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SPECIAL TOPIC — Quantum frontiers with Rydberg atoms

Fractional phase measurement of BDS-3 B1C signals via simulated
carrier phase observation of Rydberg atom antenna
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We propose a five-level atomic scheme incorporating an auxiliary microwave dressing field to achieve sensitivity at
the frequency of the BeiDou Navigation Satellite System Phase 3 B1C (BDS-3 B1C) signal, specifically 1.57542 GHz.
Carrier phase observation in this frequency band is simulated using the atomic homodyne technique. The contrast ratio
and measurement uncertainty of the fractional phase are analyzed, together with the influence of the BDS-3 B1C signal
on carrier phase observation. The simulation results show that the fractional phase measurement uncertainty is at the basic
sub-radian level for Egc ranging from 0.048 V/m to 0.1 V/m, and reaches the high-precision sub-radian level for Eg;c in
the range of 0.11 V/m to 0.25 V/m. The distance measurement error coefficient is 0.0014 V, with a minimum measurement
error of 0.82 cm. In addition, the influence of half-cycle slips on the uncertainty of fractional phase measurements is

analyzed.

Keywords: carrier phase observation, BDS-3 B1C signals, Rydberg atom antenna
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1. Introduction

Carrier phase observation, characterized by its high preci-
sion and phase sensitivity, is the core technology for achieving
high-precision positioning in satellite navigation. It is known
that this type of observation is susceptible to the influence
of multiple error sources, among which half-cycle slip!!~!
is one of the key factors restricting its measurement resolu-
tion. Reducing pseudorange!*! measurement errors and im-
proving the measurement resolution of carrier phase remain
challenging. In the reception and processing of carrier sig-
nals, achieving these objectives hinges on the precise mea-
surement of microwave fields. Quantum technology based
on Rydberg atoms has attracted significant attention in the
field of microwave metrology,”! and is now extending to
communications.!1%-12]

Most of these applications are based on radio fre-
quency (RF) sensing, which utilizes electromagnetically in-
duced transparency (EIT) or Autler—Townes (AT)[13-151 split-
ting effects in Rydberg atoms to achieve pronounced advan-
tages over conventional sensors. First, highly excited Ryd-
berg atoms have a large electric dipole moment and exhibit
high sensitivity to external electric fields, enabling the de-
tection of weak RF fields with a sensitivity on the order of
uV-m~!.Hz /2116171 Secondly, dense jump channels be-
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tween highly excited states enable coverage from MHz to
THz!!8-22] frequency bands through laser tuning, free from
the constraints of conventional antenna structures. Thirdly, the
atomic self-calibration property!!>23! achieves absolute mea-
surement of RF field frequency and amplitude without exter-
nal calibration. Rydberg atom antennas overcome the Chu

24.25] for traditional electronic sensors, which relates 0-

limit!
factor limitations to physical size. Finally, by leveraging quan-
tum state evolution, Rydberg atoms can directly demodulate
baseband signals from carrier frequencies, bypassing conven-
tional demodulation circuits and offering a novel approach to
communication technologies. 2630l

For interferometric phase sensing, many approaches
are based on Rydberg atom antennas. These include
heterodyne>”) and super-heterodyne,!'%17:311 " closed-loop
schemes,[32331 the Floquet EIT technique,l®**! and all-
optical phase detectors,*®! among others. These approaches
are subject to some limitations in the carrier phase observa-
tion of BDS-3 B1C signals. Most schemes operate in the
super-high frequency (SHF, 3-30 GHz) band, where suffi-
cient sensitivity can be achieved without resorting to high-
angular-momentum Rydberg states or elevated principal quan-
tum numbers. Conventional EIT configurations, particularly
those exploiting low-angular-momentum Rydberg states (L <
3), necessitate the use of high principal quantum numbers
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(n > 90) to access transition frequencies below 2.5 GHz in
an 3°Rb vapor cell.!'>37] In addition, Rydberg atom antennas
with principal quantum numbers n > 80 are seldom used as
sensors. This is because exciting such transitions demands
large amounts of laser power, causing inhomogeneous broad-
ening via optical light shifts.[*®! Concurrently, these high-n
states suffer from collisional broadening driven by their in-
creased Rydberg—Rydberg interaction cross sections.*3! Re-
cently, utilizing multi-photon excitation to access higher an-
gular momentum states (L = 3) has emerged as an effective al-
ternative for resolving these issues in low-GHz sensing.3%:40]

In this work, we propose an efficient scheme for carrier
phase observation of the BDS-3 B1C signal using Rydberg
rubidium-85 atoms to measure its fractional phase. The car-
rier frequency of the BDS-3 B1C signal is 1.57542 GHz. In
our approach, an auxiliary microwave dressing field is intro-
duced. By increasing the angular momentum quantum number
L, resonant access to the middle of the UHF band is achieved
at 1.62 GHz using a Rydberg state with the principal quantum
number n = 37. This relatively low value of » minimizes de-
tuning with respect to the BDS-3 B1C signal and avoids the
inhomogeneous broadening and collisional broadening effects
inherently brought by high-n states. Under homodyne!?®! con-
ditions, the frequency lock between the LO and BDS-3 B1C
signal fields makes the interference signal intensity depend on
their relative phase difference,!*!! which enables the detec-
tion of minute phase variations. Our analysis further shows
that a half-cycle slip induces an abrupt m-radian phase shift
and degrades both the contrast ratio and the resolution of the
fractional phase, consequently impairing the stability of car-
rier phase observation. Thus, our research on half-cycle slips
helps improve the robustness and resolution of Rydberg atom
antennas.

2. Model and basic equations

The model of a five-level 33Rb Rydberg atom is consid-

trol field (482 nm) drive the ground-state transition |1) — |2)
(D1 line),!*?! and the excited-state transition |2) — |3), re-
spectively. An auxiliary microwave dressing field with Rabi
frequency Q4 drives the |3) — |4) transition at a resonant
frequency of 182.96 GHz. Two adjacent Rydberg states
37Fs ), and 37Gy, are coupled via a strong LO field (€2.) at
1.62 GHz, corresponding to the |4) — |5) transition. These
resonant frequencies are calculated using the Alkali Rydberg
Calculator (ARC).[*3 A schematic diagram is illustrated in
Fig. 1(b). The counter-propagating configuration (probe field
and control field) effectively suppresses the optical Doppler
effect. Because the residual Doppler broadening merely atten-
uates the macroscopic signal amplitude without altering the
velocity-independent microwave homodyne interference, we
focus our analysis on the central velocity group (v = 0) to
clearly demonstrate the underlying phase measurement mech-
anism. The microwave dressing field is produced by a horn
collinear with the probe beam, and the B1C and LO fields are

provided by a waveguide behind the cell.[!?!
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Fig. 1. (a) Five-level Rydberg atomic model. (b) Schematic diagram of
the coupling with atoms.

In the interaction picture and after the rotating wave ap-
proximation (RWA), the Hamiltonian of the system can be

ered as shown in Fig. 1(a). A probe field (795 nm) and a con- written as
|
0 Q 0 0 0
| Q, —24, Q. 0 0
H= Eh 0 Q. —2(Ac+4)) Q4 0 , (1
0 O Q4 2(Ac+Ap + Aq) Qr
0 0 0 Qr —Z(AC —‘y—AP +Ad—|—AL)

where A, = @y — @yom (M =p,c,d,L) denotes the frequency
detuning of the corresponding field, and wy,m represents
the resonant transition frequency between the two atomic
energy levels coupled by field m. In the context of car-
rier phase observations, the modulation of the BDS-3 B1C
signal can be approximated as Binary Phase Shift Keying
(BPSK). Consequently, the B1C signal field can be expressed

as Egjccos(@gict + @sic). The LO field is used to detect

the BDS-3 BIC signal, and its frequency is set equal to that
of the BDS-3 BI1C signal to perform carrier phase observa-
tion. The atomic homodyne technique is employed to en-
sure frequency identity, with wgic = @ o and Egic < ELo.-
The total electric field (Eo) received by Rydberg atoms con-
sists of both the LO and B1C fields, i.e., ELo cos(@Lof + @1.0)
and Egjccos(mpict + @pic). The phase difference between

the BIC and LO fields is A¢ = @pic — ¢Lo, Which corre-
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sponds to the carrier phase observable. It can be expressed as
A@=N-21+ 8¢, where N is the integer ambiguity (full-cycle
portion) and 8¢ € [0,27) is the fractional phase. Due to the
integer ambiguity problem in long-baseline satellite position-
ing, which is typically resolved using differential techniques
or precise orbit determination, this work focuses exclusively
on optimizing the measurement resolution of d¢. Based on
wp1c = W0, the LO field detuning Ay is 44.58 MHz. There-

fore, in the off-resonant region, the probe transmission T is

related to the square of E and is given by 2644l

2 E]%O EI%IC
T =< <Etot> 7 -~ + 5 + ELoEBiccos(AQ). 2)

The time evolution of the system’s density matrix p is
governed by the Liouville-von Neumann equation, incorpo-
rating the Lindblad dissipative term £(p)

ap i
Yy=—=——[H L 3
p=—o =—3Hpl+Lp) 3)

where L(p) accounts for the dephasing processes

I3p2 —%2P12 —%3P13 —4P14 —%5P15

—Y1P21 —I2p20 + 13033 —73023 —Y24P24 —%5P25
L(p)=|-nips —¥52P32 —I3p33 +14pa4 — V34034 —V35P35 | - 4

—Y41P41 —Ya2P42 — V43043 —Lipaa +1I5p55 —YasPas

—¥51P51 —¥52P52 — 53053 —Y54P54 —I5pss

The decay rate I; = Y, Iy (j,k =1,2,3,4,5) and vy =
(I; +1j) /2, where Ty is the spontaneous decay rate from state
|7) to state |k). Therefore, the time evolution of the density
matrix elements is given as follows:

. Q Q Q
P21 =—"up21 —1 (—APP21 + p312 ©+ P112 P p222 p) )
. Q.
P31 =—731pP31 —1 [(—Ac —Ap)p31 + p212

P48 P32-Qp}
+ 2 2 ’

Pa1 = —Ya1par — 1 {(_Ac —Aq—Ap)pa1

Q Q Q
+P31 d+P51 L P p:|,

2 2 2
b1 = — _[Paf Pty
Ps1 = —¥s1Ps1 1{ ) )
+psi(— A= Ag— Ay~ A1), 5)

where the closed system satisfies Y'_, pp, = 1, with the initial
0 0 0 0 0

1(1> = 1 and Pz(z) = P3<3) = PL&) = p5(5> = 0. Con-
sidering the weak probe field approximation, the coherent term
P21 is expressed as

conditions p

po1=—2i[F- Qi +A(4B-F+Q})| Q,
X {— AB-F - Q) +4F 1 Q3 — 4iF A, Q3

~1
~Q2O2+4A(p1 — i) (4B-F+ QD)|
A=—p1—i(-Ac—4),
BZ—}’41—i(—AC—AP—Ad),
F=—p1—1i(-Ac—Ad—Ap—Ay). (6)
The transmission of the probe beam is given by T =

exp(—2mlIm(y)/A,), where [ is the atomic vapor length and
A, is the probe field wavelength. The susceptibility ¥ =

|
N |21 |2 p21/(h€nL2p), where g is the permittivity of the vac-

uum, N is the atomic density, and 7 is the reduced Planck’s
constant.

3. Results and discussion

First, we briefly introduce the EIT spectrum and its
changes driven by the dressing and LO fields as shown in
Fig. 2(a). For simplicity, all parameters are scaled by the decay
rate ' (I" = 751 = 27 x 5.75 MHz)*?] in the following discus-
sion. Without the dressing and LO fields, the three-level Ryd-
berg atomic system (£2;, + £2.) exhibits a common EIT profile
with a single central transmission peak of linewidth ~ 2.5 I".
When the microwave dressing field is applied (€2, + £ + £q),
the central peak (red dashed line) splits into two peaks (blue
dashed line) with a narrow linewidth of ~ 1.3 I". This is in-
duced by quantum interference between two transition paths
caused by the dressing field, which enhances the sensitivity of
the Rydberg atom antenna. Furthermore, when the LO field
is applied (£ + £: + £4 + £10), the resonant absorption is
suppressed, yielding a three-peak spectrum.

Upon introducing the BI1C field, the atomic homodyne
technique is employed to extract the carrier phase observa-
tion A@. Operating at the identical frequency, the LO and
B1C fields superpose to yield a homodyne interference signal,
which maps the phase difference onto the transmitted inten-
sity I of the probe beam. Based on Eq. (2), the transmitted
intensity I shown in Fig. 2(b) is expressed as

I(Ap) =1y— Bcos(A@),

IO:M’ :M’ 7

where Iy is the average intensity and B is the modulation am-
plitude. Inax and I, are the maximum and minimum values
of the intensity over the period O to 27, respectively.
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— -y Q. +Qg
- QP+Qc
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oo
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Probe detuning Ap (MHz)
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Ag

Fig. 2. (a) EIT transmission spectra with various coupling fields. A, =A. = A3 =0,AL. =0, 2, =0011", Q. =4T,Q. =2I",Qq4=1.6T,
I=5cm, N~ 10° cm~3. (b) Relationship between the carrier phase observation A¢ and the transmitted intensity 1. Iy = 8.15, B = 4.98,
Epic =0.2V/m, ELo =2 V/m, AL = 44.58 MHz. Other parameters are the same as those in Fig. 2(a).
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Fig. 3. (a) Variation of the transmitted intensity with 8¢ (24 from 0.8 I" to 3.6 I', Q. =4 I'). (b) Variation of the transmitted intensity with 6¢
(2 from 1.5T t0 5.0 ", 24 = 1.6 I'). Other parameters are the same as those in Fig. 2.
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46.95
60
3478

17.60

643

2
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Fig. 4. Contrast ratio as a function of 4 and £.. Other parameters are
the same as those in Fig. 2.
Contrast ratio is an important indicator for evaluating
phase interferometric visibility. In this work, it is defined as

C— Imax — Imin

= . )
Imax + ]min

A higher contrast ratio C indicates a stronger modulation of
transmitted intensity / by the phase difference A ¢, which leads
to a reduction in the uncertainty of 6¢. Figures 3 and 4 show
the effects of the control field €. and the dressing field €4
on the contrast ratio C of the fractional phase d¢ in the trans-
mitted intensity profile. As shown in Fig. 3(a), the transmit-
ted intensity varies with 8¢ for different Q4. At Q4 =0.8 I,
the intensity response is smooth and weakly modulated, yield-
ing a low contrast ratio of C = 17.60%. As €24 increases, C
rises due to enhanced quantum coherence between states |3)
and |4), reaching a peak of 61.46% at Q4 = 1.6 I". Beyond

this optimum, a further increase in the dressing field strength
leads to a decrease in C. This reduction is attributed to the
excessive AT splitting of the intermediate state |3) induced by
the strong dressing field, which makes the dressed states de-
viate from resonance and degrades interferometric visibility.
Figure 3(b) shows the transmitted intensity versus 8¢ for dif-
ferent .. The coupling Rabi frequency €. is varied from
1.5 to 5 I'. In this process, the contrast ratio C increases
with €. until it reaches a maximum of 61.46% at Q. =41,
after which it decreases with further increases in .. To com-
prehensively illustrate the concurrent influence of both fields,
Fig. 4 maps the contrast ratio across the entire 2D parameter
space of 24 and .. The 3D surface reveals a distinct maxi-
mum, demonstrating that excessive values of either field lead
to a noticeable roll-off in visibility. These results confirm that
the optimal Rabi frequency configuration is €23 = 1.6 I" and
Q. =4I under the given conditions.

The fractional phase measurement uncertainty 8@ is
derived based on the error propagation principle (6¢ =
Olnoise/|01/9(A@)|). The system is assumed to operate in the
photon shot-noise-limited regime, where the noise standard
deviation scales with the square root of the average intensity,
i.e., 8lhoise = VIo = v/ (Imax + Imin) /2. Based on Eq. (7), the
maximum derivative of the intensity with respect to the phase
occurs at the quadrature points, where it takes the exact value
of the modulation amplitude B (|d1/d(A@)|,,.x = B). Thus,

max
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O Punc is given by

\/IB Y (Imax +Imin)/2

O9une = 5= = 101/ (AQ) | max

9

To validate the rigor of this metric, we evaluate the
Fisher information (FI) of the system, defined as F o<
(1/0A@)?/SI2..... At the optimal quadrature point, the FI
reaches its maximum value of Fiy,y ~ B> /I, where B denotes
the modulation amplitude. Notably, this reveals that Eq. (9)
is mathematically equivalent to the Cramér-Rao bound (CRB,
S¢crp > 1/+/Fmax). This equivalence indicates that our de-
rived uncertainty represents the fundamental theoretical limit
of phase resolution for the proposed atomic homodyne detec-
tion scheme. Figures 5 and 6 demonstrate the dual role of the
probe field detuning A, in fractional phase measurement. As a
critical parameter, it tunes both the contrast ratio C and 0 ¢ypc
within an optimal range, while excessive values can trigger
a half-cycle slip, thereby increasing the measurement uncer-
tainty. Figure 5 shows the influence of A, on the contrast
ratio (black dashed line) and the fractional phase measure-
ment uncertainty 8@y,.. The contrast ratio can be enhanced
by tuning the probe field detuning A, between 0 and 3.0 MHz,
as evidenced by the numerical results plotted as the black
dashed line. Notably, the measurement uncertainty of the frac-
tional phase is reduced simultaneously. The numerical re-
sults demonstrate that a high contrast ratio (69.79%—-67.15%)
and low measurement uncertainty (0.335 rad—0.304 rad) are
achieved within a detuning range of 1.7 MHz to 2.5 MHz. The
optimal value of d@unc reaches 0.302 rad at A, = 2.6 MHz,
which corresponds to a high-precision measurement at the
sub-radian level. By balancing both the high contrast ratio
and the low measurement uncertainty, the optimal probe field
detuning is determined to be 2.5 MHz.

TOFT ] 6¢unc(rad)
1.076
60 b
X
-2 s0f : 0.862
<
o~
2 400 1 0.722
=
g 0.625
Q 30f ]
0.501
20 L, \ . . . ] 0.400
0 1 2 3 4 0.335
) 0302
Probe detuning Ap (MHz)

Fig. 5. Relationship between the probe field detuning A,, contrast ratio
C, and O @ypc. Other parameters are the same as those in Fig. 2.

A half-cycle slip is a critical problem in carrier phase
observations, requiring detection and correction for reliable
navigation and metrology solutions. It is characterized by an
abrupt phase shift of half a cycle (i.e., 0.5 cycles, where one
cycleis 2m). As shown in Fig. 6(a), this occurs when the probe

field detuning A, > 3.3 MHz. The magnitude of the half-cycle
slip increases with the probe field detuning over the range of
3.3 to 4.5 MHz. This occurs because excessive detuning of the
probe field reduces the coherence of the |1) — |2) transition,
which in turn disrupts the initial population and ultimately
breaks the deterministic mapping between the fractional phase
0 ¢ and the transmitted intensity /. This effect manifests as sig-
nificant fluctuations in the dispersion curve, leading to discon-
tinuous phase accumulation in the form of 7-phase jumps and
a reduction in the modulation amplitude of the transmitted in-
tensity. The evolution of the phase dispersion curve with probe
field detuning is presented in Fig. 6(b). Below the optimum of
2.5 MHz, the curve shows only mild fluctuations. Beyond a
threshold of A, = 3.3 MHz, it transitions to a regime of drastic
fluctuations, where the amplitude intensifies and the half-cycle
slip becomes increasingly pronounced. Concurrently, the con-
trast ratio drops significantly from 67.15% to 17.75%. This
degradation limits the achievable resolution of the fractional
phase measurements, as demonstrated by the corresponding
numerical results in Fig. 5.

(a) AN S B e B B LA AL B
40t
g -~ Ap=2.5MH
= 35} ] P ‘
=
; -- Ap=33MH
£ 30} oo z
N
— Ap=3.5MHz
2 25} 177
& - - Ap=4.0MHz
8 20f 1
=
— ] — Ap=4.5MHz
15} ]
10f
(b) T T T T T T T
Ap=1.0MHz
Ap=2.0MHz
= 1 -- Ap=2.5MHz
.2
z -
o - - Ap=3.3MHz
&
A ] — Ap=3.5MHz
- - Ap=4.0MHz
— Ap=4.5MHz

Fig. 6. (a) Half-cycle slip of the fractional phase in the transmitted in-
tensity profile. (b) Variation in the degree of dispersion of the frac-
tional phase 8¢ with the probe field detuning A,. (Egic = 0.2 V/m,
ELo =2 V/m. Other parameters are the same as those in Fig. 2.)

Having identified the optimal configuration (2. =4 I,
Q4=16T, and Ay = 2.5 MHz) for the Rydberg atom an-
tenna, we next analyze the effect of the BDS-3 BIC sig-
nal strength Egjc on carrier-phase observations. Figure 7(a)
presents the transmitted intensity of the fractional phase for
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Egic ranging from 0.01 to 0.25 V/m. The contrast ratio in-
creases monotonically with Egc, reaching a maximum value
of 74.79% at Egic = 0.25 V/m. The influence of Egjc on
the fractional phase measurement uncertainty is shown in
Fig. 7(b). As Egjc increases from 0.048 to 0.1 V/m, 6 ync
varies between 1.0 and 0.5 rad, maintaining a basic sub-
radian level. When Epic further increases to the range of
0.11-0.25 V/m, d@ync decreases from 0.4635 to 0.2730 rad,
achieving a high-precision sub-radian level. A linear fit to
the data on a log—log scale yields the power-law relationship
O Punc =~ 0.055 x Eg 106962, as shown by the black dashed line in
Fig. 7(b). The scaling exponent s ~ —0.962 is close to —1, in-
dicating that 8 gyp. is approximately inversely proportional to
Egic. The sensitivity of this relationship is quantified by the
prefactor k£ = 0.055. A smaller k corresponds to higher reso-
lution in fractional phase measurements when the BDS-3 B1C
signal strength remains unchanged.
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=
§ === Eg=0.05V/m
Ke)
5 — Eg=0.10V/m
2
= === Eg=0.15V/m
2]
2 _
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Fig. 7. (a) Fractional phase for Egjc (Es) in the range of 0.01 V/m to
0.25 V/m. Er o =2 V/m. (b) Power-law fitting between Egjc and 8 ync
in log—log coordinates. (c) Inverse fitting between Egjc and AR in log—
log coordinates. Other parameters are the same as those in Fig. 2.

The distance measurement error AR is derived from the
wavelength A and the fractional phase measurement uncer-

tainty O @ync as

A

AR= - 8 Qunc, (10)

where A =~ 0.19 m. Thus, variations in Egc affect the distance
measurement error, as shown in Fig. 7(c). The numerical re-
sults show that the distance measurement error AR < 1 cm
when Egic > 0.15 V/m. This means that increasing Egjc can
reduce distance measurement errors in fractional phase mea-
surements. By applying a logarithmic transformation to the
data and performing linear fitting in double-logarithmic coor-
dinates, it is found that the distance measurement error AR
is inversely proportional to the signal amplitude Egjc, i.e.,
AR = 0.0014/Eg;c. This indicates that AR « 1/Egjc. The
fitting parameter a = 0.0014 V acts as the proportionality coef-
ficient for the distance measurement error AR, where a smaller
value of a indicates better measurement performance. This re-
lationship can be used to estimate the distance measurement

€ITor.

4. Conclusion

In conclusion, we propose a scheme for carrier phase ob-
servation of the BDS-3 B1C signal using Rydberg atoms. The
introduction of an auxiliary microwave dressing field prepares
Rydberg states with higher angular momentum L = 3, enabling
detection of the BDS-3 B1C signal while narrowing the EIT
linewidth, thereby facilitating high-precision measurement of
the signal’s fractional phase. The numerical results demon-
strate that our approach reduces the fractional phase measure-
ment uncertainty to the sub-radian level, with minimum dis-
tance measurement errors below 1 cm. Furthermore, we elu-
cidate the physical mechanism of the half-cycle slip and its
impact on observation uncertainty. This scheme holds poten-
tial for satellite communication, quantum radar positioning,
and next-generation navigation systems such as NTS-3. At
the current stage, this study primarily serves as a theoretical
exploration at the physical level, focusing on validating the
fundamental physical feasibility of the single-frequency car-
rier mechanism under idealized conditions. To fully evaluate
its practical feasibility, future system-level studies will address
critical engineering constraints, such as high-dynamic Doppler
shifts, multipath effects, and signal-to-noise ratio (SNR) re-
quirements.
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