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ABSTRACT: With the development of smart grids and the high proportion of new energy integration, traditional electromagnetic power
metering technology is gradually facing bottlenecks in terms of accuracy, anti-interference ability, and frequency response range. This
paper proposes a new ultra-high-precision power measurement method based on diamond nitrogen-vacancy (NV color center) quantum
sensing. By establishing an electromagnetic field-spin quantum state coupling model, it achieves microtesla-level magnetic induction
intensity measurement, and then reconstructs current, voltage, and power parameters. At theoretical level, the response function of
the multi-pulse quantum manipulation sequence (XY 8-K) to the power frequency alternating magnetic field was derived, and an adap-
tive quantum state locking algorithm was proposed to suppress environmental noise. At the device level, a multi-layer heterogeneous
integrated miniaturized quantum sensing chip was designed, combining silicon-based photonic waveguides and microwave resonant
structures. Its size was controlled at 8 x 8 x 2mm?, and its power consumption was less than 200 mW. Experiments show that this
system has a remarkable effect and provides technical support for the next generation of intelligent metering equipment.

1. INTRODUCTION

Itra-high precision power measurement, quantum sensing
Uand miniaturized equipment design are the cutting-edge
hotspots in the current field of precision measurement. Degen
etal. [1] and Zou et al. [2] stated that quantum sensing refers to
the utilization of the sensitivity of quantum systems to weak ex-
ternal signals to enhance measurement accuracy to a level that
is difficult for classical methods to reach, even surpassing the
standard quantum limit (SQL) and approaching the Heisenberg
limit. Deng et al. [3] demonstrated that in the field of power
measurement, quantum sensing is reflected in the precise detec-
tion of extremely low power or extremely weak energy changes.
Significant progress has also been made in quantum sensing
technology based on optical fibers. Zuo et al. [4] pointed out
that by integrating optical fiber sensing with quantum technol-
ogy, measurement accuracy and sensitivity have been enhanced
from multiple dimensions, including the exploration of high-
sensitivity optical fiber sensing devices and the generation of
high-quality optical fiber quantum states. Furthermore, Fang et
al. [5] ddemonstrated that optically accessible spin defects in
solid-state materials (such as nitrogen-vacancy (NV) centers in
diamond) as quantum sensors have shown outstanding accuracy
in detecting and measuring physical and chemical parameters.

Pezz¢ and Smerzi [6] indicate that multi-parameter quantum
sensing and metrology will become an important direction in
the future. Khalid et al. [7] pointed out that quantum sensor net-
works (QSNs) demonstrate potential in achieving Heisenberg
accuracy and unconditional security by leveraging phenomena
such as quantum superposition and entanglement.
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Fu et al. [8] and Harano et al. [9] demonstrated that with
the increasing demand for miniaturization and high efficiency
of equipment in the field of power electronics, the design of
miniaturized and high-precision power metering devices has
become crucial. Meanwhile, Harano et al. [9] demonstrated
that the application of wide bandgap semiconductors (such as
SiC and GaN) in inverters has steadily increased the switch-
ing frequency, putting forward higher requirements for power
measurement accuracy.

However, in the design of miniaturized devices, multiple
challenges are faced: Joshi [10] demonstrated that integrating
high-precision measurement modules within a limited space re-
quires innovative circuit design and packaging technologies.
Zhang et al. [11] and Wang et al. [12] demonstrated that high-
precision measurement is extremely sensitive to noise levels.
Wang et al. also pointed out that such power supply systems
still need to maintain stable operation in low-temperature en-
vironments. Khosro Pour et al. [13] pointed out that miniatur-
ized devices usually require ultra-low power consumption to
extend battery life or achieve autonomous operation. Zhang et
al. [14] indicated that traditional metering equipment has prob-
lems in terms of system reliability, anti-electricity theft, and ac-
curacy. Wang et al. [15] demonstrated that the all-digital power
metering system improved the integration accuracy of a high-
voltage power metering system by changing the signal trans-
mission medium from copper cable to optical fiber and the ana-
log input device to digital input interface. In addition, Zhang et
al. [16] indicated that the intelligent verification system based
on power cloud has also enhanced the efficiency, safety, and
traceability of the verification of high-voltage electric energy
metering equipment.

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERC25090301

PIER C

Wang et al.

TABLE 1. Excited states and energy level transitions.

Energy level Energy (eV) Lifespan (ns) Characteristics
Ground state > Ao o0 Spin triplet state
Excited state >F 1.945 12-15 Optical transitions are allowed
Single state 1 A, 1.19 0.5-1 Non-radiative transition channel

In the specific design of miniaturized power metering equip-
ment, Pan [17] explored solutions based on low-cost, high-
precision hardware circuits and embedded software, which
have been applied in the industrial field. Meng et al. [18] pro-
posed an integrated dual-mode DC energy metering device and
its measurement method, aiming to solve the problems of high-
precision and convenient measurement in DC distribution net-
works. In the combination of quantum sensing and miniaturiza-
tion, Zhao et al. [19] applied photonic crystal cavities in con-
junction with liquid crystal penetration technology to design
miniature high-sensitivity electric field sensors. By altering the
refractive index of the liquid crystal through an external elec-
tric field, the resonant wavelength of the Photonic Crystal (PC)
cavity was changed to achieve sensing. In addition, White et
al. [20] integrated laser stabilization and isolation technology
onto silicon chips, which is expected to achieve optical com-
munication, sensing, and metrology, as well as quantum tech-
nology with the same performance as desktop devices at the
nanoscale.

Based on the above research content, this paper proposes
the theory of ultra-high precision power measurement based on
quantum sensing and the design of miniaturized devices.

2. THEORETICAL BASIS OF QUANTUM SENSING

This section systematically expounds the physical essence of
diamond nitrogen-vacancy centers, whose unique energy level
structure provides the possibility for quantum sensing. Opti-
cal detection magnetic resonance technology converts abstract
quantum state information into measurable optical signals, es-
tablishing a bridge between microscopic quantum states and
macroscopic observations. Dynamic decoupling technology, as
an advanced quantum manipulation method, effectively over-
comes environmental noise and lays a methodological founda-
tion for extracting weak power frequency signals in complex
electromagnetic environments.

2.1. NV Color Center Energy Level Structure

Atomic Configuration

The NV center energy level is composed of a carbon atom
in the diamond lattice being replaced by a nitrogen atom (N),
with adjacent carbon atoms having vacancies (V). There are 6
valence electrons (nitrogen provides 5, equivalent to 3 vacan-
cies, and a total of 2 vacancies are missing), forming a spin
triplet state (*A,).
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Ground State Energy Level Splitting

The Hamiltonian of ground state > A, under a zero magnetic
field is shown in Formula (1).

S(S+1)

HO_D<S§— 3

) +E(5257) 211 (D

Among them, D is the zero-field splitting parameter
(2.87GHz at 300K); E is the lateral electric field coupling
parameter (usually < 10MHz); S,, Sy, S, is the component
of the spin operator in the NV axis (Z-axis).

The Zeeman effect under its magnetic field is shown in For-
mula (2).

Hp=~.B-S [22] (2)

Among them, -, is the electron spin-magnetic ratio
(28 GHz/T); B is the vector of the applied magnetic field (unit:
Tesla T); S is the electron spin vector.

Excited States and Energy Level Transitions

Its excited state and energy level transitions are shown in Ta-
ble 1.

The key transition selection rules are as follows:

(1) Laser excitation (532 nm): Efficiency greater than 90%;

(2) Non-radiative relaxation: Probability is approximately
30%.

2.2. Optical Detection Magnetic Resonance (ODMR)
Physical Processes

The physical process of ODMR is divided into three steps:
optical polarization, microwave drive, and fluorescence read-
out.

Optical polarization: Utilizing a 532 nm laser to pump elec-
trons to |m, = 0) (polarizability > 80%);

Microwave-driven: A microwave field of applied frequency
induces spin reversal at that time;

Fluorescence readout: The fluorescence intensity of |my =
0) is approximately 30% higher than that of |m, = 4-1).

ODMR Spectral Line Formula

The relationship between the ODMR fluorescence intensity
I and microwave frequency f is shown in Formula (3).

Av?
R vl e

Among them, I is the fluorescence intensity without mi-
crowave (typical value: 200-500 keps); C'is the contrast (usu-

I(f)=1Io |1 - 3)
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TABLE 2. Optimization of measurement parameters for power frequency magnetic field.

Parameter Numerical value Physical basis
Pulse interval 7 10ms Match 50 Hz signal (7. = 1/(2f))
Subsequence number K 8 Balance the bandwidth and noise suppression ratio
Total duration T° 160 ms Ensure spectral resolution
12
04
1.0
- -10
g 0.8 1
% 0.6 =20 1
5 =)
£ =
5 041 £ 304
2 &
0.2 1
40
004 =
T T T T T T T T T =50 4
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0 50HzZ passbhind
Time (ms) 50 . ‘ ‘ . .
o 10" 1o’ 1o' 10* 10’
FIGURE 1. Timing diagram of XY8-K pulse sequence. Frequency (Hz)

ally 5-30%, depending on the laser power); Av is the reso-
nance linewidth (unit: Hz, and correlation); f is the resonant

frequency (fo = \/(D + 7. B))* + (7. BL)?).

Theoretical Limit of Magnetic Field Sensitivity

The theoretical limit of ODMR magnetic field sensitivity is
shown in Formula (4).

B i Av
T N CVI,T

[24] 4)

Among them, 7 is the sensitivity (unit: T/+/Hz); T is the sin-
gle measurement time (unit: seconds); the theoretical limit per-
formance value of magnetic field sensitivity is n =~ 1 nT/v/Hz.

2.3. Dynamic Decoupling of Alternating Field Measurement

Principle of Noise Suppression

Objective: Extract low-frequency weak signals (such as a
50 Hz power frequency magnetic field);

Challenge: Environmental noise (1/f noise) dominates the
low-frequency band.

Multi-Pulse Sequence Design (Taking XY8-K as an Exam-
ple)

(1) Time series definition

The total sequence duration is Ty, = 2N 7. (Where N is the
number of subsequences).

The dynamic decoupling pulse interval is 7. (determining the
passband center frequency).

The time of K 7-pulses is ¢, = B, 3.3, 7(21(2_1) Tl
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FIGURE 2. XY8-8 sequence filtering response (K = 8).

The timing sequence of the XY8-K pulse is shown in Fig-
ure 1.

(2) Analytical expression of the filter function

The analytical expression of its filtering function is shown in
Formula (5).

sin®(wT'/2)
sin? (w7, /2)

Fo) =[S e -

-sin?(Kwr,/2) [25] 5)

Among them, w is the angular frequency; 7, is the pulse in-
terval; its physical meaning is to form a passband at w,,, = 2’;—’"
(where m is an odd number). w,, is the center frequency of the
passband; m is the harmonic order.

The XY8-8 sequence filtering response (K = 8) is shown in

Figure 2.
Optimization of Measurement Parameters for Power Fre-
quency Magnetic Field

The optimization of its power frequency magnetic field mea-
surement parameters is shown in Table 2.

The formula for improving the signal-to-noise ratio is shown
in Formula (6).

_ YeBacVT 2
Tlo ™

SNR KY2 [26] (6)

Among them, K is the number of pulses in a single sequence;
70 is the free induction attenuation sensitivity; compared with
continuous wave ODMR, it has been improved o< K'/? (mea-
sured to be more than 100 times).
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FIGURE 3. Spatial array optimization diagram.

3. ULTRA-HIGH PRECISION METROLOGY THEORET-
ICAL MODEL

Based on the physical principle of the NV color center’s re-
sponse to the magnetic field established above, this section spe-
cializes this universal physical effect into a dedicated theory for
power measurement. The current-magnetic field mapping rela-
tionship establishes a direct connection between the measured
electrical quantity and observed quantity of the quantum sen-
sor, which is a crucial step for quantum sensing to move from
a physical concept to metrological applications. Furthermore,
in response to the actual challenges in the power field, the pro-
posed quantum phase-locked amplification algorithm is an op-
timization and innovation of the fundamental dynamic decou-
pling technology, making it more suitable for the scenarios of
power frequency measurement. Finally, the uncertainty analy-
sis theoretical model provides a forward-looking prediction for
the ultimate accuracy of the entire measurement system.

3.1. Current-Magnetic Field Mapping Relationship
Theoretical Basis

Based on Biot-Saval’s Law, the quantitative relationship be-
tween the magnetic field and the current around a current-
carrying conductor is shown in Formula (7).

_ Molac

B
AC 2md

sin(27 ft) [27] @)

Among them, Bac is the alternating magnetic induction in-
tensity (unit: Tesla, T); po is the vacuum permeability; Iac is
the alternating current to be measured (unit: amperes, A); d is
the vertical distance between the NV color center and the center
of the wire (unit: meters, m); f is the current frequency (unit:
Hertz, Hz), and for the power system, it is 50/60 Hz.

Spatial Array Optimization

To eliminate the measurement error of distance d, a three-NV
sensing array is adopted:
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Working mode Correction mode
XY8-KSequence CPMGsequence
measurement BO

Kalman filtering

BA Cafter output
compensation

FIGURE 4. The algorithm framework of QPL.

The centers of the three NVS are located at the vertices of an
equilateral triangle (side length L = 500 pum).

The formula for measuring the magnetic field gradient is
shown in Formula (8).

1 1

di

tolac

VB =
2

& 24] ®)

Among them, V B is the magnetic field gradient (T/m); d, , d;
are the distance (m) from the adjacent NV to the wire; its ad-
vantages lie in: current reconstruction does not require an exact
distance d, and the sensitivity is increased to 1 mA.

Phase Calibration

Consider the phase shift caused by the skin effect of the con-
ductor, as shown in Formula (9).
) 2
=tan ' —= ), 0= 28
e (), oo
Among them, ¢, is the phase compensation angle (in radi-
ans); o is the electrical conductivity of the wire (for copper is
5.96 x 107 S/m).
The skin effect of the traditional electromagnetic CT leads
to a power factor measurement error of approximately 0.5%,
while the power factor measurement error of this quantum sens-

ing system is reduced to 0.01% after compensation.
The spatial array optimization is shown in Figure 3.

©)

3.2. Quantum Phase-Locked Amplification Algorithm (QPL)
Algorithm Framework

The algorithm framework of QPL is shown in Figure 4.
Bimodal Dynamic Equation

(1) Working mode (Signal extraction)

WWwWw.jpier.org
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The working mode (signal extraction) is shown in For-
mula (10).

T
SAC = ’Ye/ BAc(t> . nyg(t)dt [29} (10)
0

Among them, Sc is the signal product component (dimen-
sionless); Fxys(t) is the XY8 sequence filtering function; 7" is
the integration time (typically 0.1 seconds).

(2) Calibration mode (zero drift monitoring)

The correction mode (zero drift monitoring) is shown in For-
mula (11).

ABy =

L (ICPMG(O)) 130] an

YTy Icpma (t)

Among them, A B is the drift amount of the zero field point
(T); Ty is the lateral relaxation time (approximately 10 pus at
room temperature); Icpmc(0) and Icpmg(t) respectively repre-
sent the fluorescence intensities of the CPMG sequence at time
0 and time ¢.

The CPMG sequence, Carr-Purcell-Meiboom-Gill sequence,
is a multi-pulse dynamic sequence whose main task is to mon-
itor the drift of the zero field point.

Implementation of Kalman Filter

The equation of state is shown in Formula (12).

] l1 0
- —At/T
Kl 0 e At/

The observation equation is shown in Formula (13).

Bac
By

{ Bac

By L+wk [31] (12)

Bac

B (13)

=1 1][

L+uk 32]

Among them, 7 is the temperature drift time constant (ap-
proximately 100 seconds); wy, is process noise (covariance is
diag(10718,10712)); vy, is the observed noise (variance).

The temperature coefficient of traditional high-precision cur-
rent sensors is approximately 50—100 ppm/°C. The uncompen-
sated temperature coefficient of this system is approximately
50 ppm/°C. After compensation through the QPL algorithm,
the temperature coefficient was reduced to 0.07 ppm/°C. The
temperature drift suppression effect is over 90%.

3.3. Uncertainty Analysis
Error Source Decomposition

The error source decomposition is the total synthetic uncer-
tainty, as shown in Formula (14).

Ue(D) = \ B + e + W+ 0y B3] (14)
Among them, u.(I) is the total synthetic uncertainty; tquant
is the quantum measurement uncertainty; o is a positional
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uncertainty; el 1S the electronic readout uncertainty; temp is
the temperature drift uncertainty.

Quantification Formula

The formula for quantum measurement uncertainty is shown
in Formula (15).

1

oV [34]

n
Uguant = ——— - (15)
W VT

Among them, 7 is the magnetic field sensitivity (0.5 nT/+/Hz
((Actual performance value)); Nyv is the number of effective
NV color centers (> 1000 in the array).

The formula for position uncertainty is shown in For-
mula (16).

upos:I‘%

<Ad _ . Jad + Adghm) 24 (16)

Among them, Ad)y, is the error of electron beam lithography
(£50nm); Aderm is the thermal expansion error (Adperm =
a-AT -d, o = 1 x 1075/K, where « is the coefficient of
thermal expansion of diamond).

The electronic readout uncertainty formula is shown in For-
mula (17).

NEP 1
legee = SPAD [24]

VER-At 0I/0B

amn

Among them, NEPgpap is the noise equivalent power of the
single photon detector (0.1 fW/v/Hz); R is the photon counting
rate (500 keps); 01 /0B is the sensitivity of fluorescence to the
magnetic field (30%/mT).

Temperature Influence Model

The temperature influence model is shown in Formula (18).

0By
e, (22

08,
orT

Uermp =1 ’ —74.2 kHz/°C> 35] (18)

Among them, AT is the temperature fluctuation range
(£0.1°C, with temperature control); 25¢ is the temperature

oT
coefficients at the zero field point.

4. DESIGN OF MINIATURIZED DEVICES

The above theoretical model has put forward clear require-
ments for the performance of sensors, and the multi-layer het-
erogeneous integration architecture and key subsystem design
in this section are precisely physical innovations carried out to
meet these requirements. For instance, the optical module is
designed to efficiently perform the ODMR measurements de-
scribed in Section 2. The optimization of the microwave control
module is aimed at precisely generating the control pulses re-
quired by the algorithm in Section 3. The performance of the
readout circuit directly determines the key parameters in the
uncertainty analysis model.

WWwWw.jpier.org
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TABLE 3. Technical parameters of each layer.

Level Material/Structure Thickness Key parameters Function description
L1 Au microstrip antenna/ 150 Characteristic impedance: Generate a microwave
m
Si0, substrate " 500, Q > 200 field of 2.87 GHz
Lo SizNy4 waveguide/ 200 um The numerical aperture NA = 0.22, Laser input and
SiO; cladding : and the loss is less than 0.1 dB/cm fluorescence collection
Electronic-grad The NV density is 5
L3 « ron.1c grade 500 um ¢ ensity Is > ppm, Quantum sensing core
CVD diamond and T2x > 10 us
L4 Silicon-based CMOS 650 1m Power consumption < 50 mW, Signal processing
(0.18 pm process) W sampling rate 1 MSa/s and control logic
. Interlayer electrical/
. BCB polymer Thermal resistance o .
Bonding layer 20 pm optical interconnection
+Cu-TSV < 1K/W

and heat dissipation

4.1. Multi-Layer Heterogeneous Integration Architecture
Vertical Stacking Structure

The vertical stacking structure is shown in Figure 5.

Cu-TSV vias

SPAD array L4: Signal processing layer

CMOS ASIC

NV center array L3: Quantum sensing layer

CVD diamond

Microlens . i
Silisonmatride waveguids L2: Photon collection layer

L1: Microwave excitation layer

Gold microstrip antenna
FIGURE 5. Vertical stacking structure.

Technical Parameters of Each Layer
The technical parameters of each layer are shown in Table 3.
Thermally and Mechanically Coupled Design

(1) Thermal expansion matching

The Coefficient of Thermal Expansion (CTE) difference
among layers should be less than 1 ppm/K, as shown in For-
mula (19).

(19)

Among them, «; is the coefficient of thermal expansion of
layer i (diamond: 1 x 1075/K, Si: 2.6 x 1075/K); h; is the
thickness of layer i; AT is the working temperature rise (design
value < 20°C).

4
Ae = Zi:l ;AT - h; [36]
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(2) Heat dissipation path

The thermal resistance was reduced to 5 K/W through Cu-
TSV.

4.2. Design of Key Subsystems

Optical Module
(1) Excitation light path

The excitation light path is shown in Figure 6.

The excitation parameters include wavelength, power, and
beam quality. The wavelength is 532 nm + 0.5 nm; the power
is 10 mW (adjustable); the beam quality is M? < 1.1.

The formula for optical transmission efficiency is shown in
Formula (20).

Nopt = Ncoupling X el x TlpCF [37] (20)

Among them, 7coupling is the grating coupling efficiency
(78%, period = 1.1); « is the waveguide transmission loss
(0.05dB/cm); L is the waveguide length (5 mm); npcr is the
extraction efficiency of photonic crystal cavities (42%).

(2) Fluorescence collection optimization

Fluorescence collection optimization mainly involves the de-
sign of photonic crystal cavities, whose structure is hexagonal
lattice air pores (diameter 30 nm, period 45 nm). The Purcell
factor is shown in Formula (21).

1)

Among them, A is the fluorescence wavelength (63 nm); n is
the refractive index of diamond (2.42); @ is the quality factor
(12,000); Vinoge is the mode volume (0.67 x (\/n)?).

Microwave Control Module

(1) Resonator design

WWwWw.jpier.org
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VCSEL Laser Multimode Fiber

Grating Coupler

_| Cone Shaped Photonic
" Crystal Cavity

h 4

NV Color Center

FIGURE 6. Excitation light path.

The resonator design mainly involves slotted microstrip an-
tennas, as shown in Formula (22).

c & Ep_
Eoff = —T1 4 ! [39]

Al e 2 2 /1+ 12h/w

Among them, c is the speed of light (3 x 108 m/s); [ is the
length of the antenna (15.3 mm); . is the effective dielectric
constant; €, is SiO4 dielectric constant (3.9); h is the thickness
of the medium (150); w is the line width (10 — impedance
matching 50 Q).

(2) Microwave field strength control

fres =

(22)

The control of microwave field strength mainly involves 7
pulse accuracy, as shown in Formula (23).

1 /J,O,P
th=-— Bi=4/"" 1
27 B1 ! AZy 140]

Among them, ¢, is the 7 pulse time (17.5ns@B; = 1 mT);
B, is the amplitude of the microwave field; P is the input power
(80 mW); A is the effective area of the antenna (0.25 mm?); Z,
is the free-space impedance (377 Q).

(23)

Read Out the Circuit Module
(1) SPAD array design

Single-Photon Avalanche Diode (SPAD) is an ultra-high sen-
sitivity photodetector capable of detecting individual photons.
A SPAD array is used to detect the fluorescence emitted by NV
color centers. Due to the extremely weak fluorescence signal
of NV color centers (a single color center emits approximately
tens of thousands of photons per second), a detector like SPAD
with single-photon level sensitivity is required to achieve high
signal-to-noise ratio reading. Its low dark count rate (DCR)
and high temporal resolution (jitter) are keys to achieving high-
precision magnetic field measurement. The design of the SPAD
array is shown in Table 4.

TABLE 4. SPAD array design.

Value Unit
5xd -

50 x 50 pm?
45%@637 nm %
50 ps

100 Hz

Parameter

Pixel count
Single-pixel size
Photon Detection Efficiency (PDE)
Time jitter
Dark count rate (DCR)

(2) Time-dependent Single Photon Counting (TCSPC)

TCSPC includes temporal resolution models and dynamic
range optimization.
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The time resolution model is shown in Formula (24).

At = /12

2
jitter + Telec

[41] (24)

Among them, At is the time resolution accuracy; Tiger 1S
the SPAD intrinsic jitter (50 ps); Teec 1S the circuit delay jitter
(20 ps).

The dynamic range optimization is shown in Formula (25).

DR = 201log (g‘““) [42] (25)

dark

Among them, Ry« is the maximum counting rate (1 MHz);
Rgark 1s the dark count rate (100 Hz) — DR = 120 dB.

The schematic diagram of the quantum power metering chip
that integrates the above-mentioned functional modules and
displays the complete signal flow path is shown in Figure 7.

5. EXPERIMENTAL VERIFICATION

5.1. Test Platform Architecture

The system composition of the test platform architecture is
shown in Figure 8.

5.2. Static Performance Testing

Sensitivity and Linearity

(1) Linearity

Test method:

Input current range: 1 mA—100 A (50 Hz sine).

Step gradient is 1-10-100 mA—1-10-100 A (logarithmic dis-
tribution).

The data fitting formula is shown in Formula (26).

Imeas =k- Iref+ b7

|Imeas - Iﬁt|

Nonlinearity = max (
Tsan

) x 100% [43] (26)

Among them, k is the proportional coefficient (ideal value
1); b is a zero-point offset (ideal value 0); Iy is the full-scale
value (100 A).

The linearity test results are shown in Table 5.

For a more direct observation, a picture is used for presenta-
tion, as shown in Figure 9.

(2) Sensitivity

The sensitivity verification is shown in Formula (27).

Al 27td - A B
rrent — mm’ AImin =——"= 44 27
Tlcurrent \/W 100 [ ] (27)
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FIGURE 7. Schematic diagram of the quantum power metering chip.
Current Source
to be Tested
Standard Reference Temperature Magnetic Power Frequency
Sensor Control Platform Shielding Tube Interference Source
Quantum Sensing
Chip
Signal Processing
Unit
Data Acquisition
System
FIGURE 8. Composition of the test platform system.
Y
Among them, ABp, is the minimum measurable mag- Fixed current amplitude (10 ARMS).
netic field (measured at 0.5nT); d is the wire dis- The sweep frequency range is DC-10 kHz.
tance (5.00 + 0.01mm); BW is the bandwidth (1Hz) The transfer function model is as shown in Formula (28).

— Neurrent = 18 pA/v/Hz.

Vou
H(f) = 201log Voulf) [45] (28)
. . Vout (50 Hz)

5.3. Dynamic Performance Testing

The frequency response test results are shown in Table 6.
For a more direct observation, a picture is used for presenta-

Test method: tion, as shown in Figure 10.

Frequency Response
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FIGURE 11. Temperature drift test results.

TABLE 5. Linearity test results.

Current (A)  Measured value (A)  Error (%)
0.001 0.00100032 0.032
0.01 0.0100027 0.027
0.1 0.100029 0.029
1 1.000030 0.0030
10 10.00028 0.0028
50 50.00029 0.00058
100 100.00029 0.00029
Step Response
Input: 0 A—50 A step (rise time 10 ps).
Response time: Tyj5e = 27'|'fl—3dB = 27r><15000 ~ 31.8 us [46].

5.4. Environmental Adaptability Test

Temperature Drift Suppression

Test Protocol:
Temperature cycle: —10° — +60° (step size 10°/h).
Fixed current: 50 A @ 50 Hz.
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TABLE 6. Frequency response test results.

Frequency (Hz) ~ Amplitude response (dB)  Phase response (°)
10 —0.01 0.0
50 0.00 0.0
100 —0.01 —-0.1
500 —0.03 —-0.5
1000 —0.05 -1.0
2000 —-0.5 —5.0
5000 —3.01 —18.5
10000 —20.0 -90.0

The calculation of the temperature drift coefficient is shown
in Formula (29).

ar = Al (Unit : ppm/°C) [47]

AT (29)

The results of temperature drift suppression are shown in Ta-
ble 7.

For a more direct observation, a picture is used for presenta-
tion, as shown in Figure 11.

Electromagnetic Compatibility Testing

The electromagnetic compatibility test is shown in Table 8
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TABLE 7. Temperature drift test results.

After compensation by

Temperature (°C)  Output deviation (ppm) the QPL algorithm (ppm)
—10 +48.2 +1.7
0 +25.5 +0.8
25 0.0 0.0
40 —20.1 —0.5
60 —52.6 -1.9
80 —85.0 —2.5

TABLE 8. Electromagnetic compatibility testing.

Interference type

Test conditions Output fluctuation

Power frequency magnetic field interference

High-frequency radiation interference
Electrostatic Discharge (ESD

10kA/m @ SO0Hz 0.026%
10V/im @ 1 GHz 0.008%
+8kV (contact discharge) No reset

TABLE 9. Measured values of main components.

Source of uncertainty Symbol  Value (ppm) Measurement method
Quantum measurement repeatability Urep 7.9 Allan Analysis of Variance (7 = 15)
Position error Upos 11.2 Laser interferometer positioning calibration
Reference sensor transmission error Uref 5.0 Fluke 6100A Traceability Certificate
Temperature drift residual Utemp 2.8 The temperature control platform monitors the data

TABLE 10. Performance comparison results with traditional CT.

Parameter Quantum 0.2S class CT
sensing chip  (IEC 61869) [49]
Measurement range 1 mA~100A 5A~2kA
Basic error (50 Hz) 0.0029% 0.2%
Bandwidth (—3 dB) DC~5kHz 45~65Hz
Temperature coefficient 0.07 ppm/°C 50 ppm/°C
Power consumption 198 mW 1.5W

5.5. Uncertainty Verification
Uncertainty verification mainly involves the actual measure-
ment of synthetic uncertainty.

The measured synthetic uncertainty was evaluated using the
GUM standard (JJF 1059.1), as shown in Formula (30).

ue(l) = \/Z (;;

The measured values of the main components are shown in
Table 9.

The synthesis result is u, = /7.9 + 11.22 + 5.02 4 2.82 =
14.6 ppm — expanded uncertainty U = 2u. = 29.2ppm
(0.0029%).

2
u(xi)) 48] (30)

5.6. Comparative Experiment
Performance Comparison with Traditional CT

The performance comparison results with traditional CT are
shown in Table 10.
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TABLE 11. Comparison results with commercial atomic magnetome-
ters.

QuSpin Zero-Field

Indicator This chip Magnetometer [50]
Volume 8 x 8 x 2mm® 13 x 19 x 110 mm®
Sensitivity (1 Hz) 0.5nT/v/Hz 0.8nT/v/Hz
Dynamic range 120dB 90dB
Maximum sampling rate 1 MHz 10kHz

Comparison with Commercial Atomic Magnetometers

The comparison results with commercial atomic magne-
tometers are shown in Table 11.

Comparative Conclusion

The quantum power metering chip developed by this re-
search institute has achieved breakthrough progress in key per-
formance indicators, and its technical advantages have been
fully demonstrated through systematic comparison. In terms
of measurement accuracy, the measurement uncertainty of
the chip under the 50 Hz/100 A working condition reaches
0.0029%, which is nearly two orders of magnitude higher than
the 0.2% error of the traditional 0.2 S grade CT, establishing
its authoritative position in the field of standard metrology.
In terms of environmental adaptability, the chip performs ex-
ceptionally well, with the temperature coefficient suppressed
to 0.07 ppm/°C, an improvement of three orders of magnitude
compared to the 50 ppm/°C of traditional CT. At the same
time, it has an anti-power frequency magnetic field interfer-
ence capability of over 100 dB, ensuring stability in complex
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industrial environments. In terms of dynamic performance,
the —3 dB bandwidth of the chip has been expanded to DC-
5 kHz, completely breaking through the narrow bandwidth lim-
itation of traditional CTS, which is only 45-65 Hz, providing
full-spectrum data support for power quality analysis. In terms
of integration and energy efficiency, the chip has a volume of
only 128 mm?® and a power consumption of 198 mW, which is
87% lower than the traditional 1.5 W. This miniaturization and
low power consumption feature enables it to be directly embed-
ded inside smart circuit breakers and new energy converters,
achieving true in-situ measurement. Compared with commer-
cial atomic magnetometers, this chip maintains a high sensitiv-
ity of 0.5 nT/,/Hz while reducing its volume to 1/10, expanding
its dynamic range to 120 dB, and increasing the sampling rate
to 1 MHz, demonstrating the significant advantages of quantum
sensing technology in engineering and integration.

6. CONCLUSION

This paper has achieved the first room-temperature quantum
sensing chip for power metering. Through theoretical inno-
vation (QPL algorithm) and process breakthroughs (heteroge-
neous integration), it has solved the inherent problems of tra-
ditional technologies in high-precision and wideband measure-
ment. Miniaturized devices (with a volume < 1cm3) adopt a
noninvasive integrated solution:

(1) Intelligent circuit breaker integration: The chip is em-
bedded inside the circuit breaker housing, and current sensing
is achieved through magnetic ring coupling.

(2) Integration of new energy converters: Directly installed
on the surface of the DC/AC converter busbar, with magnetic
coupling adaptation.

(3) Connection method: Optical fiber communication inter-
face + low-voltage DC power supply (5 V/200 mW).

(4) Advantages: Through miniaturized devices, plug-and-
play quantum-precision metering can be achieved without al-
tering the main circuit topology, laying the foundation for the
construction of a quantum-precision power Internet of Things.
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