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Non-Hermitian topological ohmmeter
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Measuring large electrical resistances forms an essential part of common applications such as insulation
testing but suffers from a fundamental problem: the larger the resistance, the less sensitive is a canoni-
cal ohmmeter. Here, we develop a conceptually different electronic sensor by exploiting the topological
properties of non-Hermitian matrices, the eigenvalues of which can show an exponential sensitivity to
perturbations. The ohmmeter is realized in a multiterminal linear electronic circuit with a non-Hermitian
conductance matrix, where the target resistance plays the role of the perturbation. We inject multiple cur-
rents and measure a single voltage in order to directly obtain the value of the resistance. The relative
accuracy of the device increases exponentially with the number of terminals and for large resistances
outperforms a standard measurement by over an order of magnitude. Our work hopefully paves the way
toward leveraging non-Hermitian conductance matrices in high-precision sensing.
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Small changes typically produce small effects. This
common physical intuition has its roots in mathematics,
where according to Weyl’s inequality, the spectrum of a
Hermitian matrix cannot change by an amount larger than
the perturbation. Non-Hermitian matrices, however, are
not constrained in this fashion. Instead, a small change can
produce a large shift of the spectrum, in some cases even
growing exponentially as a function of the matrix dimen-
sion. This counterintuitive property has recently been pro-
posed as a way of constructing new sensor architectures
[1–4]: In certain condensed-matter and optical systems,
gain and loss may lead to an effectively non-Hermitian
description of the wave-function dynamics, exhibiting
enhanced sensitivity to small parameter changes. Specif-
ically, an exponentially enhanced spectral sensitivity with
respect to boundary conditions has been predicted [4] to
occur as a consequence of nontrivial topology: it is pro-
tected by an integer-quantized winding number of the
complex spectrum [5–8].

In parallel, it has been realized that signatures of
nontrivial topology are not unique to condensed-matter
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systems but can occur in a variety of other platforms,
dubbed metamaterials [9–14]. Their dynamics mimics
that of quantum wave functions evolving according to
the Schrödinger equation, allowing for the experimen-
tal demonstration of different non-Hermitian topological
phenomena [15–25].

Here, starting from these insights and with a focus on
applications, we build a classical electronic circuit with
a non-Hermitian topological conductance matrix [26,27]
that functions as an ohmmeter. We consider a multiter-
minal system connected to a set of current sources and
voltmeters that, in linear order, is described by a conduc-
tance matrix Ĝ relating the current vector I = (I1, . . . , IN )
to the voltage vector V = (V1, . . . , VN ). We have used
resistors and operational amplifiers connected in a voltage-
follower configuration to build a circuit associated with a
non-Hermitian conductance matrix, as shown in Fig. 1.
The sensor circuit realizes an electronic counterpart of
a non-Hermitian topological system investigated theoreti-
cally in the context of tight-binding models in Ref. [4] (see
details of the model [4,28–32] in Sec. I of the Supplemen-
tal Material [33]). Here, the role of the Hermitian-coupling
term between the first and the last sites of the tight-binding
Hamiltonian is played by the resistor R in Fig. 1(b). In this
work, we make use of the topological properties of the non-
Hermitian Ĝ matrix to measure the very large resistance R
of the device under test (DUT) with enhanced precision.

2331-7019/24/22(3)/L031001(6) L031001-1 © 2024 American Physical Society

https://orcid.org/0000-0003-2900-9212
https://orcid.org/0009-0006-0231-3686
https://orcid.org/0000-0002-9859-9626
https://orcid.org/0000-0003-2249-039X
https://orcid.org/0000-0003-4580-1920
https://ror.org/04zb59n70
https://ror.org/02aaqv166
https://ror.org/042aqky30
https://ror.org/042aqky30
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.22.L031001&domain=pdf&date_stamp=2024-09-03
http://dx.doi.org/10.1103/PhysRevApplied.22.L031001


VIKTOR KÖNYE et al. PHYS. REV. APPLIED 22, L031001 (2024)

AA AB

N1

B B B AAA

FIG. 1. The device schematics. (a) The structure of the con-
ductance matrix given in Eq. (1) for seven terminals (purple cir-
cles), where gS and g∞ denote nonreciprocal couplings between
adjacent terminals and � is the reciprocal coupling between the
first and the last terminal. (b) The electronic-circuit realization
using operational amplifiers and resistances, where the coupling
between the two end terminals is realized by the resistance
R = −1/�.

A standard method to measure large resistances is the
constant-voltage method, where a known (large) voltage
is sourced and the current flowing through the DUT is
measured. The resistance is given by the ratio between the
voltage applied on the DUT and the current, the latter usu-
ally being determined by measuring the voltage drop on a
well-calibrated test resistance. Such a current vanishes as
the resistance R of the DUT increases and high-precision
measurements of infinitesimal currents are required to
achieve a decent measurement of resistances above the
mega-ohm regime. The precision of the current measure-
ment sets the precision of the resistance measurement,
which decreases continuously when R increases. Unlike
the standard method, we consider here a multiple-source
device the sensitivity of which increases exponentially
with the number of terminals.

The conductance matrix of the electronic circuit in Fig. 1
(for five terminals) is of the form

Ĝ =

⎛
⎜⎜⎜⎝

g∞ − � −g∞ 0 0 �

−gS g∞ −g∞ + gS 0 0
0 0 g∞ −g∞ 0
0 0 −gS g∞ −g∞ + gS
� 0 0 0 g∞ − �

⎞
⎟⎟⎟⎠,

(1)

where g∞ = 1/RU + 1/RS, � = −1/R, and gS = 1/RS.
RU is the unidirectional resistance associated with the
voltage follower, RS is a resistance that appears between
adjacent terminals in a staggered way, and R is the resis-
tance of the DUT, which connects the first terminal to the
last one in our electronic circuit, controlling the bound-
ary condition. Since we are interested in measuring small
variations in the large R value, we consider the regime in
which R � RS, RU, so that the resistance is only pertur-
batively connecting the first terminal to the last one. The
difference between Eq. (1) and the tight-binding Hamil-
tonian matrix considered in Ref. [4] is the −� at the
two ends of the main diagonal (for more information on
the non-Hermitian tight-binding model, see Sec. I of the
Supplemental Material [33]).

We consider the ĜVr = g(R)Vr right-eigenvalue prob-
lem, where the Vr are the right-voltage eigenvectors of the
conductance matrix and g is the corresponding eigenvalue
(for non-Hermitian matrices, the left and right eigenvec-
tors are not equivalent—for mathematical details, see, e.g.,
Ref. [34]). Taking the R → ∞ (� = 0) limit, we obtain
the open boundary conditions of the non-Hermitian matrix.
In this case, for any odd number of terminals, the matrix
is guaranteed to have an eigenvalue equal to g0(∞) =
1/RS + 1/RU ≡ g∞. In the language of condensed-matter
physics, this property is protected by the sublattice sym-
metry [4] (see Sec. I of the Supplemental Material [33]).
We focus on the g∞ eigenvalue below.

For finite resistance R, the shift of g0(R) is given
by �g0(R) = g0(R) − g∞ [see Figs. 2(a)–2(c)]. For large
enough R, the modulus of g0(R) is well separated from the
modulus of any other eigenvalue [see Fig. 2(a)]. We call
this the perturbative, or “separated eigenvalues,” regime.
Going to smaller R, this no longer holds: as shown in
Figs. 2(a) and 2(b), g0(R) merges with another eigenvalue
as R is decreased. The pair of eigenvalues then acquire
nonzero imaginary parts and have equal absolute values.
More details on the eigenvalues as a function of R are given
in Sec. II of the Supplemental Material [33].

At large enough resistances, where the g0(R) eigenvalue
is well separated, we can use perturbation theory [4] to
track the evolution of �g0 (for details, see Sec. I of the
Supplemental Material [33]):

�g0(R) ≈ Vl∞†ĜVr∞
Vl∞†Vr∞

− g∞

=
[(

− RS

RU

)N−1
2

− 1

]
1
R

. (2)

Here, Vl∞ and Vr∞ are the left and right eigenvectors of Ĝ
at R → ∞ and N is the number of terminals. We also cal-
culate the change �g0 as a function of 1/R numerically
from Ĝ, as shown in Fig. 2(c) by the solid and dashed
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FIG. 2. The eigenvalue shift and sensitivity of the device.
(a) Eigenspectra of an ideal nine-terminal conductance matrix
for the case of separated and (b) unseparated eigenvalues. For
each eigenvalue gn of Ĝ, �g = gn − g∞. The highlighted eigen-
value corresponds to �g0. The dashed arrows indicate how the
eigenvalues evolve as R is decreased. (c) The predicted shift in
the conductance eigenvalue g0 as a function of 1/R (lines) com-
pared with the experimental data (points) for different numbers
of terminals. The solid and dashed lines correspond to the region
of separated and unseparated eigenvalues, respectively. (d) The
predicted sensitivity [see Eq. (3)] for different numbers of termi-
nals compared to the experimental values calculated with Eq. (6),
using data presented in (c). Only the points that correspond to the
perturbative regime (separated eigenvalues) have been used. The
error bar is smaller than the symbol size.

lines, with the solid lines showing where the perturbative
results are valid. The figure shows that for more termi-
nals, the resistances at which the perturbative results hold
become larger. Recently, we have become aware that such
a shift of the eigenvalues has been measured in optics [35]
and has been used to measure capacitances in electronic
circuits [36].

Using the definition of Ref. [4] for the sensitivity S as the
change of the eigenvalue with respect to the change in the

boundary conditions (for the definition and main properties
of S as well as K and ε defined below, see also Sec. III of
the Supplemental Material [33]), we obtain

S = dg0

d(1/R)
=

(
− RS

RU

)N−1
2

− 1. (3)

The expected perturbative values for the sensitivity are
shown in Fig. 2(d). In practice, RS and RU may take a large
range of values and could be optimized such as to produce
a maximal sensitivity to the target resistance R. Impor-
tantly, the system shows exponential sensitivity when the
non-Hermitian topological invariant (non-Hermitian wind-
ing number) is nontrivial. Because of this topological
protection, the exponential sensitivity persists even with
disorder in the matrix elements. For a proof of principle,
we take here RS = 130 k� and RU = 25.5 k�.

We connect the first and the last terminals with a resis-
tance R and inject the Ir∞ ∝ Vr∞ current eigenvector into
the device (see Sec. I of the Supplemental Material [33]).
Note that this means that multiple current sources are used
simultaneously. Each of the currents is generated by apply-
ing a low-frequency ac voltage on a 1-M� resistor with
the source of a SR 830 lock-in amplifier. The voltages are
measured with the same lock-in amplifiers, with an input
impedance of about 10 M�. The measurements are carried
out at low frequency (f = 132.82 Hz). We use AD 823A
FET input operational amplifiers for building the electronic
circuit. In the case of three, five, seven, and nine terminals,
the current vectors (see Sec. I of the Supplemental Material
[33]) used in the experiment are

I3 =
⎛
⎝

4816
0

−942

⎞
⎠ nA, I5 =

⎛
⎜⎜⎜⎝

5000
0

−981
0

192

⎞
⎟⎟⎟⎠ nA,

I7 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

4240
0

−832
0

162
0

−32

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

nA, I9 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

4050
0

−794
0

156
0

−31
0
6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

nA.

(4)

Measuring the voltage VN on the last terminal and divid-
ing by the current on the last terminal IN enables us to
experimentally determine the eigenvalue shift, since (for
details, see Sec. I of the Supplemental Material [33])

VN

IN
≈ 1

g0(R)
= 1

S
R + g∞

. (5)
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The measured values for �g0(R) are shown in Fig. 2(c),
together with the theoretical prediction. The value of g∞
is determined separately for each point by measuring VN
without connecting the resistance R prior to any finite R
measurement, in order to get rid of slow drifts of the volt-
ages, and each data point corresponds to an average over
30 measurements (for details, see Sec. IV of the Supple-
mental Material [33]). There is a very good agreement
between the experimental data and the exact eigenvalues
for large R values, where the perturbative results hold.

Using the measured value for the voltage and the value
for the injected current, we can also estimate S as

S = R
(

IN

VN
− g∞

)
. (6)

We calculate the experimental value of S using this for-
mula for resistances in the range of validity of the per-
turbative theory [based on the solid lines of Fig. 2(c)].
The results are shown in Fig. 2(d) and they are in good
agreement with the theoretical predictions.

For small changes �R of the large target resistance, the
sensor gives an Ohmic relationship between �R and the
change in voltage �VN : �VN ∝ �R. We therefore define
the dimensionless relative slope K as

K = dVN

dR
R

VN
. (7)

K is independent of the input current I1 and can be
expressed as (for details, see Sec. I of the Supplemental
Material [33])

K ≈ I1

(S/R + g∞)2RVN
=

S
R

S
R + g∞

. (8)

K characterizes the relative accuracy of our device. The
resistance noise-to-signal ratio εR = �R/R, where �R
is the resistance noise (the absolute precision of the
device) associated with the voltage noise measured, �V,
depends on the voltage noise-to-signal ratio εV = �V/V
(see Sec. III of the Supplemental Material [33]) as follows:

εR = εV

K
. (9)

A larger K thus improves the accuracy of the device.
From Eq. (8), we can see that K < 1 always holds and
from Eq. (3) we can see that K grows monotonically as
a function of the number of terminals, N . This means that
for a given resistance, the accuracy can be improved by
increasing the number of nodes, provided that the pertur-
bation theory results hold. If the current vector is large
enough, the exponential increase in K is accompanied by
an exponential increase in the signal-to-noise ratio 1/εR

that corresponds to the precision of the sensor (see Secs. V
and VI of the Supplemental Material [33]). We note that
since we have set the system in the separated-eigenvalues
regime, we are far from an exceptional point and we
avoid any noise increase related to such specific operating
points [37].

The theoretical values for K and the experimentally
obtained values are shown in Fig. 3(a) as a function of
the number of terminals N , for which the perturbative the-
ory holds, and for two different test resistances (50 M�

and 250 M�). The measurement procedure is described in
detail in Sec. V of the Supplemental Material [33].

In order to compare the performance of the non-
Hermitian ohmmeter with a standard measurement, we
measure the resistance R with the circuit shown in the
inset of Fig. 3(b), corresponding to the simplest con-
figuration of a standard single-terminal circuit. We use
the same lock-in amplifiers for sourcing and measuring

Three nodes

Five nodes

Seven nodes

Nine nodes

FIG. 3. The relative slope K . (a) The relative slope versus dif-
ferent numbers of nodes for R ∼ 50 M� and for R ∼ 250 M�.
The measurements are realized over a range of resistance val-
ues corresponding to 10% of R (see Sec. V of the Supplemental
Material [33]). The theoretical points correspond to the per-
turbation theory expectation given in Eq. (8). The solid lines
correspond to linear fits. (b) A comparison between the K values
for a standard single-terminal measurement and for sensors with
different numbers of terminals. The data points for the sensors
are obtained in the same way as in (a). The inset shows a stan-
dard single-terminal measurement electronic schematic, where
the dashed line identifies the single-terminal ohmmeter device
with Rtest = 1 M� and Voutp = 1 V.
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as for the non-Hermitian ohmmeter. In this circuit, the
well-calibrated resistance Rtest allows us to determine the
current flowing through the resistance R of the DUT, I =
(Voutp − V)/Rtest, leading to the trivial voltage-divider rela-
tion between the measured voltage V and the resistance to
be measured, R: V = VoutpR/(R + Rtest). In the constant-
voltage mode, Rtest should be as large as possible to maxi-
mize the accuracy of the measurement but it should remain
much smaller than the resistance R in parallel with the
input resistance of the lock-in amplifier (Rlock ∼ 10 M�)
to ensure a constant voltage drop on R. We choose Rtest =
1 M�, a value that fulfills these two conditions and that
corresponds to the polarization resistance used for the non-
Hermitian ohmmeter. The results are shown in Fig. 3(b).
The parameter K shows the same trend as a function of R
for all measurements but can be exponentially increased
for a larger number of terminals of the non-Hermitian
device. Thus, we observe that the relative accuracy of
the non-Hermitian ohmmeter outperforms that of the sim-
ple single-terminal measurement starting at N = 7 and
becomes one order of magnitude larger at N = 9.

Note added. We note that, in parallel to our work,
such a shift of the eigenvalues was recently measured in
optics [35] and has been used to measure capacitances in
electronic circuits [36].

The data and codes used in this work are available on
Zenodo [38].
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