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Innovation and Creativity
It would be nice for me if this system contained anything new or patentable.

Unfortunately it does not.  The most creative thing about this might be the probe end, a
machined plastic part through which the probe tip passes. The rest is standard practice,
and design fine points are taken from industry data sheets.

The Never-Ending Product Development Cycle
It is expensive and time-consuming to actually design, build and test even simple

probe systems such as this.  During this process, ideas come into the mind and one's
desire turns to start a new cycle of product development.  Cost and/or time constraints
frequently bring this to an end, and the resulting product will therefore contain
compromises that would appear to be easily overcome.  This is such a product.

Duplication and/or Mass Production
Duplication of this system for the pleasure of the user or hobbyist is allowed without
permission.  For mass-production, please contact me to arrange a small royalty, or for
consultation as you bring this functionality into your existing measurement system
product.  There is no legal penalty involved, but ordinary ethical conduct is requested.

Uses of the Probe System
This system is especially useful in many situations where the normal 10 megohm

impedance of most digital multimeters is too low, such as in micropower electronics
design, development, and troubleshooting.  In many of these designs, the loading of a
standard digital multimeter will upset operating micropower circuits so that valid
measurements cannot be made at all.  Our active probe design also eliminates many
problems in active circuitry caused by standard long test leads that load circuit testpoints
and bring in extraneous signals, because the probe tip is very short: less than 2 inches.

Difficulties Using the Probe System
Since high impedances are involved, low-frequency short-term noise becomes a

major factor during the measurements themselves and this noise also limits the
attainable accuracy of the measurements.  This issue can be only partially addressed in
the probe design.  The setup of the lab where measurements are to be made also
becomes important.  These issues are discussed later on in this document.  

The Heart of the System
Sensing small voltages through large resistances requires a sophisticated and

sensitive amplifier, embodied in the Analog Devices ADA4530.  This SOIC-8 packaged
device includes a low bias current op amp (20fA) and full support for input guarding.
Power supply current is also very low (about 1 mA) which supports battey-powered
operation.  Additionally, the device provides a rail-to-rail output swing.

As shown in the data sheet for the ADA4530, there are two basic ways to
implement a high-impedance input.  One way is to use the device as a buffer.  In this
case the non-inverting input is connected to the circuit under test, and bias current is
taken from the test load (the circuit under test).  While this can deliver very high
impedance and low loading, protection of the directly connected input from overloads is a
potential problem.  The bias current of the ADA4530 is so very low that a series resistor



of 10 gigohms would not make a substantial impact on accuracy of a buffer design: 20fA
through 10 gigohms yields 0.2 mV error.  This resistor alone could provide plenty of ESD
protection, especially if it is made of a series string.

The second way to build a high-impedance input is with the transimpedance
configuration, also shown in the data sheet for the ADA4530.  This is the way our  probe
system is built.  With the transimpedance design, input bias current is provided by the
output of the ADA4530 as it drives the inverting input to ground.

How the Probe Loads the Circuit Under Test
The probe tip is connected to a high-resistance input resistor (a series string),

matched (or nearly matched) by the transimpedance feedback resistor, producing an
inverting amplifier.  

The circuit under test sees a probe load consisting of the input resistor to ground.
The ground connection is enforced by the circuit action of the transimpedance amplifier.
For example with the 10 gigohm probe, the circuit under test will be burdened by the
probe input resistance of 10 gigohms +/-1% to ground.  With the 1 gigohm probe, the
burden is 1 gigohm +/-1% to ground.  If measuring the voltage drop across a 100
megohm resistor to +4.85V for example, the 1 gigohm probe will read 10/11 of this, or
+4.41V.  The 10 gigohm probe will read 100/101 of this, or +4.802V.  A standard 10
megohm digital multimeter would read 1/11 of this, or +0.4409V.

The probe tip is about 1.9 inches long, made of stainless steel.  The capacitance
and inductance of this tip also loads the circuit under test.  The probe is built with the
active circuitry inside, to minimize the length of solid conductor between the probe input
amplifier and the circuit under test.  In this design tip capacitance is about 1pF or less,
not measurable with most test equipment.  Probe shielding will add 1 or 2pF to this
value.  Also, since test current is very small, inductance of the probe tip is negligible.  

The straight solid probe tip idea is good, but not without its little problems.  The
probe tip can turn into an antenna when touched to sensitive circuit nodes, or the
capacitance between it and nearby points in the circuit under test can couple feedback
into sensitive circuit nodes.  More sophisticated (and less robust) tip designs can reduce
the straight solid path by a factor of 10x, but since this makes the probe tip fragile, the
current rugged tip design was chosen.  If a very short solid path is needed, a 100
megohm series resistor can be added to the probe tip, causing a 1% drop in the accuracy
of readings.  This isolation resistor can be added directly to the probe tip by mechanical
means, or it can be incorporated into the design of the micropower electronics under
test.

Compare this to the standard 10 megohm digital meter input test lead wire which
is about 3 feet long.  It is interesting to know you will also find these standard test leads
in use with lab instruments intended to be “high impedance” voltage and/or current
meters.  The capacitance and inductance of the test leads from these instruments is
usually more than enough to wildly upset the operation of sensitive active circuits, even if
the input characteristics of the instrument are fully compatible in terms of DC loading.
Because of this, the best high-impedance instruments use active probes such as ours.

How the Probe Picks up Hum and Noise from its Environment
The ADA4530 input system consists of two inputs (inverting and non-inverting)

surrounded by a guard trace, a ring of copper on top and bottom of the board which
isolates and shields the input wiring.  Electric fields in the vicinity of this input system
directly affect the balance between the inputs, and any imbalance propagates through
the gain configuration into the output.



One way to reduce sensitivity is to add shielding to the PC board at this location,
usually in the form of metal foil grounded to the guard or to system ground, to shunt off
the electrical effects of ambient fields.  However, since the input resistor also picks up
hum and responds to other electric field effects in the lab, our probe is fully shielded,
with the shield grounded to probe ground.  This shield is the metal case of the probe
itself.  

Electric fields in the vicinity of the probe tip and the input resistor also contribute
to output noise and hum.  The input resistor in this probe is a series-wired set of high-
value resistors, to reduce input capacitance to the lowest possible value.  These resistors
form a conducting path that responds to electric fields, most particularly AC hum from
the test lab.  To attenuate this hum, a ladder-filter arrangement of small-value capacitors
is used.  This significantly reduces hum pickup without unduly compromising probe tip
capacitance, although this approach is somewhat of a compromise.  To keep tip
capacitance low, the first three series resistors at the probe tip are not bypassed to
ground.

In your lab, two simple precautions will keep the effects of electric fields to a
minimum.  First, use a grounded antistatic mat on your work surface, to drain away
ambient electric fields.  Second, use a grounded wrist strap while you work, to drain
electric field potentials from your body.

The PC Board is Another Source of Error
The ADA4530 datasheet is quite specific about the use of Rogers 4530B material

as the PC board, because the surface leakage characteristic of this material is excellent
(that is, very very low).  Our probe design is built on standard FR4 material for reasons
of cost and availability.  Conformal coating is then applied to the cleaned board as an
attempt to stabilize and minimize the surface leakage.  The best way to improve probe
stability and precision might be to simply go to the Rogers 4530B material in the future.
At this point, the improvement possible by transitioning to Rogers 4530B is unknown,
and conformal coating is working well with FR4 material.

Probe Circuit Description, Component Level
Refer to the 10 gigohm probe circuit schematic.
The signal chain consists of two inverting amplifiers, U1 and U2.  Gain of U1 is

controlled to be less than unity, so that gain of U2 may bring total gain to slightly more
than unity (minimum gain has to be 1.025 overall).  With this setup there is no need for
active circuitry in the console and headroom is still adequate.  For example, if the probe
input is at 5.9V, the output can go to 6.048V and power supply voltage can be kept to
nominal +/-6V (4x AA cell, maybe 6.1 volts).  In this case probe console output (to the
user's multimeter) is +/-5.9V, and DC power supply voltage requirement is only about
+/-6.15V.  At a minimum gain of x1.025 we get the most headroom, but at gains higher
than this the headroom is reduced.  

To do this in production, a set of resistors exists for R6, and one of those is
selected at preliminary test.  This selection process is required because practical
variations in the values of the high-resistance components are not predictable.  For
example an 8 gigohm +/-5% tolerance resistor may have this tolerance at the factory,
but once installed in the board and cleaned, the value might have shifted out of the
tolerance range slightly.  Also, there is no way to predict where the actual part value may
fall within the +/-5% specified tolerance range.  Another factor is the difficulty and
expense of obtaining close-tolerance high-resistance parts in a timely fashion.  Even with
lower value +/-1% tolerance resistors, when used in a circuit with other similar parts the



final gain figures can still vary over a +/-2% range.  Much of this variation was taken into
account during the development of the gain map document, which shows how to select
the proper value for R6.

There are two pilot lights on the probe board, visible through the transparent
probe case of the 1 gigohm prototype probe.  These draw a nominal current of 235uA,
which is only slightly more than 10% of total power drawn from the batteries.  The very
high efficiency of the blue LEDs makes this possible, and the lights provide a clear
indication that the probe is powered.  Our probes are all fully shielded, so except for
special demonstration cases these pilot lights have been moved to the console.  Instead
of two pilot lights and two series resistors, we have replaced them with two additional
1uF capacitors C16 and C17 to reduce overall noise as much as possible.

Battery power is used, which is virtually noise-free.  Zener diodes Z1 and Z2 will
short out and fail if battery polarity is reversed, and this way they protect the probe
circuitry from catastrophic damage.  This will never occur if the batteries are replaced
using normal caution to make sure they are installed correctly.  These zener diodes also
protect against input voltages that are too high, above the limits for U1.  Voltage limits
are at the maximum and margins in the zener tolerance are such that complete
protection of U1 from overvoltages is not guaranteed.  In the probe board, capacitors
C10, C11, C14, and C15 provide bypassing around U1 and U2, required for stability.  As
previously mentioned, C16 and C17 provide additional bypassing.

Battery life using widely available AA alkaline cells (8 pcs) is about 500 hours.
Current requirement for the probe is 1.75mA including pilot lights, while loading of the
probe output signal in the console adds between zero and 0.5mA to this figure.  In the
console, this loading is set to 10K ohms during factory calibration.  To allow easy
monitoring of the battery voltage, test points are provided on the console, and to simplify
detection of battery leakage if it occurs, the console case is transparent.

Eveready manufactures AA lithium batteries which hold much more energy than
AA alkaline batteries, but the operating voltages of these lithium batteries are above the
maximum limit for U1.  These batteries have Lithium/Iron Disulfide (Li/FeS2) chemistry.
Use of these lithium batteries will probably cause the zener diodes Z1 and Z2 to overheat
and short out (not covered under warranty).  Do not use lithium AA batteries in the
console.

Offset adjustments Vza and Vzb are connected at J5 and J6 in the probe board,
and potentiometers to set offset voltages are part of the console.  Switches on the
console allow the offset adjustments to be disconnected from the probe, since in most
cases they are not needed.  Engineering tests have consistently shown offsets of less
than 1mV in the 1 gigohm probe and in the 10 gigohm probe when Vza and Vzb are
disconnected.

For situations in which battery voltages are significantly out of balance, or when
very exact control of zero output voltage is needed, the switches can be turned on and
the offsets Vza and Vzb can be exactly set.  Note that there are no adjustments in the
probe PC board itself except for the factory selected value of R6, not changeable by the
user.  Calibration and all adjustments are in the console.

In U2, Vzb is coupled to the non-inverting input at pin 3 through resistor R9, which
is set to a value approximately equal to the parallel combination of R6 and R7.  In U1,
Vza is coupled to the non-inverting input at pin 1 through R3, shown as a 1 gigohm
resistor in the 10 gigohm probe.  In the 1 gigohm probe, resistor R3 has a value of 1
megohm.  This resistor bridges the guard trace and is 1206-size.  R2 and C8 are the
same size for this same reason.  

The offset input networks at J5 and J6 provide a large amount of voltage



attenuation as well as RF bypassing, so long probe cables (1.5 meters or 5ft) may be
used and non-critical offset adjustment voltages may be sent along these cables without
ill effect.  The network for Vza consists of R5, R4, and C9.  The network for Vzb consists
of R11, R10, and C13.  Typical range of the adjustments as implemented in the console is
about +/-2mV once the adjustment voltages get through these networks, while the cable
sees +/-2V or more.

Probe output circuit design intends to minimize bad effects of cable capacitance
and to reduce the impact of shorts in the cable.  Shorts in the cable are assumed to be
rare.  The probe output circuit design prevents electrical damage but will not prevent
oscillation after a short has been removed.  This oscillation dissipates after a second or
two.  In the console, a 1K ohm series resistor at the output protects the system from
inadvertent shorts in the user's multimeter connection, such as when their multimeter is
set up for current measuring mode by accident.  At U2 pin 6, R8 provides some isolation
from cable capacitance, while R12 provides additional isolation.  The values of R8 and
R12 are a compromise however, since increasing these values will reduce headroom.
Diodes D1 and D2 prevent ESD discharges to the output from damaging the probe.  This
might occur when mating the probe cable to the console, or during normal handling of
the probe while it is disconnected from the console.

Calibration using the console is straightforward.  A test point is provided on the
console, tapping the third cell of the 4-cell positive supply battery, typically +4.00 to
+4.80V.  A momentary toggle switch connects this voltage to the user's multimeter for
reference, and then the “Span” pot on the console is adjusted so that the probe reads the
same voltage when the probe tip is touched to that test point.  The span pot is easily
adjusted to within 0.01V, or if care is used, one can achieve accuracy of +/-0.001V.  For
zero adjustments, see above paragraphs related to Vza and Vzb.  More detailed
calibration instructions are found in the user manual.

The design of the probe input amplifier is nearly a copy of the recommended circuit
in the ADA4530 data sheet.  Transimpedance feedback resistor R2 is bypassed around U1
by capacitor C8 to ensure amplifier stability and limit frequency response.  This capacitor
might be reduced in value to increase frequency response, but this will also increase gain
at hum frequencies (50Hz and 60Hz).  To assure minimum leakage current a 2KV NP0
rating is chosen for C8.  Since increasing the value of C8 may reduce the short-term
accuracy of the input amplifier, the value is kept to 10pF.

At the output of U1, R15 provides a current path to the negative supply in order to
shift the ADA4530 output section crossover point away from zero volts.  The benefit of
this is not certain, although the intention is to reduce noise when monitoring very low
voltages.  The burden of R15 will nominally add 0.12 mA of current to the power supply
loading, not considered to be too high a price.  R15 was added late in the design cycle,
as a modification to the rev 14D build, and is the reason for a rev 15A PC board design.

The input network consists of R1A through R1K and C1 through C7.  This input
network is the main factor limiting probe AC frequency response instead of the feedback
network around U1.  To keep probe tip capacitance to a minimum, resistors R1A, R1B,
and R1C are not bypassed.  The capacitors C1 through C7 configure a ladder-type
attenuator filter for reduction of AC hum.  The attenuator is very effective above 10Hz.
For minimum leakage a 2KV NP0 rating is chosen for C1 through C7.  

Values of R1, R2, R3, R6, and C1-C7 are changed in the 1 gigohm design.  
The assembled probe PC board is extremely robust against ESD from normal

handling.  No special ESD handling precautions are needed while finishing the build, such
as for conformal coating and attachment of the probe cable.  

No special ESD precautions are needed during normal use of the probe, but input



voltages should be limited to 250V or less.  If the probe is not powered, the probe input
resistor (1 gigohm or 10 gigohms) will attenuate test currents and voltages so that
protection diodes internal to the non-powered ADA4530 will conduct and protect the
device inputs.  When the probe is powered, and input voltages are outside the +/-5V
measurement range, these protection diodes will also work to keep the ADA4530 safe.

Note also that the metal case of the probe is connected to circuit ground so that
the shielding effect of the case will be maximum.  For safety's sake, do not use this probe
in high voltage circuitry, or whenever the circuit ground is at a dangerous voltage.
Remember that in the heat of the moment lethal mistakes are easily made.


