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Abstract 

High-resolution, high-sensitivity microwave (MW) magnetic field imaging is indispensable 

for non-destructive integrated circuit (IC) testing, radio-frequency device characterization, and 

spintronic research. Yet, the practical utility of these techniques is severely constrained by the 

pervasive challenge of isolating weak magnetic signatures from intense optical and electronic noise, 

which fundamentally limits both acquisition speed and detection sensitivity. Here, we overcome 

this barrier by introducing a wide-field imaging scheme based on an ensemble of diamond nitrogen-

vacancy (NV) centers, synergistically combined with digital lock-in amplification (DLA). By 

exploiting digital demodulation, the DLA precisely extracts the MW‑field response at a specific 
modulation frequency from background noise (e.g., laser intensity fluctuations), dramatically 

improving the signal-to-noise ratio (SNR). Consequently, our system attains a magnetic field 

sensitivity of 126 nT/Hz1/2. Critically, the unprecedented SNR permits a pixel dwell time of under 

one millisecond, allowing full-field images to be acquired within seconds-more than an order of 

magnitude faster than state-of-the-art NV-based wide-field techniques. This combination of speed, 

sensitivity, and micron-scale spatial resolution (1.6 µm) paves the way for quasi-real-time, non-

invasive diagnostics of dynamic MW devices and integrated circuits. 

 

MAIN TEXT 

 

INTRODUCTION 
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The relentless progression of wireless communications1, the Internet of Things (IoT), and 

high-performance computing is driving radio-frequency and microwave (RF/MW) integrated 

circuits (ICs) toward ever-higher operating frequencies2,3, power densities4, and integration levels5. 

This trajectory imposes stringent demands on non-destructive characterization techniques, 

particularly for the quantitative, micrometer-scale imaging of internal MW magnetic fields—a 

capability essential for understanding signal integrity, localizing electromagnetic interference (EMI) 

sources, and diagnosing thermal hotspots and latent defects6–8. Conventional near-field probe 

scanning, though widely used, is inherently limited by poor spatial resolution (on the order of 

millimeters) and intrusive coupling with the device under test, rendering it ill-suited for next-

generation nanoscale electronics9. 

Diamond-based quantum sensing using nitrogen-vacancy (NV) centers10 has emerged as a 

compelling alternative, offering atomic-scale spatial resolution, room-temperature operability, and 

sensitivity to magnetic fields11–14, stress field15,16, and temperature17,18. Through optically detected 

magnetic resonance (ODMR)19,20, NV ensembles enable wide-field MW field mapping with sub-

micrometer potential21,22. In practice, however, the fluorescence contrast in such measurements is 

intrinsically weak and vulnerable to optical shot noise, laser intensity jitter, and camera readout 

noise. As a result, conventional wide-field NV imaging relies on extensive signal averaging over 

hundreds to thousands of frames, leading to acquisition times of minutes to hours a fundamental 

bottleneck that precludes dynamic observation and high-throughput screening. Breaking this trade-

off among sensitivity, spatial resolution, and temporal throughput remains a central challenge in 

the field. 

 
Fig. 1. Experimental principles. (a) In the lock-in imaging system, a modulated sinusoidal 

signal is added to the frequency-swept MW via FM modulation. Under this condition, the 

fluorescence (modulation) spectrum exhibits a resonance synchronized with the modulation 

signal. Consequently, the signal acquired by the camera contains the FM modulation 

information. By employing DLA, this signal can be precisely extracted. (b) Principle Diagram 

of DLA Imaging. Synchronized fluorescence acquisition under FM-modulated mw excitation. 

Pixel-wise demodulation of the camera-acquired data. The demodulation results from the four 

example pixels in the figure demonstrate that the FWHM of the fitting curve in the time domain 

increases with the magnetic field strength. Imaging is carried out by utilizing the differences in 

FWHM. 
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Here, we introduce a paradigm shift to overcome this limitation by integrating digital lock-in 

amplification (DLA) with wide-field NV magnetometry23, as shown in Fig.1(a). Rather than 

averaging raw ODMR signal24, we frequency--modulate the MW source and synchronously 

demodulate the camera--detected fluorescence signal using a custom--developed DLA algorithm. 

This DLA scheme selectively extracts the MW-field response coherent with the modulation 

frequency while effectively rejecting uncorrelated background noise—including laser fluctuations 

and sensor readout noise—within a single or very few modulation cycles. Our approach achieves a 

magnetic field sensitivity of 126 nT/Hz1/2，a spatial resolution of 1.6 µm(the resolution analysis is 

provided in Supplementary Material S1). and, crucially, a full-field imaging time of just seconds, 

representing a two-order-of-magnitude acceleration compared to conventional NV-based wide-

field microscopy. We designed two experimental schemes: (1) measuring a microstrip line with an 

applied MW signal, and (2) measuring a microstrip line without an applied signal (requiring a horn 

antenna to provide the MW signal).  We also validate this method through two complementary 

experiments: (1) imaging the MW field distribution above a driven microstrip line, and (2) fault-

diagnosis mapping of an intentionally broken circuit. These results establish DLA-enhanced NV 

imaging as a practical, high-speed, and high-fidelity tool for non-destructive testing and failure 

analysis of advanced RF devices. 

 

Experimental Principle and Setup  

 

2.1 Experimental principle 

NV center are point defects in the diamond lattice, consisting of a substitutional nitrogen atom 

and an adjacent vacancy. As shown in Fig. 16(b), the core of their physical principle lies in their 

unique electronic spin triplet ground state (3A2)). In a zero magnetic field, there is a zero-field 

splitting of approximately 2.87 GHz between the ms = 0 and ms = ±1 energy level21. This property 

enables the precise measurement of MW fields. 

When pumped with a 532 nm green laser, electrons are excited to the excited state ( 3E ) and 

then return to the ground state through two pathways: one is the direct radiative transition, where 

electrons returning from ( 3E ) to ( 3A2) emit red fluorescence in the range of 637–800 nm; the other 

is the non-radiative intersystem crossing (ISC) pathway, which is a key characteristic of NV centers. 

Electrons in the ms = ±1 state have a higher probability of undergoing non-radiative transitions 

back to the ms = 0 ground state via metastable states (1A1 and 1E ), resulting in a significant reduction 

in their fluorescence intensity. This spin-dependent fluorescence property allows us to accurately 

detect changes in the ambient magnetic and MW fields through optical means (ODMR) and convert 

them into observable fluorescence contrast. 

As illustrated in Fig. S16(a), the theoretical ODMR spectrum under conventional frequency-

swept MW excitation exhibits an ideal Gaussian lineshape. However, during practical imaging 

acquisition, the measurement is severely corrupted by multiple noise sources, including laser 

intensity fluctuations, environmental perturbations, MW source noise, and intrinsic camera readout 

noise. Consequently, the raw ODMR signal acquired from a single pixel within a single sweep cycle 

suffers from a significantly degraded SNR, leading to inaccurate spectral fitting. To address this 

limitation, our DLA imaging system applies a sinusoidal modulation to the frequency-swept MW 

carrier via frequency modulation (FM) — following Eq.(1). Under this scheme, the detected 

fluorescence intensity is synchronously modulated in resonance with the modulation signal. As 

shown in Fig.1(b), the single-pixel, single-cycle ODMR data captured by the camera inherently 

encodes this modulation frequency, enabling the DLA to precisely extract the signal while 

effectively suppressing background noise. The principle of our DLA technology is as follows: 
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Frequency Modulation (FM) of the MW Source: 

  FM ( ) cos 2 sin(2 )c c mS t A f t f t  = +  (1) 𝑆ிெ(ݐ)  represents the frequency-modulated signal, where ܣ௖ denotes the carrier amplitude. The 

cosine function cos() describes the periodic oscillation characteristic of the signal. ௖݂ is the carrier 

frequency, which corresponds to the frequency set by the MW source—specifically, the sweep 

frequency used in the experiment. The following Eq.(7) provides two key parameters closely related 

to the expression above: the maximum frequency deviation and the modulation index. 

 

f m

m

f k A

f

f


 =


=

 (2) 

Am denotes the amplitude of the sinusoidal modulating signal, and ௠݂ represents the modulating 

frequency, which serves as the reference frequency for the digital lock‑in amplifier. ∆݂ is the peak 

frequency deviation, and β is the dimensionless modulation index.  

The demodulation formula for the DLA technique is given by:  
 

 
( ) ( ) sin(2 )

( ) ( ) cos(2 )

m
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= 
 (3) 

s(t) represent the collected modulated fluorescence signal. It contains a weak component 

synchronized with the microwave frequency modulation at frequency ௠݂ , expressed as A cos(2πfmt + φ), along with superimposed noise n(t): 

 ( ) cos(2 ) ( ).ms t A f t n t = + +  (4) 

Orthogonal Mixing – This is the core of phase‑locked detection. The signal s(t) is multiplied by a 

reference cosine wave  cos(2π ௠݂ݐ) in the Q‑channel (the I‑channel is processed analogously): 

 ( ) cos(2 ) cos(2 ) .[ ]m mQ t A f t f t  = +  +  (5) 

Using the trigonometric identity cos α cos β = 12 [cos(α − β) + cos(α + β)], the expression 

becomes: 

 1
2

( ) cos cos(4 ) .[ ]mQ t A f t  = + + +  (6) 

This step decomposes the signal into a DC component (12 ܣ cos φ) and a double‑frequency 

component (12 cos(4πܣ ௠݂ݐ + φ)) . Low‑Pass Filtering – As described by Eq.(12), the low‑pass 
filter then “removes the high‑frequency part while retaining the low‑frequency part.” 

 
 
 

filtered

filtered

( ) LPF ( )

( ) LPF ( )

I t I t

Q t Q t

=

=
 (7) 

The low-pass filter removes the double‑frequency component (the 2 ௠݂term) and high‑frequency 
noise n(t), while retaining the DC components that carry the amplitude and phase information of 

the original signal. Consequently, after reaching steady state, the filtered signals ܫfiltered and ܳfiltered are respectively given by: 
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filtered filtered

1 1
sin , cos .

2 2
I A Q A = − =  (8) 

By processing the camera-acquired signals using the equations above, we obtain the final 

demodulated profile displayed in Fig.1(b). In the experiment, the MW field is calculated by fitting ܳfiltered(ݐ) using Eq.(9) to obtain the parameter ω. 

 

2

3

4
( ) ( ) exp 2

/ 2

c
c

A x x
y x x x

 

 − = −  −  −  
   

 (9) 

This formula represents the first derivative ݀(ݔ)ܩ/dx of a Gaussian function (ݔ)ܩ with a specific 

form (the full derivation is provided in Supplementary Material S2). Here,  ݔ௖ is the center position 

of the above expression and also corresponds to the zero‑crossing point of its derivative. ω is the 

FWHM. A is the area parameter – it is not the peak height of the derivative curve, but rather the 

total integrated area of the parent Gaussian function (ݔ)ܩ. The parameter ω denotes the width 

parameter, defined as the distance between its maximum and minimum values, and serves as a key 

variable for calculating the microwave field strength. 

The MW field strength ܤMW is given by (detailed derivation can be found in Supplementary 

Section S3)14,21,25: 
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 (10) 

Here,  1ܶ denotes the lattice (spin–lattice) relaxation time,  2ܶ the spin coherence time, and  2ܶ∗ 

the inhomogeneous dephasing time. These parameters 1ܶ, 2ܶ, and 2ܶ∗ are characteristic constants 

determined by the specific NV centers sample and its local environment. In addition, Γ௣ represents 

the optical pumping rate set by the laser excitation, and ߛNV is the gyromagnetic ratio of the NV-

center electron spin, with a value of ߛNV ≈ 28 MHz/mT. From the expression above, it can be 

observed that the ω of the resonance line scales approximately linearly with the MW magnetic field 

strength, i.e., the linewidth broadens as the MW field increases (under weak-driving conditions).  

Fig.1(b) illustrates the working principle of DLA imaging. By fitting the spectral curve 

extracted from the acquired camera frames using Eq.(10), the corresponding linewidth ω is directly 

determined. Spatial imaging is subsequently achieved by mapping the pixel-wise distribution of ω. 

This procedure enables the two‑dimensional visualization of the microwave magnetic field 
distribution over the sample surface. 

 

2.2 Construction and System Characterization of the DLA Imaging Experimental Platform 

To achieve the two-dimensional visualization and characterization of the microwave magnetic 

field distribution on the surface of microstrip circuits, we constructed a DLA imaging system based 

on a NV centers microscope. 

As shown in Fig. 2(a), the light source of the digital lock‑in imaging system is a 532‑nm laser 
(cnilaser, MLL‑V‑532). The laser beam first passes through an optical isolator and polarization 

control optics. It is then directed through an acousto‑optic modulator (used to generate pulsed laser 
control) and subsequently guided by a series of mirrors. The beam is expanded by a beam expander 

(JCOPTIX, OSE05‑532) and homogenized to form a suitably sized spot. Afterwards, the beam is 
reflected by a dichroic mirror and focused by an objective lens onto the surface of a diamond sample 

that is placed in close contact with the device under test, as illustrated in Fig. 2(b). 
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When the NV centers in the diamond are excited, they emit red photoluminescence (PL). This 

PL carries the modulated microwave information and is collected by a high‑speed camera 
(MARS‑251‑1938X2M/C‑NF, full‑frame maximum frame‑rate limit: 1937 fps). The signals are 

then transferred to a computer for digital lock‑in amplification analysis and processing, as shown 
in Fig. 3. In addition, a flip mirror is incorporated to direct a portion of the PL to a balanced 

photodetector (LBTEK, PDBS1A‑DC). The electrical signal from the detector is processed by a 

lock‑in amplifier (MFLI, 5 MHz) and the resulting data is also sent to the computer. 
In the measurement system, a reference frequency is modulated onto the frequency‑swept 

microwave generated by the source. The microwave signal is produced by an analog signal 

generator (N5181B MXG), amplified by a power amplifier (Talent Microwave, TLPA1G6G‑43‑43), 
and then either directly fed into the device under test or radiated onto the sample surface via a horn 

antenna, as depicted in Fig. 3. 

Finally, based on the principle illustrated in Fig. 2, we constructed a digital lock‑in imaging 
system utilizing NV centers. The system achieved a field of view of 2048 × 1216 pixels with a 

spatial resolution of 1.6 µm (the resolution analysis is provided in Supplementary Material S1). 

After the system was established, we innovatively integrated the theory and technique of lock‑in 
amplification with wide‑field imaging, enabling the visualization of microwave fields from 
microstrip structures. The specific procedure for two‑dimensional characterization is outlined in 

Fig. 1(b). 

Additionally, we propose two distinct measurement schemes:   

(1) Inline measurement – when the frequency of the device under test (DUT) falls within the 

detection bandwidth of the system, the microwave magnetic field imaging is performed by directly 

feeding the MW signal into the DUT via a transmission line.   

(2) Radiative measurement – when the operating frequency of the DUT lies outside the 

system’s detection range, the MW field is delivered through a horn antenna that irradiates the 

sample surface, as illustrated in Fig. 326,27. 

 

 

 
Fig. 2. Experimental platform. (a) Optical path diagram of the imaging system. (b) Schematic 

diagram showing a diamond sample positioned above the region of interest, where it is excited 

by green light and the resulting red photoluminescence is collected by an objective lens. 
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RESULTS 

3.1 Experimental at 2.87 GHz 

In the experiment, our system acquired the demodulation spectra corresponding to the MW 

power range from 8 dBm to 23 dBm. The linewidth ω was obtained through fitting, and the 

measured results were compiled and plotted in Fig. 4. Since the output power of the commercial 

microwave source is conventionally calibrated in logarithmic units (dBm), we first converted the 

power from dBm to linear units (W) using Eq. (11) to establish a direct correlation between the 

experimental parameters and the theoretical model, thereby facilitating subsequent physical 

analysis based on power and the inversion of magnetic field strength. 

 

dBm

31010 10

P

P

 
  − =   (11) 

Subsequently, the power in watts was converted to the corresponding magnetic field strength using 

Eq. (12): 

 
0

RMS

2

p

P
B

v wh


=  (12) 

 
Fig. 4. The FWHM increases with microwave power. 
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Fig. 3. Two methods of microwave supply. (a) Microwave supply via direct cable connection. 

(b) Microwave supply via a horn antenna. 
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According to the theoretical derivation in Eq. (12), the microwave magnetic field strength B is 

proportional to the square root of the microwave power √ܲ. Meanwhile, combined with the 

model prediction from Eq. (10), the linewidth ω exhibits an approximately linear relationship 

with P. This trend is in excellent agreement with the experimentally measured variation of the 

linewidth with power, as shown in Fig. 4. 

Building upon the test results corresponding to different microwave power levels presented 

earlier, this study selects four representative sets of experimental data within the 8 dBm to 23 dBm 

range(experimental procedures can be found in the "Experimental Methods" section). A normalized 

imaging algorithm and data optimization are applied to visually illustrate the imaging variations 

under different driving conditions, as specifically shown in Fig. 5. In the figure, the coordinate axes 

represent pixel positions, where one pixel corresponds to an actual distance of 1.6 µm.  

As previously mentioned, if the resonance frequency of the device under test deviates from 

2.87 GHz, or if in situ microwave-coupled measurements cannot be performed under operational 

conditions, the spatially radiated scheme using a horn antenna shown in Fig. 3(b) can be adopted. 

The underlying principle of this scheme is that metallic structures absorb the spatially propagating 

microwave signal, thereby modulating the spin energy levels of the NV centers and enabling 

contactless microwave driving. Compared to the local MW excitation method where the signal is 

directly coupled into the sample, the horn‑antenna radiation approach exhibits a relatively lower 
coupling efficiency. Hence, in the experiment, the output power of the horn antenna was set to 23 

dBm to compensate for the signal loss, and the corresponding test results are presented in Fig. 6. 

As shown in Fig. 6, although the magnetic field strength effectively excited by the system is 

significantly reduced when the microwave is delivered via the spatially radiating horn antenna, this 

approach can still effectively delineate the boundaries of metallic structures by leveraging the 

magnetic-field-dependent response of NV centers, thereby achieving a field-visualization mapping 

of the metallic contours.  

 
Fig. 5. Imaging results of the tested microstrip antenna at power levels ranging from 8 to 23 

dBm(microwave is input into the microstrip antenna through the cable.). 
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Having completed the microwave magnetic field imaging experiments and the corresponding 

analysis under different working conditions, this work further validates the accuracy and 

effectiveness of the experimental measurements. By employing COMSOL Multiphysics software, 

we modeled and simulated the MW magnetic field distribution characteristics of the sample. The 

simulated and experimentally measured results were then normalized and compared, as shown in 

the overall comparison presented in Fig. 7(a). Building on this, a one‑dimensional line profile 
extracted at the lateral coordinate of 120 pixels was used for a direct comparison between the 

simulation and experimental data, as depicted in Fig. 7(b), where the red curve represents the 

simulated data and the yellow curve corresponds to the measured results. It can be observed that 

the experimental and simulated curves exhibit a high degree of agreement in their overall trends 

and distribution patterns, thereby effectively verifying the reliability and accuracy of the 

experimentally obtained microwave magnetic field imaging results. This demonstrates that the 

proposed imaging and measurement scheme offers good feasibility and stability.  

3.2 Experimental at 2.73 GHz and 3.0 GHz 

The ensemble of NV centers in diamond possesses four inherent spatial orientations. Under an 

applied static magnetic field, the electron spin energy levels corresponding to each NV axis undergo 

Zeeman splitting28. Therefore, with the proper application of a directional bias magnetic field, the 

ODMR spectrum can split into eight distinct resonance dips29,30. Based on this physical mechanism, 

the effective detection bandwidth for microwave excitation can be significantly broadened by 

controlling the magnitude and direction of the external static field31. In this experiment, a small 

permanent magnet was employed to apply a controllable bias magnetic field to the NV center 

 

Fig. 7. Simulation vs. Experimental Results. (a) Experimental result and COMSOL 

simulation result (at 23 dBm). (b) Comparison of line profiles (red/orange) at the same position 

from simulation and experiment. 

 
Fig. 6. Imaging results of the tested microstrip antenna at power level 23 dBm(MW is 

transmitted through the horn antenna and onto the microstrip antenna.). 
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ensemble, achieving controlled splitting of the resonance dips. The resulting split ODMR spectral 

features are shown in Fig. 8(a). Furthermore, utilizing a novel microwave radiating structure, 

microwave field imaging tests were conducted at resonance frequencies of 2.73 GHz and 3.0 GHz, 

located at the two ends of the spectrum. The microwave output power was uniformly set to 23 dBm 

for these experiments. The final dual-frequency microwave field imaging results are presented in 

Fig. 8(b). 

In Fig. 8(b), the left panel shows the microwave field imaging result corresponding to 2.73 

GHz, while the right panel displays the test result for 3.0 GHz. Comparing the two sets of imaging 

characteristics, it is clearly evident that the radiative coupling efficiency and field excitation 

performance of the microwave radiating structure are significantly better at the 2.73 GHz frequency 

band than at 3.0 GHz. 

 

 

Fig. 8. Bandwidth testing. (a) Applies a bias magnetic field to the diamond, splitting the 

original NV centers peak into eight. The modulation and demodulation results for the eight 

peaks. (b) Shows the microwave field imaging results corresponding to the two outermost 

peaks. 

 

Fig. 9. Application testing. (a) An RF switch microstrip circuit serves as the test device, with 

one areas (blue: normal, red: anomalous) defined for evaluation. (b) Test results of the normal 

and anomalous regions. 
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3.3 Applied Experiment 

To validate the practical engineering value of this magnetic field imaging technique, this paper 

selects a commercial RF switch as the device under test for open‑circuit fault detection and imaging 
experiments. The operational frequency range of this RF switch spans from 9 kHz to 6 GHz, fully 

covering the microwave frequency bands used in this study, thus ensuring excellent compatibility. 

For the experiment, on the RF switch were selected and defined as Region 1, respectively, with the 

imaging sampling locations shown in Fig. 9(a). First, we measured the MW magnetic field in 

Region 1 under its fault-free operating condition. Subsequently, we manually scratched the surface 

of Region 1 using a tool to create a short-circuit fault. Finally, we performed MW magnetic field 

imaging on Region 1. The corresponding imaging results are presented in Fig. 9(b). Region 1, 

subjected to the scratch, shows no discernible magnetic field signal, indicating a disrupted magnetic 

flux path, which stands in clear contrast to the intact Region 1. These results demonstrate that the 

NV‑center‑based microwave magnetic field imaging technique can visually identify open‑circuit 
defects and effectively enable the visual diagnosis of line faults in RF devices, highlighting its 

significant potential for practical engineering applications. 

 

 

DISCUSSION  

Based on the data obtained from previous experiments, combined with the power spectral 

density. The sensitivity of the digital lock-in imaging technique based on NV centers can be 

expressed by the following formula31–34: 

 

2 2 2
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In the expression, σ஻   denotes the system magnetic noise, ENBW is the equivalent noise 

bandwidth of the system,σSN represents the photon shot noise,  σ௅ stands for the laser noise,  σா 

corresponds to the system electronic noise, k is the maximum slope of the demodulated signal, and γ௘ refers to the electron gyromagnetic ratio of the NV center, given as 2.8 × 10−5 MHz/nT. ASD 

(amplitude spectral density) describes the amplitude spectral density of the demodulated signal, 

which characterizes the system noise per unit frequency. The amplitude spectral density of our 

 

Fig. 10. Amplitude spectrum density (ASD). 
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system is illustrated in Fig. 10, where the maximum slope,max (|ௗ(௔.௨.)ௗ௙ |) , is measured to be  0.051 (ܽ. .ݑ )/MHz. Based on the calculation, the sensitivity is determined to be 126 nT/Hz1/2. 

This paper proposes and implements a novel wide‑field microwave magnetic field imaging 
method based on diamond NV centers combined with digital lock‑in amplification. By applying 
frequency modulation to the microwave source and demodulating the pixel‑wise fluorescence 
signals collected by the camera using a custom‑developed digital lock‑in program, weak signals 
synchronous in both frequency and phase with the microwave field response are efficiently 

extracted in the presence of complex background noise. The system achieves a magnetic field 

detection sensitivity of 126 nT/Hz1/2, a spatial resolution of 1.6μm, and a full‑field imaging time 
on the order of seconds. With a field of view of 2048 × 1216 pixels, two experimental schemes 

were designed: first, online imaging of a microwave‑activated microstrip line via its input feed line; 
second, non‑contact radiative imaging of a passive microstrip line using a horn antenna. These 
approaches successfully enable two‑dimensional visualization of the microwave field distribution 
over microstrip circuit surfaces. Moreover, artificially introduced open‑circuit defects were 
precisely located and diagnosed, demonstrating the method’s capability for fault analysis. This 

technique provides a high‑sensitivity, high‑resolution, and rapid imaging tool for non‑destructive 
testing and failure analysis of high‑performance radio‑frequency devices34. 

 

 

MATERIALS AND METHODS 

5.1 Diamond preparation 

The diamond used in the experiments was sourced from Element Six, with dimensions of 3 

mm × 3 mm × 0.5 mm. We measured relaxation times of T₁ ≈ 7.09 ms, T₂ ≈ 9.89 μs, and T₂* ≈ 

644.89 ns, optical pumping rate гp = 205.6 Hz (its detailed parameters are provided in 

Supplementary Material S4) . 

5.2 Experimental Methods 

In Fig. 1(b), the NV centers in the diamond placed on the sample surface are first excited by a 

532 nm laser, and the emitted photoluminescence (PL) is captured by a high‑speed camera and 
saved as a video file in AVI format. Subsequently, the recorded video is processed using Python: 

each frame is converted into a grayscale matrix indexed by pixel coordinates. By maintaining 

synchronized data acquisition, the PL signal at each identical pixel index across all frames is 

extracted to generate a time‑dependent PL curve for that specific location. This time‑domain curve 
can also be transformed into the frequency domain, which contains information about the magnetic 

field strength. By fitting this curve using Eq. (9), the corresponding linewidth ω is directly obtained. 

In the experiment centered at 2.87 GHz, the MW source was configured with the following 

parameters: the frequency sweep range was set from 2.83 GHz to 2.91 GHz, with a step size of 
200 kHz, resulting in a total of 400 frequency points. The trigger frequency of the microwave source 
was 100 Hz. Meanwhile, according to Eq. (2), the modulation frequency ௠݂and amplitude Am were 

set to 100 Hz and 1 V, respectively, and the modulation frequency deviation ∆݂ was set to 8 MHz. 
For data acquisition, the sampling rate of the high-speed camera was set to 600 Hz, and a complete 
single imaging cycle took 4 s (400 points / 100 Hz). A comparison with other works35–44 is shown 

in Fig.11. Our imaging time is superior to that of other works, and we have maintained an excellent 

spatial resolution in a large field of view. 

Analysis indicates that the main bottleneck in imaging speed lies in the microwave sweep time, 

which is jointly determined by the sweep range, the number of frequency points, and the trigger 

frequency. Therefore, by reducing the sweep range, decreasing the number of frequency points, and 
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increasing the trigger frequency, the imaging speed can be significantly improved, though this also 

imposes higher demands on the sampling rate of the high-speed camera. 

Hence, the 4 S imaging time in this work serves only as a reference; it can indeed be made 

faster. For the experiments with center frequencies of 2.73 GHz and 3.0 GHz, the microwave sweep 
ranges were adjusted to 2.69 GHz–2.77 GHz and 2.96 GHz–3.04 GHz, respectively, while all other 

experimental parameters remained consistent with those used at 2.87 GHz. 
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Fig. 11. Benchmark of wide-field NV quantum imaging performance compared with 

representative literature.(a) Trade-off map of spatial resolution versus total acquisition time 

across representative wide-field NV sensing modalities. The bubble area scales logarithmically 

with the optical field of view (FOV). The light-green shaded area indicates the ultra-fast imaging 

regime (< 10 s). Our work (red star) achieves sub-4-second full-spectrum mapping over a 

millimeter-scale FOV (6.4 mm2).(b) Acquisition time ranking on a logarithmic scale, showing 

orders-of-magnitude acceleration achieved by our digital lock-in amplifier (DLA) demodulation 

scheme. 
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