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1

I. THEORETICAL SPATIAL RESOLUTION

2

Consider an ATOMS device inside a body in a magnetic field profile 𝐵! = 𝑔(𝑥) as shown in Figure S1.

3

The location of ATOMS can be estimated by mapping the magnetic field back in space according to
𝑥 = 𝑔!!

4

!!!!!!
!!"#$%

,

(S1)

5

where 𝑔!! is the inverse function of 𝐵! , Δ𝑓 is the frequency shift, Δ𝑓! is the frequency shift offset, and

6

𝛾!"#$% is the gyromagnetic ratio of the ATOMS device. To calculate the spatial resolution Δ𝑥 for

7

frequency encoding, we first take the derivative of Eq. (S1) and, using the inverse function theorem, we

8

obtain
𝑥′ =

9

!
!! (!)

=

!
!!

,

(S2)

10

where 𝐺! = 𝑑𝐵! /𝑑𝑥 is the magnetic field gradient of 𝐵! . The spatial resolution is then given by

11

Δ𝑥 =

!!min
!!"#$% !!

,

(S3)

12

where we define Δ𝑓min = 2𝜎! as the minimum detectable frequency shift. 𝜎! is the standard deviation of

13

the oscillation frequency and is defined as
𝜎! =

14

𝛾!"#$% 𝜎!"

!

!
+ 𝜎!"
,

(S4)

15

where 𝜎!" is the magnetic sensor noise and 𝜎!" is the standard deviation of the oscillator’s phase noise.

16

Since the dominant noise source close to the oscillation frequency is flicker noise, the phase noise profile

17

of the oscillator 𝑆! (𝜔) can be approximated by a Gaussian profile in this region1–3. Thus, its standard

18

deviation can be estimated by 𝜎!" ≈ 𝐹𝑊𝐻𝑀!! /2.355, where 𝐹𝑊𝐻𝑀!! is the full width at half

19

maximum or 3-dB bandwidth of 𝑆! (𝜔).

20
21

II. ANGULAR MISALIGNMENT

22

In the case of an angular misalignment of θ° degrees between 𝐵! and an ATOMS device (Fig. S3a), the

23

measured magnetic field will be proportional to the projection of 𝐵! into the plane orthogonal to the

24

device (i.e., 𝐵! cos 𝜃), and can reduce the accuracy of the system. The polar angle 𝜉, in contrast, will not

25

affect the resolution because the device only measures the orthogonal magnetic field. To overcome this

26

limitation, we devise the following method which can be applied to frequency and phase encoding. We

27

add an extra step in the pulse sequence where a uniform magnetic field 𝐵! is applied to measure a
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28

correction factor and correctly estimate 𝐵!! , the local magnetic field at the device’s location generated by

29

the field gradient GZ.

30

Figure S3b shows the pulse sequence for localization of a single ATOMS device with angular

31

misalignment. We first apply the known field 𝐵! . In this case, the ATOMS device measures 𝐵!" =

32

𝐵! cos 𝜃, which is estimated from the measured frequency shift by
!!!"

33

𝐵!" =

34

where Δ𝑓!" is the frequency shift due to 𝐵!" . Then, the angular misalignment can be estimated by

35

𝜃 = cos !!

36

!!"#$%

,

!!"

(S5)

.

!!

(S6)

Second, we apply GZ and the chip measures 𝐵!" = 𝐵!! cos 𝜃. Similarly, 𝐵!" is estimated by
𝐵!" =

37

!!!"
!!"#$%

,

(S7)

38

where Δ𝑓!" is the frequency shift due to 𝐵!" . Finally, combining the device’s measurements 𝐵!" and

39

𝐵!" with equations (S5) and (S7) gives
!!"

40

!!"

=

!!! !"# !
!! !"# !

=

𝐵!! = 𝐵!

41

!!!" /!!"#$%
!!!" /!!"#$%
!!!"
!!!"

,

.

(S8)
(S9)

42

This approach allows the correct estimation of the ATOMS device’s location and also enables the

43

estimation of its orientation as long as the local magnetic fields 𝐵!" and 𝐵!" are above the noise floor of

44

the magnetic sensor. This means

45

𝐵! cos 𝜃 or 𝐵!! cos 𝜃 > 𝐵min ,

46

where 𝐵min is the resolution of the magnetic sensor. Therefore, the maximum angular misalignment 𝜃max

47

is given by
𝜃max = cos !!

48

!min
!!! min

, with 𝐵!! min < 𝐵! ,

(S10)

(S11)

49

where 𝐵!! min is the minimum magnetic field generated by the field gradient GZ.

50

For a single device, Δ𝑓MC and Δ𝑓MZ can be obtained in two successive acquisitions. For localization of

51

multiple arbitrarily arranged ATOMS devices (Fig. S3c), the device can calculate the alignment

52

correction internally (on-chip). In this scenario, both 𝐵! and GZ are applied consecutively so that the
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53

devices measure 𝐵!" and 𝐵!" . Then, each device calculates the ratio of 𝐵!" and 𝐵!" and shifts its

54

oscillation frequency according to
Δ𝑓 = 𝛼

55

!!"

𝛾
!!" !"#$%

=𝛼

! !!
!!

𝛾!"#$% ,

(S12)

56

where 𝛼 is a constant pre-programmed into the device which is set by the target bandwidth utilization.

57

Thus, the location of each device is estimated as described above.

Supplementary Figure S1 – ATOMS localization. Illustration of the localization process of an ATOMS
device inside the body of an animal or patient. (a) The ATOMS chip responds to the excitation RF signal
by transmitting a signal with a frequency shift 𝛥𝑓 proportional to the magnetic field generated by
𝐵! = 𝑔(𝑥) at the device’s location. (b) The chip’s response is used to estimate its location by mapping
the magnetic field back in space according to 𝛥𝑓, its gyromagnetic ratio 𝛾!"#$% and the inverse function
𝑔!! .
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Supplementary Figure S2 – 3-D localization schemes. (a) Illustration for 3-D localization of ATOMS
devices. GX, GY and GZ are the magnetic field gradients. (b) Pulse sequence for 3-D localization of a
single device (a1) using only frequency encoding. The frequency shifts after each RF excitation 𝛥𝑓! , 𝛥𝑓!
and 𝛥𝑓! are proportional to the local magnetic field generated by GX, GY and GZ, respectively. By
mapping these frequency shifts back in space, the location of a1 can be determined. (c) Pulse sequence for
3-D localization of multiple devices. ATOMS devices can be designed to expect four RF pulses before
transmitting their responds. The first two pulses trigger the chips to sense the magnetic field generated by
GX and GY, and set 𝛥𝑓 and 𝛥𝜙, respectively. The third pulse tells the devices to sense the field generated
by GZ and become silent during transmission if they experience a field magnitude above a certain
threshold (outside the slice of interest). The final RF pulse is then used for frequency acquisition and
synchronization, and to indicate devices not saturated by GZ (selected devices a1, a2 and a3) to start
transmitting according to their frequency and phase shifts (𝛥𝑓! , 𝛥𝑓! , 𝛥𝑓! , and 𝛥𝜙! , 𝛥𝜙! , 𝛥𝜙! ,
respectively). These frequency and phase shifts are then mapped back in space to estimate the location of
selected devices.
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Supplementary Figure S3 – Compensation scheme for angular misalignment. (a) Illustration of
angular misalignment, where θ is the azimuthal angle and ξ is the polar angle. In this case, the ATOMS
device measures 𝐵! 𝑐𝑜𝑠 𝜃. (b) Pulse sequence for localization of a single device with angular
misalignment. An extra step in the pulse sequence is added where a uniform magnetic field 𝐵! is applied
to measure a correction factor. This factor is used to estimate the local magnetic field generated by GZ
(𝐵!! ) from measured frequency shifts 𝛥𝑓!" and 𝛥𝑓!" , and the known field 𝐵! . (c) Pulse sequence for
localization of multiple arbitrarily aligned ATOMS devices. In this case, each device calculates the ratio
of measured fields 𝐵!" and 𝐵!" , and shifts its oscillation frequency in proportion to this ratio, 𝛾!"#$% ,
and the bandwidth utilization constant 𝛼.
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