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Fig. 1. (a) Schematics of the cavity optomechanical system;

(b) schematics of the cavity electromechanics system.
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Fig. 2. Cavity quantum electrodynamics system.
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Fig. 3. The experimental set-up of generating microwave
single-photon, where the left inset denotes qubit. a: super-
conducting transmission line resonator; c: output capacit-
ance; d: thermal noise port; e/f: coherent measurement

port; Z, and Z; are matching impedance.
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Fig. 4. Principle and structure of frequency-adjustable mi-

crowave single-photon source.
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Fig. 5. Principle of generating entangled microwave photon
pair using quantum dots.

Shi %5 U6 52 1y T F A HgTe & ¥ 5™ A I 4
APOLT, WWPPCTAERMZZTEH (MeV 82), If
BRI IR TE %7 X AN TC P
Rt AE E IR R W AR SC S g4l
322 MILRETELHNFAAL

e FL B P B o RS H R AR T
A GG R A5 . F A [R50 A0 5 H i
TSI R R T A T 2R ™ A ik
ST A A AR LR PN (AN B 2R PR IRALE | 5
IRBON A ), I8 i S AT T L.

e FEIS T, Mg TR s R A
2B S RERAATE. MRS E A T, — ke
) Pz B A DA A A5 K 8 (vacuum

fluctuation) §48 BH L ADEF, X —IRHEIH
AR PUARIRG. SR VIR IR AT ot —
Tl i AR AR E (B A0 He R R HL SR AR M
LR B I E] A2 Ak ) 2R -3 AR K 2 A
DA L 25 T v 7 AR DG X ) iR 2
2011 4F B 4t A 7K 48 3y Tl K %% Wilson 55 BT 7R
(Nature) [&ZFR T KT W& RIEKIRE
RS, AR P 6T P AR 00 A R A Ay it A A T
P T F B SR T SIS R PR IR S gmrh
I I YA T T PO L S B T R B A
PR RE TR ], 255 s A T LS R S At
Bk, JFaE S A T R EGER TR0E T
A 2 B ORE T 189 A 6 . ARk —id R
SEGFXF R SR H T REE XTI AR B S (M
Fhy ), W ELAE G TR AR (wi,we) Z F15%
Tl AR 2, Blw) + wy = 2.

Drive line //

/6 Wilson /AL S5 3024 B 9 0 F T (0 T 14
- 1

Fig. 6. The scanning-electron micrograph of the experiment-
al device and SQUID of Wilson group!s.
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Fig. 7. Sketch of an equivalent circuit principle of Joseph-
son-photonics device.
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Fig. 8. The typical structure of electro-opto-mechanical sys-

tem.
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Fig. 9. Schematic of microwave quantum illumination.
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Fig. 10. Scheme of generating two-mode squeezed state us-

ing quantum reservoir.
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Fig. 11. Scheme of generating two-mode squeezed state
based on the coupling of ultracold atoms and superconduct-

ing transmission line resonator.
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Fig. 12. (a) Josephson parametric amplifier; (b) 180° hy-

brid ring microwave beam splitter.

XU AR ). 5 ] bR 7E— b e XU 4 1
Wzt d i TR A (high electron
mobility transistor, HEMT) Jlt K #§ 5K 5 43 B
B, &5 — DA MIR G 55 #E AT 22000, RO
FEAR S LA AL S AR5 R, HERIE 1
XU R4, aniEl 13 fos.

Ku 45 M0 4 7 5 525 i A0 o R,
P B oA T IESSAHOCHT I, ik 1 P AR
] (R 2 R, N 14 Fis.

Y RZRIFE 2% (Josephson ring modu-
lator, JRM) J& o5 — AT LU A A4 e 425 w25 A
PARFES BRI A AE L F . B 5 DA
LILRARGS, Ay WA B IR MR 451, 58 R RFK,
HEATCHAE . ToMe s DL s AR e R PE. o H
ez, WA A0 3 AR 4 L S 2
GRTICH G X 8 77 £ 25 15701 Roch 45 7 FE258E
AL IR S r B b, 7 AN S UM E R

@Pump
Xy
Py
LO2
X e ox L LO1
= Py
20mK! 4K | 295 K X,

13 DU IR A" A i G i 7
Fig. 13. Schematic of generating squeezed microwave field

using four-wave mixing.
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Fig. 14. Schematic of generating entangled microwave field
using the squeezed field and vacuum field.
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Fig. 15. Schematic of generating two-mode squeezed mi-

crowave field using Josephson mixer.
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Fig. 16. The microwave parametric amplifier device based on cavity electromechanics system.
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Fig. 17. Device of generating two-mode squeezed  mi-

crowave field based on cavity electromechanics system.
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Fig. 18. The jointed system of circuit quantum electro-
dynamics and cavity electromechanics system that generat-

ing squeezed microwave field.
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Fig. 19. Scheme of electro-opto-mechanical system to gener-

ate continuous variable entangled microwave field.
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Abstract

Based on the characteristics of superposition, entanglement, non-locality and non-clonality of quantum
mechanics, quantum information science can break through the physical limits of classical information and open
up a new information processing function different from classical electromagnetic application methods. Due to
the advantages of high-energy single photon in practical applications, the research and application of optical
quantum information technology dominates the development of current quantum information technology.
However, the free-space transmission of light waves is greatly affected by weather conditions and atmospheric
particles. Comparing with other wave bands, classical microwave signal shows good penetration ability when
transmitting in free space. By introducing quantum mechanics, microwave signal also exhibits non-classical
merits. As quantum microwave signal inherits both classical transmission performance and quantum non-
classical features, it can be utilized as a significant signal source for diverse applications in microwave domain,
such as quantum communication, quantum navigation and quantum radar, which are based on quantum
technologies in large scale and dynamic free space transmission. There are three main experimental platforms on
which quantum microwave is studied and produced. They are cavity quantum electrodynamics(C-QED) system,
circuit quantum electrodynamics(c-QED) system, and cavity electro-opto-mechanical(EOM) system, involving
with several nonlinear effects such as Kerr effect, Casimir effect, three-wave mixing, etc. In this paper, the
setups of these platforms and the preparation principles are introduced. Meanwhile, the preparation principles
and methods of microwave single photon, entangled microwave photons, squeezed microwave fields and
entangled microwave fields are summarized and analyzed in detail from three aspects. The present status of
experimental progress in the relevant fields are summarized and listed as well. Besides, key problems in the
application of quantum navigation in free space utilizing quantum microwave are probed. Among them, the
most pressing ones are preparation ability, decoherence in transmission and detection of entangled quantum
microwave signals, which are also discussed and analyzed in this paper. Finally, we look forward to the future
development of quantum microwave technology. It mainly consists of manufacturing microwave detectors with
high efficiency, designing thermal photon filters, and developing suitable antennas. We hope that this study can
provide useful reference for scholars who are engaged in or interested in research related to quantum microwave

technologies.

Keywords: nonclassical microwave, single microwave photon, entangled microwave photons, squeezed

microwave field, entangled microwave field
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