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Simulation Results

RydIQule: Graph-based numerical computing 

platform for atomic physics  

Sensitivity (power of Minimum detectable electric 

field) vs. the number of receive antennas

The advancement of Rydberg atoms is driving a paradigm shift from 

classical receivers to atomic receivers. Capitalizing on the extreme 

sensitivity of Rydberg atoms to electric field via quantum jump,  atomic 

receivers can measure radio waves more precisely than classical receivers 

to support high-performance wireless communication. Although the atomic 

receiver is developing rapidly in quantum-physics domain, its integration 

with wireless communications is at a nascent stage. In particular, systematic 

methods to enhance communication performance are largely uncharted. 

Motivated by this observation, we propose to incorporate atomic receivers 

into multiple-input multiple-output (MIMO) communications to implement 

atomic MIMO receivers. We establish the framework of atomic-MIMO 

receivers by exploiting the principle of quantum sensing. Our model reveals 

that the signal detection of atomic-MIMO systems is inherently a biased 

phase-retrieval problem, as opposed to the linear model in classical MIMO 

systems. To perform atomic-MIMO signal detection, an Expectation-

Maximization Gerchberg-Saxton algorithm is proposed to iteratively solve 

the biased phase-retrieval problem iteratively.  Experimental results validate 

that atomic MIMO receiver outperform conventional MIMO systems in 

sensitivity by 16 dB and in signal detection accuracy by 13 dB. Our work 

serves as an important step towards advanced atomic wireless receivers for 

next-generation communication systems.
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Classical and atomic simulation parameters

    *𝑞 = 1.6 × 10−19 C: unit charge

    *𝑎0 = 5.3 × 10−11 m: Bohr distance

Normalized mean square error (NMSE)

• 16 dB improvement in sensitivity than classical MIMO

• 20 dB improvement in sensitivity than atomic SISO [Ref.1]

• 13 dB improvement in NMSE realized 

by the 16 dB higher sensitivity 

1. Transmit signal of the 𝑘-th user: 𝑥𝑘 𝑡 = 𝑅𝑒 𝑠𝑘𝑒𝑗𝜔𝑡

2. Incident radio wave on the 𝑛-th atomic antenna:

3. Quantization: 𝐻(𝑡) = diag ℏ𝜔𝑒 , ℏ𝜔𝑔 + ෝ𝝁𝑛
𝑇𝑬𝑛(𝑡)

4. Schrodinger equation: 𝑖ℏ
𝜕ȁ ۧ𝜓(𝑡)

𝜕𝑡
= 𝐻 𝑡 ȁ ۧ𝜓 𝑡

5. The probability of finding the atom at energy level ȁ ۧ4 :  𝑝 = sin2 Ω𝑛

2
𝑡

6. Rabi frequency: Ω𝑛 = σ𝑘=1
𝐾 σ𝑙=1

𝐿 𝝁𝑒𝑔
𝑇 𝝐𝑛𝑘𝑙ℎ𝑛𝑘𝑙𝑠𝑘 + 𝑏𝑛

7. Quantum shot noise results from the randomness of measurement:

8. Transmission model of atomic MIMO receivers:

Radio waves from users
Radio wave from reference source

𝑬𝑛(𝑡) = 𝑅𝑒 σ𝑘=1
𝐾 σ𝑙=1

𝐿 𝝐𝑛𝑘𝑙ℎ𝑛𝑘𝑙𝑠𝑘𝑒𝑖𝜔𝑡 + 𝝐𝑟,𝑛ℎ𝑟,𝑛𝑒𝑖𝜔𝑡

Rydberg energy levels
Interaction of atom and radio wave: ෝ𝝁𝑛is 

the dipole moment operator of atom

Wireless channel User signal
Known reference signal

𝜎2 =
ℏ2

4𝜋2 𝝁𝑒𝑔
2

𝑇𝑟𝑁𝑎

Electric dipole moment

• 𝑁𝑎: number of atoms

• 𝑇𝑟:  atom relaxation time

• Quantum shot noise is much 

weaker than thermal noise

𝑦𝑛 = σ𝑘=1
𝐾 σ𝑙=1

𝐿 𝝁𝑒𝑔
𝑇 𝝐𝑛𝑘𝑙ℎ𝑛𝑘𝑙𝑠𝑘 + 𝑏𝑛 + 𝑤𝑛  • Biased phase-retrieval as opposed 

to classical linear MIMO model

• Solvable using EM algorithmMatrix form

𝒚 = 𝑨𝒔 + 𝒃 + 𝒘  
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