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Current-based metrology with two-terminal mesoscopic conductors

Shishir Khandelwal ,1,2,* Gabriel T. Landi ,3,4,† Géraldine Haack,1,‡ and Mark T. Mitchison 5,6,§

1Department of Applied Physics, University of Geneva, CH-1211 Geneva, Switzerland
2Physics Department and NanoLund, Lund University, Box 118, SE-22100 Lund, Sweden

3Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
4University of Rochester Center for Coherence and Quantum Science, Rochester, New York 14627, USA

5School of Physics, Trinity College Dublin, College Green, Dublin 2, D02 K8N4, Ireland
6Department of Physics, King’s College London, Strand, London WC2R 2LS, United Kingdom

(Received 22 August 2025; revised 29 September 2025; accepted 2 October 2025; published 24 October 2025)

The traditional approach to quantum parameter estimation focuses on the quantum state, deriving fundamental
bounds on precision through the quantum Fisher information. In most experimental settings, however, perform-
ing arbitrary quantum measurements is highly unfeasible. In open quantum systems, an alternative approach
to metrology involves the measurement of stochastic currents flowing from the system to its environment.
However, the present understanding of current-based metrology is mostly limited to Markovian master equations.
Considering a parameter estimation problem in a two-terminal mesoscopic conductor, we identify the key
elements that determine estimation precision within the Landauer-Büttiker formalism. Crucially, this approach
allows us to address arbitrary coupling and temperature regimes. Furthermore, we obtain analytical results for
the precision in linear-response and zero-temperature regimes. For the specific parameter estimation task that
we consider, we demonstrate that the boxcar transmission function is optimal for current-based metrology in all
parameter regimes.

DOI: 10.1103/cpp5-5yw4

Introduction. Quantum parameter estimation is one of the
cornerstones of quantum technologies [1] and has been the
subject of a wide range of theoretical [2–8] and experimen-
tal [9–14] works in recent years. A considerable portion of
theoretical research in this area focuses on the quantum state
[15,16], through which key statistical quantities such as the
quantum Fisher information can be determined. Importantly,
this approach sheds light on the fundamental bounds on pre-
cision and optimal measurements for quantum metrology.
However, achieving optimal precision can require heavily
engineered and experimentally unfeasible quantum measure-
ments. This becomes even more challenging in open quantum
systems, where environmental noise can reduce the achievable
precision and further complicate the identification and imple-
mentation of the optimal measurement [17].

In open systems, the measurement of quantum transport
observables such as currents is often more feasible. This has
motivated systematic statistical analyses of metrology using
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the output currents of open quantum systems [18]. There
are several crucial questions: for example, to determine the
key quantities of interest in current-based metrology and to
identify the systems and transport conditions that allow for
achieving better precision. A strong focus has been on param-
eter estimation using continuous monitoring of open quantum
systems [19], which can often be interpreted as photocurrent-
based metrology [20–38]. However, most previous works have
focused primarily on optical systems, where the environment
can usually be treated within a weak-coupling, Markovian
approximation: an assumption that is generally not satisfied in
low-temperature transport experiments involving mesoscopic
electronic devices.

In this Letter, we address the problem of parameter estima-
tion in two-terminal quantum conductors. In these systems,
the electrical current is determined by both the properties of
the system and the transport conditions. Therefore, current
measurements represent a natural path for parameter estima-
tion. We note that Mihailescu et al. [39] recently addressed
quantum parameter estimation in mesoscopic electronic se-
tups within an adiabatic linear-response formalism. Here, we
focus on precision optimization within the Landauer-Büttiker
framework, which holds arbitrarily far from equilibrium so
long as interactions between electrons can be neglected (or
treated within a mean-field approximation). This approach
allows us to determine the optimal conditions for steady-state
metrology under arbitrary coupling, voltage bias, and tem-
perature regimes. In this setting, within the linear-response
and zero-temperature regimes, we obtain analytical bounds
for the precision, identifying and physically interpreting the
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FIG. 1. A two-terminal mesoscopic conductor embedded be-
tween two fermionic leads. The energy bias eV provided by the
bias voltage pushes the system out of equilibrium. The transport
properties depend on the transmission function T (ε); we consider
(a) Lorentzian, (b) sums of Lorentzians, and (c) boxcar shapes.

fundamental elements that determine precision in current-
based metrology. We also demonstrate numerically that the
optimal transmission function for current-based metrology
is the boxcar function (i.e., energy-independent transmission
within a given window) (see Fig. 1), both within and far
beyond the linear-response regime.

Current-based metrology. We consider the two-terminal
setup shown in Fig. 1, with a device embedded between two
fermionic reservoirs indexed by α = L, R. As the mesoscopic
device, we consider a two-terminal conductor which, within
a scattering approach to transport, is fully characterized by
its energy-dependent transmission function T (ε). The reser-
voir modes are characterized by their temperatures Tα and
chemical potentials μα . We consider thermal equilibrium cor-
responding to TL = TR ≡ T and a finite bias voltage V . The
energy bias between the two contacts is given by eV with
respect to the Fermi energy of the two contacts, εF , i.e.,
μL = εF + eV and μR = εF . This bias sets up a steady-state
current I flowing through the system.

Our goal is to establish how well a current measurement
can be used to infer some parameter θ of the underlying
system. In principle, θ may be a property of the reservoirs
(for example, the temperature) or the system (for example, the
energy of a quantum dot). We assume the current is measured
by integrating the signal from an ammeter over a time window
τ . This is equivalent to measuring the charge Q transferred
into one of the reservoirs (say, α = R), which can be modeled
by a two-point measurement of the electron number in the
same reservoir [40]. At long times, the mean 〈Q〉 and variance
Var[Q] are related to the statistics of the current as 〈Q〉 = τ 〈I〉
and Var[Q] = τ 〈〈I2〉〉, where 〈I〉 is the mean steady-state cur-
rent and 〈〈I2〉〉 is the dc current noise or diffusion coefficient.
As shown in the Supplemental Material (SM) Sec. A [41] (see
also Ref. [42]), these relations hold for τ � trel, tcor, where trel

is the relaxation time to the steady state and tcor is the decay
time of the current-current autocorrelation function.

We focus on local parameter estimation, where the un-
known parameter θ lies close to some known value θ0, and
assume that the mean charge 〈Q〉 = �(θ ) is a known, differ-
entiable function of θ in the vicinity of θ0. Then, it is easy

to check that the estimator θ̌ = θ0 + [Q − �(θ0)]/�′(θ0) is
locally unbiased, i.e. 〈θ̌〉 = θ + O[(θ − θ0)2], and has a vari-
ance given by Var[θ̌] = Var[Q]/(∂θ 〈Q〉)2 = (γ τ )−1, where
the precision rate is defined by

γ = (∂θ 〈I〉)2

〈〈I2〉〉 . (1)

That is, the estimation error falls linearly in the time of charge
measurement, with a rate given by Eq. (1). As discussed in SM
Sec. B [41], γ is upper bounded by the Fisher-information rate
and this bound is saturated whenever the distribution of Q is
Gaussian, as expected at long times by the central-limit the-
orem [43]. Both 〈I〉 and 〈〈I2〉〉 have exact expressions within
Landauer-Büttiker theory [44,45], which are quoted explicitly
in SM Sec. C [41]. In the following, we use these expressions
to analyze the estimation precision of current-based metrol-
ogy in two-terminal devices.

Linear response at thermal equilibrium. At thermal equi-
librium, in the linear-response regime for the charge current,
eV � kBT, εF , the current and noise are set by the con-
ductance G = −2 e2

h

∫
dεT (ε)∂ε f (ε, T ), 〈I〉LR = GV , and

〈〈I2〉〉LR = 4kBT G [45]. The precision rate γ from Eq. (1) can
therefore be expressed as

γLR = V 2(∂θG)2

4kBT G
= 1

4

eV

kBT
(∂θ ln G)2 GV

e
. (2)

This result enables a clear interpretation of the sensitivity
of a two-terminal mesoscopic conductor. The first factor on
the right-hand side is a dimensionless ratio that characterizes
the (inverse) scale of thermal fluctuations set by the energy
transport window eV and the thermal energy kBT . The second
factor captures the relative sensitivity to the parameter θ ,
represented by the logarithmic derivative of the conductance,
which is a property of the conductor. Finally, the last factor
GV/e corresponds to the particle current, i.e., the rate at which
the charge is measured. Equation (2) is valid both when the
parameter to be estimated is a property of the conductor (for
example, the bare energy of a quantum dot) or a property of
the reservoirs (for example, the temperature).

Zero-temperature limit. At zero temperature, the Fermi dis-
tributions behave as Heaviside functions, fα (ε) ≡ 	(μα − ε).
This sets a finite energy window of width eV through which
charge transport takes place. In general, this limit entails
full (nonlinear) response in the bias voltage. Therefore, full
Landauer-Büttiker expressions for current and noise must
be considered to calculate the precision. As shown in the
Supplemental Material [41], the zero-temperature precision
then takes the form

γ0 = 1

h

(∫ εF +eV
εF

dε∂θT (ε)
)2

∫ εF +eV
εF

dεT (ε)[1 − T (ε)]
. (3)

Naturally, to have a nontrivial parameter estimation, θ must
now be a property of the conductor, entering its transmission
function T (ε). Approximating γ0 within the linear-response
regime permits further analytical insights. As explained in
detail in SM Sec. C [41], linear response at zero temperature
corresponds to weak energy dependence of the transmission
function over the bias window, permitting the Sommerfeld
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FIG. 2. Precision rate γ as a function of θ , (a) single Lorentzian, N = 1, (b) N = 21, and (c) boxcar transmission function for kBT =
0.1 eV (top) and kBT = 3 eV (bottom), and three values of 
 = 0.01, 0.1, 0.5 eV. Solid curves have been drawn with full Landauer-Büttiker
expressions and dashed with the linear-response expression (2). In all bottom panels, the left inset shows the conductance as a function of θ

and the right, relative sensitivity. δ = 100
 is set throughout the figure.

expansion T (ε) ≈ TF + (ε − εF )∂εT (ε)|ε=εF , where TF ≡
T (εF ) is the transmission function evaluated at the Fermi
energy. With this expansion, the current and noise are given
by 〈I〉T →0

LR = (2e2V/h)TF and 〈〈I2〉〉T →0
LR = (4e3V/h)TF (1 −

TF ), respectively. Therefore, the following expression for the
precision rate is obtained,

γ0 = eVTF (∂θ ln TF )2

h(1 − TF )
= 1

2

TF

1 − TF
(∂θ ln TF )2 G0V

e
, (4)

where G0 = 2e2/h is the quantum of conductance. This
expression has an elegant interpretation: Each electron trans-
mitted across the junction can be considered as a successful
Bernoulli trial, with TF the success probability. The first fac-
tor TF /(1 − TF ) is then the signal-to-noise ratio (the mean
squared divided by the variance) of the Bernoulli random vari-
able. Under our assumption that TF is approximately energy
independent, the conductance is G = G0TF , so that the second
factor is the relative sensitivity as seen also in Eq. (2). Finally,
G0V/e represents the frequency with which the Bernoulli tri-
als are attempted.

Lorentzian transmission function. To illustrate the general
formulas derived above, we first consider the specific exam-
ple of a two-terminal quantum conductor with a Lorentzian
transmission function,

T lor(ε) = 
2


2 + (θ − ε)2
. (5)

This corresponds to a single-level quantum dot with energy θ .
The coupling 
 characterizes the width, with 2
 the full width
at half maximum.

In Fig. 2(a), we show the precision rate as a function of θ

computed with both the exact Landauer-Büttiker expressions
(solid curves) and the linear-response result (dashed curves).

Naturally, the linear-response approximation breaks down for
kBT � eV , so it is only displayed for the high-temperature
regime shown in the bottom panel. Due to the form of the
transmission function, the curves are symmetric around a local
minimum, showing two equal peaks. Insets in the bottom
panel of Fig. 2(a) show the conductance (left) and the relative
sensitivity (right) in linear response. At larger coupling, the
increase in conductance compensates for the lowering of the
relative sensitivity, leading to higher precision. Beyond linear
response, at low temperature [top panel of Fig. 2(a)], the pre-
cision rate is sharply peaked near θ = μL,R and its maximum
value is up to four orders of magnitude greater than in the
linear-response regime.

The zero-temperature limit (4) with a Lorentzian transmis-
sion function takes the following simple form,

γ0 = 2
G0V

e

(T lor
F




)2

. (6)

The maximum γ max
0 = 2G0V/(
2e) lies at θ = εF . It can be

checked that the above corresponds to the expansion of Eq. (3)
with a Lorentzian transmission function to lowest order in
eV/
. Therefore, the approximation of smooth energy de-
pendence for a Lorentzian transmission function implicitly
corresponds to the strong-coupling regime eV � 
 between
the conductor (the dot) and the reservoirs.

Multiple Lorentzians and the boxcar transmission function.
We now consider a boxcar transmission function,

T box(ε) = 	(ε + δ − θ ) − 	(ε − δ − θ ), (7)

where 2δ is the width of T box and θ represents an overall
energy translation in the positive direction. As shown in SM
Sec. D [41], this transmission function can be seen as arising
as a sum of sharply peaked Lorentzians under a certain limit.
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FIG. 3. The maximum precision γmax (optimized over θ ) ob-
tained with the full Landauer-Büttiker expressions, as a function
of the number of Lorenztians N added within the energy window
[−δ, δ]. The dashed lines are obtained with a boxcar transmission
function over the same energy window. Parameters: kBT = 3 eV,
δ = 100
. The inset shows T box (dashed, black), a T lor (orange),
and TN with Nd = 201 (green).

This allows us to build a smooth approximation for the boxcar
by placing N + 1 Lorentzians with width 
, centered at evenly
spaced points in the energy window [−δ, δ], and appropriately
normalizing the sum. This corresponds to the transmission
function of Nd = N + 1 quantum dots,

TN (ε) = 1

N

Nd −1∑
i=0


2


2 + (εi − ε)
, (8)

where εi = −δ + i� is the median of Lorentzian i, � =
2δ/(Nd − 1), and N = ∑Nd −1

i=0 
2/(
2 + ε2
i ). While this

function does not produce a boxcar exactly, in the regimes

 � δ and Nd � δ/
, it provides a reasonable approxima-
tion; see the inset of Fig. 3 for an illustration and SM Sec. D
for details [41].

We now compare the precision obtained in the case of
a single Lorentzian transmission function with that obtained
with a sum of many such functions and the boxcar function
of Eq. (8). In Figs. 2(b) and 2(c), we show the precision
rate as a function of θ in the case of multiple (specifically,
a sum of 21) Lorentzians and a boxcar transmission func-
tion, within the same energy window [−δ, δ], respectively.
Note that we have appropriately normalized this energy such
that δ = 100
 is held constant. This is necessary to ensure
a smooth approximation to the boxcar function in the limit
of large Nd , and to make a fair comparison with the box-
car case. While the general behaviors are often similar in
the three cases, the precision rate in the case of TN can
show more than two peaks. In all coupling and tempera-
ture regimes, we find an increase in the precision rate for
TN , and even further for T box, as compared to the single
Lorentzian case.

To assess how precision depends on the shape of the trans-
mission function, we vary Nd to smoothly interpolate between
a sharply peaked (Lorentzian) and a flat (boxcar) transmis-
sion function. For each value of Nd , we compute the optimal

precision rate (maximized over θ ) and plot the results in Fig. 3
for two different temperatures. These temperatures are chosen
such that the red curve corresponds to the linear-response
regime (eV � kBT ), whereas the blue curve is far away from
it. We again choose 
 � δ to simulate a boxcar as precisely as
possible at large Nd . This is necessary to ensure that the solid
curves obtained with TN almost match with the dashed curves
obtained with the boxcar. At both temperatures considered in
Fig. 3, the precision rate increases monotonically with Nd ,
saturating to the maximum value as TN approaches a boxcar
function at large Nd . Interestingly, moreover, we show in SM
Sec. E [41] that the precision rate for the boxcar function
diverges at zero temperature, originating from a diverging
signal-to-noise ratio in this situation. From this investigation,
we conclude that the boxcar transmission function is opti-
mal for current-based parameter estimation in two-terminal
mesoscopic conductors within and beyond the linear-response
regime at any temperature.

Conclusion. In this Letter, we have formulated precision
bounds within a Landauer-Büttiker formalism, allowing to
assess metrology limits in two-terminal quantum coherent
conductors. Analytical expressions are derived in two lim-
its, at thermal equilibrium [Eq. (2)] and at zero temperature
[Eq. (4)]. These results enable a transparent understanding of
the key parameters and energy scales for optimization of the
precision rate. In addition, we compare current-based metrol-
ogy between different transmission functions, interpolating
between a single-peak Lorentzian and a boxcar function. Our
results indicate that, in the linear-response regime, strong cou-
pling enhances precision by boosting sensitivity, while outside
of the linear response we find that intermediate-coupling
strengths 
 ∼ kBT are optimal. Meanwhile, low temperature
is generally beneficial because it suppresses current noise.
Furthermore, we numerically find that the boxcar transmis-
sion function is optimal for parameter estimation in quantum
coherent mesoscopic conductors, in all parameter regimes
considered. Interestingly, boxcar transmission functions have
been found to be optimal for the efficiency [46,47] and con-
stancy [48] of thermoelectric power generation in similar
setups. Such an energy-independent transmission probability
can be approximated by a linear chain of quantum dots with
carefully engineered couplings [49]. This has been shown to
be possible with only a small number of dots with tunnel cou-
plings and site energies inhomogeneously tuned [50]. Control
over the individual potential landscape of linear quantum-dot
arrays with Nd ∼ 10 has been achieved [51]. While further
scalability is an issue, machine-learning techniques for au-
tomated device control could be exploited to overcome this
challenge in experiments [52].

While our exact analysis within the Landauer-Büttiker
formalism enabled optimization of precision across arbitrary
regimes of coupling strength and nonequilibrium bias, this
approach neglects interactions between charge carriers. Our
results therefore complement those of Ref. [39], which de-
rived the quantum Fisher information for interacting systems
within adiabatic linear-response theory, thus assuming weak
deviation from equilibrium. We also emphasize that our preci-
sion analysis is restricted to a specific, accessible observable:
the charge current. This is readily measured in experiments
but it may not be an optimal observable in the metrological
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sense of saturating the quantum Cramér-Rao bound [15]. An
interesting future research problem is thus to find the optimal
precision in far-from-equilibrium settings, as dictated by the
quantum Fisher information of the entire system-reservoir
setup, and establish whether it can be achieved by realistic
measurements. Since currents are defined by measurements
at (at least) two times, this calls for an inherently multi-
time approach beyond the Markov approximation, e.g., as in
Refs. [22,24,53]. This may shed light on whether nonequilib-
rium steady-state entanglement [54–58] or quantum violations
of classical precision bounds [50,59–67] can provide further
advantages for current-based metrology.
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