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[bookmark: Tables][bookmark: MaterialsMethods]Here we show (i) the supplemental derivation of the rotating frame modulation, (ii) the supplemental derivation of the heterodyne readout, (iii) the derivation of the shot-noise limited sensitivity and the estimation of the experimental sensitivity limit, (iv) the supplemental information on the frequency resolution, (v) the description of the audio signal sensing details. In addition, there are audio files that demonstrated in this work.
Supplementary Note 1: Derivation of the rotating frame modulation

Based on Eq. (2) in the main text, the evolution operator with the π/2 pulse duration τ1=π/(2Ω1) can be calculated as

		
In the sensing duration, the spin state acquires an extra phase factor due to the external field and can be expressed as

		

The evolution operator during the MW2 pulse is similar to (S1), and the spin state after the second π/2 pulse is

		
where Φ=δω1τ1+α+ϕ+π/2, τ2 = π/(2Ω2) is the π/2 duration of MW2. Then, we can calculate the measured expectation value as

		
where α−β=δω∙t,  δω=δω1−δω2=2πδf.


Supplementary Note 2: Derivation of frequency offset heterodyne readout

Here we give a general switching function based on the CPMG-n sequence. Typically, a microwave sequence consisting of π-pulses can be described by a switching function

		



where k≤n-1, and k, n, m. The switching function is repeated in each time interval of [NmTϕ, (N+1)mTϕ], where N. Given a random sinusoid signal Bac(t) = Be-i(ωt+φ), the readout of each cycle is given by . For each sampling point, the accumulated phase factor is

		
The equation is simplified as

		

where  is the MW filter function of the sequence. When n=1 and 2, i.e., Hahn-echo and CPMG-2 sequence, the sensor responses are

		

		
When ω=2π/Tϕ, the two sequences have the equal response as |G1| = |G2| = 2Tϕ/π. The phase response difference is π/2. Therefore, the Hahn-echo sequence can be used to measure the X(ω, t) component for the quantum-LIA, in correspondence to a classical LIA. The CPMG-2 sequence can be used to measure the Y(ω, t) component. Furthermore, we can get |G1(2π/Tϕ)| = |G1(π/Tϕ)| from (S8). 
Supplementary Note 3: Derivation of shot-noise limited sensitivity




According to the schematic described in the main text, we try to extract the phase factor from the N samples in a modulation cycle. The shot-noise contribution to each sample is , where  is the detected photon number in each measurement. There is a factor of  because each sample includes two steps measurement. The output from the photodetector can be described as

		


where C is the signal contrast and k denotes the number in the samples. Since the photodetector output includes the shot-noise, the measured  include the noise . We can define a minimum error square as

		




Additionally, we have , and when each modulation cycle is equally sampled with an even number. Let  to minimize ,

		
Take a differential,

		



Sample  can be replaced by . We can neglect the high order error  and get

		
The statistical average of the phase variances square is

		

The measurement errors should be uncorrelated, satisfying . Therefore,

		
The short-noise determined phase noise in the modulation cycle 2NTseq is

		

Taking  and |G1(2π/Tϕ)|= 2Tϕ/π into the equation, we can get a sensitivity

		
In order to compare with the sensitivity of the direct fluorescence readout, we can get the minimum detectable phase when the signal satisfy the small-angle approximation as

		
Therefore, the sensitivity of Hahn-echo measurement with fluorescence readout will be

		

The shot-noise limited sensitivity of the QPSD readout deteriorates from the value of the fluorescence readout by a factor of .

	Taking the values in experiments, that , C = 0.19%, Tϕ=50 μs, Tseq=100 μs, and with γe=2π×(28 Hz/nT), we calculate that the shot-noise limited sensitivity using QPSD readout is η=4 pT/Hz1/2.


Supplementary Note 4: Frequency resolution

The following is the detailed description of the measurements of Fig. 3d that discusses the frequency resolution of the experiment. Firstly, we apply sequences with Tϕ = 50 μs, 50 μs±4 ns and Tseq = 10Tϕ to measure a signal at 20.005 kHz, denoted as Meas. 1 in the figure. The reference frequency shifts 1.6 Hz due to the changing of 1/Tϕ. As a result, a heterodyne frequency of 6.6 Hz can be detected by measuring a 20.005 kHz field with Tϕ=50 μs−4 ns. Correspondingly, a 3.4 Hz signal will be detected when measuring a 19.995 kHz field so that it becomes distinguishable to the 20.005 kHz field. For fields at frequencies near the other references ωref, the shifts can also be calculated accordingly by k/(mTϕ). To further understand how sensitive is ωref to the sequence parameters, we only differ ΔTseq=±4 ns to measure external fields at 20.005 kHz and 16.005 kHz while keeping Tϕ =50 μs. In this case, the heterodyne signal is introduced only by the accumulated phase error in each cycle. The reference frequency shift is calculated by Eq. (7) in the main text. For example, by measuring a signal around 16 kHz with ΔTseq=4 ns, we detect a heterodyne frequency shift of 128 mHz as shown in Fig.3d. Therefore, the frequency fidelity is majorly limited by the jitter performance of the pulse generator. We calculate an example that has a timing error <3 ps, according to the datasheet of the pulse generator we use (Tektronics, DTG5274). The frequency fidelity is 0.06 mHz when the measured signal is around 10 kHz.


Supplementary Note 5: Audio signal measurement

The first file is a piece of melody that we composed with tones C5, D5, and E5. The corresponding frequencies are f1=523 Hz, f2=587 Hz, f3=659 Hz. The signal waveform plotted in the time domain can be seen in Fig. S1. We choose the three tones with their frequency differences within 200 Hz because the used quantum phase modulation frequency is 500 Hz and the LIA limited bandwidth is 200 Hz. The signal is modulated with a carrier of 9.5 kHz so that the transmitted magnetic field is at frequencies around 10 kHz, which can be detected by the sensor using the Hahn-echo sequence with Tϕ=50 μs. Then, the QPSD readouts of the three tones will be at frequencies fr1=23 Hz, fr2=87 Hz, fr3=159 Hz. In order to reconstruct the original signal, the readout is mixed with a 500 Hz carrier. Three notch filters are applied to the mixed signal to remove the sideband as the final step.

As for the speech signal, the signal is distributed over a frequency range from DC to a few kHz. We cut off the spectrum from 4 kHz, shown in Fig. S2(a), because signal amplitude after 4 kHz is much smaller than the components at lower frequencies. In order to make the signal detectable by the sensor, the signal is firstly compressed in the frequency domain by using interpolation while keeping the same sampling rate for broadcasting. The signal size after interpolation is 20 times the original signal size so that in the frequency domain, the bandwidth is compressed from 4 kHz to 200 Hz, as shown in Fig. S2(b). Then, the signal is mixed with a 10 kHz reference so that we can use the same Hahn-echo sequence to measure. Figure S2(c) shows the spectrum in which the audio signal spectrum distributes in symmetric to 10 kHz. Finally, the QPSD readout detects the heterodyne signal, of which the frequency is referenced to 10 kHz. To reconstruct the original sound, we compress the readout in time domain, i.e., averaging the readout by every 20 data points. In the frequency domain, the spectrum bandwidth is expanded from 200 Hz back to 4 kHz.

Audio S1. (separate file)
‘melody.wav’ is the original melody signal for detection. 
Audio S2. (separate file)
‘det_melody.wav’ is the magnetometer detected melody signal. 
Audio S3. (separate file)
‘voice.wav’ is the original voice signal for detection. 
Audio S4. (separate file)
‘det_voice.wav’ is the magnetometer detected speech signal.




[image: ]
Fig. S1. (a) Signal waveform of the melody played for the detection. The voltage signal is sent to an AWG for generating the magnetic field through a loop antenna. The different colors represent different scales of the tones that are labeled in the figure. Changing the amplitude indicates that the loudness of the sound rises at the beginning and then falls in the end. (b) The QPSD readout of the sensor. Different tones can be recognized from the different heterodyne frequencies in the readout.


[bookmark: _GoBack][image: ]
Fig. S2. (a) Spectrum of the original speech signal. The signal is written into an AWG in the unit of Volt. Therefore, the amplitudes of the spectra in sub-figure A to C are all in Volt. (b) Frequency compression. The signal is interpolated to a data size of 20 times larger than the original one. Therefore, the signal is compressed in the frequency domain. (c) The signal spectrum after mixing with a 10 kHz reference signal. (d) The QPSD readout spectrum. The heterodyne signal is sampled every 20 data from the raw readout to reconstruct the audio signal spectrum.
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