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A scheme of optical four-level pulse amplitude modulation (PAM-4) is proposed based on dual-Raman process in
Rydberg atoms. A probe field counter-propagates with a dual-Raman field which drives the ground and the excited states
transition, respectively, and the Rydberg transition is driven by a microwave (MW) field. A gain peak appears in the
probe transmission and is sensitive to the MW field strength. Optical PAM-4 can be achieved by encoding an MW signal
and decoding the magnitude of a probe signal. Simulation results show that the differential nonlinearity and the integral
nonlinearity of the proposed scheme can be reduced by 5 times and 6 times, respectively, compared with the counterparts of
previous scheme, and the ratio of level separation mismatch is close to the ideal value 1. Moreover, the scheme is extended
to optical PAM-8 signal, which may further improve the spectral efficiency.

Keywords: Rydberg atoms, PAM-4/PAM-8, dual-Raman process
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1. Introduction
Advanced modulation formats have attracted great at-

tention for their ability to enhance the data transmission
rate.[1–5] For example, four-level pulse amplitude modula-
tion (PAM-4) is the preferred modulation format in the 400-
Gb/s short-reach optical communication systems due to its
higher spectral efficiency.[6,7] Rydberg atoms offer the pos-
sibility of superiority over the traditional dipole antennas
for classical digital communication because they may lead
to parallel and fast communication avoiding internal ther-
mal noise. For example, microwave (MW) communication
based on Rydberg atoms has the advantages of long trans-
fer distance, large data transfer capacity, and high trans-
fer quality. Therefore, electromagnetic-induced transparency
(EIT) scheme based on Rydberg atoms arouses great in-
terest in amplitude modulation,[8,9] phase shift key,[10,11]

frequency modulation,[12,13] phase modulation,[14,15] MW
electric-field measurement,[16–22] etc. Also, we notice that
some other researches of Rydberg atoms, such as Rydberg
blockade effect,[23,24] Rydberg-atom array,[25,26] and Rydberg
spectroscopy.[27,28]

Optical PAM-4 signal is often obtained by electrical
modulation, such as Mach–Zehnder modulator and graphene-
based adaptive modulator. Samani et al. designed an O-
band modulator based on Mach–Zehnder interferometer and
studied a 400-Gb/s short-reach transmission system modu-

lated by PAM-4.[29] Camacho et al. presented a new con-
cept of a graphene-based adaptive modulator for multilevel
amplitude modulation on polymer technology platform, com-
bined electro-optical characteristics.[30] Coherent control opti-
cal modulation provides a new way for PAM-4. The Rydberg-
atom-based microwave receiver combined with the classical
modulation and demodulation technology also has been used
in the receiving antenna of wireless signals. In analogue to
classical communication, Deb et al. demonstrated the radio
over fiber (RoF) of radio frequency signals based on EIT in
Rydberg atoms.[31] Anderson et al. used atomic antennas to
receive and restore the audio signals loaded by amplitude mod-
ulation or frequency modulation.[32] In terms of digital com-
munication, Meyer et al. demonstrated phase-sensitive con-
version of amplitude-modulated MW signal into optical signal
and implemented an 8-state phase-shift-keying digital com-
munication protocol.[8] Wang et al. theoretically analyzed the
PAM-4 scheme by using phase-dependent EIT in a closed
system, exhibiting robustness of the nitrogen-vacancy (NV)
system.[14] While, few researches involve MW signal modula-
tion in Rydberg atoms drived by a dual-Raman field.

In this paper, we propose a scheme of optical PAM-4 by
using dual-Raman process to modulate the amplitude of MW
field in Rydberg atoms. The probe field counter-propagates
with respect to the dual-Raman field, and they drive the ground
and the excited states transition, respectively. An absorption
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peak appears in the probe transmission in the presence of an
MW field. The absorption peak is sensitive to the MW field
strength, and the gain of probe field is obtained by modulating
the strength of the MW field. The PAM-4 signal appears in
the probe transmission. The numerical results show that the
differential nonlinearity (DNL) and the integral nonlinearity
(INL) can be reduced by about 5 times and 6 times, respec-
tively, compared with those of the NV centers, and the ratio of
level separation mismatch (RLM) is closer to the ideal value
of 1. Furthermore, we investigate the generation of the opti-
cal PAM-8 signal in Rydberg atoms. The proposed scheme
is based on the constructive interference between two Raman
transitions, which could suppress the absorption of the weak
probe field, leading to the increase of transmission and then
causing the gain to increase. This is different from the sin-
gle Raman scheme.[14,19] The scheme may be useful for MW
optical communication.

2. Model and basic equations
The Rydberg atomic system we considered is shown in

Fig. 1(a). The states |1〉, |2〉, |3〉, and |4〉 correspond to
the rubidium-87 atomic levels 5S1/2 (F = 2), 5P3/2 (F = 3),

53D5/2, and 54P5/2, respectively. The dual-Raman fields ΩR1

and ΩR2 drive the transition |2〉 → |3〉 with frequency dif-
ference ωR1 −ωR2 = δ . A weak probe field ΩP drives the
transition |1〉 → |2〉, and an MW field ΩM drives the Ryd-
berg transition |3〉 → |4〉. Here, the Rabi frequencies of the
corresponding fields are defined as ΩP = EPµ12/h̄, ΩR1(R2) =

ER1(R2)µ23/h̄, and ΩM =EMµ34/h̄ with their electrical magni-
tudes EP, ER1(R2), and EM, with µi j being the transition dipole
moment from state |i〉 to state | j〉 (i, j ∈ {1,2,3,4}).

∆P

ΩP

∆R
δ

ΩR1

∆M

ΩR2

ΩM

(a) (b)

Photodetector

Vapor 
cell

|3> 53D5/2

|2> 5P3/2

|1> 5S1/2

|4> 54P5/2

ΩM

ΩP

ΩR1

ΩR2

Fig. 1. (a) Four-level Rydberg atom and (b) its coupling scheme.

In the electric dipole approximation, the Hamiltonian of
system in the interaction picture is given by[33]

H = h̄


0 −ΩP 0 0
−ΩP −∆P −ΩR1−ΩR2 e iδ t 0

0 −ΩR1−ΩR2 e−iδ t −∆P−∆R −ΩM
0 0 −ΩM −∆P−∆R +∆M

 , (1)

where ∆P = ωP−ω21, ∆R = ωR1−ω32, and ∆M = ωM−ω43

are the detuning of the probe, Raman, and MW fields, respec-
tively, with ωi j being the transition frequency from |i〉 to | j〉
(i, j ∈ {1,2,3,4}). The dynamic evolution of the system can
be described by solving the density master equation[34]

∂ρ

∂ t
=− i

h̄
[H,ρ]+L(ρ), (2)

where L(ρ) denotes the decoherence processes. And then the
time evolutions of density matrix elements are given as fol-
lows:

ρ̇21 = −γ21ρ21− i
[
−∆Pρ21 +ΩP(ρ22−ρ11)

+(−ΩR1−ΩR2 e iδ t)ρ31
]
,

ρ̇31 = −γ31ρ31− i
[
(−∆P−∆R)ρ31 +ΩPρ32−ΩMρ41

+(−ΩR1−ΩR2 e−iδ t)ρ21
]
,

ρ̇41 = −γ41ρ41− i
[
(−∆P−∆R +∆M)ρ41

+ΩPρ42−ΩMρ31
]
, (3)

with the closure relationship ρ11 +ρ22 +ρ33 +ρ44 = 1,γ jk =

(Γj +Γk)/2, and Γj = ∑ kΓjk ( j,k = 1,2,3,4), where Γjk is the
spontaneous decay rate from state | j〉 to state |k〉. We perform
a rotating-frame transformation by using ρ21 = ρ̃21 e−iωPt ,
ρ31 = ρ̃31 e−i(ωP+ωR1)t , and ρ41 = ρ̃41 e−i(ωP+ωR1−ωM)t . The
density-matrix element ρ̃i j can be expanded in terms of

Fourier components as

ρ̃i j = ∑
n

ρ̃
(n)
i j e−inδ t (i, j ∈ {1,2,3,4},n = 0,±1, . . .). (4)

We keep the first order of the probe and all orders of the dual-
Raman and MW fields, and then we obtain

ρ̃
(n)
21 =

i(ΩP +ΩR1ρ̃
(n)
31 +ΩR2ρ̃

(n+1)
31 )

γ21− i∆P− inδ
,

ρ̃
(n)
31 =

i(ΩMρ̃
(n)
41 +ΩR1ρ̃

(n)
21 +ΩR2ρ̃

(n−1)
21 )

γ31− i(∆P +∆R)− inδ
,

ρ̃
(n)
41 =

iΩMρ̃
(n)
31

γ41− i(∆P +∆R−∆M)− inδ
. (5)

The solution of ρ̃
(n)
21 is obtained from the recursion rela-

tion

ρ̃
(n)
21 =P−1

n

(
− iΩP +

Ω ∗R1ΩR2ρ̃
(n−1)
21

Xn
+

ΩR1Ω ∗R2ρ̃
(n+1)
21

Xn+1

)
, (6)

where

Pn = i(∆P +nδ )− γ21−
Ω 2

R1
Xn
− Ω 2

R2
Xn+1

,

Xn = γ31− i(∆P +∆R +nδ )

+
Ω 2

M
γ41− inδ + i (∆M−∆P−∆R)

. (7)

064203-2



Chin. Phys. B 33, 064203 (2024)

The coherent term ρ̃
(0)
21 indicates the linear absorption and dispersion properties of the system and can be obtained by using

a continued fraction method[35]

ρ̃
(0)
21 =

−iΩP

P0−
Ω ∗R1ΩR2W1

γ31− i (∆P +∆R)+
Ω 2

M
γ41− i (∆P +∆R−∆M)

− ΩR1Ω ∗R2V1

γ31− i (∆P +∆R +δ )+
Ω 2

M
γ41− i (∆P +∆R−∆M +δ )

, (8)

where W1 = ρ̃
(1)
21 /ρ̃

(0)
21 and V1 = ρ̃

(1)
21 /ρ̃

(2)
21 . The real part and

imaginary part of χ correspond to the dispersion and the ab-
sorption, respectively, and are related to ρ̃

(0)
21 by the polariza-

tion relation P = ε0χEP e−iωPt +c.c.= µ21Nρ̃
(0)
21 e−iωPt +c.c.

The susceptibility χ is found to be χ = Nµ2
21ρ̃

(0)
21 /(h̄ε0ΩP),

where ε0 is the permittivity of vacuum, N is the atomic den-
sity, and h̄ is the reduced Planck’s constant. The transmission
coefficient of the probe field propagating through the atomic
vapor cell can be expressed as[36]

∣∣T ′∣∣= exp
(
−2πl Im [χ]

2λP

)
, (9)

where l is the length of the cell and λP is the wavelength of the
probe laser. The probe transmission is given by

Iout = IPT = IP
∣∣T ′∣∣2 = IP exp

(
−2πl Im [χ]

λP

)
, (10)

where IP is the intensity of the incident probe field.
The output field Iout and incident field IP can be expressed

as

Iout = E2
out, IP = E2

P, (11)

where EP and Eout are the magnitudes of incident field and
output field, respectively. The gain of the transmission field is

given by G =
√

Ω 2
P |T ′|

2.

3. Results and discussion
We consider the 87Rb atoms within a 5.0-cm-long vapor

cell. In the following discussion, the parameters are scaled by
the decay rate Γ = γ21 = 2π×6 MHz for simplicity. We first
investigate the variations of the absorption peak and the gain
spectra with the MW field ΩM, respectively. Figure 2(a) shows
that the absorption peak of the medium changes with MW field
in the far-detuned dual-Raman process, i.e., ∆R =−50Γ . The
absorption peak decreases with MW field, and reaches a mini-
mum value in a range of 0–20Γ when ΩM ≈ 20Γ . Figure 2(b)
shows the absorption peaks with different values of MW field
ΩM. It is easy to see that the absorption peak at resonant fre-
quency gradually decreases with the increase of ΩM. This in-
dicates that the probe absorption can be modulated by the MW
field.

In order to encode the digital information, figure 2(b)
shows the absorption spectrum obtained by different MW

fields. The probe field will experience different gains through
the vapor cell, and the output signal has different power levels
which correspond to the encoding information of 00, 01, 10,
11. In other words, the amplitude-controlled gain maps the
output signal, which could be used to analyze the spectrum
PAM-4 signal.
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Fig. 2. (a) Absorption spectrum as a function of MW field and (b) with
different MW fields. ΩR1(R2) = 10Γ , ∆M = −50Γ , ∆R = −50Γ , δ =
20Γ , Γ = γ21 = 2π×6 MHz, γ31 = 2π×1 kHz, and γ41 = 2π×0.5 kHz.

The gain effect for probe field can be understood by us-
ing the population dynamics. In the scheme, the probe field
and dual-Raman field counter-propagate through the atomic
vapor, driving atoms from the ground state |1〉 to the Rydberg
state |3〉. With the coupling of the microwave field ΩM, some
atoms are transferred to the Rydberg state |4〉 through the two-
photon Raman resonance, and then they relax to the ground
state |1〉. Since the Raman field has a large frequency detun-
ing, the pump effect from the state |2〉 to the Rydberg state
|3〉 is limited, and some atoms accumulate at the state |2〉. So
there is some population inversion between the ground state
|1〉 and the excited state |2〉. When the probe field propagates
through the atomic system, coupling the transition |1〉 ↔ |2〉,
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the output field is amplified and modulated, i.e., there appears
a gained optical PAM-4 signal, so there is a gain effect for the
probe field as shown in Fig. 2.

Based on the sensitivity of gain spectrum to the MW field
above, the gain spectrum may be used to encode digital sig-
nals. Figure 3(a) shows the effect of the MW field on the gain
property of the medium in the far-detuned dual-Raman pro-
cess. The gain peak increases with MW field increasing. For
example, when ΩM ≈ 20Γ , the gain is close to 1.2. So, the
magnitude of gain spectrum can be well modulated by tun-
ing the MW field. Figure 3(b) shows that the gain is encoded
into 4 states and encoded 2 bits per state from 00 to 11. Sig-
nal contrast is defined as the difference between the maximum
magnitude and minimum magnitude of the PAM-4 signal. For
example, the digital information 00, 01, 10, and 11 are en-
coded into the transmission signal when the MW field takes
8.2Γ , 16.2Γ , 18.2Γ , and 19.3Γ , respectively.
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Fig. 3. (a) Gain spectrum changing with MW field and (b) optical PAM-
4 signal, with the other parameters being the same as those in Fig. 2.

It is known that the linearity is an important index to eval-
uate the performance of a PAM-4 transmitter. Here, we calcu-
late DNL and INL of the dual-Raman scheme with Rydberg
atoms.[37] The DNL is defined as the difference between the
actual analog step and ideal value of the least-significant bit
(LSB), which can be expressed as[29]

DNL =

∣∣∣∣ In− In−1

ILSB
−1
∣∣∣∣ , (12)

where In is the amplitude of the level n (n = 0,1,2,3, . . .), and
ILSB denotes the ideal spacing between two adjacent output
values.[29,38] We take ILSB = 30 and all steps have equal ILSB.
The DNL ≤ 1LSB means that there is no code loss when the
Rydberg atom system generates the optical PAM-4 signal. The
INL is the difference between the actual transfer function and
the ideal case in the longitudinal direction, and can be written
as

INL =

∣∣∣∣ In− I0

ILSB
−n
∣∣∣∣ , (13)

where the transfer function is defined as the ratio of the out-
put magnitude E to the input EP. RLM is a key performance
matrix for PAM-4 transmitter, where the minimum value of
RLM is required to be at least 95% in many applications. It
indicates that the vertical linearity of the signal is a measure-
ment for mismatch between PAM-4 levels. The RLM can be
expressed as[39]

RLM =
min(In− In−1, In−1− In−2, . . . , I1− I0)

(In− I0)/n
, (14)

where Ii represents an i-th voltage level of a PAM-4 symbol.
The numerator is the minimum value among differences be-
tween adjacent voltage levels. The denominator is the quo-
tient obtained by dividing the difference between the high-
est voltage level (In) and the lowest (I0) by n. For an ideal
case, RLM = 1, which means that the system is perfectly lin-
ear. On the other hand, if the system turns distorted due to
non-linearity, the RLM becomes smaller than 1. For exam-
ple, PAM-4 signal typically requires a minimum RLM to be at
least 92% in many applications.[40–42]

For the proposed PAM-4 scheme, the different MW fields
are applied here, e.g., ΩM = 8.2Γ , 16.2Γ , 18.2Γ , and 19.3Γ ,
and then the optical PAM-4 signals are obtained with magni-
tudes of 10, 40, 70, and 100, respectively as shown in Fig. 3(b).
The numerical result shows that a most uniform power level
of optical PAM-4 signal can be obtained by modulating the
MW field. The calculated DNL and INL for the system are
1.9×10−4 and 1.3×10−4, respectively. This means that the
DNL and INL are about 5 times and 6 times smaller than those
of the phase-control scheme,[14] respectively. Moreover, the
RLM of the system is about 99.98% obtained from simula-
tion which is closer to the ideal value of 1. Thus, the linear-
ity of the amplitude-dependent dual-Raman scheme is higher
than the phase-control scheme. Here, the interference between
two Raman channels leads to the gain effect in the probe field,
which further amplifies the digital signal and benefits the mod-
ulation of PAM-4 signal.

We further investigate the influence of the dual-Raman
field on the PAM-4 signal. Figure 4(a) shows that the gain be-
comes larger as dual-Raman field decreases. For example, the
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gain spectrumrises from 0–0.6 to 0–2.7 with ΩR1(R2) increas-
ing from 10.5Γ to 9.5Γ . The magnitudes of the digital sig-
nals 01, 10, and 11 become larger while the magnitude of the
digital signal 00 remains nearly constant. So, the contrast of
the PAM-4 signal becomes larger when the dual-Raman field
ΩR1(R2) becomes weak. For example, the contrast of PAM-
4 increases from 30 to 50 when ΩR1(R2) decreases from 10Γ

to 9.5Γ as shown in Fig. 4(b). This indicates that a relatively
weak dual-Raman field may help to improve the signal con-
trast.
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Fig. 4. (a) Gain with different dual-Raman fields and (b) optical PAM-4
signals, with the other parameters being the same as those in Fig. 2.
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as those in Fig. 2.

Finally, we investigate the optical PAM-8 signal in the
Rydberg atoms as shown in Fig. 5. In order to encode the
8-level digital signal, we choose the MW field ΩM = 8.1Γ ,
13.7Γ , 15.7Γ , 16.9Γ , 17.7Γ , 18.4Γ , 18.9Γ , and 19.3Γ to en-
code the digital signal, respectively. Optical PAM-8 signals

of 000–111 are obtained. Of course, the linearity and RLM
of the system are sacrificed when realizing multi-level digi-
tal communication. The DNL and INL of PAM-8 signal are
2.8×10−3 and 1.9×10−3, respectively. The DNL and INL of
PAM-8 signal are one order of magnitude lower than those of
PAM-4 signal. The RLM of PAM-8 is 99.72%. So, a higher
order PAM needs a more linear system, which may benefit for
a large RLM of pulse amplitude modulation.

4. Conclusions
In this work, we theoretically analyzed the PAM-4 signal

scheme by using the dual-Raman process in Rydberg atoms.
Different MW field leads to different absorptions of the Ryd-
berg atoms, which further modilates the gain spectrum. Opti-
cal PAM-4 signal can be achieved by encoding the MW signal
and decoding the magnitude of the probe signal. The simu-
lation results show that the DNL and INL are about 5 times
and 6 times smaller than those of the previous scheme, respec-
tively, and the RLM is closer to the ideal value of 1. More-
over, we investigated the generation of optical PAM-8 signal.
This scheme allows us to further improve the signal contrast
by tuning the dual-Raman field. The dual-Raman field scheme
exhibits high sensitivity, high contrast, and may be useful for
MW-optical signal modulation.
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