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(7) ABSTRACT

The output of a preamplifier is communicated to an active
feedback circuit which drives the primary of a balancing
transformer the secondary of which is connected in series
with an impedance under test (IUT), the terminals of the
series connection are communicated to respective differen-
tial inputs of the preamplifier. The feedback circuit auto-
matically drives the preamplifier input toward balance, bal-
ance being achieved when the signal across the secondary
equals the signal across the IUT in magnitude but opposite
in phase. A DC blocking circuit is interposed between the
series connection and the preamplifier for blocking pream-
plifier bias current from loading and heating the IUT. At
balance an active equalizing transfer function circuit nulls
any potential across the blocking circuit.
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1
AC IMPEDANCE BRIDGE

This invention relates in general to self-balancing imped-
ances bridges, and in particular to such bridges adapted for
temperature control at extremely low temperatures, e.g. at
milliKelvin levels.

BACKGROUND OF INVENTION

FIG. 1 herein illustrates a prior art AC (alternating
current) impedance bridge useful for monitoring the tem-
perature of a cryogenic environment by measuring the
resistance of a temperature dependent resistor Ry in the
environment. At low temperatures, below 1 degree kelvin,
the prior art cannot measure high value resistors of above
100 K (kilo) ohms with sufficiently low power while achiev-
ing acceptable high resolution. The prior art works effec-
tively at low resistance of below 10 K ohms, but modem
resistive temperature sensors have values in the 100 K ohms
to a few megohms, and many cryogenic applications and
experiments need extremely low excitation powers to excite
the resistive sensors in order to avoid self-heating of the
sensors. The need for low excitation powers for the higher
ohmage sensors has raised the problem of excess DC (direct
current) bias currents from the prior arts’ preamplifiers 6.
Sensors need to be measured with extremely low input
voltage noise, on the order of below 10 nanovolts (RMS,
root mean square, per square root Hertz at typically 16 Hz)
along with low current noise of below 10 femto amps. At
low temperatures in the millikelvin range, these sensors
produce thermal noise, for example, approximately 1 to 4
nanovolts per square root Hz (Hertz) at 300 millikelvin for
a 100 K ohm to 1 M (megohm) ohm resistor. The prior art
is lacking in that the DC bias current is sufficiently high to
self-heat the higher ohmage sensors. For accurate tempera-
ture measurements in the millikelvin range, the DC bias
current flowing through a sensor needs to be near 1 pico amp
or less. The prior art has bias currents in excess of 1 pico
amp.

One solution would be to use a semiconductor operational
amplifier with a bias current of the required 1 pico amp or
less as the preamplifier 6, but unfortunately such amplifiers
have an unacceptably high input noise voltage. This is
because there is an inherent characteristic in such amplifiers:
the lower the DC bias current, the higher the input voltage
noise.

This invention overcomes these problems, and others, by
providing a circuit that eliminates excess DC bias current
while avoiding any significant increase in noise voltage
communicated to a preamplifier.

SUMMARY OF THE INVENTION

An object of this invention is to provide a means and
method for eliminating undesirable DC bias current from the
input of a preamplifier according to this invention without an
undesirable increase in measurement noise.

A further object of this invention is to provide a means
and method for eliminating undesirable DC current from the
input of a preamplifier according to this invention without
undesirable loading the unknown impedance.

These objects, and others expressed or implied in this
document, are accomplished by a bridge including an ampli-
fier (commonly called a preamplifier) having gain and
including differential inputs; a transformer, a secondary of
the transformer being connected in series with the unknown
impedance, the terminals of the series connection commu-
nicating with respective differential inputs of the amplifier;
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a transfer function, communicating with the output of the
amplifier and exciting the primary of the transformer, for
automatically driving the bridge toward balance, balance
being achieved when the signal across the secondary equals
the signal across the unknown impedance; and a circuit for
blocking any DC bias current (direct current caused by an
inherent bias of the inputs of the amplifier) from flowing
through the unknown impedance. In a preferred embodiment
the blocking circuit includes a pair of direct current blocking
capacitors interposed between respective terminals of the
series connection and the amplifier inputs, and a current
shunt communicating with each capacitor on the capacitor’s
amplifier side. Also in the preferred embodiment an equal-
izing transfer function includes a voltage follower whose
input communicates with the unknown impedance’s termi-
nal of the series connection, and whose output communi-
cates with said each capacitor through said each capacitor’s
current shunt, the input impedance of the follower being
high enough and bias current being low enough to avoid
significantly loading and heating the unknown impedance.
In alternative embodiments, one end of the unknown imped-
ance communicates with a reference potential, e.g. analog
ground, so no DC bias current can be sourced from that end,
and DC bias current is blocked from the other end by a
blocking circuit which is equalized in signal potential by the
equalizing transfer function.

This invention also presents a preamplifier configured
from two sets of paralleled operational amplifiers feeding
respective amplifiers which in turn feed the differential
inputs of a single amplifier to convert the preamplifier output
to single-ended. The paralleled input amplifiers substantially
reduce voltage noise over conventional amplifiers, while the
concurrent increase in DC bias current is not detrimental to
a bridge according to this invention due the bias current
elimination feature of this invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic illustration of a prior art AC
resistance bridge.

FIG. 2 is a functional diagram illustrating a preferred
embodiment of this invention.

FIG. 3 is a functional diagram illustrating in a further
detail an exemplary preamplifier according to this invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, illustrated is a prior art AC resistance
bridge. As illustrated, a 10 volt DC reference is multiplied by
sequential samples of a digitized sine function. The product
sinusoidal signal 2 is communicated to a high impedance
current generator 3 comprised of a circuit of operational
amplifiers and precision resistors. The current generator is
connected in parallel to the unknown impedance being
measured, Ry. The output impedance of the current genera-
tor is extremely high with respect to Ry so as to not have any
significant effect on the measurements of Ry. The secondary
4 of a balancing transformer T is in series with Ry, and the
terminals of this series circuit communicate with respective
inputs of a preamplifier 6. The prior art preamplifier is
typically characterized by high impedance, low noise of 1 to
30 nano volts, with DC bias current of 10 to 100 pico amps.
The preamplifier amplifies any differential between its
inputs sufficiently for further processing. The secondary 4 of
the balancing transformer is driven by a feedback circuit. In
the feedback circuit, the quadrature and in-phase compo-
nents of the signal output of the preamplifier are detected
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and separately integrated, 8 and 10 respectively. The inte-
grated in-phase component is summed 12 with a DC voltage,
Ry, and buffered by a voltage follower 14 whose output 15
is the measurement output. Rg., is proportional to a resis-
tance set point or offset that a user sets to select the
temperature about which the temperature is be controlled or
servoed. The integrated quadrature component and the out-
put of the buffer 14 are separately multiplied by cosine and
sine functions, 18 and 16 respectively, and the product
signals are communicated to a summing circuit 20 the output
of which drives the primary of the balancing transformer T.
The gain of the preamplifier, the parameters of the feedback
circuit, and the turns ratio of the transformer T are such that
both phases are automatically balanced which occurs when
iRx=V where V is the voltage across the secondary of T.
Referring to FIG. 2, a novel bridge according to this
invention is illustrated as including a preamplifier 7 with a
novel DC bias current elimination circuit at its input. An AC
current generator 52 excites an unknown impedance Ry. For
temperature sensing applications, the unknown impedance is
a temperature sensor which is typically a four wire device
containing a temperature dependent resistance (Ry) with
unavoidable contact resistances, R, to allow the internal
connections. The four terminals allow independent connec-
tions for the current and voltage leads. The R resistances
are usually small compared to Ry but may be as large as 30%
of Ry. The four R resistances are not equal and usually are
unknown. For measuring temperature in a cryogenic
environment, the sensor is typically remote from the imped-
ance bridge and is connected by four long lead wires, e.g. ten
feet, each of which has a resistance, R, . The four R, values
are typically not equal and may range from 1 ohm to 1 K
ohm depending on the type of wire used. In series with
unknown impedance Ry is the secondary 4 of a balancing
transformer T. A feedback transfer function 50 excites the
primary of the transformer and automatically drives the
bridge toward balance, balance being acchieved when the
signal across the secondary equals the signal across Ry in
magnitude but opposite in phase. DC blocking capacitors,
22A and 22B, are interposed between opposite ends of the
series circuit (R, in series with secondary 4 of T) and their
respective preamplifier 7 inputs in order to block the flow of
any DC bias current through Ry. In order to provide dis-
charge paths for the capacitors, shunt resistors 24A and 24B
provide a current path from the preamplifier sides of the
capacitors, 22A and 22B respectively, to a virtual common
mode potential 26 at the output of an operational amplifier
28 configured as a voltage follower, unity gain, the input of
which is connected to a point 30 at which the common mode
potential is felt. The capacitors completely block all DC
currents from the preamplifier that would otherwise flow
through Ry thus self heating it. Operational amplifier 28
does allow some bias current to flow but is preferably chosen
to have 1 pico amp or less of bias current to minimize the
self-heating of Ry. Operational amplifier 28 can have a noise
voltage of 100 nano volts or larger without affecting the
measurement. The output of 28 is used to discharge the
capacitors, 22A and 22B, thus preventing voltage buildup on
the preamplifier side of the capacitors. The shunt resistors,
24A and 24B, preferably have a resistance four orders of
magnitude larger than Ry. This minimizes the noise across
Ry by reducing the thermal noise current generated by 24A
and 24B. The resistor Ry is not loaded by the DC elimination
circuitry because the transformer servoes signal point § to
exactly equal 30 and this voltage drives the common point
between 24A and 24B. Without the transformer, the DC
elimination circuitry would shunt Ry thus preventing a true
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reading of Ry. Operational amplifier 28 by forcing the
junction of 24A and 24B to equal 30 and 5 allows connection
of a ground connection on either terminal of the current
generator without loading Ry. Operational amplifier 28
further allows line resistance or contact resistances to be
present between R, and either terminal of the current
generator, transformer 4, and point 30 without allowing
22A/22B and 24A/24B to shunt Ry

In practice the sensor Ry must have a return path to
ground to prevent its voltage potential from floating and to
return the small DC bias current of operational amplifier 28.
The embodiment shown in FIG. 2 is preferred because it
allows the current generator to be returned to ground at one
of many points and this is why the ground connection is not
shown. The preferred embodiment blocks all bias currents
from the preamplifier. Typically the ground return is con-
nected to 40 or alternatively 42. By dedicating a ground
point at 40 or 42, the circuit can be simplified by elimination
of one capacitor and one resistor. For example, in a second
embodiment, there is a ground point at 42, and capacitor 22B
has been replaced with a short and resistor 24B has been
eliminated. In this embodiment a bias current from the
preamplifier can flow through transformer 4 and the line and
contact resistances, R; and R to the ground point. This can
cause heating in the line and contact resistances but no
heating in Ry. Similarly, a third embodiment includes
grounding point 40, replacing capacitor 22A by a short, and
eliminating shunt resistor 24A.

Referring to FIG. 3, illustrated in three stages is an
exemplary preamplifier, generally designated 31, suitable
for this invention. Stage 1 includes two sets of paralleled
operational amplifiers, 32 and 34, all configured as voltage
followers, and labeled 1 through N and 1 through M,
respectively. The outputs of the sets are summed, K, and
K,,, to a pair of operational amplifiers B and C, respectively,
in stage 2. The stage 2 amplifiers are preferably of very low
noise and they provide the desired gain of the preamplifier
. The amplified signals from B and C feed into stage 3. Stage
3 includes a differential amplifier D that resolves the differ-
ential signals from B and C into a single ended signal out
(Out) that is referenced to analog ground. Stage 1 takes
advantage of the fact that when voltage noises are summed,
the resultant noise is reduced by a factor of square root of N
and that the current noise is increased by a factor of square
root of N. As an example, a commonly available operational
amplifier is specified to have 16 nanovolts of voltage noise
and 0.6 femto amps of current noise with a bias current of
1 pico amp. Thus by making N=M=25 the example pream-
plifier will have about 3 nanovolts of voltage noise, 3 femto
amps of current noise, and 25 pico amps of DC bias current
per input. This would allow measurement of a 1 megohm
resistor with approximately 10 nanovolts or less of resolu-
tion at low temperatures.

A further benefit of the invention is: The invention allows
the impedance Ry to be excited by a parallel DC current
generator without locking up the preamplifier This might be
used to purposely heat the sensor with a DC current while
measuring the value of the impedance R, with the AC
current, or other uses.

The foregoing description and drawings were given for
illustrative purposes only, it being understood that the inven-
tion is not limited to the embodiments disclosed, but is
intended to embrace any and all alternatives, equivalents,
modifications and rearrangements of elements falling within
the scope of the invention as defined by the following
claims. For example, the amplifier 28 in FIG. 2 can be
embodied by any voltage follower circuit, not necessarily an



	06608492-001
	06608492-002
	06608492-003
	06608492-004
	06608492-005
	06608492-006
	06608492-007

