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Abstract—In this work, the frequency dependence of
impedance standards is characterized using a quantum-based
impedance bridge. The 1 : 1 ratio of two quadrifilar calculable
resistance standards and the impedance of a 1nF capacitance
standard are measured from 180Hz to 80kHz. At 1233Hz

the combined standard uncertainty is 30nF/F for the relative
capacitance and 2.5nΩ/Ω for the resistance ratio, demonstrat-
ing the unique capability of the bridge for accurate impedance
standards characterization.

Index Terms—Bridge circuits, impedance measurement, mea-
surement techniques, precision measurements.

I. INTRODUCTION

Traditional impedance bridges rely on ratio transformers

to generate the accurate voltage ratios required for high-

accuracy impedance measurements. However, the use of a

fixed-ratio transformer limits the types of impedance compar-

isons that can be performed, as well as the frequency range

and impedance ratio. As a consequence, the frequency char-

acterization of impedance standards using traditional bridges

is time-consuming and can only be carried out at a limited

number of frequency points and impedance values [1]–[3].
In recent years, impedance bridges employing electronic

sources rather than ratio transformers have been developed and

validated through international comparisons [4]. These bridges

can generate arbitrary voltage ratios and phase shifts, allowing

for comparisons of any impedance in the complex plane

and broader frequency ranges. In addition, the replacement

of electronic sources with quantum-based sources, such as

the Josephson arbitrary waveform synthesizer (JAWS), allows

impedance measurements to be performed at the highest level

of accuracy [5].
In this work, a dual Josephson impedance bridge (DJIB)

developed at METAS [6], [7] is used to study the frequency

dependence of resistance and capacitance standards. Measure-

ments of similar and unlike impedance standards in direct

and reverse configuration were performed, covering impedance

ratios from 0.1 : 1 to 1 : 10. The standards were reversed at

the bridge panel level using cables of the same length. The

maximum rms amplitude used in this work is 250mV from

180Hz to 80 kHz.

II. IMPEDANCE COMPARISONS

Five different impedance standards have been used in the

different impedance comparisons shown in Fig. 1:

12.906 kΩ

Γ4

129.06 kΩ

10 nF

1 nF

Γ1

Γ2

Γ3

Γ5

Γ7
Γ0

Figure 1. Impedance standards and bridge ratios Γ used in this work.

• Two quadrifilar calculable resistance standards having the

same nominal value of 12.906 kΩ.

• One resistance standard of 129.06 kΩ with a commercial

Vishay resistive element of type VHP101.

• Two capacitance standards of 1 nF and 10 nF designed

by the Polish National Metrology Institute and made of

commercial single C0G SMD capacitors [8].

All standards are individually temperature controlled and

defined as four-terminal-pair standard.

The impedance of a resistance standard is usually rep-

resented as Z = R/(1 − jωτ), where R is the parallel

equivalent resistance and τ the time constant. The impedance

of a capacitance standard is usually represented as Y = Z−1 =
jωC(1 − jD) where C is the capacitance value and D the

dissipation factor. Operating the DJIB, the impedance ratio

Γ =
Zbot

Ztop

= −
Vbot

Vtop

(1)

can be determined for different impedance comparison [6].

Fig. 1 shows the possible impedance comparisons between

the available standards and Table I summarizes the type of

comparison, impedance ratio, and frequency range of each

Table I
IMPEDANCE COMPARISONS.

Comparison Type Ratio Frequency range

Γ0 RR 1:1 180Hz – 80 kHz

Γ4 RR 1:10 180Hz – 80 kHz

Γ1 RC 0.1:10 180Hz – 10 kHz

Γ3 RC 0.1:10 1233Hz – 80 kHz

Γ5 RC 0.1:10 180Hz – 10 kHz

Γ7 RC 0.1:10 180Hz – 1233Hz

Γ2 CC 1:10 180Hz – 80 kHz
979-8-3315-4683-0/26/$31.00 ©2026 IEEE
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Figure 2. Comparison Γ0 between two quadrifilar calculable resistance
standards of 12 906Ω. In red, the deviation of the nominal ratio. Solid
black lines represent the calculated values using Eq. (2). The uncertainty bars
represent the combined standard uncertainty (k = 1).

case. For each comparison, the frequency range was limited

to keep impedance ratio between 0.1 : 1 and 1 : 10 for which

the bridge had previously been characterized.

III. RESULTS

The result of the 1 : 1 comparison Γ0 of the two quadrifilar

calculable resistance standards G1 and G2 over the whole

frequency range is represented in Fig. 2. As G1 and G2 have

the same design, one would expect no frequency dependence

of the impedance ratio, contrary to what is observed. However,

a more detailed analysis of the real part of the measured

impedance ratio is obtained using the equivalent expression

for the two impedance standards. The real part of Γ0 is

Re {Γ0} = Re

{

ZG1

ZG2

}

=
RG1

RG2

1 + ω2τG2τG1

1 + ω2τ2G1

. (2)

Therefore, even if the two resistance elements have the same

frequency dependence (i.e. RG1/RG2 = const.), Re {Γ0},

could show a frequency dependence if τG1 ̸= τG2. The origin of

the remaining difference between the measured and calculated

values, as observed above 20 kHz in Fig. 2, could be due to

the fixed cables inside the case of the standards.

The frequency dependence of C and D of the 1 nF standard

is shown in Fig. 3. C is expressed as the relative deviation with

respect to its value at the reference frequency f0 = 1233Hz.

This frequency dependence is determined using three alterna-

tive comparisons between the impedance standards. The RC

comparison between G2 and the 1 nF capacitor, Γ3, is repre-

sented as orange triangles. The behavior at lower frequencies

is obtained by combining the RC comparison between G2 and

the 10 nF capacitor, Γ1, with the 1:10 comparison between

the 1 nF and 10 nF standards, Γ2. These results are shown

as blue dots. The low frequency part is also obtained from

the combination of the 1:10 comparison between G2 and the

Vishay resistor , Γ4, and the RC comparison between this latter

resistor and the 1 nF capacitor, Γ5. This path is represented

by green squares. Least-squares fits are shown as solid black

lines, using the model a+ bf2 + c log
10
(f) for C [2].

At 180Hz the relative deviation of C is about

3.40(12) µF/F for Γ3 and 3.22(21) µF/F for Γ4Γ5. As

the frequency increases, the relative deviation decreases and

reaches a minimum close to 40 kHz, where it is about

−4.80(14) µF/F. At higher frequencies it increases again,

-5

0

5

10
2

10
3

10
4

10
5

-60

-40

-20

0

20

40

Figure 3. Frequency dependence of the 1nF capacitor. Upper: capacitance C
as the relative deviation from its value at f0 = 1233Hz. Lower: dissipation
factor D. Three comparison paths Γ1Γ2 (blue dots), Γ3 (orange triangles)
and Γ4Γ5 (green squares), and least-square fits (solid black lines) are shown.
Error bars represent the combined standard uncertainty (k = 1).

reaching −2.40(55) µF/F at 80 kHz, possibly due to lead

inductance effects in the standard. In contrast, D is constant

over the whole frequency range, with a best-fit value of D0 =
2.428(23) × 10−6. The combined standard uncertainty was

calculated as described in [6]. For C at f0 it is 0.030 µF/F.

IV. CONCLUSION

The unique ability of the DJIB to measure any impedance

in the complex plane allowed us to characterize the frequency

dependence of resistance and capacitance standards over a

broad frequency range using the same experimental setup. For

the 1 nF capacitance standard, the frequency dependence ob-

tained from the different impedance comparisons is mutually

consistent and in agreement with previous work.
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