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(54) NESTED AMMETER

(57) A nested ammeter for measuring the electrical
current flowing through a device under test (DUT) can
include an input configured to receive an input signal hav-
ing afrequency within afrequency band and representing
the electrical current flowing through the DUT. The nest-
ed ammeter can alsoinclude an output configured to gen-

erate an output voltage representing the electrical current
flowing through the DUT. An active shunt can be used
as the resistive feedback of the ammeter. A nested active
shunt can be used as the resistive feedback element of
the active shunt.
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Description
Technical Field

[0001] The disclosed technology relates generally to
electrical measurement equipment and, in particular, to
ammeters for use in measuring electrical current.

Background

[0002] Ammeters are often a sub component of elec-
trical measurement products including digital multi-me-
ters (DMMs) and source measure units (SMUs). There
are several ways in which the current through a device
under test (DUT) may be measured. SMUs are generally
used to make precision measurements in many fields,
including the testing of semiconductor products. Typical
SMU designs include a voltage or current source with
integrated voltage and current measurement capabili-
ties. A device under test (DUT) is typically coupled to the
SMU and then stimulated with either the voltage or cur-
rent source.

[0003] There are several ways in which the current
through a DUT may be measured. For example, a shunt
ammeter may be used to simply sense the voltage across
aresistor Rs. Rs must be kept small to not cause a large
burden voltage to the input signal. A low noise gain stage
is typically required to amplify the burden voltage so it
can be measured.

[0004] One of the most common ammeters is the feed-
back ammeter. FIGURE 1 illustrates an example of a
typical feedback ammeter 100 configured with a high gain
operational amplifier (op-amp) A to pull an input 102
through a resistor Rg. The op-amp A keeps the burden
voltage low because of its high DC gain (e.g., typically
greater than 1 million). This allows Rs to be larger, thus
allowing the output signal 104 to be larger.

[0005] However, a significant problem with the feed-
back ammeter is that it is generally prone to instability
with capacitive loads. A variation of the feedback amme-
ter called an active shunt has been developed, in which
the input-impedance is resistive from DC to the band-
width of the op-amp, o,.

[0006] An active shunt ammeter configuration gener-
ally replaces the op-amp used in the feedback ammeter
with a fixed gain amplifier. The result is a gain that is
constant to higher frequencies. At the frequency the am-
plifier begins to roll off, the capacitor impedance (1/joCy)
is designed to have a magnitude that equals Rg. The roll
off of the parallel impedance of Rg and C4 combined with
the roll off the amplifier’s gain, results in an input-imped-
ance of the ammeter that is constant across the entire
bandwidth of the amplifier. The result is a shunt like am-
meter with higher output signal vs. burden voltage than
a traditional shunt ammeter and none to the stability is-
sues of feedback ammeters.

[0007] FIGURE 2Allustrates an active shunt ammeter
design 200 using a controlled negative gain across a par-
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allel RC feedback element 202 such that input imped-
ance of the circuit is a resistance equal to the R divided
by the gain. In this example, the active shunt ammeter
200 includes a fixed gain differential amplifier 208 with a
parallel resistor 204 and capacitor 206 connected be-
tween the negative-input and output terminals of the fixed
gain differential amplifier 208. The RC product of resistor
204 and capacitor 206 is selected to equal to the ampli-
fier's gain-bandwidth divided by the fixed gain.

[0008] FIGURE 2B is a graph showing the gain B(s) of
the fixed gain amplifier 208 as well as other parameters.
In general, the gain B(s) (shown by reference number
250) of fixed gain amplifier 208 remains essentially con-
stant from DC until a target frequency 252. Once the tar-
get frequency 252 is reached, the gain B(s) of the fixed
gain amplifier 208 rolls off, e.g., at 20db per decade. In
this example, the operational amplifier 210 in FIGURE
2A has a gain A(s) that is much higher than B(s). How-
ever, operational amplifier 212 functions as an inverter
in the feedback path yielding the composite gain B(s) for
the fixed gain amplifier 208. This configuration provides
a controlled negative gain across the parallel RC feed-
back element 204, 206 such that the input impedance of
the circuit is a resistance equal to the Rg divided by the
gain.

[0009] In FIGURE 2A, o is the gain bandwidth of the
operational amplifier 210. Also shown in FIGURE 2A is
the resistance of resistor 204 (R) which remains con-
stant over the frequency range shown. Also shown in
FIGURE 2Ais the inputimpedance Z;, of the active shunt
ammeter 200. In general, the input impedance Z;, con-
figured to be significantly less than Rg and to appear to
be resistive in nature for frequencies less than and equal
to wy. In this example: Z;, = R * (R4/(R4*Ry)) and Cs ~
Ro/(0"Rg*Ry).

[0010] If the feedback element 202 was resistive only,
i.e., if capacitor 206 was omitted, the input impedance
Z,, would increase with frequency after the target fre-
quency 252. The impedance of capacitor 206 may be
selected to equal the impedance of the resistor at the
target frequency 252. This causes the impedance of the
feedback element 202 to drop at the same frequency the
operational amplifier 210 begins to roll off. This configu-
ration yields a flat inputimpedance that does notincrease
after the target frequency 252 as shown in FIGURE 2B.

Summary

[0011] Certain implementations of the disclosed tech-
nology include a nested ammeter suitable for measuring
the electrical current flowing through a device under test
(DUT). The nested ammeter may include an input con-
figured to receive aninput signal having afrequency with-
in a frequency band and representing the current flowing
through the DUT. An output may be configured to gen-
erate an output voltage representing the current flowing
through the DUT.

[0012] Certain implementations of the disclosed tech-
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nology include a method of measuring the electrical cur-
rent flowing through a device under test (DUT) that in-
cludesreceiving an input signal having a frequency within
a frequency band and representing the current flowing
through the DUT. The method may also include gener-
ating an output voltage representing the electrical current
flowing through the DUT.

Brief Description of the Drawings

[0013]

FIGURE 1 illustrates an example of a feedback am-
meter configured with a high gain op-amp to pull the
input circuit through a resistor Rg.

FIGURE 2A illustrates an example of an active shunt
ammeter design using a controlled negative gain
across a parallel RC feedback element.

FIGURE 2B is a graph showing the gain B(s) of the
fixed gain amplifier of the active shunt ammeter il-
lustrated by Figure 2A.

FIGURE 3 illustrates an example of a feedback am-
meter design in which an active shunt is used as the
resistive feedback element in accordance with cer-
tain embodiments of the disclosed technology.
FIGURE 4 illustrates an example of a nested amme-
ter with an active shunt using a second active shunt
as its resistive feedback element in accordance with
certain embodiments of the disclosed technology.
FIGURE 5illustrates an example of a nested amme-
ter using three active shunts where the 1st active
shuntis in the feedback of the 2nd active shunt which
is in the feedback of the 31 active shunt in accord-
ance with certain embodiments of the disclosed tech-
nology.

FIGURE 6 illustrates an example of a nested amme-
ter in which an active shunt is the resistive element
of another active shunt where both active shunts
share a power supply in accordance with certain em-
bodiments of the disclosed technology.

Detailed Description

[0014] Embodiments of the disclosed technology gen-
erally pertain to electrical measurement equipment and,
more particularly, to a nested ammeter suitable for use
in measuring electrical current.

[0015] FIGURE 3illustrates an example of a feedback
ammeter design 300 in which an active shunt 302 is used
as the resistive feedback element in accordance with cer-
tain embodiments of the disclosed technology. This con-
figuration generally results in a more stable behavior for
the same value sense resistor.

[0016] FIGURE 4 illustrates a first example of a nested
ammeter configuration 400 in accordance with certain
embodiments of the disclosed technology. In the exam-
ple, an active shunt 404 can use another active shunt
402 as its feedback resistance. This results in an amme-
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ter (i.e., a current-to-voltage converter) having a reduced
input resistance. That is, the current sense resistor is
reduced by the gains of both active shunt loops 402, 404.
For example, if each active shunt has a loop gain of 100,
the current sense resistor, R, appears to the input as
R/(100x100). The result is a very low input impedance
ammeter that is stable with virtually any size capacitive
load. Thus, in the example, Z;, = Rg/(100x100).

[0017] Such configurations can be taken even further
with the implementation of additional levels of nesting.
For example, FIGURE 5 illustrates a second example of
a nested ammeter configuration 500 in accordance with
certain embodiments of the disclosed technology in
which an active shunt 502 is nested within another active
shunt 504 that is nested in yet another active shunt 506.
One having ordinary skill in the art will appreciate that
such nesting of active shunts can be taken to virtually
any order. If each active shunt has a gain of x100 and
Rs is the actual resistor in the feedback of active shunt
#1, then Z;,, = Ry/(100x100x100).

[0018] FIGURE 6 illustrates an example of a nested
ammeter 600 in which an active shunt 602 is the resistive
element of another active shunt 604 where both active
shunts 602, 604 share a power supply in accordance with
certain embodiments of the disclosed technology. In the
example, Z;, = R;, = Rg/k4ky, where kq and k, are the
gain of the active shunts.

[0019] Examples provide a nested ammeter for meas-
uring current flowing through a device under test (DUT),
the nested ammeter comprising an input configured to
receive an input signal having a frequency within a fre-
quency band and representing the current flowing
through the DUT, an output configured to generate an
output voltage representing the current flowing through
the DUT, a first operational amplifier (op-amp) electrically
coupled between the input and the output, and a first
active shunt electrically coupled with the first op-amp and
used as a resistive feedback element for the ammeter.
[0020] Insome examples the firstactive shuntincludes
a second op-amp.

[0021] Some examples further comprise a capacitor
electrically coupled in parallel with the first active shunt.
[0022] Insome examples the first active shuntincludes
a second active shunt electrically coupled with the sec-
ond op-amp and used as a resistive feedback element
for the first active shunt.

[0023] In some examples the second active shunt in-
cludes a third op-amp.

[0024] Some examples further comprise a capacitor
electrically coupled in parallel with the second active
shunt.

[0025] In some examples the second active shunt in-
cludes a third active shunt electrically coupled with the
third op-amp and used as a resistive feedback element
for the second active shunt.

[0026] In some examples the third active shunt in-
cludes a fourth op-amp.

[0027] Some examples further comprise a capacitor
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electrically coupled in parallel with the third active shunt.
[0028] Insome examples the firstactive shuntand sec-
ond active shunt share a common power supply.
[0029] Examples provide a nested ammeter for meas-
uring current flowing through a device under test (DUT),
the nested ammeter comprising an input configured to
receive an input signal having a frequency within a fre-
quency band and representing the current flowing
through the DUT, an output configured to generate an
output voltage representing the current flowing through
the DUT, afirst operational amplifier (op-amp) electrically
between the input and the output, an active shunt elec-
trically coupled with the first op-amp and used as a re-
sistive feedback element for the ammeter, and n nested
active shunts within the active shunt, wherein each nest-
ed active shunt being one order higher than an other
nested active shunt is used as a resistive feedback ele-
ment for the other nested active shunt.

[0030] Some examples further comprise a first capac-
itor electrically coupled in parallel with the first active
shunt.

[0031] Some examples further comprise n capacitors,
each capacitor being used as a resistive feedback ele-
ment for a corresponding nested active shunt.

[0032] Having described and illustrated the principles
of the invention with reference to illustrated embodi-
ments, it will be recognized that the illustrated embodi-
ments may be modified in arrangement and detail without
departing from such principles, and may be combined in
any desired manner. And although the foregoing discus-
sion has focused on particular embodiments, other con-
figurations are contemplated.

[0033] In particular, even though expressions such as
"according to an embodiment of the invention" or the like
are used herein, these phrases are meant to generally
reference embodiment possibilities, and are not intended
to limit the invention to particular embodiment configura-
tions. As used herein, these terms may reference the
same or different embodiments that are combinable into
other embodiments.

[0034] Consequently, in view of the wide variety of per-
mutations to the embodiments that are described herein,
this detailed description and accompanying material is
intended to be illustrative only, and should not be taken
as limiting the scope of the invention. What is claimed as
the invention, therefore, is all such modifications as may
come within the scope of the following claims and equiv-
alents thereto.

Claims

1. An ammeter for measuring current flowing through
a device under test, DUT, the ammeter comprising:

an input configured to receive an input signal
having a frequency within a frequency band and
representing the current flowing through the

10

15

20

25

30

35

40

45

50

55

10.

1.

DUT;

an output configured to generate an output volt-
age representing the currentflowing through the
DUT;

a first operational amplifier, op-amp, electrically
coupled between the input and the output; and
a first active shunt electrically coupled with the
first op-amp and used as a resistive feedback
element for the ammeter.

The ammeter of claim 1, wherein the first active shunt
includes a second op-amp.

The ammeter of claim 1 or 2, further comprising a
capacitor electrically coupled in parallel with the first
active shunt.

The ammeter of claim 2, wherein the first active shunt
includes a second active shunt electrically coupled
with the second op-amp and used as a resistive feed-
back element for the first active shunt.

The ammeter of claim 4, wherein the second active
shunt includes a third op-amp.

The ammeter of claim 4 or 5, further comprising a
capacitor electrically coupled in parallel with the sec-
ond active shunt.

The ammeter of claim 5 or 6, wherein the second
active shunt includes a third active shunt electrically
coupled with the third op-amp and used as a resistive
feedback element for the second active shunt.

The ammeter of claim 7, wherein the third active
shunt includes a fourth op-amp.

The ammeter of claim 7 or 8, further comprising a
capacitor electrically coupled in parallel with the third
active shunt.

The ammeter of any preceding claim, wherein the
first active shunt and second active shunt share a
common power supply.

An ammeter for measuring current flowing through
a device under test, DUT, the ammeter comprising:

an input configured to receive an input signal
having a frequency within a frequency band and
representing the current flowing through the
DUT;

an output configured to generate an output volt-
age representing the currentflowing through the
DUT;

a first operational amplifier, op-amp, electrically
between the input and the output;

an active shunt electrically coupled with the first
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op-amp and used as a resistive feedback ele-
ment for the ammeter; and
n nested active shunts within the active shunt,
wherein each nested active shunt being one or-
der higher than an other nested active shuntis %
used as aresistive feedback element for the oth-
er nested active shunt.

12. The ammeter of claim 11, further comprising a first
capacitor electrically coupled in parallel with the first 70
active shunt.

13. The ammeter of claim 12, further comprising n ca-
pacitors, each capacitor being used as a resistive

feedback element for a corresponding nested active 15
shunt.
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