for the ADC readings. The gain and
offset values are scaled by the ADC’s aperture, so if the
aperture increases by 2, the gain and offset are scaled by
2. An execution routine retrieves the gain and offset values
from calibration memory and scales them by the aperture.
Then the 120%- and 10%-of-full-scale points are calculated
for ovetload detection and autoranging. The autoranging
algorithun uses a different ADC aperture and has a separate
set of 120% and 10% points. These two calculations were
removed from the execution routine, and are done at cali-
bration time since the autoranging algorithm always uses
the same ADC aperture. To reduce the effect of the other
four caloulations, a data structure is used that saves the
gain and offset for each function and range as it is neaded.
If the aperture of the ADC is changed, the data structure
is cleared, and as function and ranges are revisited, the
data structure is filled in. This eliminates recalculation of
values that are constant for a given aperture.

An operation that is not always necessary but takss con-
siderable time during a range or function change is a special
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sequence of relay closures in the front-end circuitry. This
sequence protects the relays from damage when high volt-
age is on the input terminals during range changes, but is
not needed when measuring low voltages or if high voltage
is only present when the instrument is set to a high voltage
range. Therefore, the HHP 3458A provides an HP-IB program-
mable command to defeat the protection scheme, speeding
up the relay sequence by a factor of five, If an overvoltage
condition occurs while protection is inactive, an interrupt
is generated and the relay sequence is reversed, thereby
protecting the relays from damage. A delay of 0.4 second
is then inserted to prevent a Iapld recurrence of the over-
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tective) relay sequencing thereafter.

Another technique used to reduce the configuration time
is to defer computations until the last possible moment.
The scale factor used in the format conversion of ADC
readings from integer format to real or ASCII format is an
example of this technique. Many commands cause the scale
factor to change, so instead of each command computing
the scale factor, a flag is set and the calculation is performed
when the scale factor is first used. This eliminates wasted
time from unnecessary calculations when many inter-
mediate configuration changes are sent to the instrument,
and reduces the time spent responding to even a single
HP-IB command.

Data flow between the outgusrd and inguard sections
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has the potential to be a bottleneck, because the UART and
the inguard processor can only accept configuration data
at a rate of 20,000 words/s. Furthermore, commands to
change relays can take a millisecond for the inguard proces-
sor to execute. To relieve the outgusrd processor of the
need to wait on the inguard processor, a buffer was added
to store messages bound for the UART. This buffer is deep
enaugh to hold an entire configuration change-—128 com-
mands. This allows the outguard processor to overlap its
activities with the inguard pracessor’s. If the buffer is empty
and the UART is not busy sending data, the 68000 wil]
send a command directly to the UART, avoiding the aver-
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the buffer lnstead In this case, the UART generates an
interrupt when it is ready to accept the next word, whick
is then retrieved from the buffer and sent.

In addition to fast reconfiguration, system throughput
depends on the time required to make a measurement. Fig.
4 shows the steps an ADC reading goes through before it
is sent to the HP-IB. The first step is autoranging: if areading
is less than 10% of the range or greater than 120%, the
instrument switches to the next range, changes the ADC's
aperture fer a fast measurement, and takes a reading, This
procedure is repeated until the correct range is found, and
then the final measurement is made with the ADC’s original
aperture. Although this algorithm is very fast (typically 8
milliseconds), it usually requires that the ADC take several

{b)
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Fig. 2. HP 3458A firmware struc-
ture. (a} Tasks undsr operating
systern control (b} Interrupt ser-
vice roulines.



Custom UART Design

At the center of the communications link between the inguard
and outguard sections of the HP 3458A DMM is the custom
UART {universal asynchronous receiverftransmitter). A serial in-
terface was chosen because an isolated parailel interface would
have been prohibitively expensive. Unfortunately, conventionat
UARTs are too slow to meet the HP 3458A’s required data rate
of 200 kbytes/s, which correspends to a baud rate of 2 Mbits/s,
counting start and stop bits. Therefare, fiber optic couplers were
chosen, which also provide the benefit of infinite isolation resis-
tance.

Conventional UARTs require a clock rate that is 16 times the
baud rate; thus, to generate the 3458A's required haud rate, the
clock rate would have o be 32 MHz. The 16x clock rate is
needed lo compensate for mismatched clock freguencies and
waveform distortion. These two factors can be controlied within
the HP 3458A, so a clock rate of three times the baud rate is
used. The UART design is implemented as pan of a CMOS gate
array driven by a 10-MHz clock This clock rate yieids a baud
rate of 3.3 Mbils/s, which meets the design goal with some mar-
gin.

The data format for the UART is shown in Fig. 1. The first bil
is the start bit and indicates the beginning of a message. The
next bit is the handshake bil. If this bif is high, a datafcommand
message will follow immediately. ¥ the bit is low, the message
is a handshake and the next bit will be a stop bit. A handshake
message is sent each time a data message is read by the pro-
cessor, ensuring that a new message witl not be sent until the
previous message has been read. The next-to-fast bit is the inter-
rupt or cormmand bil, used 1o indicate whether the preceding
message was data or a command. A command message from
the inguard section could be an ADC conversion failure, an end
of sequence message, or a change in the front or rear terminals.
Command rmessages generate interrupis, eliminating the need
for software to check the dala from the UART to determine the
message type. The middie 16 bits of the message represent the
data or command, and the lasl bit is the stop bit.

Fig. 2 shows a btock diagram of the UART and the communi-
cation controller. When the decoding state machine detects that
a start bit has been received, il waits three cycles to decide
whether the message is a handshake. if so, the stale machine
réturns to its initial state, If the message is data, the nex! 16 bits
are clocked into the input shift reglister. The state machine then
examines the next bit (the command/data bit). if the message is
a command, an intesrupt is generated.
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Fig. 1. Interprocessor message formals.

For transmitted messages, the encode machine first generates
a start bit. If the message is a handshake, the next bit is set high;
otherwise (if the message is data), the next bit is set low. The
16 bits of data are sent next {if required}, andl if the message is
a command, the last bit is set high,

Buffers in the UART are used beth for received data and data
{o be transmitted. This allows the ADC {o leave data in the buffer
while starting the next measurement, thus maximizing the overiap
between outguard and inguard. Once the bulfer has been
emptied, the handshaxe message is sent and an interrupt can
be generated. The irerrupt can be used as a raquest for more
data to be sent. The buffer queues requests from lour sources:
the ADC’s error detection circuitry, the ADC's output register,
the trigger controller messages, and the inguard processor.

The input buffer also has a direct output mode to the shift
registers. When data is sent to the inguard section, the processor
is interrupted, the data is parsad, and, i the message is a con-
figuration message, the direct cutput mode is selected in the
communication controfler. This maode allows the next message
to be sent to both the processor and the shift register, thereby
sending the configuration data directly to the appropriate section.
In this case, the processor receives the message but does not
aet upon i, thereby eliminating the averhead of processor inter-
vention in the configuration process.

Although the use of microprocessors has enabled instruments
o offer greally enhanced measurement capability, a severe
speed penalty may be incurred if firmware is burdened with tasks
that are best left ta hardware. The HP 3458A's use of a custom
UART coupled directly to the measurement hardware optimizes
performance by balancing the workload between hardware and

firmware.
David J. Rustici

Development Engineer
Loveland Instrument Division

- ADC Controller

p- ADC Oftset

- Trigger Contraller
- DC Front End

p- AC Front End

ADC Error

Fig. 2. Block diagram of the
b—Trigger Controt

UART and data communicafion
portions of the inguard gate array.
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samples to generate one reading. Therefore, a faster mea-
surement will be made if autoranging is turned off.

Throughput is also enhanced by minimizing operating
system overhead. In cases where high throughput is not
an igssue (e.g., long integration times), measurements are
handled by a background task, which runs whenever the
instrument is not actively executing commands. This task
simply monitors the irigger and trigger arm states to see if
a measurement should be taken. When throughput is an
issue, however, measurements are initiated directly by the
HP-IB command parserfexecution task. In this case, the
overhead of task switching {approximately 250 us) is elimi-
nated, ieaving oniy ihe overbead i communicaiion be-
tween the interrupt service routine and the HP-IB task.
Another speed enhancement is the use of preprogramimed
states, which fall into two categories: predefined states (ac-
tivated using the PRESET command), and user-defined
states (stored using the SSTATE command and activated
using the RSTATE command}. Since these commands cause
an extensive reconfiguration, their primary benefit is in
putting the instrument in a known desired state. However,
they can also save time when the aliernative is to send
long strings of commands to program the instrument to the
same state.

Cutput Data Path

Once the instrument has been configured and triggered,
a measurement is taken by the ADC and transmitied
through the fiber optic link to-the outguard processor. The
format for this reading is either a 16-bit or a 32-bit two's
complement result with the range offset subiracted. The
next step is to convert the readings into volts, ohms, or
amperes by multiplying by the gain of the range. If a math

Fig. 3. Input and output daia flow paths.
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operation is active, It is initiated using a procedure variable
that points to the math subroutine. At this point, the reading
is in a 64-hit floating-point format, and a format conversion .
is required for an integer, ASCI, or short real format. The |
last step is to display the result and send it to memory or
the HP-IB. Some steps can be eliminated using the appro-
priate HP-IB command; for example, the display operation
is deleted using the DISP OFF command.

If autoranging, math, and the display are turned off and
the output format matches the ADC’s internal format, the
measurement can be sent directly to the HP-IB or memory.
Special assembly language routines were written to handle
these lugh-spoud inudus. Hhe b aliowed W read s iuse-
surement and send it out is 10 us {given a maximum reading
rate of 100,000 per second). There are two data paths: one
that sends readings to memory and one that sends them fo
the HP-IB.

Reading Storage. The memory structure dictated by HP's
matltimeter language is a general circular bufier in which
readings may be added or removed at any time. This buffer
can be used in either of two modes: FIFO {first in, first out)
or LIFQO (last in, first out), the main distinction being that
the LIFO mode will overwrite the oldest readings when
memary fills, whereas the FIFO mode will terminate when
memory fills, thus preserving the oldest samples. A general
program loop for receiving readings from the ADC and
writing them into memory is as follows:

B Wait until the ADC has taken a reading.

# Write the reading into the current fill location and incre-
ment the fill pointer.

Has the {ili pointer reached the top of memary (buffer
pointer wrap-around}?

If memeory is full and the memoary mode is FIFQ, stop.
Terminate the loop when the end of sequence is sent.
Within 10 us, the 88000 will allow only about three
decisions to be mnade. Even using hand-optimized assembly

Fig. 4. Processing of readings.



language, a single program loop could not be written to
implement the general memeory madel in the allotted time.
The solution uses the fact that if enough decisions are made
before the start of the burst, the number of on-the-fly deci-
sions can be reduced. Before the start of a burst of samples,
it is known how many readings can be added before the
buffer pointers wrap around, and how much room is left
before the circular buffer fills. The problem is divided into
a set of special cases. For example, assume that 1000 read-
ings are expecied from the ADC. Memory fill and empty
pointers indicate space for 2000 readings, but the fill
pointer is only 100 samples from buffer wraparound. Under
these conditions, the memory fill algorithm can be stated
as follows:

® Fill memory with samples until the buffer fill pointer
reaches the top of memory.

¥ Wrap around the fill pointer to the bottom of memory.

& Fill memory with samples until the sequence is com-
plete.

® Exit the routine,

Any memory scenario can be expressed as a combination
of the following special-case loaps:

& Fill memory with samples until the fill pointer reaches
the top of memory, then wrap around the fill pointer to
the bottom of memory.

@ Fill memory with samples until memory is full (fill
pointer = empty pointer).

® Fill memory with samples until the sequence is com-
plete.

Four factors influence the algorithm used: memory mode,
number of readings expected, total available memory, and
number of samples before wraparound. All possible com.
binations of these factors van be accommodated using only
ten special-case combinations. Any particular special case
can be built out of one to four of the routines listed above.
Routines are linked together by pushing their addresses
onto the stack in the reverse of the order in which they are
to be executed (the address of the exit routine is pushed
first}, and the first routine is called. In the example above,
the first routine is called to fili memory until it detects
buffer wraparound. It then loads the fill pointer with the
address of the bottom of memory and executes an RTS {re-
turn from subroutine) instruction, which pops the address
of the next routine from the stack and jumps to it. The next
routine continues filling memory until the burst is com-
plete, then terminates in another ATS instruction, which
pops the address of the exit routine. The exit routine per-
forms soame minor cleanup (restoring pointers, setting flags,
etc.] and leaves.

HP-IB Output. The high-speed output routine for the HP-IB

uses some of the same cancepts as the memory routines.

In this case, the algorithm is as follows:

® Initialize pointers.

#® Wait until the ADC has taken a reading, then enter the
readings.

® Wait until the HP-IB buffer is ready to acocept more data.

B Transfer the reading to the HP-IB buffer.

B Terminate the loop when the end-of-sequence command
is sent.

The HP-1B buffer accepts a 16-bit word from the processor
and sends the lower eight bits to the HP-IB interface chip.
Once this byte has been transmitted, the HP-IB chip signals
the buffer, and the buffer then sends the upper eight bits
without intervention from the processor. Use of a buffer
relieves a congestion point in the output data flow that
would occur i the processor wrote directly to the HP-IB
chip, since the HP-IB is an eight-bit bus while all other
internal data paths are 16 bits wide. Using this scheme,
the HP 3458A is able to offer complete memory and HP-IB
functionality at the full speed of 100,000 16-bit dc voltage
readings per second.

Summary

Achieving high throughput in a system BDMM is a matter
of designing the instrument as a system for moving data
efficiently. Hardware and firmware must be designed as
integral elements of this system, not as isolated entities. In
the design of the HF 3458A, experience with DMM perfor-
mance limitations provided invaluable insight into key
areas of concern. As a result, significant improvements in
throughput were achieved through the development of
high-speed custom gate arrays for ADC control and inter-
processor communications. Use of high-performance mi-
croprocessors and supporting hardware also contributed
greatly to meeting design goals, as did the substantial in-
vestment in firmware design and development that was
necessary to translate increased hardware performance into
increased system performance.
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High-Resolution Digitizing Techniques
with an Integrating Digital Multimeter

Capabilities and limitations of the HP 3458A Digital
Multimeter as a high-resolution digitizer are summarized.
Performance data is presented for selected applications.

by David A. Czenkusch

ITH ITS INTEGRATING analog-to-digital con-
W verter (ADC) capable of making 100,000 conver-

sions per second, the HP 3458A Digital Multi-
meter (DMM) raises the possibility that, for the first time,
a voltmeter can satisfy many requirements for high-resolu-
tion digitizing.

What are the characteristics of a high-resolution digi-
tizer? Digitizing requires a combination of fast, accurate
sampling and precise timing. It also needs a flexible trigger-
ing capability. The HP 3458A allows sampiing through two
different signal paths, each optimized for particular appli-
cations.

Converting a signal using the de volts function {which
does not use a sample-and-hold circuit, but depends on
the short integration time of the ADC) provides the highest
resolution and noise rejection. The direct sampling and
subsampling functions, which use a fast-sampling track-
and-hold circuit, provide higher signal bandwidth and
more precise timing.

High-Resolution Digitizer Requirements

As the block disgram in Fig. 1 illustrates, a digitizer
consists of an analog input signal conditioner foliowed by
a sampling circuit. A trigger circnit and time base generator
contrals the timing of samples. The output of the sampling
circuit is converted to a number by an analog-to-digital
converter {ADC). Once converted to a number, the sample
data can be processed digitally and displayed to the user.

Many types of instruments fit this definition of a digi-
tizer, including digital oscilloscopes, dynamic signal ana-
lyzers, and digital multimeters (DMMSs). Digitizing products
can he roughly differentiated by four characteristics; analog
signal bandwidth, sample rate, signal-to-noise ratio {(which
can be expressed as effective bits of resolution), and type
of data displayed (time, frequency, etc.). In general, digital
oscilloscopes tend to have high bandwidth and sample rate

Fig. 1. Generalized block diagram of a digltizer.
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and relatively low resolution, while DMMs and dynamic
signal analyzers tend to have much higher resolution and
correspondingly lower bandwidth and sample rate.

Digital oscilloscopes are known for their high bandwidth,
typically 100 MHz or greater, and their digitizing rates of
50 megasamples to one gigasample per second, making
them useful for capturing very fast, single-shot events.
Their resolution of five to eight effective bits is well-suited
for displaying waveforms on a CRT, since one part in 200
is perfectly adequate for the human eye.

Dynamic signal analyzers, on the other hand, are used
in applications that call for higher resclution—typically
10 to 14 bits. Examples include dynamic digital-te-analog
converter testing, telecommunications, SONAR, and seis-
mic or mechanical measurements that require digital signal
processing. These applications require higher resolution
and typically involve frequency-domain analysis. There-
fore, to judge the attributes of a high-resolution digitizer,
we should also examine the characteristics of discrete
Fourier transforms [DFTs} performed on the digitizer's out-
put data.

Digitizer Spectral Atiributes
“Effective bits” is a measure of the resolution of an ADC,
Hssentially, it is a measure of the signal-to-noise ratio in a
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Flg. 2. Analog-to-digital converter (ADC) effective bit fimita-
tion because of excess ADC noise and noise present in the
ADC input signal,



digitizing system expressed as a power of two. This can be
expressed mathematically as:

Neffective) = (SAN + D) ~ 1.8)/6.02

where S/{N + D) is the ratio of the signal power of a full-
scale input to the total power of noise plus distortion, ex-
pressed in dB, Notice that the effective bits rating and the
signal-to-noise ratio expressed in dB are both logarithmic
scales relatad by the constant 6.02. This means that increas-
ing the resolution of a measurement by one effective bit
results in a 6-dB improvement in the signal-to-noise ratio.
The system noise term, N + D), is the rms result of the
power contributions of harmonic distortion and noise from
variaus sources. For an otherwise noise-free, distortion
free-system, there is minimum noise component because
of the fundamental quantization error of the ADC. If this
is the only source of error, the number of effective bits
approaches the basie resolution of the ADC. Fig. 2 shows
how the number of effective bits decreases as errors from
other sources increase.

Other types of errors will appear as random noise. These
include noise in the input signal, noise in the analog input
circuits, random jitter in the timing of samples, and noise
and differential nonlinearity in the ADC.

Linearity error is a measure of the deviation of the output
of an ADC from the ideal straight-line relationship it should
have with the input voltage. Fig. 3 shows a graph of the
linearity error of a typical ADC as a function of input volt-
age. Integral linearity error is the large-scale bow in the
total linearity error plot. This deviation from a straight line
can often be described by a second-order or third-arder
funciion, Differential linearity error, on the other hand, has
no large-scale structure, so it looks very much like noise.

1f the noise in a digitizer is truly random, then a point-by-
point average of many independent ensembles of waveform
data taken with the same input signal will reduce this noise
by the square root of the number of ensembles, provided
the different ensembles of data have the same phase re-
lationship to the input signal. Analog noise in the input
amplifier and ADC and noise caused by random timing
errors tend to be uncorrelated with the input signal, and
so can be reduced by waveform averaging. On the other
hand, differential livearity error in the ADC and systematic
timing errors, while appearing like random noise in a single
pass of data, are repeatable from pass to pass, and so are
correlated with the input and cannot be reduced by averag-
ing. This provides a way of determining if the signal-to-
noise ratio of a given digitizing system is dominated by
input noise or by differential linearity error.

Eftective Bits from the DFT

One way io characterize the signal-to-noise ratio of a
digitizer is to sample a quiet {low-noise) and spectrally
pure fuil-scale sine wave and perform a discrete Fourier
transform {DFT) on the resulting data. The dynamic range
{in dB) from the peak of the fundamental to the noise floor
of the DFT gives an idea of the low-level signals that can
_ be resolved. The level of the noise floor depends on the
number of frequency points (bins) in the DFT, and hence
on the number of samples taken, since if the same noise

power is spread over more frequency bins, there will be
less noise power per bin.

The DFT spectrum can be used to produce an estimate
of the signal-to-noise ratio of a digitizer by performing es-
sentially the same measurement digitally that a distortion
analyzer performs electronically. A distertion analyzer
supplies a low-distortion sine wave as the input to a cirouit
under test. A notch filter is used to remove the fundamental
frequency from the output signal. The power in the filtered
signal is measured and a ratio is formed with the total
output power of the circuit under test. A distortion analyzer
measurement assumes that the power in the filtered output
signal is dominated by harmonic terms generated by distor-
tion in the circuit under test. In practice, however, the
analyzer is unable to separate this power from the power
confribution of wideband noise, and hence is actually-
measuring the signal-to-noise ratio of the output signal.

An analogous operation can be performed on the DFT
spectrum, of a digitized pure sine wave. A certain number
of frequency bins on either side of the fundamental peak
are removed from the DFT data. The data in each of the
other frequency bins is squared {to vield a power term) and
summed with similar results from the other frequency bins
to ¢alculate the total noise power. The data within the
narrow band around the fundamental is squared and summed
to give the total signal power. The ratio of these two terms,
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Fig. 3. Linearity errors in an ADC. (a) Integral linearity error.
(b} Dilferential incarity etror. (¢} Total linearily error.
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expressed in dB, can be used to compute the number of
effective bits of resclution of the digitizer.

Calculations of effective bits from DFT spectra will show
variations if the test is performed repeatedly. This variation
can be reduced if the spectral values from many indepen-
dent trials are averaged point by point (as opposed to av-
eraging the time-domain data). Spectral averaging will not
reduce the level of the noise floor in the DFT data, but only
the amount it varles. Therefore, if enough ensembles of
spectral data are averaged, the number of effective bits
calculated will converge to a single number.

Flg 4 shows the DFT for 4096 samples of & mathemati-
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{32,767 counts). From this, we see that a perfect 16-bit
digitizer will show a noise fleor of about ~ 127 dB when
guantization error is the only source of noise. If the signal-
to-noise ratio is calculated using the method described
shove, the result is 97.0 dB, or 16.0 effective bits, which
is what we would expect,

Cther types of digitizer errors can show up on a DFT
plot. Distortion reveals itself as harmonic componenis at
multiples of the fundamental input frequency. This can be
distortion in the input signal, harmonic distortion in the
input amplifier, or integral nonlinearity in the ADC. As
mentioned before, integral linearity error can be approxi-
mated by a second-order or third-order term in the transfer
function of the ADC. These higher-order terms generate
spurious harmonic components in the DFT speectrum.

Other spurious signals can show up in the DFT spectrum
besides harmonic distortion. Internal clock signals can pro-
duce unwanted signal components {spurs) either by direct
cross talk or through intermodulation with the input signal.
These effects are commonly grouped together inio a single
specification of spurious DFT signals.

Effect of Sample Aperture

Anather aspect of digitizers that should be considered
is the effect of the finite acquisition time of the sampling
circuit that provides the input to the ADC. This is typically
some type of sample-and-hold or track-and-hold circuit,
For maximal time certainty, an ideal track-and-held cireuit
would acquire a voltage instantaneously when triggered to
take a sample. In reality, of course, all sampling circuits
require some finite time to acquire a sample. This sampling

= E I i

T

1 T |
i
1

i
i
|
|
A A Rt ) B B

~t48

12 i9
FREQUENCY (KHz?Y

Flg. 4. Discrete Fourier transform of an ideal sing wave sam-
pled with an ideal 16-hit ADC.
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function can be approximated by a rectangular window of
time T over which the input signal is sampled.

The Fourier transform of a square pulse defined over the
interval —~T/2 = t = T/2 in the time domain has the form
[sin{=fT}}/#{T, which is the familiar function sinc{fT}. This
means that sampling a signal for a time T is equivalent in
the freguency domain to multiplying the input spectrum
by the function sinc{fl). Fig. 5 shows that the spectral
envelope of the sinc function approximates a single-pole
low-pass filter with a 3-dB coimer frequency of f, = 0.45/7T.

From this analysis we can conclude that making the sam-
ple time as short as possxhie produces the flattest possible
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frequen(:y. A less desirable trade off. however, is that this
also increases the equivalent white noise bandwidth of the
sampler, thershy increasing its sensitivity to noise, There-
fore, in applications where noise is a greater problem than
frequency roll-off, it would be desirable to have a wider
sample aperture to reduce the noise bandwidth.

The transform above was defined for a square pulse ex-
tending from ~7T/2 to T/2. Since a real sampler cannot
anticipate its input, the sample must actually ccour over
the interval 0 =<t t < T, This implies that any sampler that
acquires a signal over a nonzero time interval T will intro-
duce an apparent time delay equal to T/2 to the output. In
maost real applications, however, this distinction is not sig-

nificant.
Another characteristic of the sinc function that can be

useful is that its transfer function goes to zero at all frequen-
cies that are multiples of ¥/T. This means the sampler will
reject all harmonics of a signal whose fundamental period
is equal to the sample aperture. Therefore, a selectable
aperture allows the rejection of specific interference fre-
quencies that may be present in the measurement environ-
ment.

HP 3458A Digitizing Characteristics
Many of the same design characteristics required to make
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0.9/7 045/ T 10T 10T
i. 1

3 3 3
i H T

00T
i

00 -+

40+

Attenuation (dB)

B0 4

Fig. 5. Attenualion of the ingut signal as a lunction of fre-
quency resulling from sampling with an aperture of widgth 7.



Time Interpolation

To implement the subsampling (effective time sampiing) re-
guired for the HP 3458A DMM's digital ac measurement
techhique, some means of synchronization with the input signal
was necessary. T¢ minimize errors caused by aliasing of the
sampled data, a time base with 10-ns resolution was desired.
However, the inlernal 10-MHz clock would only aliow a sample
resolution of 100 ns relative to a synchronizing trigger event,
These design requirements diclated the develapmant of the time
interpolation circuit of the HP 3458A.

The instrument's 10-MHz clock is used to generate sample
tirning pulses of variable period in 100-ns {10-MHz) steps. The
time interpolator extends the resclution of the time base from
100-ns steps to 10-ns steps for initial burst delays (the deiay
from a trigger event to the start of sampling). This enables the
HP 3458A to digitize signals with speciral content up to 50 MHz
without introdusing aliasing errors.

The time interpolator, Fig. 1, uses analog techniques to convert
ime 10 stored charge on a capacitor. Before an input trigger,
the interpolator is reset by shorting both capaciiors (81 and 82
closed} with the current source shorled to ground (S3 and 54 in
position B). An asynchronous input trigger, generated either by
the a¢ pativ's trigger level circuit or by an external trigger input,
initiates charge accumulation on C1 by opening 31 and setting
S3 and 84 to position A. This charge aceumulation process con-
tinues unti! the next positive edge of the 10-MHz clock occurs.

On this edge 33 and 54 switch to position B, forcing the ac-
cumilated charge to be held on C1. This charge, Q,, is directly

Tvari “Tyarz

t*-Tdalay'—"’

rowecioox] (1 M0, MO

propartional ta the elapsed time {T,,,,) between the input trigger
and the next 10-MHz clock edge. Likewise, the voltage across
€1 (Vyary) is also proportional to T, which varies between 50
ns and 15C ns depending on the timing of the asynchronous
input trigger refative to the internal 10-MHz clogk.

The interpolator remains in this “hold™ state for an integral
number of clock cycles, Tgea,. The next positive-going ciock
edge after Ty, inifiates the second charge aceurnulation pro-
cess. At this time, 52 opens and S3 and 54 are switched to
position A. During this time, the same charge, Q,, is accumulated
on C1 and C2. This process continues unti] the voltage on C1,
Viamp. CrOsses the programmable comparator threshotd V,. This
fransition generates an output trigger that signals the track-and-
held circuit in the ac section to enter hold mode, thus acquiring
& sample for subsequent ADC conversion. By programming V,
to various vaiues, the system can alter 1his defay in increments
of 10 ns, allowing prasise tiring of a burst of samples relative
to an asynchronous starting svent.

The oulput trigger aiso switches 83 and S4 to position B. This
not only tums off the current source, but alse creates a loop
between C2, R1, and the buffer amplifier's input and output.
Feedback forces a current through C2, removing its accumulated
charge, Q. The resulling current flows through both C1 and ©2,
removing the charge Q; from capacitor C1. The process cam-
pletes with C1 holding the original charge, Q,, which is propor-
tional lo the delay between the first trigger and the risify edge

of the internal 10-MHz clock. During the ADC conversion, {a
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minimum of 20 ps for subsampling) the time base circuit waits
an interval Tyne before repaaling the chargefdischarge cycle.
The accuracy of the 10-ns increments is ensured by calibration
of the circuit gain. Since the time interpolator's absolute delay
is & function of k., C1, and V\, many variablas can prevent the
10-ns increments from being exactly one tenth of a 100-ns time
base step. Interpolation for ten 10-ns intervals rmust precisely
equal one 100-ns clock period {10 MHz) to minimize sampling
grrors. By adiusting leme (Fig. 2). the slew rate and threshold
errors are adjusted to yield 10-ns steps within 250 ps. Time fitter
is held to less than 100 ps rms. Low temperature coefficients for
C1 and the DAC that generates V| ensure interpolator accuracy
over the operating temperature range. Tha time interpolator is
adjusted by applying a 2-MHz sine wave to the input and execit-
ing a calibration routine which alternately programs $00-ns de-
tays into either the time base or the time interpolater. By adiusting
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Fig. 2. The time interpolator's accuracy Is adjusted by calibrating lum,. {a) A digitized 1-MH2

waveform after 1,,m, catibration. (b} Fourier transform of (a), showing a noise iloor 80 dB below

the fundarnental and spurious signals below —56 dB. {c} A digitized 1-MHz sine wave with
1 amp Misadjusted, (d) Fourier transform of (c}.

the DAC that controls |, the routine converges the two delays.
This time base performance contributes to the a noise floor 80
dB below the fundamantal and spurious signals batow — 55 dB.

The design of the #me interpolator circult was refined using
analog simuiation methads on an HF 9000 Mode! 320 Computer,
Computer-aided engineering provided timely feadback during
development, aliowing rapid evaluation of alternative circuit to-
pologies. Critical design characterizations, difficult to achieve by
traditional means, were performed accurately and simply using
CAE simulations. The resulting circuit performance exceeded
our original design goals.

David E. Smith
Deveiopment Engineer
toveland Instrument Division

high-accuracy ac and dc measurements also allow the HP
3458A te perform well as a high-resolution digitizer. For
instance, because it makes troe-rms ac measurements using
digital techniques, it has a scope-like trigger leval circuit
for waveform synchronization. A precise trigger timing cir-
cuit allows sample intervals to be specified to a resolution
of 100 nanoseconds and initial delays from a trigger event
to the first sample of a burst can be specified to a resolution
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of 10 nanoseconds using an analog time interpolator.

As the block diagram in Fig. 6 shows, the HP 3458A
provides two distinct input paths for digitizing, corres-
ponding to the-two amplifiers used for the dc volts and ac
velts functions, Each path has advantages and disadvan-
tages. The dc input path should be used when maximum
resolution and noise rejection are required and the
bandwidth of the input signal is relatively low. Because it




uses a track-and-hold circuit, the ac input path can be used
on signals of higher bandwidth or when the signal must
be sampled at a very precise point in time.

High-Resolution DC Input Path

The dc input path allows higher-resolution sampling as
well as a higher single-shot measurement speed, providing
16-hit samples at up to 100,000 samples per second. The
bandwidth of this amplifier varies from 50 kHz to 150 kHz,
depending on the range selected. The widest bandwidth
is available on the 10V range, when the amplifier is operat-
ing at unity gain. In this path, the sampling function is
performed by the ADC itself with its selectable integration
time (sample aperture). Historically, digital multimeters
with integrating ADCs have allowed only a few discrete
values for integration time. These valuss were chosen to
be multiples of the powes-line frequency—the most com-
mon signal to interfere with a high-reselution voltage mea-
surement., In the HP 3458A, integration times can be
specified from 500 ns to 1 s in increments of 100 ns. This
allows the rejection of an interference signal of arbitrary
frequenicy that may be present in the input, and provides
attenuation of other frequencies above the sample rate by
the approximate single-pole roll-off characteristic of the
sample aperture’s sinc function. The longer the integration
aperture specified, the mare resolution is provided by the
ADC. Fig. 7 shows the resolution that can be obtained for
a given aperture.

Because the de input path is designed for extremely low
noise, low offset, and part-per-million (ppm) accuracy, the
DFT spectra produced in this mode are quite good. In fact,
it is difficult to determine whether the harmonic distortion
and noise floor measurements are dominated by the HP
3458A or by the input signal.

Fig. 8a shows the DFT calculated on 4096 samples of a
1-kHz waveform aquired at & rate of 50,000 samples/s with
an integration time of 10 microseconds. The neise floor
and spurious DFT signals are below —120 dB, and har-
monic spurs are helow — 106 dB. If the signal-to-noise ratio
is computed from the spectral data, the result is approxi.
mately 83.9 dB, yielding 15.3 effective bits.

The input signal for this test was provided by the oscil-
lator output of an HP 339A Distortion Measurement Set,
whose distertion at this frequency is specified to be less

Input
Signal

External Trigger

Fig. 6, HP 3458A block diagram, showing the two measure-
meni paths

than -96 dB at the first harmonic. It is unclear whether
the first-harmonic term at — 107 dB is caused by distortion
in the source signal or distortion in the HP 3458A at this
sample rate. However, tests performed at slower sample
rates {and greater resolution) also exhibit this second-har-
monic term,

The averaging efiect of the relatively wide sample aper-
ture (160 us vs. 2 ns) reduces random noise contributions
to the DFT noise floor to 2 level comparable to those of
systematic nonlinearities. Because of this, waveform av-
eraging only provides an extra 4.4 dB improvement in the
signal-to-noise ratio, yielding an extra 0.7 effective bit. ¥ig.
8b shows the DFT spectrum that results if 64 waveforms
are averaged.

A striking example of the high-resolution digitizing capa-
bility of the dc volts sampling mode involves measuring
an ultralow-distortion signal source used to characterize
the performance of seismic measurement systems. The out-
put of the source is a 0.03-Hz sine wave whose noise and
harmonic distortion products are guaranteed by design to
he at least 140 dB below the level of the fundamental.
Superimposed on this is a 1-Hz sine wave whose amplitude
is 120 dB below the level of the 0.03-Hz signal. The goal
of the measurement system two-tone test is to be able to
see the 1-Hz tone clearly in the presence of the full-scale

1 ps

10 us +

100 ps+4-

ims 4

10 ms

ADC Aperture Time

100 ms-

15+

1 i I 1 i
T T T T T

4 5 6 7 8
{14.5 bits} (18 bits) (21 bits) (24.5 bits) (28 bits)

Resolution {digits}

Flg. 7. HF 3458A measurement resolulion as a function of
aperlure time (spaed).
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(10V peak) input without introducing extraneous distortion
products. The HP 3458A was used to acquire 4096 samples
with an ADC aperture of 20 milliseconds and a sample
interval of 50 milliseconds, resulting in a resolution of 24
bits {7v2 digits).

The DFT plot in Fig. 9 shows the result of this test. Only
a portion of the full 10-Hz bandwidth is shown to make
the component at 0.03 Hz more apparent. The 1-Hz spike
at — 120 dB is clearly visible above a noise floor of - 150
dB. If the 1-Hz component is notched out along with the
0.03-Hz fundamental, and the remaining power is consid-
ared noise, a signal-to-noise calculatton ywids 19.6 effec-
iive Llis. AS Gelure, il i nol cicdl w Gieiiier Uie BEL susu
floor in this measurement is dominated by noise in the
input signal or naise in the HP 3458A. If the rms noise of
the HP 345BA is characterized with the same ADC aperture
{20 ms)} and a quiet dc source is substituted as input, mea-
surements demonstrate a performance of 22 effective bits,
The HP 3458A is clearly capable of verifying the perfor-
mance of this source to the levels guaranteed by its design-
ers. We are told that earlier measurements had never heen
able to achieve these low levels of noise and distortion,

In the de volis mode, the input signal is sampled directly
by the ADC. The sampling is synchronous with the instru-
ment's internal 10-MHz clock. This leads to a 100-nano-
second peak uncertainty in the time latency of a sample
or group of samples relative to an external or level trigger
event. While a time uncertainty of 100 nanoseconds from
an asynchronous tripger event is perfectly adequate for
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Fig. B. {a) Single-shol, 4096-lime-sample discrete Fourier
transtorm (DFT} of a 1-kHz input signal. (b} DFT for 64 aver-
aged acquisitions of the 1-kHz inpuf signal. Effective bils are
18.3 for {a) and 16.0 for (b).

40

most applications, other applications require more precise
sample timing.

Digital AC input Path

The ac input path provides a wider analog bandwidth
and more precise timing than the de path, The bandwidth
of the ac amplifier is 12 MHz on all ranges except the
10-mV and 1000V ranges, where the bandwidth is 2 MHz.
Autocalibration guarantees a frequency response flatter
than 0.01% (0.001 dB) throughout the frequency band from
200 Hz to 20 kHz, making this path ideal for characterizing
frequency response in the audio band. While the maximum
:;ii‘;gi&«ih:‘;i l‘)&i‘uaFAﬁ vale ol ol,Uul suanp—iu:j pui sULUid s
somewhat lower than the dc input path because of the
additional settling time required by the track-and-hold cir-
cuit, a precise timing circuit allows effective time sampling
{subsampling) of repetitive input signals with effective
sample intervals as short as 10 ns.

Achieving true-rms ac measurements with 100-ppm ac-
curacy using digital technigues requires an extremely
linear track-and-hold circuit. This same track-and-hold cir-
cuit provides 16-bit linearity in digitizing applications. A
sample acquisition time of approximately 2 ns results in a
3-dB aperture roll-off frequency of at least 225 Mz, This
means that amplitude errors caused by the sample aperture
are insignificant through the entire measurement band. The
timing of the track-and-hold circuit is controlled by an
analog ramp interpolator circuit which operates asynchro-
nously with the internal 10-MHz clock, giving a burst-fo-
burst timing repeatability error less than 100 picoseconds,
The time interpolator allows programming of delays from
an external or internal trigger with a resolution of 10 ns,
allowing single samples to be timed very precisely.

While the greater equivalent noise bandwidth of the
input amplifier and track-and-hold circuit resulis in fewer
effective bits of resolution in a single-shot measurement
than the de input path, the DFT performance for this path
is still quite good. Fig. 10a shows a typical 2048-point DFT
plot for a 1-kHz sine wave sampled at the single-shot limit
of 50,000 samnples per second. A signal-to-noise ratio calou-
lation on this data yields 10.4 effective bits. The ac input
path has a greater equivalent noise bandwidth than the dc
input path, so random noise dominates the signal-to-noise
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Flg. 9. DFT for a 4036-sample HP 3458A acguisition of a
0.3-Hz sine wave with a 1-Hz, -- 120-d8 sine wave superim-
posed. The effective bils raling is 18.6.



No capacitor cutside of a textbouk exhibils the theoretical cur-
rent-fo-voltage phase lag of 90 degrees. This is another way of
saying that in the real world all capacitors are lossy o some
extent. These losses are caused by a number of factors, such
as lead resistance and dielectric hysterasis.

At a given frequency, the dissipation factor of a capacitor is
defined to be the ratio of the eguivalent series resistance (ESR)
and the capacitive reactance. Dissipation factor is important for
many applications. At high power levels, capacitors with poor
dissipation factor can overheal, The precision of capacitively
compensated attenuators can be compromised by dissipation
factor. Also, the capabilities of track-and-hoid circuits are de-
graded by the dissipation factors of their hold capacitors,

There are two common ways to measure dissipation fagtor. In
the first method, the impedance of the capacitar under test (CUT)
is measured at a given frequency and the devialion in phase
angle from the ideal 90 degrees is used o calculate the dissipa-
tion factor. Bridges are another method used to measure dissipa-
tion factor. In essence, the CUT is in a bridge with three other
capacitors, ane of which is adjusiabie in both C and ESH. When
the bridge Is nulled, the values of the adjustable C and its ESR
determine the dissipation jactor of the CUT.

The ac aftenuator in the HP 3458A uses a 20-pF capacitor that
has a dissipation factor requirement of 0.0001 (0.01%} at 10 kHz.
Cormmercially available automated equipment exhibits reading-
to-reading noise of 0.01% and dissipation factor accuracies of
0.04%. This is inadequate to screen this capacitor reliably. High-

Measurement of Capacitor Dissipation Factor Using Digitizing
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Flg. 1. Measuring phase shift in a sine wave.

quality manuat bridges can do this job, but their operation is not
weli-suited to a production environment.

By making use of the high-resolution digitizing and pregcision
ac measurement capabilities of the HP 3458BA, it is possible to
construet an automated dissipation factor meter that is capabie
of making accurate and statde 0.001% dissipation factor mea-
surements and capacitance measurements that are stable to
0.001 pF.

Circuit Begeription

In Fig. 1, & method of determining the phase shift of a sine
wave relative to an external timing puise occurring at the sine
wave's zeto crossing is shown. Theoretically, only V, is needed
to determine this phase shift, The advantage of using a second
sample {V,} spaced one half cycle later in time is that {V, —~ V3)

measurament to a much greater extent. Because of this, the
noise floor can be lowered another 20.6 dB by waveform
averaging, producing 13.8 effective bits as shown in Fig.
10b.

The ac input path supports two digitizing functions: di-
rect sampling and suhsampling, which is also referred to
as effective time sampling. The article on page 15 describes
the subsampling technique. Subsampling allows the sam-
pling of repetitive waveforms with effective sample inter-
vals as short as 10 ns, thus allowing the user to take full
advantage of the 12-MHz analog input bandwidth. The sub-
sampling parameters are somewhat complex to calculate
for an arbitrary effective interval and number of samples,
but the user need not understand the details of the al-
gorithim. All that need be specified is the desired effective
sample interval and number of samples, and the HP 3458A
will compute the number of passes, the number of samples
per pass, the delay increment per pass, and the ADC sample
rate required to complete the task most efficiently. Further-
more, if the samples are directed to the instrument’s inter-
nal memory, they will be sorted into the correct time order
on the fly.

If the number of samples required for a subsampled mea-
surement exceeds the size of the instrument’s internal
memory, the samples can be sent directly from the ADC
to a computer via the HP-IB. Since the HP 3458A cannot
sort the data in this mode, the samples recieved by the
computer generally will not be in the correct time order.
If this is the case, the waveform can be reconstructed in

the computer’s memory using an algorithm requiring three
sorting parameters supplied by the HP 3458A.

Subsampling is essentially the same as direct sampling
when the effective sample rate is less than or equal to
50,000 samples per second. Why, then, is direct sampling
even offered? The answer is that the subsampling technique
only allows sampling based on the internal time base,
whereas the direct sampling function includes all the same
trigger modes as the dc volis function. This means that the
user can supply an external time base via the external trig-
ger input to allow sampling at odd frequencies that cannot
be realized with the 100-ns quantization of the internal
time base. An example would be the 44.1-kHz sample rate
required by many digital audio applications. Direct sam-
pling is also useful for acquiring single samples with
minimum time uncertainty, Samples can be precisely
placed with 10-ns delay resolution relative to an external
trigger event and with 2-ns rms time jitter. “Measurement
of Capacitor Dissipation Factor Using Digitizing” on this
page shows an example of these measurement capabilities
of the HP 3458A.

HP 3458A Limitations

Since the HP 3458A must be a voltmeter first and a digi-
tizer second, it is not surprising that it bas some limitations
as a digitizer. Perhaps the most significant is the lack of
an anti-aliasing filter. Because no single filter could be
included to cover all possible sample rates, and because it
would degrade the analeg performance, the design team
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Fig. 2. Circult to measure dissipation factor.

is insensitive 1o voitage offsets on the sine wave.

Fig. 2 shows a circuit using the technique of Fig. 1. A sine
wave is applied to one of twe capacitive dividers, one formed
by the CUT and C,,,, and the other formed by Cpyg, and Cy,,, (R
providges the dc bias tfor the buffer amplifier). This sine wave is
alsn applied to a comparator that detects zero crossings. The
cutput of the comparatar is routed to the externat trigger input
of the HP 34584 and the output of the buffer ampiifier is applied
lo the input of the HP 3458A. The HP 3458A can use ils ac
section to measure the rms value of this output wavaform and
thus V|, in Fig. 1 can be determined very precisely. The HP 3458A
can also measure the period of the qutput waveform and sel up
sample timing parameters {0 sampie the output sine wave relative
to the external trigger signal as shown in Fig. 1. Thus all the
information is present to determine the phase shift of the sine
wave through the capacitor divider network.

The absolute phase shift of one side of the capacitor divider
is not the information desired, however. What is desired is the
phage shift caused by the dissipation factor of the CUT in the
divider formed by the CUT and C,g,,. This will provide the informa-
tion needed fo determine the dissipation factor of the CUT.

Computing the difference between the absolute phase shift of

the reference divider (Cygp, and Cy,) and the input divider (CUT
and Cy,,) is the first step towards determining the phase shift in
the input divider resulting from the dissipation factor of the CUT,
The HP 3458A's EXT OUT output is used o select either the
reference divider or the input divider. Taking the phase difference
between the reference and inpul measuremenis removes erors
caused by the buffer amplifier and the comparator. If Cpg, had
zero dissipation factor, CUT had the same capacitance value as
Chign, @nd the switching relay was perfect, this phase difference
would be entirely a result of the dissipation factor of the CUT. ¥
this phase difference is ¢, the dissipation factor of the CUT is:

™r [T Al (_(3_1_{1- + me)

o C[ow

in general, the CUT will not be the same size as Cpgn. Chign
will not have zero dissipation factor, and the switching relay wil
not be perlect. However, these conditions are easily controlied.
The feedthrough capacitance of the relay in Fig. 2 can bereduced
by implementing the refay as a T-switch. If the CUT is different
in magnitude from Cyo, @ phase difference will be measured
even if the CUT has zero dissipation factor. This is because the
phase shilt of the paraliel combination of B and Cyg, and Gy
is different from that of the combination of R and the CUT and
Ciow- This errar can be remaved by appropriate correction factors
implemented in software. Also, in general, the dissipation factor
of the CUT will not be zerc. A zero calibration against a reference
capaciler can remove this error.

Summary

The precision digilizing capabilities of the HP 3458A DMM
have been appled to make a traditionally difficult measurement
of capacitor dissipation factor, Test resulis show measurement
accwracies approaching 0.001%. This corresponds {o a phase
errar of 0.0005 degree or a time aerror of 150 ps at 10 kiHz. Also,
since the capacitance of the CUT is computed as part of the
dissipation factor caloulation, accurate capacitance measure-
ments are also generated that are stable to 0.001 pF.

Ronald L. Swerlein
Development Engineer
Loveland Instrument Division

decided it would be impractical to include one.
Another Hmitation is the latency from an external or

internal trigger to the start of sampling. The ramp time of .

the analog time interpolator produces a minimum delay of
at least 400 ns. This means that if the input frequency is
greater than about 500 kHz, the signal edge that is used o
synchronize the waveform in a subsampled measurement
will not even show up in the output data. Oscillescopes
typically include some form of analog delay to match the
timing of the signal path to the trigger circuit, but again
this was not compatible with the requirementis of a high-
precision DMM.

Another effect inherent in the design of the analog time
interpolatar is voltage droop. Essentially, the phase of the
input signal relative to the internal 10-MHz clock is rep-
resented by a voltage stored on a hold sapacitor, which is
captured at the baginning of a measurement burst and held
throughout the burst, Since there will always be some leak-
age in the circuits attached to this node, the voltage on this
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capacitor will slowly leak off, causing an apparent length-
ening in the time between samples. This produces an appar-
ent frequency modulation in the output data, which con-
tinues until the charge leaks off completely, at which time
the sample interval will again be stable. This droop rate
gets worse as leakage increases with higher temperature.
Measurements on a typical unit at room temperature show
a droop rate of about 500 ns/s, which persists for about 140
ms. In other words, during the first 140 ms of a reading
burst, a sample intervel of 20 us will be lengthened by
about 10 ps per sample.

Waveform Anaiysis Software

One factor limiting the effectiveness of the HP 34584 as
a stand-alone digitizer is the lack of a built-in CRT for
waveform display. This shortcoming has been addressed
with a software library that turns an HP 34584 and a com-
puter into a real-time single-channel digital oscilloscope
and DFT analyzer,




The optional waveform analysis library allows a user
with an HP 9000 Series 200 or 300 workstation or an [BM
PC/AT-compatible computer with HP BASIC Language Pro-
cessor to display waveforms in real time. In addition,
routines are included to perform parametric analysis,
waveform comparisons, and FFT spectral calculations and
to store and recall waveforms from mass storage.

The real-time oscilioscope subprogram, Scopes8, began
as 2 means to demonstrate how quickly waveforms could
be acquired by the HP 34584 and displayed. It soon became
an indispensable tool in the davelopment of the ADC and
high-speed firmware. Since the program had proven so
valuable during development, we decided it should be in-
cluded in the waveform analysis library. A user interface
was added to give the look and feel of a digital oscilloscope,
including horizontal and vertical ranging, voltage and time
markers, and an FFT display mode. The program can ac-
quire and plot waveforms at a rate of approximately 10
updates per second--fast enough to provide a real-time feel,

The heart of the Scope58 subprogram is a set of
specialized compiled subroutines for fast plotting, averag-
ing, and interpolation of waveforms. Since speed was the
overriding design censideration for these routines, most of
these subroutines were written in MC68006 assembly lan-
guage rather than a higher-lavel language like Pascal or
BASIC. The fast plotting routine, in particular, required
certain design compromises to achieve its high speed. It
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Fig. 10. (a] Typical DFT for 2048 samples of a 1-kHz sine
wave sampled al the HP 34584 ac path's single-shot fimit of
50,000 samples per second. Effective bils are 10.4. (b) Effec-
live bits can be increased to 13.8 by averaging data for sev-
eral acquisitions.

uses a simplified plotting algorithm which requires that
there be one sample per horizontal display pixel, which
means that the only way to change the horizontal scale is
to change the sample rate unless the waveform data is
interpolated to increase its time resolution before plotting.
Also, the plotting routine bypasses the machine independent
graphics routines and writes directly to the bit-mapped
frame buffer of the graphics screen. This makes the-routine
fast, but it complicates the programming task, since a spe-
cial version of the routine must be written for every sup-
ported display interface.

In addition to the Scope58 subprogram, the waveform
analysis library includes routines that help with waveform
acquisition, analysis, and storage. Since the HP 3458A is
capable of synchronizing with external switching instru-
ments like a normal DMM, it can be switched to acquire a
waveform per channel in a multichannel data acquisition
syster. This feature, combined with the waveform analysis
library, can be used to make many complex measurements
in automated test applications.

The library’s analysis capabilities include routines to
extract parametric data such as rise time, pulse width, aver-
shoot, and peak-to-peak voltage, and routines to compare
waveforms against high and low limit arrays. There is also
a compiled utility for caloulating Fourier and inverse
Fourier transforms. This routine can compute a 2048-time-
point-to-1024-frequency-point transform in as little as 1.2 5
if the computer's CPU includes a 68881 floating-point co-
processor. Finally, routines are provided for the interpola-
tion of waveforms using the time convolution property of
the sinc(x} function. This technique is common in digital
oscilloscopes, and allows the accurate reconstruction of
wavelorms with frequency components approaching the
Nyquist limit of half the sampling frequency.

The precision digitizing characteristics of the HP 34584
and the display capabilities of the waveform analysis li-
brary combine to form a powerful waveform analysis tool
in R&D or automated test applications. For instance, an HP
3458A together with a digital pattern generator can be used
to test digital-to-analog converters (DACs). The waveform
comparison capability of the waveform analysis library can
be used to provide a pass/fail indication. Assuming a DAC
settling time of 10 s and an HP 3458A measurement time
of 20 us (only 10 us of which is spent integrating the input
signal}, all codes of a 14-bit DAC {16,384 levels) can be
acquired in approximately 328 ms.* The dynamic charac-
teristics of the DAC can be tested using the FFT library
rautine. The DAC can be programmed to output a sine
wave, which the HP 3458A can digitize. A [IFT on the
resulting data can be analyzed to characterize the DAC for
noise floor and total harmonic distortion (THD).

Summary
The capabilities of 2 high-resohution digitizer can best
be characterized by examining its performance in the fre-

-quency domain. To be able to resalve very low-level

phenomena, it must have a wide dynamic range and very
low levels of distortion and spurious signals. The excep-
"if you mulliply $6,384 by 30 ps, the resull is actually 482 ms. Howaver, for atlesst 10 us
of each ADC conversion, the HF 3458A Is not measuring tha inpa, and pravides a TTL

signal indicating this fact. This fime can be overlapped with the DAC's settfing tims, theraby
raducing the total acquisition time.
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tional DFT performance of the HP 345BA results from its
combination of precise timing and the nearly ideal noiss
rejection capability of an integrating ADC. Also, its high-
resolution track-and-hald circuit allows very fast sampling
with maximal time certainty. These features, combined
with the display capabilities of a host computer, are all
that is needed to implement a high-resolution single-chan-
nel oscilloscope or DFT analyzer.
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HAr 3408A

A1 ASSEMBLY (03458-66501) REPLACEMENT PARTS

Reference HP Part C| Gty Part Miir. Wifr. Part Number

Designation Number 2] Description Code
A 03458-66501 {8| 1 | PRINTED CIRCUIT ASSEMBLY-DCR 28480 § 03458- 66501
AlCt 0160-4816 41 1| CAPACITOR-FXD 160PF +-10% 100VDC CER 04222 1 SATO2A1DTKAAH
Atc2 0140-4571 81 21 | CAPACITOR-FXD .1UF +80-20% 50VDC CER 04222 | SAT05E104ZAAH
AIC3 Q180-0210 6] 1| CAPACITOR-FXD 3.3UF+-20% 15VDC TA 56289 § 150D335X0015A2-DYS
A1E4-C5 0160-4571 8 CAPACITOR-FXD .1UF +B0-20% 50VDC CER 04222 | SAT0SE104ZAAY
A1ET-29 0160-4807 3f 3 | CAPACITOR-FXD 33PF +-5% 100VDC CER 0+-30 04222 | SATOZA3304AAH
Al1C10 D140-5349 01 2 | CAPACITOR-FXD 200PF +-5X 100VDC CER 04222 | SATGIAZ07JAAK
ATCTt 0160-4819 7| 2} CAPACITOR-FXD 2200PF +-5% 100VDC CER 04222 | SAZDTAZ2ZIARH
AlCi2-ci6 0180-4571% B CAPACITOR-FXD .1UF +B0-20%Z S0vDC CER 04222 | SA10SE104ZAAH
AtCY7 0180-0291 3] 1} CAPACITOR-FXD 1UF+-10% 35VDC TA 5628¢ | 150D105X9035A2-DYS
AL19 0160-4571 & CAPACITOR-FXD .iUF +80-20% 50VDC CER 04222 | SAT05E104ZAAH
A1C20-C21 0180-0197 &1 1] CAPACITOR-FXD 2.2UF+-10% 20VDC TA 36289 | 130D2Z5X2020A2-DYS
A1C22-L23 (160-6986 1] 2 | CAPACITOR-FXD B2PF 2% &30V 19701 | 7O3E1ADBRGPGA3ITX
ATC24 0160-4801 7] 1| CAPACITOR-FXD 100PF +-5% 100VDC CER 04222 § SAT0ZATOTJAAH
Ale108 0160-4786 71 2| CAPACITOR-FXD 27PF +-5% 100VDC CER 0+-30 04222 | SA102A270JAAH
A1E104 0160-4802 8] 1| CAPACITOR-EXD B2PF +-5% 106VDC CER 0+-30 04222 | SA102A820JAAH
AlC102 G160-4832 41 1| CAPACITOR-FXD .01UF +-10% 100VDC CER 04222 | SA101C103KAAR
A1CI03-C105 0160-4571 8 CAPACITOR-FXD .1UF +80-20% 50vVDL CER 04222 | SA10SE104ZAAN
A1C106 G160-4795 B! 1] CAPACITOR-FXD 4.7PF +-.5PF 100VDC CER 04222 | SAT102A4R7DAAH
AtC107-C109 0160-4571 & EAPACITOR-FXD -1UF +80-20% S0VDC CER 04222 1 SA105ET04ZAAH
AtC110 0160-534%9 g CAPACITOR-FXD 200PF +-5% 100VDC CER 04222 | SATOTAZO01JARK
A1C200-Cc20% 0160-4571 8 CAPACITOR-FXD .1UF +80-20% 50VDC CER 04222 | SAT05SE104ZAAH
AIC30 0160-4571 8 CAPACITOR-FXD .1UF +B0-20% 50vbC CER 04222 | SATOSET04ZAAH
A1L302 0160-47856 7 CAPACITOR-FXD 27PF +-5% 100VDC CER 0+-30 04222 SATC2ARTOIARY
A1€304-£304 01606-4571 8 CAPACITOR-FXD .1UF +80-20% 50VBC CER 04222 | SAMT0SE104ZAAH
AlC307 0160-3456 &1 1| CAPACITOR-FXD 100DRF +-10% 1KVDC CER 2B480 | 0160-3456
ATC400 0160-4819 7 CAPACITOR-FXD 2200PF +-5% 100VDC CER 04222 | SAZ0TA2225AAH
AICR1 1902-3128 41 1| DIODE-ZENER 7.32V 5% DG-35 PD=.4MW 28480 | 1902-3128
AiCRZ 1901-0880 71 12 | DIODE-GENERAL PURPOSE 125MA DO-35 28480 | 1901-0880
ACRA 1902-0078 71 2| DIGDE-ZEMER 14.7V 2% D0O-35 PD=.4Y 28480 1 1902-0078
ATCRY 1901-108C i 1 | DICDE-SCHOTTKY 20V 1A 04713 | TNSB17(RELAXED}
A1CRE 1902-0078 7 DIODE-ZENER 14.7V 2X DO-35 PD=.4W 28480 | 1902-0078
AICR1D-CR1Y 1901-0527 9| 3 | DIODE-CURRENT REGULATOR 75V DO-7 28480 | 1901-0527
ATCR12-CR13 1902-0961 7] 4 | DIODE-ZENER 13V 5% DO-35 PD=.4W TC=+.082% 28480 | 1902-0961
ATCRI00-CRIGY | 1901-0376 61 2| DIODE-GENERAL PURPOSE 35V 50A DD-35 28480 | 1901-0376
ATCRI02-CRICG | 1902-0945 71 5] DIODE-ZENER 3V 5% DO-35 PD=.4W TC=-.043% 28480 | 1902-0945
A1CR107 1901-0880 7 DIODE-GENERAL PURPOSE 125MA DG-35 28480 | 1901-0880
AICRI08 1902- 13591 1 1 | DIOBE-ZENER TN4683 3V PD=.25W IR=BOONA 04713 | 1NGGB3
ATCRI09 1900-0233 91 1] DIODE-SCROTTKY SMALL SIGMAL INS711 56088 | NSV
AICRT10-CRI1T [ 1902-0961 7 DIODE~ZENER 13V 5% DD-35 PD=.4W T0=+ . 082% 28480 § 1902-0961
ATCRT12-CRT13 [ 1901-0880 7 RIODE-GENERAL PURPOSE 125MA DO-35 28480 | 1901-0BBC
ATCRTH: 1901-0527 9 DICDE-CURRENT REGULATOR 75V DO-7 28480 | 1901-0527
A1CR201-CR202 {1901-0838 5] 3 | DICDE-POWER RECTIFIER 1NS5393 200V 1.5A 30043 | 1N5393
ATCR203 1902-3073 8| 7 | DICDE-ZENER 4.32V 5% DO-35 PD=.4MW 28480 | 1902-3073
A1CR204 1902-0244 91 1| DICDE-ZENER 30V 5% PD=1W IR=5HUA 28480 | 1902-0244
A1CR205 1902-0960 61 1] DIDDE-ZENER 12V 5% D0-35 PD=_4d TC=+.077% 50088 | 1ND43B
ATCR300 1901-1260 31 1| DIODE-HV RECTIFIER 1.6KV 1A DO-41 71744 | GPIGY
ATCR301-CR307 | 1901-0880 7 DI1ODE-GENERAL PURPOSE 125MA DO-35 28480 | 1901-0880
ATCR30B-CR313 | 1902-3073 8 DIOGE-ZENER 4.32V 5% DO-35 PD=_4U 28480 | 1902-3073
ATCR3Y4 1901-0880 7 DIODE-GENERAL PURPOSE 125MA DOD-35 28480 | 1901-0880
AILRA00 1901-0838 5 DIODE-POWER RECTIFIER IN5393 200v 1.54 30043 | 1M5393
ATEZ0% & E300 {1970-0052 ] 2 | TUBE-ELECTRON SURGE VOLTAGE PROTECTOR 90 VDS 28480 19700052
ATF300 2110-0757 1 1 | FUSE-~SUBMINIATURE .063A 125V AXIAL LEARD UL CSA [75915 | R251.06211
ATHNDZ 1400-0507 3¢ 1| CABLE TIE .062-2-DIA .095-WD NYLON S9T30 | TY-232M ;
ATHSR213 1205-0317 91 1| HEAT SINK DUAL INLINE THERMALOY 60118 13103 | 60118
ATENS213 0340-0564 3 1 INSULATOR-TRANSISTOR THRM-CHDCT 55283 T403-09FR-51
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A1 ASSEMBLY (03458-66501) REPLACEMENT PARTS

Reference HP Part C| Gty Part Mir. Mir. Part Number

Designation Number D Description Code
Atd1A-41B 1251-3961 2} 3 | CONNECTOR-PGSY TYPE .156-PIN-SPCG 6-CONT 27264 | 09-48-3064
Ala2 1251-3961 2 CONNECTOR-POST TYPE .156-PIN-SPCG 6-LONT 27264 09-48-3064
ATJ100 1258-0141 8] 1| JUMPER-REMOVABLE FOR 0.025 IN SQ PINS 18873 | 65474-004
Atamt 7i75-0057 5] 12 | RESISTOR-ZERD OHMS SOLID TINNED COPPER 19701 5020CXGRODGSB2AAZ
ATJNS 7175-0057 5 RESISTOR-ZERD OHMS SOLID TINKED COPPER 19701 5026GCXCRODOSRZAAZ
AtJM100 7i75-0057 5 RESISTOR-ZERG OHMS SOLID TINNED COPPER 19701 | 5020CK0RCOQSBZAAZ
ATIM200-JM207 | 7175-0057 5 RESISTOR-ZERG OHMS SOLID TINNED COPPER 19701 5020CXCROC0SB2AAZ
A1.1810N0 TES-NNE? 5 BERIRTAR-7FRN OHME SN ID TIMEED CORPER 19701 S0200X0ROOOSB2AAY
ATKE 0490- 1659 51 2 | RELAY-REED fuv 71707 | 3500-0043
ATK2 0490-1658 7 4 | RELAY-REED 21317 | 051AY*350DAB
AIK3 B4%0- 1659 5 RELAY-REED WV 71707 | 3500-0043
ATKG 0490-1675 31 1} RELAY-SUV,REED COTO 3500-0044 71707 | 3500-0044
ATK3-K6 0490- 1658 7 RELAY-REED 21317 | 051AY*350DAB
AIKT 0490- 1657 71 1] RELAY-REED COTC 5000-0124 2B4B0 | 0490-1657
ATK9 04501658 7 RELAY-REED 21317 | 031AY*350DAB
ATK200 0490-1526 7 3 | RELAY-REED 28480 | 0490-1526
A1Kz201 04901668 8 1 | RELAY-AROMAT DSZ2E-SL2-DCT2V-HXX 28480 04906-1668
A1X202-K203 0490-1526 7 RELAY-REED 28480 0496~ 1526
ATK204 0490-1651 4 1 ] RELAY-LATCHING ARUMAT DSZE-SL2-DC12V-C-T14 28480 0490-1651
ALY 9100-1625 ] 4 1 INDUCTOR RF-CH-MLD 33UH +-5% 99800 1537-52
AH01~-1102 9140~0979 5{ 1| INDUCTOR RF-CH-MLD 6BOUH +-10% 83125 | MS750085-17
A1L200-1L201 91460-0394 2] 1| INDUCTOR RP-CH-MLD 6BONH +-5% 24226 | 13MAB0J
ATL202-L203 9100-1625 o FNDUCTOR RF-CH-MLD 330H +-5% 99800 1537-52
A1L300 9100-1625 0 INDUCTOR RF-CH-MLD 330H +-5% 99800 | 1537-52
A1LBLY 7120-6830 9 1 | LABEL-INFO WRNTY DATE CODE .25-IN-WD .625-IN-LG {28480 | 7120-6830
ALBL2 9320-5333 1 T | LABEL-LIKE-PRINTER; .625-IN-WD X ,25-IN-LS 28480 | 9320-5333
AtP1-p2 1251-0600 0 13 | CONNECTOR-SGL CONT PIN 1.14-MM-BSC-5Z SQ 27264 16-06-0034
AP3 1231-8106 3 1 | CONNECTOR-POST TYPE .100-PIN-SPCG 20-CONT 76381 3592-5002
RIP&-PY 1251-0600 ] CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ SQ 27264 16-06-0034
A1P100 12516515 & 1 | CONNECTOR-POST TYPE .100-PIN-SPCG 6-CONT 18873 | 67996-606
ATP101-P102 1251-0600 o CONNECTOR-SGE CONT PIN 1.14-MH-BSC-§Z 5@ 27264 | 16-06-0034
ATP200-P20G2 1251-0600 G CONNECTOR-SGL CONT PIM 1.14-MM-BSC-SZ S& 27264 16-06-0034
AIP400-P40T 12516064 2 2 | CONNECTOR-POST TYPE .100-PIN-SPCG 5-CONT 27264 22-10-2052
AtQ] 1853-0565 2 2 | TRANSISTOR PHP St TO-92 PD=310MY 04713 2NG403
AtQ2-03 1855-0793 51 22 § TRANSISTOR J-FET N-CHAN D-MODE Y0-%92 17856 | J2472 IR-6
AlQ6 1854+ 1028 & 2 | TRANSISTOR KPN SI PD=350MH FT=300MHZ 04713 | 283904
AQ7 1855-0243 7 1 TRANSISTOR-JFET DUAL K-CHAMN TO-7%1 SI 28480 1855-0243
AlQ1G-an 1855-0793 5 TRANSISTOR J-FET N-CHAN D-MODE TO-92 17856 | 42472 TR-6
Atg12-q13 1855-0743 51 13 | TRANSISTOR J-FET N-CHAN D-MODE T0-92 SI 27014 NSID5092/F50188A
AR 1855-0793 5 TRANSISTOR J-FET N-CHAK D-MODE TO-92 17856 [ J2472 TR-6
A1G15 1855-0743 5 TRANSISTOR J-FET N-CHAN D-MODE TO-92 Si 27014 NSID5092/F50188A
AlR16-017 1855-0793 5 TRANSISTOR J~FET W-CHAM D-MODE TO-92 17856 | J2472 TR-6
A8 1855-0743 5 TRANSISYOR J-FET W-CHAN D-MODE TO-92 Si 27014 | NSID5092/F50188A
ATQI19-R23 1855-0793 5 TRANSTSTOR J-FET W-CHAN D-MODE TO-92 17856 J2472 TR-6
AlQ24 1855-0743 5 TRANSISTOR J-FET N-CHAN D-MODE T0-92 SI 27014 | NSID3092/F50188A
A1025-027 1855-0793 5 TRANSISYOR J-FET N-CHAM D-MODE TO-92 17856 | J2472 TR-6
Al028 1854-1030 g 1 | TRANSISTOR-DUAL NPH TO-78 PD=750MW 28480 1854-1030
AIQI00 1853-0083 $§ 1| TRANSISTOR-DUAL PNP PD=600HM 28480 | 1853-0083
ATQ10% 18530700 8] 2 | TRAMSISTOR PHP S1 TO-92 PD=625MN FT=40MH 2N5087 | 27014 | 6292/T625347A
ATQ103 1855-0742 2 1 | TRANSISTOR-JFET DUAL N-CHAH D-MODE $f 27014 | NSID9B67/FIBOOSA
A10104 1854~ 1040 5§ 1| TRANSISTOR WPK S1 TO-92 PD=310WH 27014 | 2n5088
ATRIOS 1855-0247 1 1 | TRAMSISTOR J-FET DUAL N-CHAN D-MODE T0-7% 28486 | 1855-0247
A1EI06 1855-0341 &] 1| TRANSISTOR J-FET 2M4338 N-CHAN D-MODE TO-18 17856 | 204333
ATQ107-0108 1855~0743 5 TRANSISTOR J-FET H~CHAN D-MODE T0-92 SI 27014 § NSID5092/F50188A
A1Q200 1853-0565 2 TRANSISTOR PHP SI TO-92 PD=310MK 04713 | 2N4403
A1Q201-0206 1855-0743 5 TRANSISTOR J-FET M-CHAN D-WODE Y0-92 SI 27014 | NSIDS092/F50718BA
AIQR207-Q208 1853-067% 51 2| TRANSISTOR-PHP S1 TO-220AB PD=1.67W 27014 ]| su5a011A
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HP 3458A

A1 ASSEMBLY (03458-66501) REPLACEMENT PARTS

Refarence HP Part Cl Oty Part Mir. Mfr. Part Number

Dasignation Numbar D Bescription Code
A1Q304 1855-0793 5 TRANSISTOR J-FET N-CHAK D-MODE T0-92 17856 | J2472 TR-6
A1Q305 1855-0209 5] 1] TRANSISTOR J4-FET P-CHAN D-MODE SI 28480 | 1855-0209
A1Q306 1853-0700 8 TRANSISTOR PNP S1 TO-92 PD=625MW FT=40MH 2X5087 |27014 | 6292/T62547A
A1Q307 1854-1028 6 TRANSISTOR NPH SI PD=350MW FT=300MHZ 04713 | 2N3904
A10308-4313 1855-0793 3 TRANSISTOR J-FET N-CHAN D-MODE TQ-92 17856 | J2472 TR-6
AIR2-R3 0757-0435 0] 6 | RESISTOR 3.92K 1% .125W TF TC=0+-100 28480 | 0757-0435
AR 04698-3215 41 2 | RESISTOR 499K 1% .125W TF TC=0+-100 28480 | 0698-3215
AIRY 0699-0714 4{ 1| RESISTOR 118K .1% .125W TF TC=0+-10 28480 | 0699-0714
ATRE 0698-8935 9 1 | RESISTOR 13.5K .1% .1¥ TF TC=0+-10 28480 | 0698-B955
ATRY 0757-0280 3] 11 | RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1001-F
ATR1D 0757-0401 o] 3 | RESISTOR 100 1X .125W TF TC=0+-100 24546 | CT4-1/8-T0-101-F
ATRI 0757-0280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1001-F
AIR13 0757-0283 & 5 | RESISTOR 2K 1% .125W TF 1C=0+-100 24546 | CT4-1/8-1T0-2001-F
ARG G757-0442 g 9 | RESISTOR 10X 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1002-F
ATR1S 0757-0401 0f 1| RESISTOR 100 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-101-F
ARTY 0699-2424 8] 2 | RESISTOR 5K 1% 284B0 | 0699-2424
ATR19 0699-24624 a RESISTOR 3K 1% 28480 | 0699-2424
AIR20 0699-2315 L 5 { RESISTOR 4.7K OHM 5% .25{ CARBON COHP. 61121 CB4725
ATR2% 0737-044% 6| 2] RESISTOR 20K 1% .125W TF 7C=0+-100 24546 | C14-1/8-10-2002-F
AlR22 0757-0435 0 RESISTOR 3.92K 1% .125W TF TC=0+-100 28480 | 0757-0435
A1R23 0757-0475 8| 1 | RESISTOR 274K 1% .125 TF TC=0+-100 24545 | CTA~1/8-T8-2743-F
A1R24 0757-0435 o RESISTOR 3.92K 1% 1250 TF TC=0+-100 28480 | OV57-0435
AIR25 0757-0283 é RESISTOR 2K 1% .1259 TF TC=0+-100 24546 1 CT4-1/8-10-2001-F
ATR26 0757-0346 2] 2 | RESISTOR 10 1% .125W TF TC=0+-100 28486 | O757-0346
ATR27 0757-0446 3] 3 | RESISTOR 15K 1% .125W TF 7C=0+-100 24566 | CT4-1/B-T0-1502-F
ATR28 0757-0346 2 RESISTOR 10 1X .125W TF TC=0+-100 28480 | 0757-0346
AtR29 0757-04465 6 5 | RESISTOR 100K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1003-F
ATR30 0757-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-10-1002-F
AIR3Y Q757-0465 5 RESISTOR 100K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1003-F
AIR32 0757-0442 9 RESISTOR 10K 1% 125 TF TC=0+-100 24546 | CT4-1/8-T0-1002-F
A1R33 06%92-4735 3} 2 | RESISTOR 47K 3% 2W CC TC=0+765 81121 | HB4Y73ES
A1R34 0699-2515 g RESISTOR 4.7K OHW 5% .25W CARBON COMP. 01121 | CB&4TZS
AIR3S 0757-0469 0} 2] RESISTOR 150K 1% .125W TF TC=0+-100 24546 | CT4-1/8-10-1503-F
A1R36 0757-0465 6 RESISTOR 100K 1% .125W TF TC=0+-100 24566 | CT4-1/8-T0-1003-F
A1R3T 0698-B737 51 1] RESISTOR 100K 5% .254 CC TC=-400/+800 01121 | CB1045
A1R38 0692-4735 3 RESISTOR 47K 5% 2W CC TC=0+765 01121 | HB4735
AIR39-R40 0757-0280 3 RESISTOR 1K 1% ,125W TF TC=0+-100 24546 § CT4-1/8-70-1001-F
ATRA1T-RA2 0698-3279 0{ 3 | RESISTOR 4.99K 1% .125W TF TC=0+-100 245466 | CT4-1/8-TO-4991-F
ATR4A3 0698-3228 9] 4 | RESISTOR 49.9K 1% .125W TF TC=0+-100 28480 | 0698-3228
AiRAG 0698-4486 31 1] RESISTOR 24.9K 1% .125W TF TC=0+-100 24546 1 CT4-1/8-10-2492-F
AIR4AS 0757-0283 6 RESISTOR 2K 1% .125W TF TC=0+-100 24546 | CT4~1/8-70-2007-F
AlR4S O757-0446 3 RESISTOR 15K 1% .125W TF 7C=0+-10C 24546 | CT4-1/8-T0-1502-F
AIRAT 0757-0471 41 3 | RESISTOR 182K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1823-F
AIR4B 6757-0431 6 3 | RESISTOR 2.43K 1% .125W TF 7C=0+-100 24546 | CT4-1/8-T0-2431-F
AIR4Y 0698-3516 B8] 2 ] RESISTOR 6.34K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-6341-F
ATREB0 0757-0454 3] 2 | RESISTOR 33.2K 1% .7125W TF TC=0+-100 24546 | CT4-1/8-70-3322-F
ATR51Y 0757-0446 3 RESISTOR 15K 1% .125W TF 1¢=0+-100 24546 | CT4-1/8-T0-1302-F
R1RS2 0757-0283 -3 RESISTOR 2K 1% .125W TF TC=0+-100 26546 | CT4~1/8-70-2001%1-F
ATR53 0757-0471 4 RESISTOR 182K 1% .125W TF TC=0+-100C 24546 -f CT4-1/8-70-1823-F
ATRS4 0698-3228 9 RESISTOR 49.9K 1% .125W TF TC=0+-100 28480 | 0698-3228
ATRSS 0757-0431 6 RESISTOR 2.43K 1% .125W TF TC=0+-100 24546 ] CT4-1/B-70-2431-F
ATR57 0757-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-10-1002-F
ATRSB 0757-0286 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-TO-1001-F
AR5 O757-0h42 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | ET4-1/8-T0-1002-F
AIR61 0757-0465 6 RESISTOR 100K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1003-F
ATRG3 0757-0449 & RESISTOR 20K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-2002-F
A1R64 07570454 3 RESISTOR 33.2K 1% .125W TF TC=0+-100 24546 | CT4-1/B-T0-3322-F
ATRES 0699-2515 ¢ RESISTOR 4.7K OHM 5% .25W CARBOM COMP. 01121 CB4725
ATREY 0698-3620 51 1| RESISTOR 100 5% 24 MO TC=0+-200 28480 | 0698-3620
ATRGB 0698-3228 g RESISTOR 49.9K 1% 125 TF TC=0+-100 28480 | 0698-3228
AIREY 0698-3516 8 RESISTOR 6.34K 1% .125W TF TC=0+-100 20546 | CT4-1/B-T0-6341-F
AR10C 0698-84T1 41 2 1 RESISTOR 1.773K .1% .1 TF TC=0+-5 28480 | 0698-84T1
ART0Y 0757-0270 t 2 | RESISTOR 249K 1% .125W TF TC=0+-100C 24546 | CT4-1/8-T0-2493-F
AR102 0698-8471 4 RESISTOR 1.775K .1% .1iW TF TC=0+-5 28480 | 0698-8471
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ATR103 0757-0278 @ 1 { RESISTOR 1.78K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-7781-F
AIR104-R103 G757-0442 9 RESISTOR 10K 1% .125¥ TF TC=0+-100 24546 | C14-1/8-70-1002-F
ATR106-R107 0757-0458 7 2 | RESISTOR 51.1K 12 .125W TF TC=0+-100 24546 ] CT4-1/8-T0-5112-F
A1R108 0698-4123 51 1] RESISTOR 499 1% .1256 TF T€=0+-100 245346 | CT4-1/8-TO-499R-F
ATR110 0698-7652 11 1] RESISTOR 49.9K 1% .125W TF TC=D+-25 19701 | S5033R-1/8-79-4992-F
ATRT1Y 0757-0270 1 RESISTOR 249K 1% .125W TF TC=0+-100 24546 | CT4-1/B-T0-2493-F
AlR112 0698-3279 a RESISTOR 4.99K 1% 1254 TF TC=0+-100 24546 | CT4-1/8-T0-4991-F
ATR114-R115 0757-06280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-1001-F
ATRITO Go¥6E-3215 4 RESIBTOR 499k 1% .125H TF T0=0+-300 285566 (HOo AR T
ATRTYT 0698-3228 9 RESISTOR 49.9K 1% .1254 TF TC=0+-108 28480 | 0698-3228
AIRIIB 0757-0433 8] 2] RESISTOR 3.32K 1% .125¢ TF TC=0+-100 24546 | CTH-1/8-T0-3321-F
ATRT19-R120 0757-0280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-1001-F
ATRI21-RA22 0698-6364 G] 2| RESISTOR 50 .1% .125W TF TC=0+-25 19701 | 5033R-1/8-79-51-F
AIR123 G757-0469 8 RESISTOR 150K 1% .1254 7F TC=0+-100 24546 | CT4-1/8-TO-1503-F
A1R200-R201% 0699-2515 G RESISTOR 4.7K OHM 5% .25W CARBON COMP. 01121 CB4T725
ATR203-R204 0757-0435 ] RESISTOR 3.92K 1% .125W TF TC=0+-100 28480 | 0757-0435
ATR206 0698-8954 g1 1| RESISTOR 500K .1% .125W TF TC=0+-10 28480 | 0698-8954
ATR207 0699-1125 3 1 | RESISTOR 40K .1% .6W TF TC=0+-1.3 28480 | 0499-1125
ATR208 0699-2642 7 1 | RESISTOR 4.53K .1% .254 TF TC=0+-5 19701 5033ZA4K5308
ATR209 06988966 2 1 | RESISTOR 634 1% .1W TF TC=0+-10 28480 | 0693-8945
A1R210 0699-1628 2 1 ] RESISTOR 90 .1X .125W TF TC=0+-10 19701 | 50337890R008
A1R211 0699-1627 6 1 | RESISTOR 9 .1% .125W TF TC=0+-10 28480 | 0699-1627
ATR212 0811-3709 91 1| RESISTOR 1 1% 34 PW TC=0+-50 M&37 | RS2B-227
A1R213 03458-82501 {1 1 ] RESISTOR 0.1 OHM SHUNT +-10% TC+-5PPM 28480 | 03458-82501
A1IR214 0757-0465 6 RESISTOR 100K 1% .1259 TF 1€=0+-100 24546 § C14-1/8-70-1003-F
A1R215-r218 0699-0642 7| 4 | RESISTOR 10K 1% .1 TF 7C=0+-5 19701 | 5023ZA10K00B
AIR219 0757-0283 6 RESISTOR 2K 1% .125W TF YC=0+-100 24546 CT4-1/8-TG-2001-F
A1R302 0757-0280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1001-F
AR303 07570401 i T | RESISTOR 100 1% .1258 ¥F TC=0+-100 24346 | CY4-1/8-T0-101-F
ATR304 a757-0431 6 RESISTOR 2.43K 1% .125W TF 7C=0+-100 24546 | CY4-1/8-7T0-2431-F
ATR305 0757-0433 3 RESISTOR 3.32K 1% .125¥ TF TC=0+-100 24546 § CT4-1/8-T0-3321-F
AIR3D6 0699-1065 0 1 | RESISTOR 10K 5% .25W CC ¥C=-400/+700 01121 81035
AR307 0699-2427 7} 1 | RESISTOR 300 .5% .3W HF TC=0+-1.3 28480 | 0699-2427
AIR3GE 0699-2426 5 1§ RESISTOR 3K .5% .34 MF TC=0+-1.3 28480 § 0699-2426
A1R310 0699-2425 31 1] RESISTOR 10K .5% .34 MF TC=0+-1.3 28480 | 0699-2425
AIREN 0757-0288 1 1 | RESISTOR 9.09K 1% .125W TF TC=0+-100 1era 5033R-1/8-T0-9091-F
AIR312 0757-0407 6 1 | RESISTOR 200 1% .125W TF 7C=0+-100 24546 | CT4-1/8-TO-201-F
ATR317-R318 G757-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1002-F
AIR319 0T57-0427 O 1| RESISTOR 1.5K 1% .125H TF TC=0+-100 24546 | CT4-1/8-70-1501-F
AIR320 0757-0477 0 1] RESISTOR 332K 1% .125( TF TC=0+-100 19701 5033R-1/8-Y0-3323-F
AIR321 G757-0471 4 RESISTOR 182K 1% .125d TF YC=0+-100 245466 | CT4-1/8-Y0-1823-F
ATR322 0683-3955 8 1 1 RESISTOR 3.9M 5% .25W E£C TC=-900/+1100 01121 CB3%55
ATRADO 0757-0284 71 1} RESISTOR 150 1% .125W YF TC=0+-100 243546 | CT4-1/8-TO-151~F
ATR4G02-R403 0699-0515 3 1 | RESISTOR 9.53K .1% .1W TF TC=0+-15 28480 ; DERP-0515
ATRAD4 0757-0280 3 RESISTOR 1K 1% .125W TF YC=0+-100 24546 | CT4-1/8-7T0-1001-F
A1TRP1-RP4 1810-0374 1] 4 | NETHORK-RES 8-SIP 1.0K OHM X & 01121 | 2088162
A1RPS 1810- 0371 8 1 | NETWORK-RES 8-SIP 100.0K OHH X 7 01121 208A104
AIRPS 1810-0321 8 2 | NETWORK-RES 8-SIP 220.0K OHM X 7 01121 20BAZ24
ARPT 1810-1170 8 7 | HETWORK-RES 9-SIP HULTI-VALUE 28480 18101170
AIRP10D 1810-1169 3 1 | METHORK-RES 6-SIP MULTI-VALUE 28480 1810-1169
ATRP200 1810-0321 8 RETHORK-RES B-S5IP 220.0K OHM X 7 01121 | 208A224
ATRP300 1Q4-0104 7 1§ IC-RES NTWK;20-PIN CERDIP 28480 | 1044-0104
AIRP301-RP302 | 1810-0507 2% 2] HETHORK-RES 8-51P 33.0K OHM X 7 01121 | 2084333
ATRP303 1819-0206 8 1 1 HETWORK-RES B-S1P 10.0K OHM X 7 01121 208A103
ATRPLOD 1810-1171 3 1 | HETWORK-RESISTOR 73138 | 1696-10-1
A1RV300 0837-0382 3} 1| DIODE-VRTS 1.1KV 28480 | 0837-0382
AYTPI-TPS 1251-0600 6! 15 { CONNECTOR-SGL CONT PIM 1.14-MM-BSC-SZ Sg 27264 16-06-0034
ATTP10-TP1Y 1251-0600 0 CONKECTOR-SGL CONT PIH 1.14-MM-BSC-$2 SQ 27264 16-06-0034
ATTPI00-TP101T | 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ SQ 27264 | 16-06-0034
AYTP300-TP303 | 1251-0600 0 COMKECTOR-SGL CONT PIN 1.14-MM-BSC-§2 50 27264 16-06-0034
ATTP400-TP4AGT | 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-HM-BSC-SZ 5Q 27264 | 16-06-0034
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MU 1820- 1662 3] 10 | IC SHF-RGTR £MOS SERIAL-IN PRL-OUT 8-BIT 04713 | MC14094BCP
A1U2-U3 1858-0047 5 3 | TRANSISTOR ARRAY 16-PIN PLSTC DIP 56289 1 ULN-2003A
Aluh 1820-1662 3 1C SHF-RGTR CMOS SERIAL-IN PRL-OUT 8-BIT 04713 | MC14094BCP
AlUS 1826-0850 4 3 | AHALOG SWITCH -PIN 17856 | DG211Cd
AlU6 1820- 1662 3 IC SHF-RGTR CMOS SERIAL-IN PRL-OUT B-BIT 04713 | MCH4O094BCP
AUT-U8 1826-0347 11 6] IC COMPARATOR GP QUAD 14-DIP-P PKG 27014 | LM339N SELECTED
AT 1820-1662 3 IC SHF-RGTR CMOS SERIAL-IN PRL-OUT B-8IT 04713 | MC14094BCP
A0 1826-1370 3 3 | IL COMPARATOR QUAD 16-DIP-P PKG 27014 | LP365N
ATUTY 1826-G347 1 IC COMPARATOR GP QUAD 14-DIP-P PKG 27014 {M339N SELECTED
AtU2 1826- 1544 8 3§ IC OP AMP H-SLEM-RATE B-DIP-P PKG 04713 | MC34081P
ATU13 1826-1035 1 1] b/A B-BIT 16-PLASTIC BPLR 06665 | DAC-OBCP
AN 1820- 1662 3 IC SHF-RGTR CMOS SERIAL-IN PRL-OUT B-BIT 04713 | MC14094BCP
ATU13 1826-1533 0 2| 1C CP AMP H-SLEW-RATE DUAL B-DIP-P PKG 04713 | MC34072P
AU16 18261204 0 1| /A B-BIT 20~-PLASTIC CHOS 24355 | ADV752BJN
A7 1820~ 1662 3 1C SHF-RGTR CMOS SERIAL-IN PRL-OUT 8-BIT 04713 | MCi4094BCP
ATU20 1826-0347 1 1C COMPARATOR GP GUAD 14-DIP-P PKG 27014 | LM339N SELECTED
AU21 1826-1816 8 1| IC TEMPERATURE TRANSDUCER TO-92 27014 LM35DZ
Atuz2 1820-1753 3 1] IC FF CMOS b-TYPE POS-EDGE-TRIG 27014 | MM74CT4AN
AjUz24 1826-1533 G IC OP AMP H-SLEW-RATE DUAL 8-DIP-P PKG 04713 | MC34072p
ATUT00 1826-1544 8 iC OP AMP H-SLEW-RATE B-DIP-P PKG 04713 | ME34081P
AU 1826- 0346 O] 1} IC OP AMP GP DUAL B-DIP-P PKG 27014 | LM358M
ARJI02 1826-1544 8 IC OP AMP H-SLEW-RATE B-DIP-P PXG 04713 | MC35087P
AWI03 1826-0347 1 IC COMPARATOR GP QUAD 14-DIP-P PKG 27014 | LM339N SELECTED
ATU104 1826- 0850 4 ANALOG SWITCH -PIN 17856 | DG21iCJ
ATUT05 1826-1767 41 1| IC OP AMP LOW_NOISE B-DIP-P PKS (LT1008CKRE) 28480 | 1B26-1767
AU106 1820-1662 3 IC SHF-RGTR CMOS SERIAL-IN PRL-OUT 8-BITY 04713 | MC14094BCP
AUt07 1826-0544 o 1| IC V RGLTR-V-REF-FXD 2.5V B-DIP-C PKG 34333 S63503Y
A108 1854- 1199 1 1 | TRANSISTOR-DUAL NPN PR=5S00MM 27014 LM3S4BN
Aot 1820- 1662 3 1C SHF-RGTR CMOS SERIAL-IN PRL-OUT 8-BIT 04713 | MC14094BCP
AlU202 1858-0047 5 TRANSISTOR ARRAY 16-PIM PLSTC DIP 56289 | ULN-2003A
ATU203 1820- 1662 3 IC SHF-RGTR CMOS SERIAL-IN PRL-OUT 8-BIT 046713 MC14094BCP
ANLI204 1826-0347 1 IC COMPARATOR GP QUAD 14-DIP-P PKG 27014 1 LM339M SELECTED
ATU205 1826-0412 H 1 | 1C COMPARATOR PRCM BUAL B-DIP-P PKG 27014 | LM393N
AlU206 1826-0887 4 1| IC OGP AMP LOW-BIAS-H-IMPD DUAL 8-DiP-P 27014 LF412CN (SELECTED)
A1U300 1813-0437 2 1] IC GP AMP PRCN B-TD-99 PKG 28480 1813-0437
AU301 1826-0635 0] 2] Ic GP AMP LOW-OFS 8-DIP-P PKG 06665 | OP-O7CP
ATU302 1858-0048 6 1 | TRANSISTOR ARRAY 16-PIN PLSTC DIP 34371 CA30B2E
ATU303-U304 1826-1370 3 1C COMPARATOR QUAD 16-DIP-P PKG 27014 LP365N -
A1U305 18260635 0 IC OP AMP LOW-OFS B-DIP-P PKG 06665 | oP-Q7CP
AU306 18260850 4 ANALCG SHITCH -PINM 17856 | pe211Cd
ATU3G7 1820-1662 3 IC SHF-RGTR CMOS SERIAL-1N PRL-OUT 8-BIT 04713 MU14094BCP
ATU4G0 1826- 1409 9 1| IC OP AMP LOW-ROISE DUAL B-DIP-P PKG 28480 1826~ 1409
AWl 8150-4721 7] 2 | WIRE-JUMPER 22-AHG BLU 150-LG 2B4BO | B150-4721
AtWZ D3458-61626 |B] 2 | CABLE ASSY-COAXIAL 2B4BO | 03458-61626
A3 8150-4721 7 WIRE~JUMPER 22-AWG BLU 150-LG 28480 | B8150-4721
AWI00 03458-61626 | 8 CABLE ASSY-COAXIAL 28480 | 03458-61626
A12300 1813-05%0 6] 1 | PROTECTION NETWORK 28480 | 1813-05%90
PC ASSEMBLY MOUNTING HARDWARE
8315-0372 2 8 | SCREW-MACHINE M3 X 0.5 BMM-LG TORX 110 28480 | 0515-0372
B515-1410 1 2 | SCREW-MACHIHE M3 X 0.5 20MM-LG TORX T10 28480 0515-1410
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MiT. Manufacturer's Manufacturer's Zip
Code Name Address Code
01121 ALLEN-BRADLEY CO INC EL PASO TX US| 79935
04222 AVX CORP GREAT NECK NY US| 11021
04713 HOTOROLA IHC ROSELLE IL Uus | 60155
056665 PRECISION MONOLITHICS INC SANTA CLARA CA Us | 95054
13103 THERMALLOY INC DALLAS TX US | 75234
17856 SILICONIX INC SAHTA CLARA CA US | 95054
18873 DUPONY E I DE NEMOURS & CO WILMINGTON DE us | 19801
19701 MEPCO/CENTRALAB NG RIVIERA FlL.ous | 33404
24226 GOWANDA ELECTROMICS CORP GOWANDA HY us | 14070
24355 ANALOG DEVICES INC NORWOOD MA US| 02062
24546 CORMING GLASS WORKS CORNING BY Us | 14830
27014 HATIONAL SEMICOMBUCTOR CORP SANTA CLARA tA Us | 95052
27264 MOLEX THC LISLE IL us | 60532
28480 HEWEETT PACKARD COMPANY - CORPORATE PALD ALTO cA us | 94304
30043 SOLID STATE DEVICES INC LA MIRADA CA US| 90638
34333 SILICON GENERAL INC SAN JOSE cA US| 95134
34371 MARRIS CORP MELBOURNE £l us | 32901
50088 SGS-THOMSON MICROELECTRONICS INC PHOENTX Az us | ssoez
55285 BERGQUIST CO MINNEAROLIS ¥ us | 55420
56289 SPRAGUE ELECTRIC CO LEXINGTON MA US | 02173
59730 THOMAS & BETTS CORP RARITAN N US | 08869
7707 COTO CORP PROVIDENCE Rl Us | 02907
71744 GENERAL INSTRUMENT CORP CLIFTON W4 us | 07012
73138 BECKMAN INDUSTRIAL CORP FULLERTON CA US | 92635
75915 LITTELFUSE INC DES PLAINES IL us | 49016
76381 3 Co ST PAUL M US | 55144
83125 NYTRONICS INC CAPACITOR DIV DARL INGTON SC US | 29532
91627 PALE ELECTRONICS INC COLUMBUS NE US| 68601
99800 AMER PRCN IND INC DELEVAN DIV AURORA MY us | 14082
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A2 ASSEMBLY (03458-66502) REPLACEMENT PARTS

Reference HP Part Cl Qty Part Mir. Mir. Part Number
Designation Number D Description Code

A2 03458-66502 |9 1 | PRINTED CIRCUIT ASSEMBLY-AC CONVERTER 28480 03458-66502
A2C1-C2 0160-4832 4 5 | CAPACITOR-FXD .01UF +-10% 100VDC CER 04222 SAT01C103KAAR
A2C1 0160-6995 4 1 | CAPACITOR-FXD 197PF 2X S0VDC 30PPM/DEG C 28480 | 0160-6995
A2Ci02 0160-5913 41 4 | CAPACITOR-FXD 36PF +-5% 200vDC CER 0+-30 28480 0160-5913
A2CtT03 0160-6989 8 2 | CAPACITOR-FXD 20PF 24 1KV 0+-30PPM/DEG C 28480 0160-46989
A2C104 01460-6950 i 11 CAPACITOR FXD 400PF 3% 500V 30PPM/DEG C 28480 | 0160-6990
A2CT06 0150-0012 3 1] CAPACITOR-FXD .O1UF +-20% 1KVDC CER 28480 | 0150-0012
A2C201 0160~-5699 3 2 | CAPACITOR-FXD 20PF +-5% 1O0VRDL CER 0+-30 56289 592CC0G20001008
A2C262 6160-6996 9 1 ] CAPACITOR-FXD 2150PF 2% 50v 30PPM/DEG C 28480 | 0160-6996
A2C203 0160-698% B CAPACITOR-FXD 20PF 2% 1KV O+-30PPM/DEG C 28480 01560-698%
AZC204 0160-5336 6 2 | CAPACITOR-FXD 20PF +-20% 3XVDC LER 56289 S564CP3KAA302AE200M
AZC205 01604791 4 5 | CAPACITOR-FXD 10PF +-5% 100vDC CER 0+-30 04222 SAT02A100LAAH
A2C206 0160-4832 4 CAPACITCGR-FXD .O1UF +-10% 100VDC CER 04222 SATOIC103KAAH
A2C207 0160-4814 2 4 | CAPACITOR-FXD 150PF +-5% 100VDC CER 04222 SATHIATS 1 JARH
AZC208 G160-39856 7 1 | CAPACITOR-FXD .22UF +-10% 400VDC 14752 210BE224K
A2C209 0168-5896 2 2 | CAPACITOR-FXD 1PF +-.25PF 100VDC CER 2B480 | 0160-5896
Azc210 0165-5336 6 CAPACITOR-FXD 20PF +-20¥% 3KVDC CER 56289 | SOACPIKAAZN2AEZ00M
AZC211 G18C-1746 5 @ | CAPACITOR-FXD 15UfF+-10% 20vDC TA 56289 150D 156X%902082-DYS
AZC301-C302 0160-4571 8| 20 } CAPACITOR-FXD .1UF +80-20X% 50VDC CER 04222 SAN05E 104 ZAAH
A2C303 01604791 4 CAPACITOR-FXD 10PF +-3% 100VvDC CER 8+-30 04222 SAT102A10048AH
A2C401 0160-4791 4 CAPACITOR-FXD {OPF +-3% 100VDC CER 6+-30 04222 SAT02A1003AAH
A2C402 0160-4832 4 CAPACITOR-FXD .0TUF +-10% 100VDC CER 04222 SATHCI03KAAH
A2C403 0160-4799 2 2 | CAPACITOR-FXD 2.2PF +-.25PF 100VDC CER 04222 MATD1AZRZCAAH
A2C404-C607 0160-4571 8 CAPACITOR-FXD .1UF +80-20% 50VDC CER 04222 SA105E104ZAAH
AZC408 01606-5913 4 CAPACITOR-FXD 36PF +-5% 200vDEC CER 0+-30 28480 ¢160-5913
AZC40T 0160-4791 4 CAPACITOR~FXD 10PF +-5% 100VDC CER 0+-30 04222 SAT02AT00JAAH
A2C410-C4i1 0160-4814 2 CAPACITOR-FXD 150PF +-5% 100VDC CER 04222 | SATO1ATST1JAAH
A2C412 0160-4809 5 4 | CAPACITOR-FXD 390PF +-5% 100vDC CER 04222 SAT01A391JARH

| ASC413 0160-5100 4 1§ CAPACITOR-FXD 2700PF +-3% 100VDC CER 04222 1 SA30TA272JAAH

| AZC501-C502 0160-4571 B CAPACITOR-FXD . 1UF +80-20% 5GVDC CER 04222 SATOSET04ZARH
AZE503 0160-4535 4 1| CAPACITOR-FXD 1UF +-10% 50VDC CER 04222 SR3IG5L105KAAH
A2C304 0160-5895 2 CAPACITOR-FXD 1PE +-.25PF 100VDC CER 28480 0140-5896
A2C505-C506 0160-4571 B CAPACITOR-FXD .1UF +80-20% 50VDC CER 04222 SAT0SE104ZAAH
h2C307 0160-569% 3 CAPACITOR-FXD 20PF +-3% 100VDC CER 0+-30 56289 1 592CCRGZ00.41008
AZ2C508 0160-479% 2 CAPACITOR-EXD 2.2PF +-.25PF 100VDC CER 04222 MATO01AZRZCAAH
AZ2C509 0160-5913 4 CAPACITOR-FXD 346PF +-5% 200VDC CER 0+-30 28480 0160-5913
AZC510 0160-4820 1 2 1 CAPACITOR-FXD 1BOOPF +-5% 100¥DC CER 04222 1 SA301A182JAAK
AZC6061-C602 0160-4571 8 CAPACITOR-FMD .1UF +80-20X% S50VDC CER 04222 SA105E104ZAAH
A2C603-C405 0160-6207 2 3 | CAPACITOR-FXD 1UF +-5% BOVDC MET-POLYC 28480 016G-6207
A2C606 0160-6395 [ 1 | CAPACITOR-FXD ,22UF +-5% 5S0VDC MET-POLYC 28480 0160-6395
h20607 0160-4232 81 -1 | CAPACITOR-FXD .D&TUF +5-0X% 50VDC 28480 | 0160-4232
AZCY0T-CT06 0180-1746 5 CAPACITOR-FXD 15UF+-10% 20VDC TA 56289 1500156X902082-DYS
AZCTO7-E708 0160-4571 8 CAPACITOR-FXD .JUF +80-20% S0VDC CER 04222 SA105E104ZAAH
AZCT09-E710 0180~ 1746 5 CAPACITOR-FXD 15UF+-10% 20VDC TA 56289 1500 156X902082-DYS
AZ2CT11 6160-4571 8 CAPACITOR-FXD .1UF +80-20% 5GVDC CER 04222 SAT05E104ZAAH
A20801 0160-4571 8 CAPACITOR-FXD _JUF +80-20% 50VDC CER 04222 SAT0SET0AZAAH
A2CR02 0160-4832 4 CAPACITOR-¥XD .01UF +-10% f00VDC CER 04222 SAT01CTO3KAAH
A2C901-0902 §160-4571 8 CAPACITOR-FXD .1UF +B0-20% 50VDC CER 04222 | SAT0SET104ZAAH
AZCS03 03458-61624 (2 7 | CABEL ASSEMBLY-COAXIAL 284B0 | 03458-61624
ARCY04 G160-4820 1 CAPACITOR-FXD 1BOOPF +-5% 100VDC CER 04222 | SA30TA182JAAR
AZC505 6160-5913 4 CAPACITOR-EXD 36PF +-5% 200vDC CER 0+-30 28480 0160-5913
AZC906 0160-4571 8 CAPACITOR-FXD .1Uf +B0-20% 50VDC CER 04222 SA105E1042AAH
A2CS07 B6160-4809 5 CAPACITOR-FXD 390PF +-5% 100VDC CER 04222 | SAT01A391JARH
A20908 B160-4571 3 CAPACITOR-EXD .1UF +80-20% 50VDC CER 64222 | SAT05E104ZAAH
R2C909 0160-4809 5 CAPACITOR-FXD 390PF +-5% 106VDE CER 04222 SAT01AZPTJAAH
A2C910 0160-4814 2 CAPACITOR-FXD 150PF +-5X% 100VDC CER 04222 SAT101AT51JARH
A2C911 0160-4535 431 1| CAPACITOR-FXD TUF +-10X 50VDC CER 04222 | SR3IOSCI0SKAAH
A2LF12 0160-4791 4 CAPACITOR-FXD 10PF +-5% 100VDC CER 0+-30 04222 SAMI2AT004AAH
A20913 0160-4809 5 CAPACITOR-FXD 39GPF +-5% 100VDC CER 04222 | SA101ABP1JAAR
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A2 ASSEMBLY (03458-66502) REPLACEMENT PARTS

Rifr. Part Number } :

Reference HP Part Ci Oty Part Mir.

Daslgnation Humber D Description Code /
AZCR1-CR3 1902-0953 7| 8] DIODE-ZENER 6.2V 5% DO-35 PD=.4W TC=+.053% 28480 | 1902-0953
A2CR4 1900- 0233 9| 5 | DIODE-SCHOTTKY SM SIG INS711 50088 § 1NSTH
A2CR101-CR108 | 1901-0880 7§ 19 i DIODE-GENERAL PURPOSE 125MA DG-35 28480 | 1901-0880
AZLR109 1902-0953 7 DIODE-ZENER 6.2V 5X DO-35 PD=.4W TC=+,053% 28480 1902-0953
A2CR110-CR112 | 1901-0880 7 DIODE~GENERAL PURPOSE 1Z25MA DO-35 28480 1901-0880
AZCRT13-CR114 | 1902-0960 6| 6| DIODE-ZENER 12V 5% DO-35 PD=.4W TC=+.077% 50088 | 1N963B
A2CR1I5-CR116 | 1902-0953 7 DIODE-ZENER 6.2V 5% DO-35 PD=.4W TC=+.053% 28480 § 1902-0653
AZCR117-CR118 | 1901-0880 4 DICDE-GENERAL PURPOSE 125MA DO-35 28480 1 1901-0880
A2CR202-CR203 | 1902-0960 6 DI ZEHER 12V 3% DD-35 PD=.4W TC=+.077% 50088 | IN9638
AZCR204 0122-0300 41 2 | DIODE-WC 100PF 5% C2/C20-MIN=2 BVR=20Y 2B4BO | 0122-0300
A2CR205-CR206 | 1902-0960 & DIODE-ZENER 12V 5% DO-35 PD=.4Y TC=+.077% 50088 | 1N9638
A2CR3I01-CR302 | 1901-0880 7 DIODE-GENERAL PURPOSE 125MA DG-35 28480 1901 -0830
AZCR303 1960-0233 Y DIODE-SCHOTTKY SM SIG 1NS711 50088 ST
A2CR4A01 1902-0953 7 DIODE-ZENER 6.2V 5% DU-35 PD=.4W TC=+.053% 28480 1902-0953
A2CRA02 0122-0300 4 DIODE-VVC 100PF 5% C2/C20-MIN=2 BVR=20V 28430 0122-0300
AZCR4O3-CRA04L | 1900-0233 g DICDE-SCHOTTKY SM SIG INS71Y 50088 5711
AZ2CR4D5-CRA06 | 1901-0880 7 DICDE-GENERAL PURPOSE 125MA DO-35 28480 | 1901-0880
A2CRS01-CR902 1 1901-0527 91 3| DIGOE-CURRENT REGULATOR 735V DO-7 28480 190t-0527
AZCROQ3 1900-0233 b DIOBE-SCHOTTKY SM SIG IN5711 50088 | IN571%
AZCRYDS 1902-0953 7 DIODE-ZENER 6.2V 3% DO-35 PD=.4W TC=+.053% 28480 | 1902-09533
AZCRD0% 1901-0830 7 DIODE-GENERAL PURPOSE 125MA DO-35 28480 | 1901-0880
AZCRSO7 1901-0527 9 DIODE - CURRENT REGULATOR 75V DO-7 28480 1901-0527
AZET0 1970-0073 5 1] TUBE-ELECTRON SURGE VOLTAGE PROTECTOR 28480 1970-0073
AZF1 2110-0757 1] 1] FUSE-SUBMINIATURE .063A 125V AX UL CSA 75915 | R251.062T1
A2F2-F3 2110-0671 81 4 | FUSE-SUBMINIATURE .1254 125V NTD AX 73915 | R251.125T1
AZFTO-F702 2110-0671 8 FUSE-SUBMINTATURE .125A 125V N1D AX 75915 R251.12571
A241-42 1251-3961 2§ 2| CONNECTOR-POST TYPE .156-PIN-SPLG 6-CONT 27264 | 09-48-3064
A2JHI- M3 7175-0057 51 10§ RESISTOR-ZERC OHMS SOLIB TINNED COPPER 19701 5020CXOROO0SE2AAZ
A2U8301 7175-0057 5 RESISTOR-ZERO QHMS SOLID TINNED COPPER 19701 5020CX0RO00SB2AAZ
AZINA0T-IM403 | 7175-0057 5 RESISTOR-ZERG OHMS SOLID TINNED LOPPER 19701 5020CXGROOOSBZAAZ
AZJH501-aM502 | 7175-0057 5 RESISTOR-ZERD OHMS SOLID TINNED COPPER 19701 5020CX0RO0OSE2AAZ
AZ2JHP01 7175-0057 5 RESISTOR-ZERO OHMS SOLID TINNED COPPER 19701 5020CX0RGO0SB2AAZ
A2K201 0490-1655 31 2| RELAY 1C 5VDC-COIL 2A 220vDe 28480 | 0490-1635
AZ2K202 0490- 1651 4 1] RELAY-LATCHING AROMAT DSZ2E-SL2-DC12V-C-T14 28480 | D4A90-1651
AZ2K203 0490-1655 3 RELAY 1C 5vDC-COIL 2A 220vDC 28480 | 0490-1655
A2LBL1 7120-6830 9] 1| LABEL-INFO WRNTY DAYE CODE .25-IN-WD .625-IN-LG | 28480 | 7120-6830
AZLBL2 9320-5333 1§ 1| LABEL-INFO ENG REY CODE; .625-1N-WD X .25-IN-LG |284B0 | 9320-5333
AZPi 1251-8106 1 1| CONNECTOR-POST TYPE .,100-PIN-SPLG 20-CONT 76381 35926002
A20101 1855-0743 5 2 | TRANSISTOR J-FET H-CHAN D-MODE TO-92 S1 27014 | NSIDS092/F50188A
A2G102 1855-0425 71 5} TRANSISTOR J-FET N-CHAN D-MODE T0-92 S 27014 J304
A20103 1855-0743 5 TRANSISTOR J-FET N-CHAH D-MODE T0-92 SI 27014 | NSID5092/F50188A
A20104 1855-0425 7 TRANSISTOR J-FET M-CHAN D-MODE 70-92 St 27014 J304
AZ0105 1855-0386 91 4 | YRANSISTOR J-FET N-CHAN D-KODE TO-18 SI1 04713 204392
AZQ201 1853-0565 21 3| TRANSISTOR PNP SI TD-92 PD=310MW 04713 2NLADT
A2Q202-0203 18550425 7 TRANSISTOR J-FET K-CHAN D-HODE 10-92 §I 27014 | J304
A2a401 1854-1039 91 5 | TRANSISTOR HPN SI TO-92 PD=310MY 04713 | 2N4407
AZ20402 1855-073%9 6 1| TRANSISTOR-JFET DUAL N-CHAN TO-78 S1 178536 | M5911
AZ0403 1853-0083 9] 1| TRANSISTOR-DUAL PNP PD=600MW 28480 | 1B53-0083
A2Q501 1854-1039 9 TRANSISTOR NPH 81 710-92 PR=310MY 04713 204401
A20601 1855-0425 7 TRANSISTOR J-FET M-CHAN D-MODE TO-92 SI 27014 J304
AZ2070% 1854-1039 9 TRANSISTOR KPR SI TO-92 PD=310MW 04713 2844061
A2G702 1853-0565 2 TRANSISTOR PNP SI TO-92 PD=310MY 04713 2ZHE403
AZ20801-Q802 1855-0386 9 TRANSISTOR J-FET N-CHAN D-MODE 70-18 SI1 04713 | 2N4392
AZQ901 1854-1028 6 1| TRAMSISTOR KPN SI PD=350MW FT=300HHZ 04713 2N3904
A20902 1854-1039 9 TRANSISTOR NPN ST T0-92 PD=310MU 04713 | 2N4AGY

L
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A20903 1853-0565 2 TRANSISTOR PNP SI TO-92 PD=310MW 04713 | 2K4403
A20904 1855-0432 7 1 | TRARSISTOR WOSFET P-CHAM E-MODE 17856 IN163
A20905 1855-0420 21 1| TRANSISTOR J-FET W-CHAN D-MODE 17856 | 284391
A2Q506 1855-0386 9 TRANSISTOR J-FET N-CHAN D-MODE T0-18 Sl 04713 | 2M4392
A20907 1854-1039 ¢ TRAKSISTOR NPN SI TO-92 PD=310Mi 04713 | 2H4401%
AZR1 07570466 71 & ] RESISTOR 110K 1% .125W TF TC=0+-100 24546 CT4-1/8-70-1103-F
A2R2-R& 0698-3228 91 9] RESISTOR 49.9K 1% .125W TF TC=0+-100 28480 | 5698-3328
A2R5 0757-0273 41 8| RESISTOR 3.0%K 1X .125W TF TC=0+-100 24546 | CT4-1/8-10-3011-F
A2R6 0757-0401 0{ 5 RESISTOR 100 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-101-F
A2R101 0757-0467 &1 12 | RESISTOR 200 1% ,125W TF TC=0+-100 24546 CT4-1/8-10-201-F
AZR102 06986366 3 2 | RESISTOR 800 .1% .125W F TC=0=125 28480 0698- 6366
AZR103 0757-0273 4 RESISTOR 3.01K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-30711-F
AZR104 06986939 51 1| RESISTOR 160K 1% .1254 TF TC=0+-25 28480 | 0698-6939
AZR105 0699-2434 9 T | RESISTOR 1.4M .5% .125W 100PPH/DEG C 28480 0699-2434
AZR106 0757-0401 0 RESISTOR- 100 1% .125W TF TC=0+-1060 24546 | CT4-1/8-70-101-F
AZRT07 0699-1980 8{ 2| RESISTOR 900K .1X .125W TF TC=0+-25 28480 | 0699-1980
AZRI08 0698-6015 91 1| RESISTOR 200K 1% .5W TF TC=0+-50 28480 | 0698-6015
AZR109 0598-3228 9 RESISTOR 49.9K 1% .125W TF 1C=0+-100 28480 0698-3228
AZR110-R114 0757-0442 91 12 | RESISTOR 10K 1% .125W TF 7C=0+-100 24546 CT4-1/8-T0-1002-F
AZ2R115 0699-0057 8| 4] RESISTOR 9K .1% .1W TF TC=0+-5 28480 0499-0057
AZRT16 0698-3497 4 5 | RESISTOR 6.04K 1% .125W TF TC=0+-100 24546 | CT4-1/8-TO-604R-F
AZ2R117 0698-3228 9 RESISTOR 49.9K 1% .125W TF TC=0+-1060 28480 | 0698-3228
AZ2R118 0699- 1980 8 1 | RESISTOR 900K .1% .125W TF TC=0+-25 28480 0699-1980
AZR201 04698-6670 } 2 | RESISTOR 1K .5% .125W TF T=0+-25 28480 1 0698-6670
AZR20G2 0699-0057 8 RESISTOR 9K .1% .14 TF 7C=0+-5 28480 0659-0057
AZRZ203 0698-6363 9| 1] RESISTOR 40K .1% .125W TF TC=0+-25 28480 | 0698-6363
AZR204 0699-0449 2| 1| RESISTOR 100 .1% .iW TF TC=U+-5 28480 | 0699-0449
A2R205 0699-0057 8 RESISTOR 9K 1% .1W TF TC=0+-5 28480 | 0699-0057

| AZR206 07s7-0277 81 2| RESISTOR 49.9 1X .125& TF ¥C=0+-100 28480 | 0757-0277

, AZR207 0698-6344 71 1] RESISTOR 900 .1% .125W F TC=0+-25 28480 | 0698-6344
AZR208-R209 0699-2469 1 2 | RESISTOR 500K .25% .25W TF TC=0+-3 28480 0699-246%
AZRZ10-R211 0698-3497 4 RESISTOR 6.04K 1% .125W TF TC=0+-100 24546 | CT4-1/8-TO-G04R-F
AZRZ13 0698-3228 9 RESISTOR 49.9K 1% .125W TF TC=0+-100 28480 D698-3228
A2R214h 07570442 9 RESISTOR 10K 1% .125W TF TC=0+-100 246546 CT4-1/8-T0~1002-F
AZR215-R216 0757-0273 4 RESISTOR 3.01K 1% .1254 TF TC=0+-100 24546 CT4-1/8-T0-3075-F
AZR301 0757-0442 9 RESISTOR 10K 1% .125§ TF TC=0+-100 24546 CT4-1/8-T0-1002-F
AZR302 0698-66T0 1 RESISTOR 1K .5% .125W TF TC=0+-25 28480 0698-565670
AZR303 0699-0057 8 RESISTOR 9K .1% .1W TF TC=0+-5 28480 | 0699-0057
AZR304 Q737-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CY4-1/8-70-1002-F
AZRGDT 0737-0401 0 RESISTOR 100 1% .125W TF TC=0+-100 24546 § CT4-1/78-70-101-F
AZR40Z 0757-0280 3| 10 | RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CTA-1/8-Y0-1001-F
AZR403 056984431 8| 4 { RESISTOR 2.05K 1% .125W TF TL=0+-100 24546 | CT4-1/8-10-2051-F
AZR404 0757-0407 6 RESISTOR 200 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-201-F
AZR405 $698-3228 9 RESISTOR 49.9K TX .125W TF T(=0+-100 28480 | 0698-3228
AZR40D6 0699- 1307 71 1| RESISTOR 1.96K .1X .IW ¥F TC=0+-5 28480 | 0699-1307
AZRA0TY 6757-0381 51 21 RESISTOR 15 1% .125W TF TC=0+-100 19701 5033R-1/8-70-15R0-F
AZR40B 0699-2435 4 1 | RESISTOR 83.5 .25% 10PPM/DEG C 28480 | 0899-2435
AZR40G 0698-4123 5% 3| RESISTOR 499 1% .125W TF TC=0+-100 24546 | CT4-1/B-TO-499R-F
AZRAT0-R4ATH 0698-6377 61 2 | RESISTOR 200 .1% .125W TF TC=0+-25 28480 | 0698-6377
AZR&T2 0757-0280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1001-F
AZRA13 0698-4143 5 RESISTOR 499 1% .125W TF TC=0+-100 26546 | CT4-1/8-T0~499R-F
AZRGT4 0757-0442 9 RESISTOR 10K 1% .125¢ TF TC=0+-100 24546 CT4-1/8-10-1002-F
AZR415 0698~ 6366 3 RESISTOR BOG .1% .125W F TC=0=125 28480 0698-6366
AZRAT6 0699-1627 61 11 RESISTOR 9 1% .125¥ TF TC=0+-10 2B4B0 | 0699-1627
AZ2R4TT 0757-0407 6 RESISTOR 200 1% .1254 TF TC=0+-108 24566 | CT4-1/8-T0-201-F
A2RATB-RATY 0757-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1002-F
A2R&L20 0698-4431 8 RESISTOR 2.05K 1% .125W TF TC=0+-100 24546 | CT4-1/B-¥0-2051-F
AZR&Z1T 0698-4473 B 1 | RESISTOR B.06K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-8061-F
AZR501-R502 0757-0273 4 RESISTOR 3.01K 1% .125M TF TC=0+-100 24546 | CT4-1/8-T0-3011-F
AZR503 0757-0407 & RESISTOR 200 1% .125W TF TC=0+-100 24546 | CT4-1/B8-TG-201-F
AZRB04 0757-4381 5 RESISTOR 15 1% .125W TF T6=0+-100 19701 5033r-1/8-70-15R0-F
AZR505 Q7s7-0407 6 RESISTOR 200 1% .125W TF TC=0+-100 24546 | CY4-1/8-T0-201-F
A2R506 07570288 11 2] RESISTOR 9.09K 1% .125W TF TC=0+-100 19701 | 5033R-1/8-70-9091-F
AZR507 07570280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1001-F
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AZR508 0757-0407 |6 RESISTOR 200 1% 125 TF TC=0+-100 24546 | CT4-1/B-70-201-F
AZR510 0757-0288 1 RESISTOR 9.09K 1% .125W TF YC=0+-100 19701 | 5033R-1/8-7T0-90%1-F
A2R512 0757-0273 4 RESISTOR 3.01K 1X .125W TF TC=0+-100 24546 1 CT4~1/8-10-3011-F
AZR513 0757-0280 3 RESISTOR 1K 1% .125W TF T=0+-100 24346 | CT4-1/8-T0-1001-F
AZR514 0698-3497 4 RESISTOR 6.04K 1% .125¢ TF TC=0+-100 26546 | CT4-1/8-T0-604R-F
A2R515 0757-0466 7 RESISTOR 110K 1% 1254 TF TC=0+-100 24546 ¢ CT4-1/8-T0-1103-F
AZRGDY 0698-4500 2] 1] RESISTOR 57.6K 1% .125W TF TC=0+-100 24546 | CT4-1/B-70-5762-F
A2R602 0698-3228 9 RESISTOR 49.9K 1% .125@ TF 7C=0+-1G60 28480 | 0698-3228
AZRE0 0698-4431 8 RESISTOR 2.05K 1X .125W TF TC=0+4-10 24546 | CT4-1/8-16-2051-F
AZRE05-RO0G 0757-0466 7 RESISTOR 110K 1X .125W TF TC=0+-100 24546 | CT4-1/8-T0-1103-F
AZR701-R702 G757-G280 3 RESISTOR 1K 1% .1254 TF TC=0+-100 24546 | CT4-1/8-70-1001-F
AZRTO3-R705 0757-0407 |6 RESISTOR 200 1% ,125W TF T£=0+-100 24546 | CT4-1/B-T0-201-F
AZRBOT 0757-0466 7 RESISTOR 110K 1% .125W TF 7C=0+-100 246546 | ET4-1/B-T0-1103-F
AZR802 0757-0442 19 RESISTOR 10K 1% .125w TF 7C=0+-100 24546 1 CT4-1/8-T0-1002-F
AZRBO3 0698-4431 8 RESISTER 2.05K 1% .125W TF TC=0+-100 24546 | CT4-1/B-T0-2051%-F
A2RBOA 0757-0407 {6 RESISTOR 208 1% 1254 TF TC=0+-100 24546 | CT4-1/8-70-201-F
AZRBOS 0757-04601 o RESISTOR 100 1% .125W TF 1C=0+-100 24546 | CT4-1/8-10-101-f
AZRPO1 0757-04G1 G RESISTOR 100 1X .125W TF TC=0+-100 26546 | CT4-1/8-T0-101-F
A2R902 0698-4123 5 RESISTOR 499 1% .125W TF 7C=0+-100 24546 + CT4-1/8-T0O-499R-F
AZRP03 0698-3228 4 RESISTOR 4£9.9K 1% 1250 TF TC=0+-100 28480 | 0698-3228
AZRYDL-ROD5 0757- 0280 3 RESISTOR 1K 1% .125W TF Te=0+-100 24546 | CT4-1/8-10-1001-F
AZRY06 0757-0407 é RESISYOR 200 1% 1250 TF TC=0+-100 24546 | CT4-1/8-70-201-F
A2R907-R908 0757-0280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 { CT4-1/8-10-1001-F
AZR909 0757 - 0466 7 RESISTOR 110K 1X .125¢ TF TC=0+-100 24546 | CT4-1/8-70-1103-F
A2RP10 0757-0277 |8 RESISTOR 49.9 1% .1254 TF TC=0+-100 28480 | 0757-0277
AZRF1 0757-0407 6 RESISTOR 200 1% .125W TF TC=0+-100 24546 § CT4-1/8-T0-201-F
AZR912 0757-0273 |4 RESISTOR 3.01K 1% .125W TF TC=0+-100 24546 | CT4-1/B-T0-3011-F
AZR913 0698-8827 4 1] RESISTOR T X .125W TF TC=0+-100 28480 | 0598-8827
AZR914 0757-04456 3 1§ RESISTOR 15K 1% .1254 TF TC=D+-100 24546 | CT4-1/8-70-1502-F
A251 3101-1982 8| 1| SWITCH-PB DPDT ALTNG .5A 100 VAC 28480 | 3101-1982
AZSCUt 0515-0372 2{ 1| SCREW-MACHINE M3 X 0.5 8MM-LG TX SQ CONE 28480 | 0515-0372
AZSCU2 6315-1410 i 1 | SCREW-MACHINE ASSEMBLY M3 X 0.5 20MM-LG 28480 | 0515-1410
AZSHED1 03458-00603 {3 1§ SHIELD-AC CONVERTER 28480 | 03458-00603
AZTFIDT-TF106 1§ 0360-1917 41 7 | TERMINAL-STUD SPCL-FDTHRU PRESS-HTG 98291 | 011-6812-00-03-206
A2TF901 0360-1917 4 TERMIKAL-STUD SPCL-FDTHRU PRESS-MTG 98291 | 011-6812-00-0-206
AZTP4DT-TP402 | 1251-0600 0] 6 | CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ SQ 27264 1 16-06-0034
AZ2TP404-TPADS | 0360-0124 3] 2 | CONNECTOR-SGL CONT PIN .D4-IK-BSC-5Z RND 28480 | 0360-0124
AZTP501 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ s@ 27264 | 16-06-0034
AZTPEOT 1251-0600 g CONNECTOR-SGL CONT PIH 1.14-MM-BSC-SZ SG 27264 | 16-056-0034
AZTP01-TPYO2 | 1251-0600 o CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ SQ 27264 | 16-06-0034
A2 1826-0346 Of 2] IC OP AMP GP DUAL B-DIP-P PKG 27014 | LM358N
A2U2 1820-2922 O0f 1§ IC GATE CMOS/74HC HAND QUAD 2-IRP 27014 | MM74AHCOOK
AZU3-U9 1820~ 1662 3 8 | IC SHF-RGTR CHMOS SERIAL-IN PRL-OUT 8-BIT D4713 | MC14094BCP
AZUT0-UT1 1826-0412 1 3 | IC COMPARATOR PRCN DUAL B-DIP-P PKG 27014 | LM393N
AZU12 1826- 1204 o 2| D/A B-BIT 20-PLASTIC CTHOS 26355 | AD752BJM
A2U13 1820- 1662 3 IC SHF-RGYR CMOS SERIAL-IN PRL-OUT B-BIT 04713 | MC14094BCP
A205201 1826-0850 |41 7 | ANALOG SWITCH -PIN 17856 | DG211CY
A2u202 1858~ 0047 5 1 | TRANSISTOR ARRAY 16-PIN PLSTC DIP 56289 | ULK-2003A
A2U301 1826-1818 é 1T} O/R 12-BIT 1B-PLASTIC CHMODS 24355 | AD72404N
AZU302 1826-1265 7] 11 IC OP AMP WIDE-BAND B-DIP-P PKG 28480 | 1826-1265
A2U401 1826-1533 G} 3| iC OP AMP H-SLEW-RATE DUAL B-DIP-P PKG 04713 | MC34072pP
A2uL02 1826-0346 0 1C OP AMP GP DUAL B-DIP-P PKG 27074 | LM358N
AZUL03 1826-0850 4 ANALOG SWITCHK -PIN 17856 | DG21ICY
A2UL04 1826-1859 6 11 IC OP AMP H-SLEW-RATE 14-DIP-P PKG {EL203%CN) 28480 | 1826-1859
ARUS0E 1826-1533 ¢ IC OF AMP H-SLEW-RATE DUAL B-DIP-P PKG 04713 | MC3A072P
A2U406 1826-1204 4 D/A 8-BIT 20-PLASTIC CHOS 24355 | ADVS28JH
ARLS0Y 1826-1817 0 1| IC COHPARATOR HIGH-SPEED B-DIP-P PKG (EL2018CN) |2B4B0 | 1826-1817
AZU502-U503 1826-0850 4 ANALOG SWITCH -PIH 17856 | pR211C
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AUS04 1826-1808 4 IC HIGH-SPEED BUFFER 27014 | LM632W
ARUS05 1826-0412 1 I1C COMPARATOR PRCN DUAL 8-DIP-P PKG 27014 LM393N
AZUSDT 1826-1301 g IC CONVERTER RMS/DC 14-CERDIP BPLR 24355 | ADG37KD (SELECTED)
A2U602 1826-0850 4 ANALOG SWITCH -PIN 17856 | DG21ICJ
AZUTON 1826-0274 3 IC ¥V RGLTR-FXD-POS 164.4/15.6V TO-92 PKG 04713 | MCYBLISACP
A2U702 1826-0281 2 IC V RGLYR-FXD-WEG 14.3/15.7V T0-92 PKG 04713 | MCY9LISACP
A2UBD1 1826-0850 4 RNALDG SWITCH -PIN 17856 | DG211Cy
AR2UB02 1820-0939 5 IC FF CHGS D-TYPE POS-EDGE-TRIG DUAL 04713 HC14013BCP
A2UZ01 1826-1533 ) 1€ OP AMP H-SLEW-RATE DUAL 8-DIP-P PKG 04713 | MC34072P
AZU902 1826-1071 i iC OP AMP PRCK 8-T0-99 PKG 27014 LF4YICH
A2USG3 1826-08350 4 ANALOG SWITCH -PiN 17856 | DG2HICY
AWl 5061-1659 8 CABEL WHITE/BLACK/GRAY PVC 28480 50611659

PC ASSEMBLY MOUNTING HARDWARE
0515-0372 2 SCREW-MACHINE M3 X 0.5 BMM-LG TORX T10 28480 0515-0372

LD 2ARQA




Mir, Manufacturer's Manufacturer’s Zip
Code Name Address Code
04222 AVX CORP GREAT MECK Wy us | 11021
04713 MOTOROLA INC ROSELLE IL Us | 60195
14752 ELECTRO CUBE INC SAN GABRIEL A Us | 91776
17856 SILYICONIX INC SANTA CLARA CA US | 55054
19701 MEPCO/CERTRALAR INC RIVIERA EL US| 33404
24355 ANALOG DEVICES INC NORWOOD MA US | 02062
24546 CORNING GLASS HORKS CORNING NY US 1 14830
27014 NATIONAL SEMICONDUCYOR CORP SANTA CLARA CA Us | 95052
IPBLL HA EY Tun [RE-E LR A0R32
28480 HEMLEYT PACKARD COMPANY - CORPORATE PALO ALTO CA US | 94304
50088 SGS-THOMSON MICROELECTRONICS INC PHOENIX Az Us | 85022
56289 SPRAGUE ELECTRIC €O LEXINGTON MA US| 02173
75915 LITTELFUSE INC DES PLAINES IL uUs 50016
76381 3N O ST PAUL MN Us | 55144
98291 ITT SEALECTROD CORP TRUMBULL eT us | 06611

Code List of Manufacturers
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Designation Number D Description Code
A3 03458-66503 |0 1§ PRINTED CIRCUIT ASSEMBLY - A/D INGUARD LOGIC 28480 03458-66503
A3C116-C111 0160-4571 81 35 | CAPACITOR-FXD .1UF +B80-20% 50VDC CER 04222 SATOSE104ZAAH
A3CHIZ 0140-G128 3 3 | CAPACITOR-FXD 2.2UF +-20% 50VDC CER 56289 3C3775uU225M050A
A3CHI6-C117 0160-4571 8 CAPACITOR-FXD .1UF +80-20% 50vDC CER 04222 | SAT0SET04ZAAH
A3C1i8 0160-4801 7 7 | CAPACITOR-FXD 100PF +-5% 100VDC CER 04222 SAT02A101JAAH
AZC119 0160-4810 8] 4 | CAPACITOR-FXD 330PF +-5% 100VDC CER 04222 | SAT01A3311AAH
A3C120-C121 0160-0128 3 CAPACITOR-FXD 2.2UF +-20X 50VBC CER 56289 | 3C37Z5UZ25M050A
A3C122 a160-4801 7 CAPACITOR-FXD 100PF +-5% 100VDC CER 04222 | SAT02A101JAAH
A3C128 0160-5349 o 1 | CAPACITOR-FXD 200PF +-5% 106VDL CER 04222 SAT01A2014AAH
A3C129 0160-4808 4 1 | CAPACITOR-FXD 470PF +-5% 100VDC CER 04222 | SAT01ALTIJAAH
A3C130-C131 0160-4571 8 CAPACITOR-FXD .1UF +B0-20% 50vDC CER 04222 SA103E1042ZAAH
A3C142-€145 0160-4571 8 CAPACITOR-FXD .1UF +B80-20% 50VDC CER 04222 SA105E104ZAAH
A3C1A6-CIAT 0180- 1746 5 2 | CAPACITOR-FXD 15UF+-10% 20VBC TA 56289 150D156X902082-DYS
A3C150 0160-4822 2 5 | CAPACITOR-FXD 1000PF +-5% 100VDC CER 4222 SAZ0TA1024AAR
A3C151-C152 0160-4832 4 6 | CAPACITOR-FXD .01UF +-10% 100VDC CER 04222 SAT0TC103KAAH
A3C155-C156 0160-4822 2 CAPACITOR-FXp 1000PF +-5% 100VDC CER 04222 SA201A102JAAH
A3C157-Cc158 H160-4571 8 CAPACITOR-FXD .1UF +80-20% 50vVDE CER 04222 SAT05E1042A4H
AIC160 0160-4832 4 CAPACITOR-FXD .O1WUF +-10% 100VDC CER 04222 | SATUICIG3KAAH
A3CH61-C162 0160-4571 8 CAPACITOR-FXD .1UF +80-20% 50VDC CER 04222 SATOSE104ZAAH
A3C165 0160-4832 4 CAPACITOR-FXD .O1UF +-10% 100VDC CER 04222 SAT0TC103KAAH
AICI66-C167 0160-4571 8 CAPACITOR-FXD .1UF +B0-20% S0VDC CER 04222 SATO5E164ZAAH
A3C168 0160-4822 2 CAPACITOR-FXD 1000PF +-3% 100VDC CER 04222 SAZ0TA102JAAH
AICITL-C1T5 0160-4571 8 CAPACITOR-FXD .1UF +B0-20% SOVDC CER 04222 SAT0SE04ZAAH
A3C180 0160-0576 3 11 CAPACITOR-FXD .1UF +-20% 50VDC CER 04222 | SR2Z05CTO4GMAAR
A3C18% 0180-022% 7 3 | CAPACITOR-FXD 33UF+-10% 10VDE TA 56289 1500336X901082-DYS
A3C192 0160-4371 8 CAPACITOR-FXD .1UF +B80-20% 50VDC CER 04222 SA105E1062ZAAH
A3C200 0160-4571 a CAPACITOR-FXD .1UF +80-20% 50VDC CER 046222 SATOSE1042AAH
A3C210-C211 0160-4571 B CAPACITOR-FXD .1UF +B80-20% 50vDC CER 04222 | SA105E104ZAAH
A3C240 0166-4801 7 CAPACITOR-FXD 100PF +-5% 100vDC CER 04222 SAT02A181JAAH
A3C245 0160-4801 7 CAPACITOR-FXD 100PF +-5% 100VDC CER 04222 SAT02A1014JAAH
A3C250-C251 0180-0309 4 2 § CAPACITOR-FXD 4.7UF+-20¥% 10vDC TA 56289 150D4T5%0010A2-DYS
A3CZ52-C253 0180-0100 3] 2 | CAPACITOR-FXD 4.7UF+-10% 35VDC TA 56289 | 150D475%903582-DYS
A3C262-C263 0160-4810 8 CAPACITOR-FXD 330PF #-5X 180VDC CER 04222 SAT0TAII1IAAN
A3C272 0160-4810 8 CAPACITOR-FXD 330PF +-5% 100VDC CER 04222 SAT01A331JAAH
A3C273 G160-4801 7 CAPACITOR-FXD 100PF +-5% T00VDC CER 04222 SA102A101JAAH
A3C280 0160~-4832 4 CAPACITOR~FXD .QTUF +-10% 100VDC CER 04222 SA101CTO03KARH
A3C284 0160-4832 4 CAPACITOR-FXD ,O1UF +-10% 100VDC CER 04222 SAT01C103KAAR
A3C301 0160G-4571 8 CAPACITOR-FXO . 1UF +B80-20% 50vDC CER 04222 SATOSET042ZAAH
A3CR02 M60-4787 B 2 | CAPACITOR-FXD 22PF +-5% 100VDC CER 0+-30 04222 SAT02A220JAAH
AZC303 M80-0229 7 CAPACITOR-FXB 33UF+-10% HOVDE TA 56289 | 150D336X9010B2-DYS
A3C351 0160-4571 8 CAPACITOR-FXB . 1UF +80-20% 50vDC CER 04222 SATO5E1042AAH
A3C353 0180-0229 7 CAPACITOR-FXD 33UF+-10% 10VDC TA 56289 150D336X9010B2-DYS
A3C400-C402 0168-4571 8 CAPACITOR-FXD .1UF +B0-20% 50VDC CER 04222 SA105E104ZAAH
A3C403 0160-4787 8 CAPACITOR-FXD 22PF +-5% 100VDC CER 0+-30 04222 SATO2A220JAAH
A3C404 0160-4801 7 CAPACITOR-FXD 10GPF +-5% 100vDC CER 04222 SATOZAT01JAAH
AIC&05-C407 0160-4571 B CAPACITOR-FXD .iUF +80-20X 50VDC CER 04222 SATOSE104ZAAR
A3C408 0160-4822 2 CAPACITOR-FXD 1000PF +-5% 150VDC CER 04222 SAZ201AT02JAAH
A3C409 0160-5871 4 1 | CAPACITOR-FXD 510PF +-1% 100VDC CER 04222 SAZ01ASTIFAAH
A3C4106-C413 J160-4571 8 CAPACITOR-FXD .WUF +80-20% 50vDC CER 04222 SATOSET04ZAAH
A3CLTS 0160-4801 7 CAPACITOR-FXD 160PF +-5% 100VDC CER 04222 1 SAT02A101JAAR
A3C415 2160-46571 8 CAPACITOR-FXD .1UF +80-20% 50vDC CER 04222 SAT05E 104 ZAAH
A3ER110-CRYIYY | 1902-0943 71 12 | DIODE-ZERER 3V 5% D0O-35 PD=.4W TC=- 043% 28480 1902~ G945
AICRT16-CRITT | 1902-0945 7 DIODE-ZENER 3V 5% DO-35 PP=.4W VC=- 043% 28480 1902-0945
A3CR120-CR121 | 1902-0945 7 DIODE-ZENER 3V 5% DO-35 pPb=.4H TC=-.043% 28480 1902- 0945
A3CR140-CRT4T | 1901-0047 8 2 | DIODE-SWITCHIKG 20V 75MA 10MS DO-35 28480 1901-0047
AICR142-CR143 | 1902-D945 7 DIODE-ZENER 3V 5% DO-35 PD=.4W TC=-.043% 28480 1902-0945
AZCRIS5-CRIS6 | 1901-1098 1 6 1 BIODE-SWITCHING 1H4150 50V 200MA 4HS 25403 1H4 150
AZCRITL-CRI7S | 1902-0945 7 DIODE-ZEHER 3V 5% DO-35 PD=.4W TC=-.043% 28480 1902-0945
AZCR240 1900~0233 4 3 | DIODE-SCHOTTIKY SM 816 1H5711 50088 5711
A3CR241 1901-1698 1 PIODE-SWITCHING 144150 5DV 200HA 4KS 25403 144150
A3CR245 1960-0233 9 DIODE-SCHOTTKY SM 516G 1NGT711 50088 INGT711
A3CR301 19G0-0233 9 DIODE-SCHOTTKY SM $16 1H5711 50088 INS711
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A3CR302 1901-1098 1 DICDE-SWITCHING 1M4150 50V 200MA 4NS 25403 | 14150
A3CR352 1901-1098 1 DIODE-SWITCHING 1N4150 50V 200MA 4NS 25403 | 184150
A3CRADY 1901-1068 5 1§ DICDE-SCHRQTTKY SH &iG 28480 1901-1068
AICRLOZ 1901-1164 [ 1 | DIODE-SWITCHING B0V 200HA 2HS DO-35 25403 | BAVIO0 SELECTED
ABCRAG3 i901-1098 1 DICDE-SWITCHING TNG150 S50V 200MA 4NS 25403 H4150
A3SCRAD5-CRADS | 1902-0945 7 DIODE-ZENER 3V 5% DO-35 PO=.4W TC=-.043% 28480 | 1902-0945
A3t 1251-3961 2 1 | CONNECTOR-POST TYPE .156-PIN-SPCG 6-CONT 27264 § 05-48-3064
ABUMI60- 0161 | 7175- 0057 5 6 | RESISTOR-ZERD OHMS SOLID TINNED COPPER 19701 5020CX0RO00SBRAAZ
AZJIM1B3-JM1B4 | 7175-0057 5 RESISTOR-ZERD OHME SOLID TINHED COPPER 19701 5020CX0R00GSB2AAZ
AZIMZ210-dM211 | 7175-0057 5 RESISTOR-ZERO OHMS SOLID TINNED CGPPER 19701 5020CX0R0GGSB2AAZ
A31123-1124 $170-1368 51 9| CORE-MAGNETIC THIT PERMEABILITY: 1000 02114 | 11426-4A6
A3L127 9170-1368 5 CORE-MAGNETIC INIT PERMEABILITY: 1000 02114 11426476
A3L220-1221 9170-1368 5 CORE-MAGKETIC INIT PERMEABILITY: 1000 02114 11426-4A6
A31L222-1223 9100-1623 81 2 | IMDUCTOR RF-CH-MLD Z7UH +-5% 99800 | 1537-48
A3L230-1.233 9170-1368 5 CORE-MAGHETIC INIT PERMEABILITY: 1000 02114 11426-4A6
A3L250 9100-0539 3] 2] INDUCTOR RF-CH-MLD 10UH +-5% 24226 | 15M1024
A3L303 9100~ 0539 3 INDUCTOR RF-CH-MLD 10UH +-5% 24226 | 18M1024
A3LBLY 7120-6830 91 1| LABEL-INFO WRNTY DATE CODE .25-IN-WD .625-IN-LG }2B4BO | 7120-6830
A3LBLZ 9320-5333 1 1 | LABEL-LINE-PRINTER; .625-1N-WD X .25-IN-LG 28480 | 93203-5333
A3Pi-p2 1251-8106 1} 2 | CONNECTOR-POST TYPE .100-PIN-SPCG 20-CONT 76381 | 3592-6002
A32110 1855-0386 9 1 | TRANSISTOR J-FET N-CHAN D-MODE TO-18 SI G4713 | 2N4392
A30151 1854- 1028 6 1 | TRANSISTOR NPN SI PD=350MW FT=300MHZ 4713 | 2N3904
A3G401-0402 1853-0203 5 2 | TRANSISTOR PNP SI PD=360MW FT=7D0MHZ 28480 | 1853-0203
A3Q403 1855-0793 5 1 | TRANSISTOR J-FET N-CHAN P-KODE TO-92 17856 | J2472 TR-6
AZRY12 0757-0200 7 2 1 RESISTOR 5.62K 1X .125W TF TC=0+-100 24546 | CT4-1/B-T0-5621-F
A3R1TIAL a757- 04014 a 4 ¢ RESISTOR 100 1X .125W TF TC=0+-100 24546 1 CY4-1/B-T0-101-F
A3R115 0757-0415 61 1| RESISTOR 475 1X .125W TF TC=0+-100 246546 | CT4-1/8-TO-475R-F
A3R118 O757-0427 G} 3| RESISTOR 1.5K 1% .125W TF TC=0+~100 24546 | CT4-1/B-T0-1501-F
A3R122 6757-0408 71 1] RESISTOR 243 1% .1254 TF TC=0+-100 24546 § CT4-1/B-T0-243R-F
A3R129 0698-4387 3] 1| RESISTOR 60.4 1% .125W TF TC=0+-100 24546 § CT4-1/8B-T0-60R4-F
ABR140 0757-6280 3] 19 | RESISTOR 1K 1% .125W TF TC=0+-100 26546 | CT4-1/8-T0-1001-F
A3R141 0757-0444 1] 1| RESISTOR 12.1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1212-F
A3R142 6757-0346 2§ 4 | RESISTOR 10 1% .125W TF TC=0+-100 28480 1 0757-0346
AZRT43 0757-0280 3 RESISTOR 1K 1% .125W TF 7C=0+-100 24546 | £T4-1/8-70-1001-F
A3R148 G757-0442 91 10 | RESISTOR 10K 1% .1250 TF TC=0+-100 24346 | CT4-1/8-T0-1002-F
A3R150 0698- 7565 6 2 | RESISTOR 16.7K .5% .125W TF 1C=0+-50 19701 5033R-1/8-T2-1672-D
A3R1ISY 04698-5810 g 1§ RESISTOR 37.5K 1% .125M TF YC=0+-100 24546 | CT4-1/8-T0-3752-F
A3R152 D698~ 7565 ] RESISTOR 16.7K .5% .125M TF TC=0+-50 19701 | 5033R-1/8-72-1672-D
A3R153 0757-0458 7] 5 | RESISTOR 51.1K 1% .125¢ TF TCc=0+-100 26546 | CT4-1/8-TO-5112-F
A3R154 0698-8344 0] 1] RESISTOR 604K 1% .125W TF TC=0+-100 28480 | 0698-8344
A3R155 0757-0442 9 RESISTOR 10K 1% .125W TF 7C=0+-100 24546 | CT4-1/8-70-1002-F
A3R156 G757-0283 6 5§ RESISTOR 2K 1% . 125§ TF TC=0+-100 24546 | CT4-1/B-10-20014-F
A3R157 0757-0407 & 1} RESISTOR 200 1% .125W TF YL=0+-100 24546 | CT4-1/8-70-201-F
A3R158 0757-0280 3 RESISTOR 1K ¥4 .125H TF TC=0+-100 24546 § CT4-1/8-T0-100%-F
A3R159 0757-0393 91 1| RESISTOR 47.5 1X .125¥W TF TC=0+-100 28480 | 0757-0393
A3R161 07570410 1 2 { RESISTOR 301 1% .125W TF TC=0+-100 24546 | CT4-1/B-T0-301R-F
A3R162 0757-0283 6 RESISTOR 2K 1% .125W TF TL=0+-100 24546 § CT4-1/8-7G-2001-F
A3R166 0757-0283 & RESISTOR 2K 1% .125¢ TF TC=0+-100 24546 | CT4-1/8-70-2001-F
ABR167 0757-0410 1 RESISTOR 301 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-30%R-F
A3R168 D698-4476 1 1] RESISTOR 10.2K 1% .125W TF TC=0+-100 26546 | CT4-1/8-10-1022-F
A3RATY 0757-0458 7 RESISTOR 51.1K 1X .125W TF TC=0+-100 24546 | CT4-1/8-70-5112-F
ABR17Z 0698-3152 8 T | RESISTOR 3.48K 1% 1250 TF TC=0+-100 24546 | CT4-1/8-T0-34B1-F
A3RIT3 0757-0283 6 RESISTOR 2K 1% .125H TF TC=0+-100 24546 | CT4-1/8-T0-2001-F
A3R1IY6 0757-0451 0 1 | RESISTOR 24.3K 1% .1254 TF 1C=0+-100 26546 | CT4-1/8-T0-2432-F
ASRITY 0757-0442 ¢ RESISTOR 10K 1% .125W TF TC=0+-~100 24546 | CY4-1/8-TO-1002-F
A3R180 O757-0442 9 RESISTOR 10K 1% .125¢ TF TC=0+-100 26546 | CT4-1/8-T0-1002-F
A3R1B1 0699-0642 7 1] RESISTOR 10K .1% .1 TF 1C=0+-5 19701 5023ZA10K00B
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A3R184 0757-0791 T} 1| RESISTOR 619K 1% .25W TF TC=0+-10C 26546 | NA5-1/4-T0-6193-F
A3R185 069%9-2717 71 1| RESISTOR 3.01MEG 1% .25V TF TC=+-100 28480 | 0699-2717
AZR190-R191 0757-0346 2 RESISTOR 10 1% .125W TF TC=0+-100 28480 | 0757-0346
AZR193 0757-0283 6] 1] RESISTOR 2K 1¥ .125W TF TC=0+-100 24546 | CT4-1/8-70-2001-F
A3R200 0757-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-1002-F
A3R201 0757-0458 7 RESISTOR 51.1K 1% .125¥ TF TC=0+-100 24546 | CT4-1/8-T0-5112-F
A3R211-R212 0757-0280 3 RESISTOR 1K 1¥ .123W TF TC=0+-100 24546 | CT4-1/B-T0-1001-F
AIR223 0757-0280 3 RESISTOR 1K 1¥ .125W TF TC=0+-100 24546 | CT4-1/8-TO-1001-F
A3R240 0757-0458 7 RESISTOR 51.1K 1% .1258 TF TC=0+-100 24546 | CT4~1/8-TO-5112-F
A3R241 0757-0442 9 RESISTOR 10K 1% .125¢ TF YC=0+-1C0 24546 | CT4-1/8-T0-1002-F
A3RR42 07537-0284 7] 3 | RESISTOR 150 1% .125W TF TC=0+-100 24546 | CT4-1/8B-T0-151-F
A3R245 0757-0458 7 RESISTOR 51.1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-TO-5112-F
AZR246 0757-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-TG-1002-F
AZR260-R264 0757-0280 3 RESISTOR 1K 14 .125W TF TC=0+-100 24546 | CTA-1/B-TO-1001-F
A3R2T0-R273 0757-0280 3 RESISTOR 1K 1% .125W 7F TC=0+-100 24566 | CT4-1/8-TG-1001-F
A3R280-R283 0757-0280 3 RESISTOR 1K 1% .125W TF TC=0+-100 26546 | CT4-1/8-T0-1001-F
A3R284-R286 0757-0442 9 RESISTOR 10K 1% .125W TF TC=0+-100 24566 | CT4-1/8-T0-1002-F
AIR301 6757-0427 o RESISTOR 1.5K 1% .1254 TF TC=0+-100 24546 | CT4-1/8-T0-1501-F
A3R302 0698-4123 51 1| RESISTOR 49% 1X .1254 TF TC=0+-100 245646 | CT4-1/B-TO-499R-F
A3R303 0757-0420 31 1} RESISTOR 750 1% . 1254 TF TC=0+-100 24546 | CT4-1/8-70-751-F
A3R304 0757-0284 7 RESISTOR 150 1% .125W TF TC=(+-100 24546 | CT4-1/8-70-151-F
A3R351 G757-0427 o RESISTCR 1.5K 1% .125W TF Te=0+-1400 24546 | CTA-1/8-T0-1501-F
A3R354 0757-0284 7 RESISTOR 150 1% .125W TF TC=0+-100 24546 § CT4-1/8-TO-151-F
A3R401 069B-4542 21 2| RESISTOR 453K 1% .125W TF TC=0+-100 28480 | 0698-4542
A3R40Z B69B-4529 5] 2] RESISTOR 226K 1% .125W TF TC=0+-100 264546 | CT4-1/8-T0-2263-F
A3R403 0698-4516 0f 2 { RESISTOR 113K 1% .125W TF TC=0+-100 24546 | CTA-1/8-T0-1133-F
A3RL04 0757-0459 8} 2] RESISTOR 56.2K 1% .125W TF TC=0+-100 24546 | CT4-1/8-TO-5622-F
A3ZR405 04698-4483 O 1 { RESISTOR 1B.7K 1% .125{ TF TC=0+-100 24546 | CTA-1/8-7Q-1872-F
A3RA0E 0698-4479 4F 1] RESISTOR 14K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1402-F
A3R4DT7 0757-0401 0 RESISTOR 100 1% .125W TF TC=0+-100 24546 | €T4-1/8-70-10%-F
AJR40B G7a7-0488 3 1] RESISTOR GO9K 1% .125W TF TC=0+-100 2B4BO | 0757-0488
AJRA0Y 0698-4542 2 RESISTOR 453K 1% .125W TF TC=0+-100 2B480 | 049B8-4542
AZR4TO 0698-4529 5 RESISTOR 226K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-2263~F
AZR4M 0698-4516 ] RESISTOR 113K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-1133-F
A3R412 0757-0459 8 RESISTOR 56.2K 1% .125W TF TC=0+-100 24546 | CT4-1/8-TD-5622-F
A3RGTE 0737-0200 7 RESISTOR 5.62K 1% .125W TF TC=0+-100 24546 | LT4-1/8-TO-5621~F
A3R4YS 07570401 g RESISTOR 100 1% .125W TF TC=0+-100 24546 | CY4-1/8-T0-101-F
A3R416 0698-4460 3] 1| RESISTOR 649 1% .125W TF TC=0+-100 24546 | CT4-1/8-TO-649R-F
AIRGAT 0757-0401 0 RESISTOR 100 12 125 TF TC=0+-100 24546 | CY4~1/8-70-101-F
A3RA18 0757-0346 2 RESISTOR 10 1% .125W TF 7C=0+-100 2B4BD § Q757-0346
ARPZ20 1810-0279 5 1 | NETWORK-RESISTOR 10-SIP 4.7K OHM X § 56289 | 256CK472X2PD
A3TP112 1251-0600 0] 14 | CONNECTOR-SGL CONT PIN 1.%14-MM-BSC-5Z S 27264 | 16-06-0034
A3TP140 1251-0600 ¢ CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ S0 27264 1 16-06-0034
A3TP142 1251-0600 1] COMNECTOR-SGL COMT PIN 1.14-MM-BSC-SZ SQ 27264 | 16-06-0034
A3TP151 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ SQ 27264 16-06-0034
AZTP160 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ S0 27264 | 16-06-0034
A3TP165 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-5Z 5Q 27266 | 16-06-0034
A3TP210 1251-0600 0 CONNECTOR-SGL. CONT PIN 1.74-MM-BSC-SZ sQ 27264 16-06-0034
A3TP220 1251-0600 0 CONNECTOR-SGL COHY PIN 1.14-HH-BSC-SZ SQ 27264 16-06-0034
A3TP40T-TPA0S | 1251-0600 0 COKNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ SQ 27264 16-06-0034
A3UT1G 1826-1382 7| 4§ IC OP AMP PRCM B-DiP-P PKG 28480 | 1826-1382
A3UT11 1826-1800 O 2} 1C OP AMP HS B-DIP-P PKG 50 MHZ 300v/US 27014 | LM&3GIN
A3U112 1826- 1970 8 1 10 OF AMP HS 8-DIP-P PKG 24355 ADB4BJIN
A3U13Y 1820~ 2694 3 1 1C FF TTL F J-K NEG-EDGE-TRIG 18324 T4F112N
A3U140 1826-1800 g 1C OPF AMP #S 8-DIP-P PKG 50 HHZ 300v/US 27014 LM&361N
A3UA2 1826-1817 Gf 2} IC COMPARATOR HS B-DIP-P PKG (EL2018CN) 28480 | 18261817
A3U150 1820-4242 4 1 1C SCHMITT-TRIG CMOS/74HC INV HEX 18324 TLHCT 14N
A3U151 1826- 1382 7 1€ OP AMP PRCH 8-DIP-P PKG 28480 { 1B26-1382
A3U160 1826~ 1382 7 iC OP AMP PRCN B-DiP-P PKG 2B4BO | 1B26- 1382
A3UT65 1826-1382 7 IC OP AHP PRCH B-DIP-P PKG 28480 § 1826-1382
A3U1TC 1826-0346 0 1} IC OP AMP GP DUAL B-DIP-P PKG 27014 LM358H
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A3U180 1548-0168 9 1| IC-A/D HYBRID 28480 | 1548-0108
A3U181 1826-1817 9 1 | IC COMPARATOR HS 8-DIP-P PKG (EL2018CN) 28480 1826-1817
A3U210 18205770 7 1| IC GATE-ARRAY CMOS 2-IH HAND 28480 | 1820-5770
AZU211-u12 1820-3081 & 2 | IC FF CMOS/7SHC D-TYPE POS-EDGE-TRIG 27014 | MM74HC74AAN
AZu213 1820-2924 1 1§ IC GATE CMOS/74HC NOR QUAD 2-INP 27014 MM74HCOZN
A3U220 03458-85501 |8 1} IC-ROM PROGRAMED (INTELL)B0CS1 . 28480 | 03458-85501
A3U230 1813-0663 7 1§ CLOCK-OSCILLATOR-XTAL 20.0000-MHZ 0.005% 28480 | 1813-0663
A3U301 10050097 8 2 | RECEIVER-FIBER OPTIC DATA RATE 2B4B0O | HFBR-2501
A3U304 1005-060%6 7 2 | TRANSMITTER-FIBER OPTIC DATA RATE 28480 HFBR-1510
A3U351 1005-0097 8 RECEIVER-FIBER OPTIC DATA RATE 28480 | HFBR-2501
A3U353 1820-4242 1 IC SCHMITT-TRIG CMOS/74HC IMV HEX 18324 | TAHCT14N
A3U354 1005-6096 7 TRANSHMITYER-FIBER OPTIC DATA RATE 28480 HFBR-1510
AZU400 1820-3791 3 1] IC BUFFER CMOS/74HC INV HEYX 27014 | MMT4AHC358M
A3U40] 1820-4443 4 11 1C SHF-RGTR CHOS/74HC SYNCHRO SERIAL-INM 18324 FAHCADOLN
A3UA402 1B26-0635 4] 1§ 1C 0P AMP LOW-OFS B-DIP-P PKG 06665 op-07CP
A3U403 1826-1346 2 1 | AMALOG SHITCH 4 SPST 16 -Dip-P 26355 | ADGZ20THSKN
A3UADL 1826-1791 1} 1] IC OP AMP HS B-70-99 PKG 27014 | LF4O0CH
A3U405 1826-1817 2 1{ IC COMPARATOR B-DIP-P PKG (EL2018CH) 28480 1826-1817
PC ASSEMBLY MOUNTING HARDWARE
0515-0372 2 ¢ | SCREW-MACHINE M3 X 0.5 BMM-LG TORX Ti0 28480 0515-0372
D515~ 1410 1 3 ] SCREW-MACHINE M3 X 0.5 20MH-LG TORX T10 28480 | 0515-1410

HP 3458A




Code List of Manufacturers

Mfr. Manufacturer's Manufacturer's Zip
Code Name Address Code
02114 FERRUXCUBE CORP SAUGERTIES NY US [ 12477
04222 AVX CORP GREAT NECK NY Us | 11021
04713 MOTOROLA INC ROSELLE IL us | 60198
06665 PRECISION MOKOLITHICS INC SAHTA CLARA CA US | 95054
17856 SILICOKIX INC SANTA CLARA CA US | 95054
18324 SIGHETICS CORP SUNNYVALE ch Us } 94088
19701 MEPCO/CENTRALAB INC RIVIERA FL US | 33404
24226 GOWANDA ELECTRONICS CORP GOWANDA NY Uus | 14070
24355 ANALOG DEVICES INC NORWOOD Ma us | o2062
24544 CORNING GLASS WORKS CORNING NY Uus | 14830
25403 KV PHILIPS ELCOMA EINDHOVEN KE | 02876
27014 MATIONAL SEMICOMDUCTOR CORP SANTA CLARA cA Us | 9082
27264 MOLEX INC LISLE 1. us | &0532
28480 HEWLETT PACKARD COMPANY - CORPORATE PALD ALTO CA US | 94304
50088 SGS-THOMSON MICROELECTRONICS INC PHOENIX Az us | 85022
56289 SPRAGUE ELECTRIC €O LEXINGTON Ma US | 02173
76381 3M Co : ST PAUL MM us | 35144
$9800 AMER PRCH IND INC DELEVAN DIV AURORA NY Us | 14052
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HP 3458A

A4 ASSEMBLY (03458-66504) REPLACEMENT PARTS

Reference HP Parl C| Gty Part Mir. Mir, Part Number

Deslgnation Number 3] Deseription Cade
Ab 03458-66504 |1 1 | PC ASSEMSLY-INGUARD POWER SUPPLY 28480 | 03458-66504
ALC1-C6 0160-4835 71 7 | CAPACITOR-FXD .1UF +-10% 30vDC CER 04222 | SAT1SCI04KAAR
ALLT-(B 0180-4033 i 2 | CAPACITOR-FXD 2200UF 35V AL-ELECT ZB4BO | D180-4033
ALLS-C15 0180-4034 01 7 | CAPACITOR-FXD 15KUF 16V AL-ELECY 28480 | D180O-4034
ALC16 0160-4835 7 CAPACITOR-EXD .1UF +-10% 50VDC CER 04222 SAT15C104KARR
ALCT 0186-3913 2 1} CAPACITOR-FXP 22UF+50-10% S0VDC AL 56289 513D226F063BB3D
AGCR1-CR& 1901-0743 1} 6} DIODE-PWR RECT 1N40Q4 400V 1A DO-41 28480 | 1901-0743
AGLRS 1906-00956 71 1| DIODE-FW BRDG 200V 2A 2B4B0 | 1906-00%6
ALLRS 1902-0954 8] 1} DIODE-ZHR 6.8V 5% DO-35 PD=.4M TC=+.05V% 28480 | 1902-0954
ALCRT-CRB 1902-1288 3t 2 | DIODE-ZNR INS3588 22V 5% PD=5W TC=+75% 04713 | 1453588
A4CR9-CRI2 1902-1345 31 4 | DIODE-ZNR 1N53658 36V BX PD=3W IR=500KA 04713 | 1N53658
ALLCR13 1902- 1505 7 1 | DIODE-V-SUPPR 6.5V TO-220AC 04713 MZT45548
A4CR14 1901-0782 B 1] DIODE-SCHOTTKY 1N5821 30V 3A 04713 | INSE2Y
ALCR15-CR16 1901-0743 1 DIODE-PHR RECT 1N4004 400V 1A DO-41 28480 19010743
ALCRYT 1902-0966 21 1| DIODE-ZNR 22V 5% D0O-35 PD=.4W TC=+.093% 28480 1902-0966
AGF1 2110-0757 1] 1| FUSE-SUBMINIATURE .063A 125V AX UL CSA 75915 | R251.062T1%
AGHST-HS3 1205-0652 3 | HEAT SINK PLSTC-PWR-CS 28480 1205-0652
AGHSG 1205-0355 1 | HEAT SINK SGL T0-220-€£8 13103 | 6043PB
AL JH1-JM3 7175-0057 5 3 | RESISTOR-ZERC OHMS SOLID TINKED COPPER 19701 S020CX0R000SB2ZAAZ
A4LBL1 7120-6830 9 1 | LABEL-INFO WRNTY DATE CODE .25-IN-WD .625-IN-LG | 28480 7120~ 6830
A4LBLZ 9320-5333 1 1 | LABEL-LINE-PRINTER; .625-1M-W0 X .25-IN-LG 28480 $320-5333
ALPY 1252-2492 5 1 | COMKECTOR POST-TYPE . 156-PIN-SPACING 5-CONTACT [00779 | 641119-5
A4Q1 1854-1039 9 1 | TRANSISTOR NPN S1 TO-92 PD=310W{ 04713 2N4401
A4QZ 18530563 2 T | TRANSISTOR PNP S1 F0-92 PD=310MW 04713 | 2NG4O3
A4R1-RE 0757-0408 71 3| RESISTOR 243 1% .125W TF 7C=0+-100 24546 | C74-1/8-T0-243R-F
AGR3 0757-043% 8{ & | RESISTOR 3.32K 1% .125W TF 7C=0+-100 24546 | CT4-1/8-T0-3321-F
ALRG 0757-0408 7 RESISTOR 243 1% .125W TF TC=0+-100 24546 } CT4-1/8-T0-243R-F
ALRD 0757-0433 8 RESISTOR 3.32K 1% .125W TF TC=0+-100 24546 | CT4-1/8-10-3321-F
A4RG 07570481 6 1 | RESISTOR 475K 1% .125W TF TC=0+-100 19701 5033R-1/8-T0-4753-F
A4R7-R10 0757-0433 8 RESISTOR 3.32K 1% .125W TF TC=0+-100 24546 CT4-1/8-T0-3321-F
AGR11 0757-0393 9] 1| RESISTOR 47.5 1% .125¥ TF TC=0+-100 28480 | 0757-0393
AGSCHT-SCUW3 0515-0886 3] 3 | SCREW-MACH M3 X 0.5 6MM-LG PAN-HD 28480 | 0515-0886
ALU1 1826-0393 7 1| 1€ V RGLTR-ADJ-POS 1.2/37V T0-220 PKG 27014 LH3TT
A2 1826-0527 9 1} IC V RGLTR-ADJ-NEG 1.2/37V T0-220 PKG 27074 LM337T
AGU3 1826-0122 0f 1} Ic V RGLTR-FXD-POS 4.8/5.2V T0-220 PKG 27014 | LH340T-5
AR 03458-61604 |2 1 | CABEL ASSEMBLY-INGUARD POWER SUPPLY 2B4B0 | 03458-61604

PC ASSEMBLY MOUNTING HARDWARE
0515-0372 21 3 | SCREW-MACHINE M3 X 0.5 8MM-LG TORX T10 28480 0515-0372




Mir. Manufacturer's Manufacturer's Zip
Code Name Address Code
Qo779 AMP INC HARRISBURG pA us | 17111
04222 AVX CORP GREAT NECK HY Uus | 11024
04713 MOTOROLA INC ROSELLE 1L us | 69195
13103 THERMALLOY INC DALLAS T US | 75234
19701 MEPCO/CENTRALAB INC RIVIERA FL Us | 33404
24546 CORNING GLASS WORKS CORMING HY US | 14830
27014 NATIONAL SEMICONDUCTOR CORP SANTA CLARA CA uUS | 95052
28480 HEWLETT PACKARD COMPANY - CORPORATE PALO ALTO CA Us | 94304
pr SPRASUT CITTTRIC OO Loy rynTon wa ve ! 0317z
75915 LITTELFUSE IHC DES PLAINES it us § 80014

Code List of Manutfacturers
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AD ASSEMBLY (03458-66505) REPLACEMENT PARTS

Reference HP Part Cl Qty Part Mir. Mir. Part Number
Deslgnation Number 3] Dascription Code
AS 03458-66505 |2 114 PC ASSEMBLY-OUTGUARD LOGIC 28480 | 03458-64505
ASC100-C119 0160-4832 4] 30 | CAPACITOR-FXD .01UF +-10% 100VDC CcER 04222 { SA101CTO3KAAH
ASCi22-C130 0160-4832 4 CAPACITOR-FXD .DMUF +-10% 100vDC CER 84222 | sSA101C103KAAN
ASC150-£155 0180-0291 3] & | CAPACITOR-FXp 1UF+-10% 35vDC TA 56289 1 150D105X5035A2-DYS
ASCTO0 0160-4844 8] 1] CAPACITOR-FXD 1UF +80-20% S0vbe CEr 04222 | SA305E1052A4
ASC701% 0160-4791 4 1| CAPACITOR-FXp 0PF +-5% 100VDC CER 0+-30 04222 | SAT02A1000AAH
ASLB01 0160-4832 4 CAPACITOR-FXD .O1UF +-10% 100VDC CER 04222 | SAT01CI03KAAH
A53100 1251-8106 1] 14 CONMECTOR-POST TYPE - 100-PIN-SPLG 20-CONT 76381 | 3592-4002
ASJ900 5180-8228 6 1 CONMECTOR, HP-1B 28480 5180-8228
5180-6650 5 2 STANDOFF-HEX, HPIZ CORNECTOR MOUNTING 28480 53180-6450
2190-0577 1 2 | WASHER-LOCK HLCL HO. 10 ,194-1%-1D 28480 1 2190-0577
ASdM132 1251-46B2 61 2 | CoNNECTOR-POST TYPE -100-PIN-SPCG 3-CONT 27264 1 22-10-2031
ASJME00 1251-4682 6 CONNECTOR-POST TYPE - 100-PIN-SPCG 3-CONT 27264 22-10-2031
A5L8a1 9176-1368 5 T | CORE-MAGNETIC INIT PERMEABILITY: 1000 02114 11426-4A6
ASLBL1 7120-6830 9 1| LABEL-INFO WRNTY DATE CODE .25-IN-Wp -625-1H-16 | 28480 7120-6830
ASLBL2 9320-5333 17 1 LABEL-LINE-PRINTER; ,625- IN-iD X J25-1N-Lg 28480 | 9320-5333
A5p132 1258-0141 8 2 | JUMPER -REMOVABLE FOR 0.025 IR sa PINS 18873 | 65474-004
ASPEOO 1258-0141 8 JUMPER-REMOVABLE FOR 0.025 IN sQ PINS 18873 65474-004
ASR100 0757-040 0 5 | RESISTOR 100 1% 1250 TF 1C=0+-100 24546 C¥4-1/8-T0-101-¢
ASR1G1-R103 0757-0280 31 6| RESISTOR 1K 1% 1250 TF Te=0+-100 24546 | CT4-1/8-T0-1001-F
ASR200 0757-0280 3 RESISTOR 1K 1% .125W TF TC=0+-100 24546 CT4-1/8-70-100%-F
ASR208-R20%9 0757-0427 G 2 | RESISTOR 1.5k 1% ~1250 TF TC=0+-100 24546 CT4-1/8-10-1501-F
ASR400 0757-0442 ¥ 6 | RESISTOR 10K T2 L1250 TF 1C=0+-100 24346 | CT4-1/8-10-1002-F
ASR502 0757-0280 3 RESISTOR 1K 1% .185u TF TC=0+-100 24546 CT4-1/8-70-1001-F
ASRSOQ Q757-0442 9 RESISTOR 10K 1% .125¢ TF TC=0+-100 24546 | CT4-1/8-T0-1002-F
ASREO G7537-0280 3 RESISTOR 1K 1% .125W T¢ TC=0+-100 24546 | CT4-1/8-70-1001-F
ABRTG0 0757-0442 9 RESISTOR 10K 1% .125¢ 1F TC=0+-100 24546 | CT4-1/8-10-1002-F
ASR7D1-R702 0757-0407% o RESISTOR 100 1% .125¢ TF TC=0+- 100 24546 | CT4-1/8-T0-101-F
A3SR703 07570442 2 RESISTOR 10K 1% .125W TF TL=0+-100 24546 | CT4-1/8-710-1002-F
ASR704-R705 0757-0401 o RESISTOR 100 1% .125¢ TF TC=0+-100 24546 [ CT4-1/8-T0-101-¢
ASRB00 0757-0442 g RESISTOR 10K 1% .125¢ TF TC=0+-100 24546 | CT4+1/8-70-1002-F
ASRBO1 0757-0433 & 1| RESISTOR 3.32¢ 1% -125W TF TC=0+-100 24546 | CT4-1/8-TG-3321-F
ASR900 0757-0442 ¢ RESISTOR 10K 1% .1250 ¢ TC=0+-100 24546 CT4~-1/8-T0-1002-F
ASRPT00-RP103 1810-0286 4 4 | NETHORK-RES 16-DIp 10.0K OHK X 15 11236 | 761-1-Rr10x
ASRP105-RP107 | 1810-D338 . 371 3| NETWORK-RES 16-DIP 100.0 OHM X 8 1236 | 761-3-R100
AZU100 1820-5700 8 1 IC 16-BIT Mpu, BMHZ, CMOS 04713 HCE8KC000PS
ASUT01-U102 1820-3378 2 371 1C LeH 1L ALS D-TYPE KEG-EDGE-TRIG OCTL 27014 DM74ALS373N
ASU103-u104 1820-3121 3 31 1C TRANSCEIVER TTL ALS BUS ocrL 01295 SNTAALSZ45AN
ASU105 (3458-88803 {9 1 | PAL-PROGRAMMED 8L14ACH 28480 | 03458-88403
ASU106 03458-88804 | o 1 | PAL-PROGRAMMED BL1LACH 28480 | 03458-88804
ASUOY 1820-3378 2 IC LCH TTL ALS D-TYPE HEG-EDGE-TRIG OCTE 27014 DM7LALSETIN
ASU110 03458-88840 {4 11 EPROM-PRGM270512 REV4 28486 | 03458-88840
ASUTT1 03458-88841 |5 1 | EPROM-PRGM27512 REV4 28480 | 03458-88841
ASU1i2 03458-88842 i 4 1] EPROM-PRGM27512 REV4 2B4BO | 03458-88842
ASUT13 03458-8BB43 |7 1 | EPROM-PRGM27512 REV4 28480 | 034558-88843
ASUT14 03458-88844 {8 1] EPROM PRGM27CS12 REV4 28480 03458-88844
ASU115 03458-88845 [9 1 | EPROM-PRGM27C512 REV4 2B4BG | 03458-88845
ABUIZT-t122 1818-4336 91 1] IC DS1235Y-150 256k NONVOLATELE RAM- 28480 | 1818-4336
ASU130 1820-353%7 5 4 | 1C FF CMOS/74HC D-TYPE POS-EDGE~TRIG 18324 TAHCTT4H
ABU131 1820-4949 5 21 1C CNTR CHOS/74HC BIN ASYNCHRO 18324 T4HCTA020N
ASUI32 1818-4335 8 1] 1€ sTATIC RANDOM-ACCESS MEMORY (bS1220Y-150) 28480 1818-4335
ASUT34 18203664 9 2| I1C GATE CHOS/T4HT NAND QUAD 2~ INp 27014 MMZAHCTORN
A5U135 1820-4948 4 21 1C CcHTR CMOS/T4HG BIN ASYNCHRO 18324 T4HCTI93N
ASU140 1820-4721 t 31 IC GATE EMOS/74HC OR QUAD 2-INp 18324 | 74HCTI2N
18204643 & 11 IC GATE CHOS/T4HE NOR QuAD 2-1np 18324 T4HCTOZN

ASUt41
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A5 ASSEMBLY (03458-66505) REPLACEMENT PARTS

Relerence HP Part Cj Qty Part L pfe. Part Number -
Deslgnation Number D Desacription Code !
A5L200 1820-4948 |4 1€ CNTR CMOS/T4HC BIN ASYNCHRG 18324 | 74HCT393H
ASULGO 1820-5875 8 1 | 1C-PROGRAMMABLE TIMER MODULE; &MHZ 28480 | 1820-5875
ABU4DY 1820-3664 9 IC GATE CMOS/T4HC NAND QUAD 2-1NP 27074 | MM74HCTOON
ASU300 03458-88805 |1 1 | PAL-PROGRAMMED 16H2-2 28480 | 03458-88805
ASUS01 1820-4863 2 2 | IC GATE CHOS/74HCT NAND QUAD 2-1HP 18324 | TAHCTO3M
ASUS03 1820-4949 5 IC CHTR CMOS/T4HC BIN ASYNCHRO 18324 | 74HCTA0208
ASUS00 1820-4085 1 1| IC FF CMOS/74HC D-TYPE POS-EDGE-TRIE COM 18324 | 7GHCT273N
A5U691 1820-3629 6] 1} 1C mv CHOSI?&HC HEX 27014 MHMHCTGI»N
ASU&UB’ 1820-4586 6 1 IC DRVRIRCVR CMGS/74HC LINE GCTL 01295 SN?AHCTBM!%
ASU605 1820-4675 4 1§ IC ENCDR CHOS/74HC PRIORITY B-TO-3-LINE 01295 | SN74HC148M
ASUT00 1820-3671 8 1 | IC GATE ARRAY CHOS 2B4B0 | 1820-3671%
ASUT0Y 1820-3537 5 IC FF CMOS/T4HC D-TYPE POS-EDGE-TRIG 18324 | T4HCTV4R
ASU702 1820-4721 1 1€ GATE CMOS/7T4HC OR QUAD 2-1KHP 18324 | V4HCT32M
ASU703 1820-4583 30 3} IC GATE CMOS/T4HC AND QUAD 2-INP 18324 { 74HCTOBM
ASUBGO 1820-5905 5 1} IC ASYHCH COMMUN INTERFACE ADAPTER (HD&3AS0P) 28480 | 1B20-5905
ASUSG0 1820-3121 3 IC TRANSCEIVER TTL ALS BUS OCTL 01295 | SNT4ALS245AN
A5U201 1820-4147 3 1| 1C LCH CMOS/74HC TRANSPARENT OCTL 34371 CH74HLTST3E
ASUS02-U903 1820-3537 ) EC FF CMOS/T4HC D-TYPE POS-EDGE-TRIG 18324 § TAHCTT4M
ASUS04 1820-2548 6 1 | IC-GEKERAL PURPOSE INTERFACE BUS ADAPTER 01295 [ TMSYPIi4ANL
ABSU905 1820-6170 8 1 1 IC INTERFACE XCVR BIPOLAR BUS OCTL 01295 | SNTSALS160N
ASUR04 1820-3513 7 1 | IC-INTERFACE XCVR BED UP/DOWN INSTRUMENT 27014 | DST5161AN
ASU90T 03458-88806 |2 1 | PAL-PROGRAHMED 16R4A-2 28480 | 03458-88806
ASU%08 1820-4721 i IC GATE CMOS/74HC OR QUAD 2-INP 18324 | 74HCTI2H
ARUS09-U10 1820-4583 3 IC GATE CMOS/74HC AND QUAD 2-INP 18324 | 7AHCTOBN
ASXUTIO-XUT15 | 1200-0861 8{ 10 | SOCKET-IC 2B-CONT DIP DIP-SLDR 0avre | 64036241
ASXUT23-XU126 | 1200-0861 & SOCKET-IC 2B-CONY DIP DIP-SLDR 00779 | 640362-1
ASY100 1813-0591 0 11 CLOCK-OSCILLATOR-XTAL 8.0-MHZ 0.005% 04713 | RASCO-0CS-8MHZ
ASY700 1813-0191 é T | CLOCK-DSCILLATOR-XTAL 10-MHZ 0.005% T7L 00815 | KS-100(50PPM)
PC ASSEMBLY MOUNTING HARDWARE

0515-0372 21 6 | SCREW-MACHIKE M3 X 0.5 8MM-LE TORX T10 28480 | 0515-0577

5180-6650 5 2 | STANDUFF-HBEX HPIB CONNWECTOR MOUNTING 28480 | 5180-6650

2190-0577 1 2 | WASHER-LOCK HLCL NO. 10 .194-IN-ID 28480 | 2190-0577
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Mfr, Manufacturer's Manufacturer's Zip
Code Name Address Code
00779 BMP INC HARRISBURG PA US | 17111
00815 NEL FREQUENCY CONTROLS ING BURL INGTON Wl Us | 53105
01295 TEXAS INSTRUMENTS INC DALLAS TX US | 75245
01886 RCL ELECTRONICS IMC HORTHBROOK 1L us | e0es2
02114 FERROXCUBE CORP SAUGERTIES NY US| 12477
04222 AVX CORP GREAT NECK WY us | 1021
04713 HOTOROLA INC ROSELLE 1L us | 60195
11236 CTS CORP ELKHART IN Us | 44514
18324 SIGNETICS CORP SUNNYVALE CA US | 94086
18873 DUPONT E I DE NEMOURS & CO WILMINGTON DE US | 19801
24546 CORMING GLASS WORKS CORNING NY US | 14830
27014 NATIONAL SEMICONDUCTOR CORP SANTA CLARA cA us | 95052
27264 MOLEX INE LISLE 1L Us | &0532
28480 HEWLETT PACKARD COMPANY - CORPORATE PALO ALTD CA US | 94304
34371 KARRIS CORP MEL BOURNE FL. Us | 32901
56289 SPRAGUE ELECTRIC €O LEXINGTON MA Us | 02173
76381 M €0 ST PAUL MH US| 55144
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A6 ASSEMBLY (03458-66506) REPLACEMENT PARTS

Reference HP Part Ci Qty Part Mifr. Mir. Part Number

Deslignation Humber D Dascription Code
A 03458-66506 |3 1| PC ASSEMBLY 28480 | 03458-66506
a6t 0180-4032 8] 2| CAPACITOR-FXD &BOUF 50 V AL ELCTLY 28480 | 0180-4032
A6C2 0180-0116 11 1| CAPACITOR-FXD 6.BUF+-10% 35VDC TA 56289 | 150D6RSXP03582-DYS
A6C3 0160-4819 7| 1| CAPACITOR-FXD 2200PF +-5% 100VDC CER 04222 | SA301A2220AAH
ABCh 0180-0197 8|1 3| CAPACITOR-FXD 2.2UF+-10% 20VDC TA 56289 | 150D225X9020A2-0YS
ABC5-C6 0160-4842 6 2 | CAPACITOR-FXD .22UF +80-20% 50vVDC CER 04222 | SAVNIBEZ24ZAAH
ABCT 0160-4204 & 1 | CAPACITOR-FXD .033UF +-10X% 5D0VDC CER 72982 | 8131-M500-W3R-333K
AbES 0180-38%8 6| 1] CAPACITOR-FXD B30CUF+75-10% 35vDC AL 56289 | 53DB3260334P7
R6CY 0160-4571 8] 1| CAPACITOR-FXD .1UF +80-20% S0VDC CER 04222 | SATOSET04AZAAM
AGCYT 0180-4032 8 CAPACITOR-FXD &BOUF 50 V AL ELCTLT 2B480 | 0180-4032
ASCT2 0180-0100 31 1| CAPACITOR-FXD 4.7UF+-10% 35vDC TA 56289 | 150D475%9035B2-DYS
AGC15-C16 0160-4281 7] 2| CAPACITOR-FXD 2200PF +-20% 250VAC(RMS) 28480 | 0160-4281
AGC103 0160-4835 7| 5 | CAPACITOR-FXD .JUF +-10% 50VDC CER 04222 | SAT1SCT04KAAK
A6C104 0160-4787 8] 1} CAPACITOR-FXD 22PF +-5X 100VDC CER (+-30 04222 | SAT02R220JAAH
A6C105 0180-0197 8 CAPACITOR-FXD 2.20F+-10% 20VDC TA 56289 | 1500225X9020A2-DYS
AGC200-C201 0180-3828 b 2 | CAPACITOR-FXD 47UF+-20% 63VDC AL 28480 | 0180-3828
ABC202 0180-3830 0] 1} CAPACITOR-FXD 330uUF+-20% 25VDC AL 28480 | 0180-3330
ABL203 0180~382% 7 1 | CAPACITOR-FXD 220uUF+-20X% 16VDC AL 28480 0180-3829
AGC301-£303 0160-4835 7 CAPACITOR-FXD .1UF +-10% 30VDC CER 04222 SAT1SCT04KAAR
AGC304 0180-0197 8 CAPACITOR-FYD 2.2UF+-10% 20VDC TA 56289 | 1500225X9020A2-DYS
AGC40D 8160-4822 2 1 | CAPACITOR-FXD 1000PF +-5% 100VDC CER 04222 SAZ0TAT024AAH
A6C401T 0160-4835 7 CAPACITOR-FXD .1UF +-10% 50VDC CER 04222 § SATISCT04KAAR
A6CL02-CAO3 6160-4832 41 7| CAPACITOR-FXD .OTUF +-10% 100VDL CER 04222 | SAT0ICTO3KAAH
AGCAOS 0160- 4832 4 CAPACITOR-FXD .O1UF +-10% 100VDC CER g4z22 SATOTCI03KAAH
ABCALOE-C40T 0180-0291 3 2 | CAPACITOR-FXD 1UF+-10% 35VDC TA 56289 | 150D105X9035A2-DYS
ABCHO9-L421 0160-4812 0] 20 ! CAPACITOR-FXD 220PF +-3% 100VDC LER 04222 | SATD1AZZ1JAAH
ABCA22-C425 0160-4832 4 CAPACITOR-FXD .O1UF +-10% 100VDC CER 04222 | SAT01CI03KAAH
ABCL26-C432 0160-4812 0 CAPACITOR-FXD 220PF +-5X 100VDC CER 04222 | SAT01A221JAAH
ABCR1Y 1901-0638 3 1 | DIODE FULL-WAVE BRIDGE 100V 4A 04713 | HDAGVOAZ
ASLR2 1902-1505 1 11 DIODE-Y-SUPPR 6.5V T0-220AC 04713 | MIT4554B
AGLR3 19020644 3 1} DIODE-ZENER IN5363B 30V 5% PD=5M TU=+20MV 28480 | 1902-0644
AGCR4 1901-0782 8! 1! DIODE-SCHOTTKY 30V 3A 04713 | 1N5821
AGCR100 1900-0233 9 1 | DIODE-SCROTIKY 8M $16 INGT11 50088 T
R6CRIOT 1901-0050 3 2 | DIODE-SWITCHING BOV 200MA 2NS DG-35 25403 BAV1O SELECTED
AGCR301-CR304 | 1901-0734 4] 4 | DIODE-POWER RECTIFIER 145818 30V 1A 04713 185818
A6CR305 1901-0050 3 DIODE-SWITCHING 80V 200MA 2NS DO-35 25403 BAVIO SELECTED
AGCR306-CR3D7 11902-0952 & 2 | DIODE-ZEKER 5.6V 5% DO-35 PD=.4W TC=+,046% 28489 1902- 0952
ASCRAO0 1902-0931 5 1 | DIOCDE-ZEKER 5.1V 5% D0-35 PD=.4W TC=+.035% 28480 1902-0951
ABE4DD 0960- 0561 4 1 | AUPIO TRANSDUCER 1-3vDC; 80DB AT 10CM 2B480 | 0960-0561
A6F 1 2110-0043 1 1 | FUSE 1.5A 250V NTD FE UL 75915 | 312 01.5
AGFCH 2110-0565 9 1 | FUSEHOLDER CAP 12A MAX FOR UL 28480 | 2110-0565
ASHS2 1205-0318 0| 1] HEAT SINK SGL TO-220-CS 13103 | 60458
A6J 15 1251-0600 0 1 | CONNELTOR-SGL CONT PIN 1.14-BM-BSC-S7 S0 27264 | 16-06-0034
ASJ100 1251-8106 1 1 | CONNECTOR-POST TYPE .100-PIN-SPCG 20-CONT 76381 3592-6002
A6JTO1 1005-00%7 4 2 t RECEIVER-FIBER OPTIC DATA RATE PC MOUNT 28480 HFBR-2501
REJ102 1005-0096 3 2 | TRANSMITTER-FIBER OPTIC DATA RATE PC MOUNT 28480 RFBR-1510
A6J200 1251-8248 4 1 | CONNECTOR-POST TYPE .100-PIN-SPCG 26-CONT 76381 3593 - 6002
A6J303 1005-0096 3 TRANSMITTER-FIBER OPTIC DATA RATE PC MOUNT 28480 HFBR-1510
AGJE04 1005-0097 4 RECEIVER-FIBER OPTIC DATA RATE PL MOUNT 28480 HFBR-2501
ABJMT 7i75-0057 5 9 | RESISTOR-ZERO OHMS SOLID TINMED COPPER 19761 5020CXORO0NSBZAAZ
ABIM10G-JH103 | 7175-0057 5 RESISTOR-ZERD OHMS SOLID TIMNED COPPER 1971 5020CX0R000SB2ANE
A6IM200 7175-0057 5 RESISTOR-ZERD OHMS SOLID TINNED COPPER 19701 5020CXGROGUSB2ARZ
AGJME00 7i75-0057 5 RESISTOR-ZERO GHMS SOLID TINNED COPPER 19701 5020CXCROVOSBZAAZ
AGIMGN0-JHADT | 71750057 5 RESISTOR-ZERC OHHS SOLID TIKNED COPPER 19701 5020CX0RO0QSB2AAZ

HEWs Mmar-rm b




A6 ASSEMBLY (03458-66506) REPLACEMENT PARTS

Reference HP Part C| Gty Part Mir. Mifr. Part Number
Deslignation Number [4] Description Code '
AbLY 9140-1178 i 1 | INDUCTOR-FIXED L=643 uH @ OAdc MIN 1961 PE-51970
AéL2 9140- 1062 2 2 | INDUCTOR-FIXED L: 70 UH TYPICAL & 3.0 A 01961 32679
A6L200 9140-1062 2 INDUCTOR-FIXED L3 70 UH TYPICAL @ 3.0 A 01961 | 52679
A6L201 9100-3560 & 1 1 INDUCTCR RF-CH-HLD 5.6UH +-5% 24226 | 1585614
A6L40T-L404 9i70-1368 5 4 | CORE-MAGHETIC INIT PERMEABILITY: 1000 02114 11426-4A8
A6LBL1 7120-6830 @ 1§ LABEL-INFO WRNTY DATA .25-IH-WD .625-IN-LG 2B4BO | 7120-56830
ASLBLZ 9320-5333 1 1} LABEL-LINE-PRINTER; .625-IN-WD X .25-1M-LG 28480 | 9320-5333
AbMP1 03458-01204 |2 1 | BRACKET-REAT SINK 28480 | 03458-01204
A6P2 1252-023%9 7 1 | COMNECYOR-POST TYPE 5.0-PIN-SPCG B-CONT 27264 | 10-16-3081
AGP3 1252-2518 & 1 | CONNECTOR-HEADER, 2 CONT 27264 | 703-89-007%
A6P301 1252-0293 6 T | CONNECTOR-POSY TYPE .100-PIN-SPCG 4-CONT 27264 | 22-11-2042
A&R1 0757-0280 3 1 | RESISTOR 1K 1% .125W TF TC=0+-100 24546 § CT4-1/8-T0-1001-F
AERZ 069B-3279 a 1 | RESISTOR 4.99K 1% 1250 TF TC=0+-100 26346 | CT4-1/8-T0-4991-F
ALRS 0699-1075 23 1§ RESISTOR .1 3% 3W TF TC=0+-337 01686 | LO-3-0.1-3-BP
ARG 0757-0446 3] 2§ RESISTOR 15K 1% .125W TF TC=0+-100 24546 { CT4-1/8-T0-1502-F
A6R101 0698-4422 7 1| RESISTOR 1.27K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1271-F
A6RTO2 0757-0420 3] 1| RESISTOR 750 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-751-F
AGR103 0698-4123 51 1| RESISTOR 499 1% .125W TF TC=0+-100 20546 | CT4-1/8-T0-499R-F
AGRT04 0757-0284 7 3 | RESISTOR 150 1% .125W TF TC=0+- 100 24546 | CT4-1/8-70-151-F
AGR105-R108 §757-0401 i 5| RESISTOR 100 1% .125W TF YC=0+-100 24346 | CT4-1/8-T0-101-F
AGR301 0698-4422 7 1 | RESISTOR 1.27K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-1271-F
AGR302 075704446 3 RESISTOR 15K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1502-F
AERZ03 0757-0284 7 RESISTOR 150 1% .125W TF TC=0+-100 24546 1 CT4-1/8-T0-151-F
AGR304A 0764-0016 8 1} RESISTOR 1K 5% 2W MO TC=0+-200 28480 { 0764-0016
AGRLDS O757-0474 71 2] RESISTOR 243K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-2433-F
A6R406 G757-0284 7 RESISTOR 150 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-151-F
AGRADT 0757-0474 7 RESISTOR 243K 1X .125W TF 1C=0+-100 24546 | CT4-1/8-T0-2433-F
AERAOT 6757- 0401 a RESISTOR 100 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-101-F
ABRPAOD 1818-0286 4 1 | HETWORK-RESISTOR 16-DIP 10.0K OHM X 15 11236 | 761-1-R1K
AS6RPS&0OT-RPA03 | 1B10-0328 71 3 | NETWORK-RESISTOR 16-DIP 100.0 OHM X 8 11236 | 761-3-R100
AGRT301-RT302 | 0B37-0383 6 2 { THERMISTOR POS-TC 100 OHM 2 25 C 2B48B0 | 0837-0383
A681-82 3101-276% 2 2 | SWITCH-SLIDE DPDT STD 5A 250VAC PC 28480 | 3101-2769
A5S3 3101-2887 4 1 | SWITCH-PB DPDT ALTHG 6A 250VAC 71468 | 130222
A6SCRA 1884-0082 31 1] THYRISTOR-SCR 2H4441 VRRM=50 04713 | 2R4441
AGSCUT 0515-0372 2 1} SCREW-MACHINE M3 X 0.5 BMH-LG TORX T10 28480 | 0515-0372
ASH 1826- 1822 3 11 IC V RGLYR-SHG 5.1/40V 15 PKG 50088 | L296HT
AbL2 1826-0106 Df 1] ICV RGLTR-FXD-POS 14.4/15.6V TO-220 PKG GAT13 | MCTBISCT
ASU100-U101 1820-4242 4 3 | IC SCHMITT-TRIG CMOS/T4AHC IRV HEX 18324 | TLHCT 14N
ASU200 0950- 1904 4 1 | DC-DC COMVERTER 2B4B0 | 0950-1904
ASU301 1820- 1416 5 1] IC SCHMITT-TRIG TTL LS INV HEX 1-INP 01295 | SK74LS14N
ABUZ02 1820-4242 4 IC SCHMITT-TRIG CHOS/T4HC INV HEX 18326 | T4HCT 14N
ASUADO 03458-85502 |9 1 | IC-ROM PROGRAMED(INTELL)BOCS1 28480 | 03458-85502
AGULON 1826- 0180 o 1} JC TIKER TTL MONO/ASTBL 18324 | NES5SHM
ABULDRZ 1820-3664 9 1 { IC GATE CHOS/74HC HWAND QUAD 2-1NP 27914 | MMT4HCTOON
AGW3-H4 5061-1664 g 2 1 18 AMG TERM1;1251-4823 TERM2;8MM STRIP 28480 | 5061-1664
ASXFY 2110-0642 3 1 | FUSEHOLDER-EXTR POST 6.3A 25D v BAY CAP 28480 | 2110-0842
AGY400 1813-0492 50 1] IC OSCILLATOR 12MHZ 28480 | 1813-0492
PC ASSEMBLY MOUNTING HARDWARE
0515-0372 2} 4 | SCREW-HACHINE M3 X 0.5 8MH-LG TORX T10 28480 | 0515-0372

HP 3458A




Code List of Manufacturers

Mir. Manufacturer's Manufacturer’'s Zip
Code Name Address Code
01295 TEXAS INSTRUMENTS INC DALLAS X us | 75265
01686 RCL ELECTRONICS INC NGRTHBROCK It Us | 60062
01961 PULSE ENGINEERING INC SAN DIEGO CA US| 92111
02114 FERROXCUBE CORP SAUGERTIES NY Us | 12477
ph222 AVX CORP GREAT NECK NY Us | 11021
04713 MOTOROLA IRC ROSELLE 1L us | 60195
11234 CTS CORP ELKHART N USs | 46514
13103 THERMALLOY INGC DALLAS X Us | 75234
18324 SIGNETICS CORP SUNNYVALE CA US | 94086
19701 KEPCO/CENTRALAB IHC RIVIERA FL. Us | 33404
24226 GOWANDA ELECTRONICS CORP GOWANDA NY Us | 14070
24545 CORMING GLASS WORKS CORMING NY US | 146830
25403 NV PHILIPS ELCOMA E INDHOVEN NE | 02876
27014 KATIONAL SEMICONDUCTOR CORP SANTA CLARA CA US | 95052
27264 MOLEX INC LISLE 1L us | 60532
28480 HEWLETT PACKARD COMPANY - CORPORATE PALD ALTO CA US | 94304
50088 SGS-THOMSON MICROELECTRONICS INC PHOENIX AZ Us | B5022
56289 SPRAGUE ELECTRIC €O LEXINGTON MA us | 02173
71468 ITT CORP NEW YORK MY Us | 10022
75915 LITTELFUSE INC PES PLAINES I us | 60018
76381 3M £0 $T PAUL MM US | 55144







A7 ASSEMBLY (03458-66

507) REPLACEMENT PARTS

Reference HP Part Ci Qty Part Mifr. Mfr. Part Number

Designation Number D Dascription Coda
AT 03458-66507 |41 1 PC ASSEMBLY-DISPLAY LOGIC 2B4BD | D3458-66507
A7C1-C3 0160-4832 41 3| CAPACITOR-FXD .01UF +-10% 100VDC CER 04222 1 SA101CT03KARH
AT7CR1-CRS 1902-0657 8] 5| DIODE-ZENER 43.2V 5% DO-15 PD=1W TC=+.08% 28480 | 1902-0657
ATLBLA 7120-6830 91 1 LABEL-INFO WRNTY DATE CODE .25-IN-WD ~625-TH-1G | 2B4BD | 7120-6830
ATLBLZ 9320-5333 P11 ] LABEL-LINE-PRINTER; .625-IN-WD X .25-IN-LG 28480 | 9320-5333
A7Q1 1853-0510 71 1| TRANSISTOR PRP T0O-92 PD=625Mu 28480 | 1853-0510
AT7R1 0757-0273 41 11 RESISTOR 3.01K 1% .125W TF TC=0+-100 24546 | CT4-1/B-T0-30%4-F
AT7RZ 0757-0442 91 1] RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-T0-1002-F
ATR3 8757-0458 71 1| RESISTOR 51.1K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-5112-F
A7SHD1-SHD2 03458-00604 14| 1| sHieELp-Esp 28480 | 03458-00604
ATU1 2090-0217 2| % IC DISPLAY-FIP 28480 | 2090-0217
A7U2 1820-5287 61 1| IC-INTERFACE DRVR CMOS DISPLAY 27004 | MM58248M
A7U3 1820-5286 0] 1 IC-INTERFACE DRVR CMOS DISPLAY 270%4 | MM5B242N
A7 03458-61605 [3] 1| CABLE ASSY RIBEON 26p/ 284B0 | 03458-61403

PC ASSEMBLY MOUNTING HARDWARE
0624 -0681 7 1| SCREMW-TAPPING 4-20 .25-IN-LG PAN-HD-TORX T10 28480 0624-0681

HP 34584




Mir. Manufacturer's Manufacturer's Zip
Code Name Address Code
04222 AVX CORP GREAT NECK Ny us | 11621
24546 CORNING GLASS WORKS CORMING NY US | 14830
27014 NATIONAL SEMICONDUCTOR CORP SANTA CLARA CA Us | 95052
28480 HEWLETT PACKARD COMPANY - CORPORATE PALD ALTO CA US | 94304

Code List of Manufacturers




HP 3458A

A9 ASSEMBLY (03458-66509) REPLACEMENT PARTS

Reference HP Part C| Gty Part Mir. Mir. Part Number

Designation Number B Dascription Code
A9 03458-66509 |61 1] PC ASSEMBLY-DC REFERENCE 28480 | 03458-64509
ASCA 11 0160-4833 5| 1| CAPACITOR-FXD .0Z2UF +-10% 100VDC CER 04222 | SAZDI1C223KAAH
AFLA12 0160-4835 71 1] CAPACITOR-FXD _1UF +-10% 50VDC CER 04222 | SA115C104RAAH
AFC413 0160-3847 9 1| CAPACITCR-FXD .OWF +100-0% 50VDC CER 04222 | SATO5CI03PAAH
ASC&14 0160-4835 71 1| CAPACITOR-FXD .1UF +-10% 50VDC CER 04222 | SA115C104KAAH
A9CR4OD 1901-0040 11 1] DIODE-SWITCHING 30V S0MA 2N$ DD-35 28480 | 1901-0040
APER401 1901-0743 11 1| DIODE-PWR RECT 1N4DO4 400V 1A DO-41 01295 | 1N4004
ASCVRY 03458-44102 19§ 1] cover-p1oDE 2BABO | 03458-44102
APJ400- 4501 1251-6041 SF 2| COMNECTOR-POST TYPE .100-PIN-SPCG 5-CONT 27264 | 22-17-2052
ATQ401 1854-0585 81 1| TRANSISTOR NPH S1 PD=12.50 FT1=50MHZ C4713 | MJE182
ASRAT1 0698-7133 31 1 ] RESISTOR 15K .05% .225W MF TC=0+-1.3 28480 | 069B-7133
AFRE12 0698-8066 31 1| RESISTOR 1K 01X .15W HF TC=D+-1.3 28480 | 05698-8066
A9RL13 0659-0311 7] 2] RESISTOR 74.25K .1% W TF TC=0+-10 28480 | 0699-0311%
ASR4 14 0699-2452 61 1| RESISTOR 111 1% .3W MF TC=D+-1.3 28480 | 0699-2452
AGR41S 0699-0311 7 RESISTGR 74.25K .1% .M TF TC=0+-10 2B4BO | 0699-0311
AGR4T6 0757-0442 9 T [ RESISTOR 10K 1% .125W TF TC=0+-100 24546 | CT4-1/8-70-1002-F
ASRLYT 0757-0472 3 t | RESISTOR 200K 1% .125W YE TC=04-100 24546 1 LT4-1/8-T0-2003-F
ASRA1B G698-4123 5¢p 11 RESISTOR 499 1% .125¢ TF TC=0+-100 24546 | CT4-1/8-T0-499R-F
APRLTR 0698-3492 91 1| RESISTOR 2.67K 1% .125W TF TC=0+-100 24546 | CT4-1/B-T0-2674-F
APRAZO 0698-8827 4 1 [ RESISTOR 1M 1% .125W TF TC=0+-100 28480 1 0698-8827
ASRG21 a757-0465 ] 1 ] RESISTOR 100K 1% .125W TF TC=0+-100 24546 1 CY4-1/8-70-1003-F
ATULO1 1826-1860 9 1| VOLTAGE REFERENCE-FIXED 7V TD-99-PKG 28480 1826-1860
ASG0Z2 1826- 1400 1 1| IC GP AMP LOW-HOISE DUAL 8-DIP-P PKG 28480 | 1826-1409

PC ASSEMBLY MOUNTING HARDWARE
05151440 1 2 { SCREW-MACHINE M3 X0.5 20MM-1G TORX T10 28480 [ 0515-1410




Mfr. Manufacturer's Manufacturer's Zip
Code Name Address Code
01295 TEXAS INSTRUMENTS INC DALLAS TX us | 75265
04222 AVX CORP GREAT HECK NY us | 11021
04713 MOTOROLA INC ROSELLE IL Us | 60195
24546 CORNING GLASS WORKS CORRING NY US| 14830
27264 HOLEX IHC LISLE IL us | 60532
28480 HEWLETT PACKARD COMPANY - CORPORATE PALD ALTO CA USs | 94304

Code List of Manufaciurers
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i 3408A

A10 ASSEMBLY (03458-66510) REPLACEMENT PARTS

Reference HP Part C| Gty Part hitfr. Mir, Part Number
Designatlon Number D Description Code
Al0 03458-66510 19| 1§ PC ASSEMBLY-SWITCH 28480 | 03458-66510
A10C500 0150-0012 31 1 | CAPACITOR-FXD .O1UF +-20% 1KVDC CER 56289 | C0234102J103M$38
A10E500-ES03 1970~-0206 é& 4 | TUBE-VOLTAGE PROTECTOR 28480 1970-0206
ATOHDW1 1400-04%9 2] 1 | BRACKET-RTANG .344-L6 X .438-LG .281-WD 73734 | 129500
AT0HDWR2 0361-0229 1 1 | RIVET-SEMITUR OVH .123DIA .156LG 12014 | R-3472
A10L500-L502 9100-3551 5 3§ INDUCTOR RE-CH-MLD TUH +-5% 24226 15M1014
A10P502 1231-0600 0} 19 | CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ S50 27264 16-06-0034
AT0P506-P507 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ 50 27264 16-06-0034
Al0P309-P521 1251-0500 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ $Q 27264 | 16-06-0034
AT10P523-P524 | 1251-0600 0 CONNECTOR-SGL CONT PiN 1,14-MM-BSC-SZ sQ 27264 | 16-06-0034
AOPS29 1251-0600 0 CONNECTOR-SGL CONT PIN 1.14-MM-BSC-SZ S0 27264 16-06-0034
ATOR500 0587-2251 3 1} RESISTOR 2.2M 10% .5W CC TC=0+10G0 81121 EB2251
A10R501 06851025 51 1] RESISTOR 1K 5% .5W £C TC=0+647 01121 | EB1625
A10RVEDD 0837-0382 3 1 | DIODE-VRTS 1.1KV 28480 0837-0382
A10RV501 0B37-0196 o 1 | VOLTAGE SUPPRESSOR VROM=430V, 10A PEAK 34371 V430MASA
A10SUW500 3101-2969 Y 1 ] SWITCH-PUSHBUTTOM, 10DPT 71468 | 602757
PC ASSEMBLY MOUNTING HARDWARE
0515-0372 2 4 | SCREM-MACHINE M3 X 0.5 BMM-LG TORX T10 28480 0515-0372

N e s o owe em B




Mfr. Manufacturer's Manufacturer's Zip
Code Name Address Code
01121 ALLEN-BRADLEY CO INC EL PASO ™™ US | 79935
12014 CHICAGD RIVET & MACHINE CO NAPERVILLE It Us | 60540
24226 GOWANDA ELECTRONICS CORP GOWANDA NY Uus | 14070
27264 MOLEX INC LISLE 1L Us | 60532
28480 HEWLETT PACKARD COMPANY - CORPGRATE PALO ALTO cA us | 94304
34371 HARRIS CORP MELBOURNE FLus | 32901
56289 SPRAGUE ELECTRIC CO LEXINGTON MA US | 02173
7146 11T CORP NEW YORK NY US | 10022
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MECHANICAL REPLACEMENT PARTS

L L o F TR

Reference HP Part C| Qty Part Mir. Wifr. Part Number
Dasignation Numbar b Description Code
FRINTED CIRCUIT ASSEMBLIES
Al 03458-66501 |8 1 | PC ASSEMBLY-DCR 28480 03458-66501
A1-HOY 03458-91002 {7 PC ASSEMBLY-DCR (1000 VOLT AC OPTION) 28480 03458-91002
A2 03458-66502 |9 1 | PC ASSEMBLY-AC CONVERTER 28480 03458-66502
A2-HO1 03458-91000 |5 PC ASSEMBLY-AC CONVERTER (1000 VOLT AC OPTION) |2B4B0 03458-91000
A3 03458-665G3 |0 1| PC ASSEMBLY-A/D INGUARD LOGIC 2BABO | 03458-66503
A4 03458-66504 |1 1| PC ASSEMBLY-INGUARD POWER SUPPLY 28480 03458-66504
A% 03458-66505 {2 1| PC ASSEMBLY-CUTGUARD LOGIC 2848G | 03458-66505
Ab 03438-665046 {3 1 | PC ASSEMBLY-OUTGUARD POWER SUPPLY 28480 | 03458-66506
A7 03458-66507 |4 1 1 PC ASSEMBLY-DISPLAY LOGIC 28480 | 0345B-66507
A9 03458-66509 |6 1| PC ASSEMBLY-DC REFERENCE 28480 | 03458-66509
A0 03438-66510 |9 1| PC ASSEMBLY-SWITCH 28480 | 03458-56510
A10-HOT 03458-91001 |6 PC ASSEMBLY-SWITCH (1000 VOLT AC OPTION) 28480 D3458-910061
81 03458-68501 |0 1] FAM ASSEMBLY 28480 | 03458-468501
1252-1878 1 2§ CONTACT-CONNECTOR U/W-POST-TYPE FEMALE CRIMF 27264 16-02-0088
1252-2519 1 1 | CONNECTOR-HGUSING POST-TYPE 27264 50-57-9402
3160-04%92 8 1 | FAN-TBAX 12.4-CFM 12vDC 28480 | 3160-0492
G624-0530 & 2 | SCREW-TPG 8-16 .375-IN-LG PAN-HD-TORX 28480 0624-0530
CHs1 03458-00103 |8 1 | INGUARD CHASSIS 28480 | 03458-00103
0624-0681 71 1] SCREW-TPG 4-20 .25-IN-LG PAN-HD-TORX TiD 28480 | 0624-0481
0624-0530 6| & | SCREW-TPG B-16 .375-IM-L6 PAN-HD-TORX 28480 | 0624-0530
cvRl 03458-04101 {4 1 { COVER-TOP 28480G | 03458-04101
0515-0372 21 4 | SCREW-MACHINE M3 X 0.5 BMM-1.G TX SQ COME 28480 | 0515-0372
CVR2 03458-04102 |5 1 | COVER-BOTTOM 28480 03458- 04102
MP35-MP36 | 1460-1345 5 2| YILY STAND SST 28480 1 1460-1345
MP43-MP46 | 5041-8801 81 4 FooOr 28480 | 3041-8801
0515-0372 2 4 | SCREW-MACHINE M3 X 0.5 8MM-LG TX SQ CONE 28480 0515-0372
Fi 21106-0202 ] 1| FUSE .5A 250V 10 FE UL 75915 | 313.500
F2-F3 2110- 0001 81 2| FUSE 1A 250V NTD FE UL 75915 | 312 001
Fe2 2110-0565 9 1] FUSEHOLDER CAP 12A MAX FOR UL 28430 2110-0565
FRM1 03438-00101 {6 1 | MAINFRAME CHASSIS & LEFT INGUARD FRAME 28480 | 03458-00101
: THE FOLLOWING PARTS ARE MOUNTED ON FRMI
9135-0167 1 1| FILTER-LINE CEE-22-TERMS 28480 | 9135-0167
0400-0062 4 1| GROMMET-RND .5-IN-1D .625-IN-GRV-OD 51633 | B0&%
03438-84302 |5 1 § LABEL-REAR PANEL 28480 | 03458-84302
2190-0432 7] &} WASHER-LK HLLL 5716 IN .319-IN-ID 28480 | 2190-0432
03458-24701 |2{ 4 | STANDOFF-HEX, (MALE/FEMALE) 28480 | 03458-24701
1460-1311 5 1 | STAMPING-BE-CU SPRING-LEAF 28480 1460-1311
3050-0893 @ 1 | WASHER-FL MTLC 4.0 MM 4.4-MM-ID 28480 3050-0893
0515-0367 3 1 | SCREW-MACHINE ASSEMBLY M2.5 X 0.45 28480 | 0515-0367
1510-00638 8 1§ BINDING POST ASSY-SINGLE THD-STUD V4970 111-2223-004%
2190-0027 6] 11 WASHER-LK INTL T 174 IN .256-1N-1D 78189 | 1914-00
2950-0006 3 1§ NUT-HEX-DBL-CHAM 1/4-32-THD .094-IN-THK 28480 | 2950-0006
41-d2 1 1250-0083 1 2 | CONNECTOR-RF BNC FEM SGL~HOLE-FR 50-OHM 24931 284R130-1
0360-1632 0 2 | TERMINAL-SLDR LUG LK-MT& FOR-H3/B-SCR 79963 1 761-3/8
2950-0001 8 2 | HUT-HEX-DBL-CHAM 3/8-32-THD .094-IN-THK 28480 29500001
W3 | 03458-61602 |0 T | CABLE ASSEMBLY-EXTERNAL 1/0 4 MIRE 28480 03458~61602
0386-1677 3 | STANDOFF-HEX 32-HM-LG M3.0 X 0.5-THb 06540 19981-85-0350
HP10 | 3150-0300 5 11 FILTER-AIR NYLOH 2.3-IN-0D .75-IN-LG 28480 {1 3150-0300
0515-0372 21 2| SCREW-MACHINE M3 X 0.5 8#M-LG TX S0 CONE 28480 1 G515-0372
03458-84300 |3 1] LABEL-SERIAL NUMBER 2B480 | 03458-84300
FRM2 (3458-00102 |7 1§ FRAME-INGUARD, RIGHT 28480 | 03458-00102
0515-0433 6 2 | SCREW-MACHINE ASSEMBLY M4 X (.7 8MM-LG 2B4B0 { 0515-0433
0515-0372 2 6 | SCREW-MACHINE M3 X 0.5 BMH-LG TX SQ CONE 28480 ] 0515-0372
FRM3 03458-00105 |0 1 | FRAME-DUTGUARD CHASSIS 28480 | 03458-00105
0515-0372 21 4 | SCREW-MACHINE M3 X 0.5 8MH-LG TX S0 CONE 2B4B0 1 0515-0372

HP 24RRA




MECHANICAL REPLACEMENT PARTS

Reference HP Pant Cj Qty Part REfr. #fr. Part Number
Deslgnation Number D Descripton Code

d1-02 1250-0083 1 2 | COMNECTOR-RF BNC FEM SGL-HOLE-FR 50-OHM 24931 28IR130-1
KYC1 5041-0564 41 11 KEYCAP-PUSHBUTTON 1/4-IN-SQ WHITE 28480 | 5041-0564
KYC2-KyYc3 5041-0267 41 2| KEYCAP-PUSHBUTTON 1/4-1N-SQ GRAY 28480 | 5041-0267

KYCA-KYCS 03458-44103 |0 2 | KEYCAP-LOCKING 2B480 | 03458-44103

UL 03458-90000 13 1§ MANUAL-SET (IﬂCLUDES THE FGLLWIHG) 28480 03458-9(1000

03458-90005 {8 1 QU!CK REFEREHCE GU{DE 28480 03458 900{)5

03458-90010 15 T | MAHUAL-ASSEMBLY LEVEL SERVICE 28480 | 03458-90010

03458-90015 |0 1 { MAMUAL-CALIBRATION 28480 | 03458-90015
9282-1078 1] 1| BIKDER, 3 RING 1.5IN BDR-CAP CLOUD-GRA 28480 | 9282-10678

MP1 03458-01201 |91 1| BRACKET-TRANSFORMER 28480 | 03458-01201
0515-0433 6] 4 | SCREW-MACHINE ASSEMBLY M4 X 0.7 8MM-LG 28480 | 0515-0433

HP8 03458-47901 2| 1| BEZEL - REAR 28480 | 03458-47901

18L2 | 7120-4835 H 1 | LABEL-INFORHATION CSA USAGE 8050% | Csa # 8-1113-405

7120-3528 &1 1} LABEL-CAUTICN 2BABO | 7120-3528
FAZ0-5648-.. 151 1| LABEL-UARMING 28480 | 7120-5648

MPY {]03458-84303 {&| 1| LABEL-KEYBOARD OVERLAY 28480 | 03458-84303
¥P10 31507030015 1| FILTER-AIR NYLOMN 2.3-1K-0D .75-1N-LG 28480 3150-0300

HP11 03458-43702 15| 1| PUSHROD-POWER ON/OFF 177.6 LONG 28480 | 03458-43702
Kych [ 5041-0564 4 1| KEYCAP-PUSHBUTTON 1/4-IM-SG WHITE 28480 5041-0564

MPIZ2-MP13 0G3458-43701 |7 2 1 PUSHROD (FRONT/REAR SELECT & GUARD OPEN/LD) 28480 03458-43701
KYC2-XYC3 | 5041-0267 4 2 § KEYCAP-PUSHBUTTON 1/4-1M-SQ GRAY 28480 | 5041-0267

MPT4-MP15 03458-44105 |2 2 | COVER-TERMINAL BLOCK INSULATOR (FRONT/REAR) 28480 03458-44105
MP2i 5180-040%9 1} 11 SPRING CLIP 2B48G | 3180-0409
MP2Z5-MP26 1400-0249 O] 1 CABLE TIE .062-.625-DIA .091-WD NYL 59730 | TY-234-B
MP35-WP36 1460- 1345 5 21 TILY STAMD SST 28480 14660-1345
MP4T-MP42 5001-0538 8] 2| TRIM STRIP-FRONT PAMEL SIDES 28480 | 5001-0538
HP43-MP4AS 5041-8801 8| 4} FOOT 28480 | 5041-880%
MpLY 5041-8802 @ 1] TRIM STRIP-FRONT PAMEL TOP 28480 5G41-58802
MP4G-MP50 5041-8819 8| 2| CAP-STRAP HANDLE FRONT 28480 | 5041-8819
MP51-MP52 5041-8820 1 2 | CAP-STRAP HANDLE REAR 28480 | 5041-8820
MP53-HP54 50623704 41 2] STRAP HANDLE 18 INCH 2B4BD | 5062-3704
0515-1132 41 4 | SCREW-MACH M5 X 0.8 10MH-LG 28480 0515-1132
MP57-MP38 5180-6650 5 2 | STAMDOFF-HEX, HPIB CONNECTOR MOUKTING 28480 5180-6650

MP59 03458-04702 |1 11 PLATE-FRONT TERMINAL BLOCK SUPPORY (FRONT ONLY) | 28480 03458-04702

MP62-HP6S 03458-62101 {0 1| YERMIMNAL BLOCUK ASSEMBLY-VOLT/CHMS INPUT 28480 03458-62101

HPi0s 03458-81902 16| 1| KEYPAD 28480 | 03458-81902

Pi-P3 1251-6583 O} 3| CONMECYOR-POST TYPE .156-PIN-SPLG 6-CONTACT 27264 | 09-78-1067

Pt 8120-1378 11 1| POMER CORD,90 INCH, 110V 16428 | CH7081

PHLY . 03458-60201 |3 11 FRONT PANEL ASSEMBLY 28480 03458-60201

3458-40202-4 1 1| PANEL~- FRONT\/ 28480 03458-40202

03458-66507 14 1{ PC ASSEMBLY-DISPLAY LOGIC 28480 03458- 66507
06240681 7] 1 SCREW-TPG 4-20 .25-1H-LG PAN-HD TORY T-10 28480 | 0624-0681

03458-69302 13 1| WINDOW - FRONT PANEL, SILKSCREEMED 28480 03458-69302

03458-81902 |0 11 KEYPAD 28480 | 03458-81902
5001-0538 Bl 2] TRIM STRIP-FRONT PANEL SIDES 28480 | 5001-0538
5041-8802 9 1] TRIM STRIP-FRONT PANE! TOP 28489 5041-8802

SHD 03458-0060% |1 T | SHIELD-INGUARD TOP 28480 03458-00601
8515-1604 41 1| SCREW MACH M3.5 X 0.6 6MM-1G 2B4BO | 0515-1604

SHD2 03458-00602 §2; 1| SHIELD-INGUARD BOTTOM 28480 | 03458-00662
0515-1604 4 1] SCREW MACH M3.5 X 0.6 &MM-LG 28480 | 0515-1604

SHD3 03458-00605 |5 1] SHIELD-AIR DEFLECTOR (CLEAR PLASTIC) 28480 03458-00605

SHD4 03458-00607 |7 1| SHIELD-A/D, YITH STANDOFFS 28480 03458-00607

HP 3458A




MECHANICAL REPLACEMENT PARTS

Reference HP Part | C) Giy Part Mifr, Mfr. Part Number
Designation Number |D Description Code
Tt 9100-4715 41 1] TRANSFORMER-POWER 110/120/220/240V 03216 | px4784
1252-2450 0] 1] COMNECTOR HOUSING, 5-PIN 00779 | 6411555
0390-0006 31 4| INSULATOR-FLANGE-BUSHING MYLON 73734 103304
3050-0893 91 & | WASHER-FL MTLC 4.0 MM 4.4-MM-1D 28480 | 3050-0893
2190-0586 21 4 | WASHER-LK HLCL 4.0 MM 4,1-MM-1D 28480 | 2190-0586
0515-1404 1] 4 | SCREW-MACHINE M4 X 0.7 S5MM-LG PAN-HD 28480 | 0515-1404
Wo1 03458-69302 [3] 1| WINDOM - FRONT PANEL, SILKSCREENED 284B0 | 03458-69302
CABLE ASSEMBLIES
Wi-W2 03458-61601 [91 2 | CABLE ASSEMBLY - 20 PIN 28480 | 03458-61601
1251-5007 1] 2| PULL TAB-POST 20/26 CONM 76381 3490-2
1251-7584 3} 2| CONNECTOR-POST TYPE ,100-PIN-SPCG 20-CONT 18873 | 66900-220
W3 03458-61602 0] 1 | CABLE ASSY-ENTERNAL REAR PNL BNC 1/0 4 WIRE 28480 | (3458-61602
1251-3476 41 4 | CONTACT-COMMECTOR U/W-POST-TYPE FEM CRP 27264 | 08-50-0113
1251-7111 41 1| CONNECTOR-PST TYPE BODY 4P MOLEX 22-01-3047 27264 | 22-01-3047
Wa-us 03458-61625 17| 2 | CABLE ASSY-VOLTS, OHMS, CURRENT INPUT 28480 | 03458-41625
0362-6013 3. 2 SLEEVE-METAL .179-IN-Ob €U PRP 59730 | GsC-149
0362-0037 1 2 | SLEEVE-METAL .096-IN~0D BRZ GRN 59730 | 6sB 071
0362-0227 ! 1 | CONMECTOR-SGL CONT SKT 1.14-MM-BSC-SZ 27264 | 02-05-5216
0362-0265 7| 4 | CONNECTOR-SGL CONY SKT 1.14-MM-BSC-5Z 27264 | 02-05-5204
1252- 1640 21 1| CONNECTOR-SGL CONTACT CRIMP/BUTTON 60779 | 505034-2
1460-0295 2] 1| SPRING-CPRSN .24~IN-0D .875-IN-OA-LG MU B4B30 | LC-024C-9-Mu
9176-1218 4t 1] CORE-TOROID 34899 | 5943000601
Wé 03458-61626 18] 1 | CABLE ASSY-COAXIAL (A1PB-PY TO AI0BC-WC) 28480 | 03458-41626
WP-W12 03458-61603 [1] 4 | CABLE ASSY-FIBER OPTIC 2B4B0 | 03458-61603
Wis 8120-4328 7] 1 1 WIRE-BROWN (A142PIN2 TO AT0BRN} 2B4B0 | 8120-4328
H1é 8120-4323 21 1 | WIRE-BLACK (A1J2PINT TO AT0BLK) 284806 | 8120-4323
W17 8120-5198 51 11 JUMPER-YELLOW (A1P202 TO AT0YC) 28480 | B120-5198
wig 8120-5199 6] 1| JUMPER-GREY (A1P6 to A10GC) 28480 | 8120-5199
Wi 8120-5200 71 11 JUMPER-ORANGE (A1P7 TO A100C) 28480 | 8120-5200
H20-W21 8120-5201 91 2§ JUMPER-BLUE (INPUT TERMINAL GUARD ) 28480 | 8120-3201
AWz 03438-61626 (81 2 | CABLE ASSEMBLY-COAXIAL (ATPT-P2 TO ATPR00-P201) | 28480 | 03458-61626
ATW100 03458-61626 18| 2 | CABLE ASSEMBLY-COAXIAL CA1P4-P5 TO ATP101-P102) |2B4B0 | 03458-61626
AdW1 03458-61604 12| 1 | CABLE ASSEMBLY - INGUARD POMER SULIPPLY 28480 | 03458-61604
AT U3458-61605 |31 1 | CABLE ASSEMBLY - RIBBON, 26 PIM 28480 | 03458-61605
INPUT TERMINAL BLOCK ASSEMBLY {FRONT & REAR)
MPE2-MPO3 G3458-62101 [0{ 2 | TERMINAL BLOCK ASSEMBLY-INPUT SIGNAL (FRONT/REAR) | 2B480 | 03458-62101
MP55-MP56 03458-67902 191 2 | TERMINAL-FUSED CURRENT INPUT (FRONT/REAR) 28480 | 03458-67902
MPT4-MP15 03458-44105 121 2 | COVER-TERMINAL BLOCK INSULATOR (FRONT/REAR) 28480 | 03458-44105
MP59 03438-04702 1 1 | PLATE-FRONT YERMINAL BLOCK SUPPORT (FRONT ONLY) [2B480 | 03458-04702
CE24- 0681 71 2| SCREW-TPG 4-20 .25-IN-LG PAN-HB-TORX (FRONT ONLY) | 28480 | 0624-0681
06240445 1] 2} SCREW-TPG 4-20 .5-1H-LG PAN-HO-POZI (FRONT ONLY) {28480 | 0624-0445
0624-0403 Y] 2| SCREW-TPG 6-19 .375-IN-LG PAN-HD-POZI REAR ONLY) | 93907 | 224-21861-382

HP 3458A
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