
 
U.S. Government work not protected by U.S. copyright 

 

A fast negative impedance converter for JAWS load compensation 

Jason Underwood, Stephen Pfeiffer, and Geoffrey Palo 

National Institute of Standards and Technology, Gaithersburg, MD 20899-8172, USA 

jason.underwood@nist.gov 

Abstract  —  For accurate realization of the ac volt, the 
Josephson Arbitrary Waveform Synthesizer must not be overly 
loaded by the electrical network in which it is used. The interaction 
between its output inductance and stray capacitance in the 
network can yield significant errors. Such errors are compounded 
for low-impedance devices, such as thermal transfer standards 
(TTS). This paper describes a negative impedance converter that 
has been designed to handle such loads up to 100 kHz. We discuss 
the motivation for the device, its design, and present some initial 
ac-ac difference measurements with a TTS.  

Index Terms — quantum voltage standards, AC voltage, ac–dc 
difference, load compensation, negative impedance converter. 

I. INTRODUCTION 

The last decade has brought significant advancements in the 

range of applications of the Josephson Arbitrary Waveform 

Synthesizer (JAWS) [1]. Even so, performance of the JAWS as 

an independent, primary standard at frequencies between 

10 kHz and 100 MHz remains limited by transmission line 

effects [2]. Multi-junction thermal voltage converters (MJTC) 

and thermal transfer standards (TTS) typically feature lower ac-

dc difference uncertainties at those frequencies for rms voltages 

≥1 V. In fact, it is common to use a TTS to anchor the frequency 

response of the JAWS transmission line at a frequency fu, which 

is then used to reduce uncertainties at a frequency fl < fu.  

An additional challenge is that TTSs tend to have smaller 

input impedances at higher voltage ranges. While the JAWS 

bias settings can be adjusted to obtain quantum-locked 

operation for relatively small impedances (≈600 Ω), the current 

flowing to the load will yield large, frequency-dependent errors 

in the voltage delivered to the TTS. Transconductance 

amplifiers (TCAs) have been successfully used to unload the 

JAWS up to frequencies near 10 kHz [3]. Recently, a promising 

technique inspired by the straddling bridge method for 

calibration of inductive voltage dividers was used to 

compensate for a high-impedance (capacitive) load, as well as 

the intervening transmission line of the JAWS up to 80 kHz [4]. 

The stated uncertainty was based on that of a TTS, which was 

calibrated separately by conventional means. The focus of this 

paper is a negative impedance converter (NIC) optimized for 

compensation of loads between 50 Ω and 600 Ω for frequencies 

above 10 kHz.  

II. DESIGN AND SIMULATION OF HIGH-SPEED NIC 

A NIC is a one-port active device that is intended to yield an 

input admittance Yin < 0. The relationship between Yin and 

other circuit admittances for an op-amp based NIC is shown in 

 
1 Commercial instruments are identified in this paper in order to adequately specify the experimental procedure. Such 

identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor 

does it imply that the equipment identified is necessarily the best available for the purpose. 

Figure 1. YX is a positive feedback admittance, and Yg and Yf 

are the op-amp gain and negative feedback admittances, 

respectively. In our design Yg =	Yf, and thus the NIC yields an 

input admittance Yin =	−YX. Thus, if YX is selected to be equal 

to that of a load, then the paralleled NIC and load admittances 

will cancel to the extent of the matching between YX and YLOAD, 

which has the effect of unloading the source. YX may include 

reactive components to compensate, for example, stray 

capacitance at the load. However, caution must be exercised, as 

the circuit can become unstable. Additionally, a NIC that is 

stable under simplified test conditions may oscillate when used 

in a more complicated network, such as the JAWS.  

One of the goals of the NIC described here is operation up to 

frequencies up to 100 kHz. Therefore, component selection was 

weighted toward high-speed characteristics over dc precision. 

After an initial survey, we designed the NIC around a high slew 

rate, fixed gain-of-2 op amp, Texas Instruments’ OPA6531. The 

integrated feedback and gain resistors on this part yield a stable 

ratio Yf/Yg with negligible parasitics, shifting the burdens of 

frequency response flatness and stability to the network that 

defines YX. A simplified schematic diagram of the network in 

which the NIC was analyzed in simulations and experiments is 

depicted in Figure 2. In order to improve stability, we included 

a ferrite bead in YX in order to roll off the positive feedback at 

high frequencies.  

Table 1 compares the results of simulations of the high-speed 

NIC and of a composite device that is similar to the TCA in [3]. 

Figure 1: Op-amp based NIC, depicting the relationship between the 

input admittance and passive component values.  
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Figure 2: Simplified circuit diagram used for simulations and 

measurements with the NIC and a TTS.  
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The precision op amps in the latter have slew rates that are 

about 30 times slower than the OPA653. The circuit simulations 

include a simplified model for the JAWS, incorporating on-chip 

inductance and lossless transmission line models corresponding 

to a 1 V dip probe (about 1.3 m length inside probe and 1.3 m 

length outside probe).  

The simulations suggest that for load impedances ≥200 Ω 

and frequencies <10 kHz, compensation is readily achievable 

with slower components. However, for smaller impedances or 

for higher frequencies, their limitations become evident. The 

sign and quadratic dependence of the NIC’s errors indicate that 

its error can be modeled as a small, additional shunt capacitance 

at the TTS. Since any additional capacitance will interact with 

the JAWS output inductance, this type of error will increase 

with the number of Josephson junctions and/or arrays.  

 

 
Table 1: LTSpice transient simulation results comparing the rms 

voltage error at 1 V for slow and fast load compensation devices. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A custom printed circuit board (PCB) and enclosure were 

fabricated for the NIC. To assess the error of the NIC at high 

frequencies, we performed ac-ac difference measurements vs 

1 kHz on the 700 mV range of a TTS (the input impedance of 

the TTS is about 10 MΩ || 40 pF). We defined the NIC’s error 

as the difference between the TTS ac-ac response (A) with the 

NIC and a load connected and (B) that without the NIC and load 

connected. A potentiometer and a trimmer capacitor on the PCB 

were used to finely adjust the real and imaginary parts of YX, 

respectively. The potentiometer is adjusted at 1 kHz until the 

TTS output for A matches that for B. Likewise, the capacitor is 

adjusted at 100 kHz until TTS output for A nearly matches B. 

The NIC was not adjusted between runs for the same load 

impedance.  

Since coaxial adapters can influence JAWS response above 

10 kHz, we kept the tees and adapters in-place for both types of 

measurements. This allowed us to assess the error due to the 

NIC alone, as well as compare the experimental results to 

simulations. Figure 2 shows the rms voltage error of two 

versions of the NIC at 600 mV for a 200 Ω load. The first 

version was not optimized and YX was too inductive (>100 nH). 

Version 2 had an improved PCB layout and lower-inductance 

components (10s of nH). Reassuringly, the latter’s error of 

+3.4 µV/V at 100 kHz is close to the simulation results. We 

expect this error to decrease for the higher impedances typical 

of TTSs and MJTCs. In measurements with the NIC we did not 

observe a change in the Type A uncertainty of the TTS, nor on 

the quantum locking range of the JAWS. The results were 

stable over repeated connection and power cycling. While the 

low output impedance of the JAWS largely defines the voltage, 

the current sourced by the NIC will exhibit distortion. For 1 V 

and a 50 Ω load (worst case), the measured total harmonic 

distortion at 100 kHz was -94.5 dB (relative to carrier). 

Residual distortion without the NIC and load was -110 dB.  

These encouraging results come with a few caveats. First, the 

OPA653 has a narrow supply range, so the NIC is limited to 

rms voltages less than 1.5 V. This may be ameliorated by the 

use of other high-speed op-amps. Second, part of the NIC’s 

error is due to stray reactances on the PCB and input connector. 

Fortunately, these errors can be measured and applied as a 

correction.  
 

 

IV. CONCLUSION 

We have developed a negative impedance converter capable 

of unloading the JAWS with rms voltage errors of several parts 

in 106 up to 100 kHz, depending on load. Details of the design 

and simulations, as well as additional measurement results, will 

be shared at the conference.  
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  RMS Voltage Error (µV/V) 

Frequency Load TCA (slow) NIC (fast) 

10 kHz 200 Ω –0.5  +0.028 

10 kHz 50 Ω –15 +0.16 

100 kHz 200 Ω +120 +2.8 

100 kHz 50 Ω +670 +16 
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Figure 2: RMS voltage error at 600 mV for two versions of the NIC. 

Error bars represent the standard deviation u of each measurement. The 

larger u for Version 2 was due to the fact that a different TTS was used.  

NIC Error = δB − δA
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