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Fig. 1. Equivalent model of quantum illumination radar.
AR i BRI FR A 0 SR B, TR IS LAL 71K
B DN A T DA 3 W R AT BE B4 H 2 po AT py , G
kAT

po = Trg (pa) ® pc, HIFAAFALE. (3)
pr = Trc (Unspan @ pcUl ) , HFREEE.  (4)

Horp Tor J2 068 9% BE 50 B R w3k, 40 2R HARAEAERY,
TEBUE T2 78 v 75 0K PR 75 () - B 14500
N NL = N/ (1 — R) , DAMEIR G R A iFE.
PRI 1) B P2 B AR R S AR, X —[n]
AT DA S5 O P T 128 po Fl py B HEHT AR,
3 (P A I A DR MR AR PEAG . e/ VI B IR AR 2R
] LA Helstrom % fR 45 ) 23
s (15l =o™0).
He|pl] = Tr/plp REE B TS p B, N
A RV sp FH TR0 ) A GG IR HE DIEK, po®N R
FEHLFE po B9 NYRGKEFL, Bl po@po---@po. H
N BB IRES, fEBUE A T R Helstrom
BRI 22 A 5 LTt ARk ST SR
i+ Chernoff i1 # (quantum Chernoff bound,
QCB ), XfEi#xN QCB W FR, e fiy i iU 1R Ak
e HA BN R AL TR R

Perr,N =

170302-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 17 (2024)

170302

FEGRAT B

N
1 . _
Perr,N < PéVCB = 2{02115121 Tr [pl(f)p% t] } ) (6)

SEf min RV A EAE 0—1 ZIVIEAEA ¢,
75 T [ ph ] FOfE /1.

22 EEAXSEBRHNEFRETIE

B U R A A (W N A 2.
I, KA H R AT, 2R
BT HIBERIL o3 A1 AR IR SRR, B e 4
BLAAG I RE.

HRAESCHR [13,25], SEPREREE AT AR Z06HE
PR, BV RDRE HARAN e S0 AR BE, WA 2,
Lt=VT, r=vV1-T, Hh T RHRIN N E
bR W 53 R B S BT KRS G N

dout = [t-exp(ikA2)]N iy

N
+r Y [texp(kA)N b, (7)

n=1
Horp a, AT S R EE K B, kR, 2
TERIFEES, by (n=1,2,--- , N) RHHOEI 09 K 8
T, N NESI SRR NEL, exp(ikAz) R AR
i AN — oo, W Az — 0, SRIEFRAT 15

X
Gout (2) = exp (ikz — 2Z> Qin

+ivE /0 exp [ (i - g)(z ~ e, @®
RS
Gout = \/f&in + \/ﬁi), 9)
T = exp(—Xz), (10)
RS 0 B 08 R 0 X U 5 R HLN
T KL ROBE A T iR, TEAR LA AR 5 3R 240
A . FEVP R KA & 7 R A R 5T
o SRR Mie IS SRR Y £ HHUR
FUT7 3 091 SRS ] 6 DL JEE A0y i R AR 7 L ) VD
R RA R TEIR R, HARYE (9) 2okapre 1%
FEIH AT AN FE O V2R KA T K AT AR L.
LTIl B H AR S RS L a2 L, H
n2es BAR BT R, ZEBEI KA, H
(9) SAI (10) 2T th 32 [ LA 35 B 6 7
B K RAF ik =N

dr = /1@ + /1 —1'b, (11)

n' =mnexp (—2Xz). (12)
Z
«—AZ—>
R [

B2 srthk gy
Fig. 2. Beam splitter chain model.
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Fig. 3. Variation of microwave specific attenuation in sand-

dust atmosphere with visibility for different charged quantity
of sand-dust particles: (a) 35 GHz; (b) 78 GHz; (c) 95 GHz.
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F 1 ETFRUFEBEIERER S50k
Table 1.  Simulation parameters for detection-error-probability in quantum illumination radar.
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Fig. 4. Variation of Helstrom limit (left) and QCB (right) for quantum illumination radar with visibility for different charged quantity

of sand-dust particles: (a) 35 GHz; (b) 78 GHz; (c) 95 GHz.
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Fig. 5. Variation of output SNR for quantum illumination
radar and TMN radar with visibility for different charged
quantity of sand-dust particles: (a) 35 GHz; (b) 78 GHz;
(c) 95 GHz.
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Table 2. Simulation parameters for output signal-to-noise ratio of quantum illumination radar and classical radar.
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Fig. 6. Variation of maximum-detection-range for quantum
illumination radar with visibility for different charged
quantity of sand-dust particles: (a) 35 GHz; (b) 78 GHz;
(c) 95 GHz.
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Fig. 7. Variation of maximum-detection-range of TMN
radar with visibility for different charged quantity of sand-
dust particles: (a) 35 GHz; (b) 78 GHz; (c) 95 GHz.
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Fig. 8. Variation of maximum-detection-range for quantum

illumination radar and TMN radar with average photon
number emitted: (a) 35 GHz; (b) 78 GHz; (c) 95 GHz.
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Abstract

This work is to study the effects of charged sand/dust atmosphere on the performances of microwave
quantum illumination (QI) radar. Based on Mie particle scattering theory, using a Monte Carlo method for
simulating the physical process in which photon is scattered multiple times by discrete random distributed
particles, the specific attenuation (dB/km) of microwave propagating in sand/dust atmosphere are analyzed
under the conditions of varying atmospheric visibility and sand/dust particles with different charged quantities.
It is indicated that the specific attenuation obtained by multiple scattering is smaller than that obtained based
on Mie theory, for microwave propagating in charged sand/dust atmosphere. The smaller the atmospheric
visibility, the greater the difference is, while the difference decreases gradually as the atmospheric visibility
increases. Then, it is more reasonable to consider multiple scattering attenuation at lower atmospheric visibility.
When sand/dust particle is charged, the specific attenuation is increased, however, this increase is not linear.

According to quantum illumination radar theory, a beam splitter-based optical link model is used to
simulate the sand/dust atmospheric channel. The effects of charged sand/dust atmosphere with different
visibility on the detection error probability, signal-to-noise ratio, and maximum detection range for microwave
quantum illumination radar are studied by using quantum radar equation and quantum detection error
probability theory. The performances between QI radar and classical two-mode noise (TMN) radar are
compared and analyzed. These results show that the performances of quantum illumination radar are improved
with sand/dust atmospheric visibility increasing. When sand/dust particles are charged, the performances for
QI radar are degraded due to attenuation increasing. The change in the performance is nonlinear with the
variation of sand/dust carrying charge quantity. When visibility is high, increasing the signal frequency can
improve the performance of quantum illumination radar, but when visibility is low, the gain of frequency
increase is offset by the performance decline caused by attenuation increase. Therefore, it is not recommended
to increase the frequency in such a case. The comparison with classical radar reveals that QI radar performs
better under the condition of lower atmospheric visibility and lower average photon emission, but this
advantage diminishes as the number of photons increases.

In a word, these results show that the performances of QI radar are more significant at lower atmospheric
visibility. Under higher visibility conditions, the QI system SNR can be improved by increasing frequency. The

maximum detection range of the QI radar is significantly better than that of the classical TMN radar.
Keywords: quantum illumination radar, sand/dust atmosphere, detection performance, multiple scattering
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