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ABSTRACT This work presents a closed-form analytic approach to calculate the distortion introduced in
resistive current measurements due to thermal properties of shunt resistors. As a shunt’s resistance varies
with temperature, the sensed voltage becomes distorted. This non-linear effect depends on the thermal
interface, dissipated power and material properties of the shunt resistor. It is presented, how to simplify the
non-linear equation of the shunt temperature and calculate the resulting voltage spectrum, without the use
of computationally extensive time-to-frequency-domain transforms. The results of the presented method
match simulations including the non-linear behaviour, enabling a quick search through a solution space.
The method is experimentally verified by use of a linear amplifier with an output distortion of —90 dB
at low frequencies. In the experiment, a total harmonic distortion of up to —70 dB is observed in several
shunt resistors covering a range of different thermal properties. Based on the presented method, shunt
resistors can be chosen according to the minimum distortion required in a given application. Depending
on the frequencies of interest, shunt resistors with a high temperature coefficient might still offer sufficient
distortion performance.

INDEX TERMS Current measurement, high-precision, intermodulation distortion, self heating, shunt

resistor, total harmonic distortion.

. INTRODUCTION

OMPARED to other current-sensing methods, resistive

shunt elements can offer high precision and band-
width [1]. Both aspects are required in high-precision
applications, where output powers of several kilowatts are
regulated to a precision of microamperes within millisec-
onds [2], [3]. The power amplifiers delivering this current
are optimized for high bandwidth and low distortion. The
total output distortion is a combination of several factors,
such as the dead-time and modulation of the amplifier [4].
Most of these aspects can be mitigated by changes in ampli-
fier topology or compensation structures in the amplifier’s
control [5], [6]. However, for low frequencies the most sig-
nificant reduction in distortion comes from feedback control
of the amplifier’s output, as the control loop is able to

suppress errors below the controllers bandwidth. This feed-
back relies on a precise measurement of the output current,
since any measurement error is falsely interpreted as output
error. In case of feedback with a shunt resistor, the shunt’s
output voltage will contain errors depending on the ampli-
tude and frequency of the measured current, next to other
environmental factors [7], [8].

A shunt resistor’s output voltage is the product of the
sensed current and the resistance, which should create
an ideal linear sensor. However, due to material prop-
erties, the resistance varies with temperature [9]. This
temperature dependence creates an error in the output
voltage. In the field of microwave electronics, this effect
is referred to as intermodulation distortion due to self-
heating, which can occur in both passive and active circuit
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components [10], [11]. The same mechanism results in dis-
tortion on a resistor. Audio applications encounter this
distortion when using resistors in feedback circuits, where
they add unwanted spectral components [12]. This effect has
been demonstrated in [13]. The source of the distortion is
the varying power dissipation in the resistor, caused by the
sensing current. As the power dissipation is proportional to
the square of the current, the shunts temperature will expe-
rience two extrema in one period, and so does its resistance
due to the temperature dependence. For sinusoidal currents,
this varying resistance results in an output voltage containing
harmonics of the measured signal. The magnitude of these
harmonics can be reduced by selecting a shunt with a lower
temperature coefficient of resistance (TCR). Modern shunt
elements offer TCRs of less than 5 ppm, which is more than
sufficient to reach a total harmonic distortion (THD) below
—120dB [14], [15]. However, component cost can also be a
driving factor, which encourages the use of cheaper resistors
with larger TCR.

Selection of the right shunt resistor then becomes a trade-
off between obtainable precision, ability of compensation
and cost. Given the application requirements, simple dis-
tortion approximations can be made by considering the
power dissipation caused by the nominal shunt resistance
and input current. For more precise results, time-based sim-
ulation including the temperature dependence can be done,
followed by a Fourier transform to obtain the shunt’s voltage
spectrum [16].

The goal of this work is to quantify the effect of
intermodulation distortion, including the quadratic temper-
ature dependence of the shunt, in a closed-form solution
as opposed to iterative simulation. In this paper, a solu-
tion is presented, which yields the third and fifth harmonic
of the shunt voltage and does not rely on time-based sim-
ulation. First, the discrete Fourier series of the shunt’s
temperature is calculated, unaffected by self-heating. Then,
assuming quadratic temperature dependence of the resis-
tance, the harmonics of the output voltage can be calculated
from this series by applying the convolution theorem to the
Fourier series. Staying within the frequency domain, the
proposed method avoids numeric precision errors encoun-
tered in time-to-frequency domain transform algorithms
such as Fast-Fourier-Transform [17]. First, the computa-
tion of intermodulation distortion in a shunt is presented
in Section II, where the spectrum of the shunt voltage is
derived and compared against simulation results.

Next, Section III covers the experimental verification, in
which the distortion measurements of several shunt resistors
are presented and compared to computation results. Finally,
Section IV concludes the paper.

1Il. COMPUTATION OF INTERMODULATION DISTORTION

Most shunt resistors are specified with a worst case TCR
over a given temperature range, for example 100 ppm/K from
—25°C to 125°C, indicating a rise of resistance with tem-
perature. The TCR is obtained by measuring the resistance
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FIGURE 1. Idealized temperature dependence of a thin film 5 m® shunt resistor. The
change of resistance per degree depends itself on the temperature.

at the beginning and end of the range, and then dividing the
difference by the temperature delta [18]. Across this range,
the resistance R of the shunt can then be expressed by

Ry=Ro-(1+oa-T), ey

where Rq is the resistance at a specified temperature, T
the temperature deviation from this specified point and o
the TCR. However, the resistance of a shunt depicted in
Fig. 1 demonstrates that a linear approximation fails to fully
describe the shunt’s behavior. Due to material properties, the
TCR itself varies over temperature [19]. This variation can
be expressed as

a=a +o-Ts, (2)

with o1 as a temperature independent and o, as a tempera-
ture dependent coefficient. Including this dependence in (1),
yields

RS=R0~(1+a1-TS+a2-TS2>. 3)

Given this temperature dependence, the shunt’s resistance
now depends on the thermal connection and the power
dissipated in the shunt.

For constant power dissipation, generated by a dc cur-
rent I, the thermal connection can be modeled as a single
resistance Ry,. The shunt temperature can then be expressed
as

Ts = Ry -Rs - I2 =R -Ro- (1 + a1 - Ty +ap - T2) - I2

S
:>oz2TS2+<oz1— )-TS+1=0, 4)

RthR()IS2
which reveals the effect of self-heating within the shunt
resistor. This quadratic equation, however, is only valid for
dc currents.

Alternating currents require consideration of time depen-
dent effects in the thermal network, as the shunt can heat
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FIGURE 2. Shunt used for current sensing. (a) Electric circuit. (b) Temperature
variation to load current. (c) Cauer model of the resistor’s thermal network.

up or cool down within cycles. Fig. 2(a) depicts a shunt
injected with an ac current of

is(t) = I - sin(wot), 5)

with a peak value of I; and an angular frequency of wg. As
the power dissipation depends on the square of the current,
both the positive and negative peak of ig lead to positive
peaks in the temperature, essentially creating a temperature
swing with double the fundamental frequency, illustrated in
Fig. 2(b). However, as the frequency increases, the tempera-
ture swing will decrease, due the thermal capacitances in the
shunt. These capacitances, in combination with the thermal
resistance create a low-pass filter. Fig. 2(c) shows a Cauer
model which can be fitted to represent the shunt’s thermal
characteristic. For simplicity, a single order network is used
in the presented equations, with a transfer function of

Rin
1 4 jot’
where Cy, is the thermal capacitance of the shunt, as depicted

in Fig. 2(c). The shunt’s temperature can now be written as
a convolution in the time domain as

Zn(jw) = T = RinCin, (6)

Ts(0) = zn * Ry(T5(1) - 5 (1), (7)
where zy, is the step response of the thermal network, with
2 (f) = Rie ™" ®)

Compared to the case of a dc current, the convolution
in (7) makes a direct solution for ac currents difficult.
However, using certain assumptions, valid approximations
of the shunt temperature, and thus distortion, are obtainable.

A. DISTORTION COMPUTATION
The problem of intermodulation distortion can be simplified
significantly by neglecting the influence of the TCR on the
power dissipation. Assuming power dissipation independent
of temperature variation, the average junction temperature
over a fundamental cycle 7., can be determined by
solving (4) with the rms value of is(?).

Given the average temperature, the temperature within one
cycle can be approximated by

To(t) = ztn % Ro - (1 + & - Ty ayg) - i2(0)

=z *Ro- (1 + - Ty avg) - g(—eﬂwof +2— e—ﬂwof).

)

A Fourier transform of (9) and setting w = n - wq yields
RuRo 2

0 g T LS
T+ jnwoCaRe T Toav)
[=8(n—2)+2-8(n) —8(n+2)],

w=n-wg

T, =
(10)

as the complex Fourier-series coefficients of T5. The delta
functions indicate that the temperature spectrum only con-
tains a dc offset and a second harmonic component. The
temperature can then be expressed in the time domain as

Ti(t) = Z T, - e,

n=—oo

(1)

Using the Fourier series of the temperature, it is possible to
directly obtain the voltage spectrum across the shunt, given
a sinusoidal current. The current is multiplied with the shunt
resistance (3) and the temperature terms are replaced by their
Fourier series, yielding (12), shown at the bottom of the page.
Using the convolution theorem, the square of the junction
temperature series can be expressed as a convolution with
itself. For the final step, the indices inside the infinite sums
are swapped between the exponential function and Fourier
coefficients.

The voltage spectrum is obtained through a Fourier
transform of (12), with the nth element equal to

ROjs
Vi = % dn—1)=é(n+1) +a1(Th—1 — Tut1)

m=—0o0

00
+ Z ay - Ty - (Ty—m—1 — Tn—m+1):|s (13)

for the complex Fourier-series coefficients of the shunt voltage.
In this case, the voltage spectrum contains first, third and

R()} s

vs:RO'[l+al'TS+a2'T52:|'is= 2]

= R%}[(H“"” - e_jwot) + i

n=—oo
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is = 20 A, Rg = 5mQ, a3 = 100 ppm, as = —0.5 ppm, Ry, = 20 %, Cy, =0.1 %
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FIGURE 3. (a) Spectrum of the shunt voltage for different load frequencies obtained through simulation (bars) and computation (dots). The higher harmonics are filtered by the
shunt’s thermal capacitance. (b) Calculated THD of the shunt voltage over varying thermal resistance. The marks show time-based simulation results done with PLECS. The
mismatch for 100Hz is attributed to PLECS’ failing numerical precision at very small values.

TABLE 1. Harmonics of the shunt voltage for positive n.
Vo=0 X
Vi = ngls [14 a1 (To — To) + oo (T + 2T_2Ts — 2TpT3)]
Vo=0 X
Vs = fols (o) T + ao (21012 — T2)]

2J
Va=0
_ Rol, 2
Vs = 25 agTs

fifth harmonic components, resulting from the dc and second
order temperature components. The components for positive
n are listed in Table 1. The components for negative n are the
complex conjugate of their respective positive component.
Fig. 3(a) shows the voltage spectrum of a 5m shunt
resistor obtained with the proposed closed-form spectral
computation, compared to simulation in PLECS. PLECS is
a commercial solver for dynamic and switched state-space
models, able to model the time-dependent behavior of elec-
tronic components [20]. The time-intervals at which PLECS
solves the system state are determined by the prescribed
tolerance. At strict tolerances, required to observe low dis-
tortion levels, the simulation time increases significantly. In
contrast, the closed-form spectral computation only requires
to solve (13) for n = 1, 3, 5. The precision is determined by
the utilized data type, i.e., float32 or float64. The match of
closed-form spectral computation and simulation shows that
the impact of temperature dependent power dissipation on
the shunt’s temperature is negligible. Simplification of the
power losses leads to a solution with no seventh or higher
harmonic, but given the low-pass behaviour of the shunt, it
is guaranteed that any higher harmonic is smaller than the
fifth. Furthermore, even the magnitude of the fifth harmonic
is of little concern for realistic scenarios, even at very low
fundamental frequencies. In fact, the fifth harmonic is can
sink below the inherent thermal noise of the resistor. The
thermal noise level, described in [21], is obtained through

Vnoise = v/ 4kgTsRqfsw.

(14)
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FIGURE 4. Test board for shunt evaluation. The board has four shunt resistors of
different nominal values and different case sizes. The test current is fed through a
high current connector and the shunt voltage is measured via a four point connection
at the SMB coax connector.

Given a sampling rate fgw of 1 MHz and an ambient temper-
ature of 300 K, the thermal noise is above the fifth harmonic
for 1 Hz or higher frequencies, with a value of —160dB.
Still, measuring voltages at this level would require an effec-
tive resolution of at least 26-bits, far off from any practical
applications.

Fig. 3(b) shows the THD over varying thermal resistance,
obtained with the proposed closed-form spectral computa-
tion. time-based simulation in PLECS. The distortion of the
time-based waveforms is calculated internally in PLECS.
Computation and simulation agree very well, except for a
THD below —120dB. This deviation can be attributed to
numeric errors due to limited precision in PLECS. Contrary
to intuition, an increase in thermal resistance does not nec-
essarily increase the THD. This behavior can be attributed
to two factors. Initially one would think that an increase in
thermal resistance will result in higher temperature swings,
which would increase the distortion. However, a higher
thermal resistance also increases the time constant of the
resistor’s thermal network, which dampens the temperature
swing and thus reduces distortion. This effect is encapsu-
lated in (10), as the thermal resistance Ry, appears in the
nominator but also the denominator.

The second aspect is the quadratic temperature coefficient
of the resistor. Given a negative «;, the TCR of the resistor
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FIGURE 5. Schematic of the linear amplifier. The output current is is measured with
a fluxgate sensor to obtain the inherent setup distortion. The voltage across the shunt
resistor is expected to contain additional harmonics added through self-heating.

FIGURE 6. Test setup. The output of the linear amplifier is measured with a fluxgate
sensor (LEM IT 60-S Ultrastab), to provide feedback for an analog Pl controller (Texas
Instruments OPA1612) driving the amplifier. The reference is generated by a 22-bit
DAC (Applicos ATX7006A).

decreases at higher temperatures, again reducing distortion.
To see whether or not the presented method is applicable, it
needs to be compared against experiment results.

lll. EXPERIMENTAL VERIFICATION

This section demonstrates how well the analytic solutions
match with experimental observation. One problem with the
verification is the low distortion of high-precision shunt resis-
tors. As demonstrated in the previous section, a level well
below —100dB is achievable. To provide accurate measure-
ments of the distortion caused by the shunt, the distortion of
the test current must be significantly lower. Given this limit,
the experiment is designed to measure shunts with a distor-
tion of up to —80dB. The goal is to verify the proposed
computation method for varying shunt resistance, thermal
resistance, thermal capacitance, and frequencies.

To cover a range of parameters, the board depicted in
Fig. 4 was used. The board is populated with four shunts,
each with connectors for a four point measurement. The
shunts are cooled through the PCB, with the backside
mounted against an over-sized heatsink. The large thermal
mass of the heatsink acts as a constant temperature source
and allows to simplify the shunt’s thermal model. The ther-
mal network of the shunts is modeled by a second order
Cauer network, being characterized by experiment, for the
two packages WSK2512 [22] and WSL3637 [23]. The distor-
tion was measured at various frequencies, set at the current
source.
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FIGURE 7. Temperature characterization of the four shunt resistors in the thermal
chamber. The test current to measure the resistances is 500 mA, resulting in
negligible power loss of several mW.

As stated earlier, the current source needs to have a
distortion below the expected shunt distortion, as to not
significantly affect the measurement. The experiment was
carried out with a linear amplifier, consisting of two class
A stages in a push-pull configuration, as depicted in Fig. 5.
The amplifier’s output current was measured with a IT 60-S
Ultrastab from LEM and used as feedback for an analog
PI controller, which controls the push-pull stage. The ref-
erence for the controller was generated with an Applicos
ATX7006A, using the 22-bit waveform generator. The whole
setup is shown in Fig. 6.

The amplifier is able to generate a 20 A sine wave with a
distortion of less than —100dB at 100 mHz. However, with
increasing frequency the amplifier’s distortion rises at a rate
of 20dB per decade. As the distortion across the shunts is
expected to decrease with frequency, conclusive statements
can be made only at low frequencies, before the amplifier’s
distortion and the shunt’s distortion cross over. The shunt
voltage was measured with the 20-bit digitizer channel of the
APX2000, synchronous to the reference generation, with a
noise floor below —110dB. Prior to measuring the distortion,
the thermal drift and thermal network of each shunt was
identified.

First, the temperature dependence of each shunt is char-
acterized in a thermal chamber. The chamber swept the
temperature from 0 °C to 100 °C over a span of 20 minutes
and the shunt temperature was monitored with a thermocou-
ple attached to each shunt element. The resistance of the
shunts was measured with a 1 A current passing through
each shunt and the resulting voltage drop was measured
with a twisted pair, soldered directly to each package.! The
measurement results are depicted in Fig. 7, with the resis-
tance normalized to room temperature. Each shunt displays a
positive temperature coefficient slightly dropping of towards
higher temperature, most noticeable in the 2mS2 resistor.
Each curve was fit to a second order polynomial accord-
ing to (3), with the resulting coefficients listed in Table 2.

1. The temperature drift was initially measured through the SMB connec-
tor on the board and the observed TCR was far greater than the datasheet
specification. The drift in shunt voltage seems to have been caused by an
asymmetric material transition in the coaxial connector. Using a twisted
pair resolved this issue.
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TABLE 2. Shunt resistor characterization.

Resistor max. TCR  Ro (m©) a1 () a2 (¢y)
WSK2512 2m€2  £250 ppm 2.008 112.3ppm —0.31ppm
WSK2512 4m€2  £75ppm 4.005 58.2ppm —0.05ppm
WSL3637 5m2  £50 ppm 4.976 19.6 ppm —0.03 ppm
WSL3637 10m2  +50 ppm 9.996 28.6ppm —0.04 ppm

WSK2512 2m{2
T T

WSK2512 4 m{2
T T

T T T T
% 60 —
~ \
g Ly i
=1 \
5 \
5] 40 Fn -
a N
E‘ o = ~ -
20 1 | 1 | 20 1 | 1 |
0 2 4 0 2 4
WSL3637 5 mf) WSL3637 10 m$2
T T T T T T T T
§ 60 - 60 —
o AN _
= N
ey N
5] N
g 40 S -
a, e
% L RS
E .
20 1 | 1 |
0 2 4
Time (s) Time (s)

FIGURE 8. Pulse test to identify the dominant time constant of the thermal network.
Measured temperature (solid line) and exponential fit (dashed).The resistors are
heated with a hot air gun using a 2 mm nozzle focused on the resistive element and
the resistance deviation is measured using a 1 A current, causing only insignificant
power dissipation.

Given Ry and «g, each resistor is within specification of
the datasheet regarding accuracy and drift. With the TCR
determined for each resistor, the thermal network can be
measured and quantified.

The resistors equivalent thermal network was obtained
in two steps. First, the sum of all thermal resistances was
determined by applying a dc current I3 to generate the
maximum rated power for each resistor and measuring the
difference in resistance compared to ambient temperature.
The difference in resistance was converted to a temperature
difference AT using the polynomial fit of each shunt. The
shunt’s total thermal resistance was then obtained through

AT

Rph = —.
R,

15)

The second step determines each element of the Cauer
thermal network, by observing the transient thermal response
to a pulsed power dissipation. To inject power, each resistor
was heated with a hot-air gun, using a 2 mm nozzle focused
on the resistive element.> The response of each shunt is
depicted in Fig. 8. Using the method proposed in [24], [25],
the temperature responses are used to fit a second order

2. As an alternative, the thermal step response can be observed by apply-
ing a pulsed current. However, the cables to the shunt resistor will respond
to the pulse as well, creating an oscillation in the shunt voltage which can
mask the voltage change due to temperature.
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FIGURE 9. Thermal impedances extracted from the pulse test.

Cauer model to each shunt. First, the transient response is
numerically fit to

Ty(t) — To = qo(Ale‘ﬁ +A2e‘é), (16)
which describes the temperature decline as a sum of two
exponential functions with two different amplitudes Aj, A
and time constants 71, 7. The power injected by the hot-air
gun g is determined by dividing the peak temperature of the
shunt by the previously established total thermal resistance.
After the numerical calculation of all coefficients, the Fourier
transfer of (16) yields the fitted thermal impedance

JoA1T| JoALT)

Zy(jw) = Ry — (17)

1+ jwt; B 1+ jor’
which is transformed to the thermal impedance of the Cauer
network

JoCR1Ry +R1 + Ry
(jw)?C1C2R 1Ry + jow(C1(R1 + Ry) + CaRp) + 1
(18)

All coefficients are listed in Table 3, with the detailed
derivation for each coefficient listed in the Appendix.
Interestingly, the resistances R; increase significantly with
the increased nominal resistance for both package sizes. This
coincides with the resistor’s construction, as cuts within the
element are used to obtain the nominal resistance [26]. The
frequency response of each network is depicted in Fig. 9.
The low frequency behavior is determined by the total
thermal resistance, where the 2 m&2 resistor has the lowest
impedance. At higher frequencies, the thermal capacitances
come into effect, causing a —20 dB per decade roll-off. The
larger internal capacitance of the WSL3637 package causes
the roll-off to occur sooner for the SmS and 10 mS2 resis-
tors, offering more damping of thermal swings at higher
frequencies.

After the thermal network is identified, the distortion in
each shunt is measured using the linear amplifier for a set
of frequencies. The test frequencies are chosen such that the
harmonics are distinct from an underlying noise at 50 Hz. In
addition, one cycle of the current contains 32678 samples
to improve the calculation of the spectrum. The harmonics

Zs(jo) =

VOLUME 1, 2022
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TABLE 3. Thermal network fit.

Resistor Rn(E) T W) 4@ AHE) ne ne RE GG RE @)
WSK2512 2mf2 35.07 19.68 1.32 25.19 7.65 2.72 0.37 11.47 0.0141 21.38 0.29
WSK2512 4m$2 38.83 19.19 0.96 29.06 11.96 2.89 0.6 19.19 0.0190 21.83 0.22
WSL3637 5mf2 37.26 20.3 0.99 31.41 6.17 3.12 0.89 15.73 0.0269 21.85 0.30
WSL3637 10 mQ2 41.21 20.65 0.71 27.14 15.67 3.57 0.75 23.34 0.0246 19.47 0.24

WSK2512 2mQ WSK2512 4 mQ2

—40 TTTIm T T T Ty T T T —40 — TTT T T T Ty T T T
- i - o 4
m —60 - - —60 - -
= /
% L 4 L 4
T 80 4 —80f tl
—100 voond o ool vl 3 —100 sood ool vl 1
0.1 1 10 100 1000 0.1 1 10 100 1000
WSL3637 5mf2 WSL3637 10 m§2
—40 TTTIm T T T Ty T 7T —40 — TTT T T T Ty T 7T
L e | L ll
ﬁg —60 | S H =60 .
g L J il L Il
=
T 80 4 —80f tl
—100 voond o ool vl 3 —100 sood ool vl 1
0.1 1 10 100 1000 0.1 1 10 100 1000

Frequency (Hz) Frequency (Hz)

FIGURE 10. Distortion measurement of shunt current (black, circle) and voltage
(color, cross). At low frequencies the shunt voltage shows an increase in THD due to
intermodulation. At higher frequencies the inherent distortion of the setup becomes
dominant. Error bars show worst case current distortion from sensor non-linearity of
20 ppm.

are obtained by measuring a single cycle after several sec-
onds of continuous operation, to ensure steady-state of the
thermal network. At 196 Hz, the average of ten consecutive
cycles was taken. To achieve the largest possible distortion,
the amplitude was set to the maximum of 20 A. Due to setup
limitations, measurement at larger currents was not feasible.
At lower amplitudes the effect of intermodulation distortion
became difficult to observe. Furthermore, our setup illus-
trates the problem addressed in Section I. The controller
uses the flux-gate sensor for feedback, assuming the sen-
sor’s output is the exact value of the current. However, a
flux-gate sensor also contains non-linearity in its output, in
this setup an error of 20 ppm full scale. Because the shape of
this non-linearity is unknown, the error for the shunt voltage
measurements is obtained by attributing the full non-linearity
to every harmonic component. The results for each resistor
are shown in Fig. 10. As indicated earlier, at low frequencies
the added distortion from self-heating is evident. However,
as the distortion from self-heating is expected to decrease
with frequency, and the amplifier distortion increases with
frequency, no observation of intermodulation distortion is
possible at higher frequencies. For 196 mHz and 1.96 Hz,
where the measurements are conclusive, the individual har-
monics are shown in Fig. 11 and compared against results of
the closed-form spectral computation as well as simulation
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results. The measurements all show a pronounced third har-
monic, which matches the calculation and simulation results.
In contrast to the analytic solution and simulation, significant
even ordered components can be seen in the shunt voltage.
Their amplitude is within the possible error attributed to
the fluxgate sensor, but most likely other components also
contribute to the underlying noise floor. Judging from the
calculation and simulation results, the fifth harmonic is too
small and disappears below this noise floor. As the noise is
less than the possible error, the upper error bound on the
respective harmonics is more than 10dB above the mea-
sured value. At the same time, the error could be negative
enough to exactly cancel the measured amplitude, resulting
in a theoretical lower error bound of —oco dB. For most of
the 3rd harmonics however, the signal is large enough to
have upper and lower error bounds within a few dB. At
196 mHz more conclusive statements can be made as the
measurements are further above the amplifiers noise floor.
The 5 mS2 has the lowest third harmonic of —78 dB, which
agrees with the TCR measurements, where it showed the
smallest temperature dependence of all tested resistors. In
contrast, the 10 m2 device, with only a slightly worse TCR,
shows a higher harmonic of —73 dB, as the power dissipation
is doubled. Between the 5 mS2 and 4 mS2 resistors, where the
power dissipation is similar, the higher TCR and lower time
constant of the 4mQ device result in a third harmonic of
—71dB. The 2mS2 device, with even worse TCR, has nearly
the same distortion at —73dB, as it only dissipates half of
the power. At 1.96 Hz, the measured distortion is higher than
expected for three of the four resistors. While within the neg-
ative error bars, this is likely due to a mismatch in the thermal
model. As shown in Fig. 9, the second order component of
the thermal network becomes dominant before 1.96 Hz. A
slight mismatch in the fitted model can result a significant
change in thermal impedance at higher frequencies, and thus
different results for the calculated distortion.

IV. CONCLUSION

As demonstrated in this work, the distortion in shunt
resistors resulting from self-heating can be calculated accu-
rately including non-linear effects. The results are obtained
directly in the frequency domain, skipping Fourier trans-
forms and potential numerical-precision errors. The analytic
solution matches numeric simulation accurately, while com-
putation is several orders of magnitude faster. This enables
a quick search through the solution space of low-distortion
current measurements. For an inverter with a specified maxi-
mum output distortion and frequency range, the closed-form
spectral computation can be used to see if a specific shunt
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FIGURE 11. Measured voltage spectra (bars) and computations (dots) across the shunt resistors for 196 mHz (a) and 1.96 Hz (b). The third harmonic from intermodulation
distortion is evident in each resistor and matches the computation in all except one case. The fifth harmonic of each shunt is likely below the noise floor of the amplifier, as

indicated by the computation.

adds acceptable distortion in this range. This allows to select
a component sufficient for the application, instead of over-
dimensioning by choosing a shunt resistor with an extremely
low TCR.

The theoretical findings are confirmed through experi-
ments, where a linear amplifier with an output distortion
of —90dB was used to observe self-heating distortion in
different shunt resistors with TCRs of 50 ppm to 250 ppm.
For low frequencies, distortions of up to —70dB are mea-
sured, matching the results from the presented computation
method as well as simulation. At frequencies above 10Hz
the resistor distortion disappeared below the amplifier’s noise
floor. For future research, the output power of the linear
amplifier could be increased, as measurements at larger
output currents would show increased intermodulation dis-
tortion. In addition, the measurements could be improved by
adding a low-distortion preamplifier for the shunt voltage,
in order to utilize the full input range of the acquisition
system. It was shown, that a larger resistor package with
more thermal capacitance dampens higher harmonics and
reduces distortion. Within the same package size, a lower
nominal resistance experiences lower distortion due to the
decreased power dissipation and lower internal thermal resis-
tance, despite a potentially higher TCR. Furthermore, it was
shown analytically that, for high frequencies, changes in ther-
mal resistance do not affect distortion significantly. A higher
thermal resistance increases the time constant of the resis-
tor’s thermal network, damping harmonics. Thus, increased
cooling effort for a shunt resistor is only necessary if high dc-
accuracy is required. However, knowing the TCR and thermal
impedance of a shunt, accurate compensation methods exist
to account for dc drift and transients [27].

APPENDIX
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