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Preliminary results of the comparative analysis of quantum radar (QR) based upon quantum entanglement phenome-
non and noise radar (NR) based upon classical coherence and correlation processing of random signals are presented
in the paper. It has been shown that the basic idea of entangled multi-photon QR for simultaneous implementing of
high penetrating ability of the entangled photons and high spatial resolution performance does not work because of
decay of the entangled state of the transmitted photons. QR operation abilities are described in terms of classical
physics. In addition, a two-photon QR has been modelled by means of classically phase locked two-frequency signals

(regular and chaotic). A fourth type QR has been suggested.
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INTRODUCTION

Recently idea of ‘Quantum Radar’ (QR) has been
suggested [1], which drawn a significant attention of radar
engineers. Exploiting of unique properties of the entan-
gled states of multi-photon (or multi-frequency) electro-
magnetic field is the basic idea of QR. There is a big hope
that these properties will enable to go beyond diffraction
limit in range and angular resolutions when using multi-
particle radar signals [1]. Another possible schemes for
QR design consist in application of a two-particle state of
radar signal, and using one of them as a sounding signal,
while the second one as the reference. Information on a
target is to be extracted via cross-correlation between the
received signal and the reference. In this case, there is one
more source of target information may be used, namely:
entanglement of photons in polarization states, which give
a method to make conclusion on a target via detection of
photon polarization changes in the reference channel due
to polarization changes in the sounding signal.

The second scheme of QR is formally similar to the
scheme of Noise Radar (NR) [2 — 5] where stationary
wideband random signal is used as the sounding one
while its copy serves as the reference signal to estimate
their cross-correlation aiming extraction of the informa-
tion on the range and velocity of the target.

In the paper, a brief review of published
papers/patents on quantum radar and quantum imaging
will be given in comparison with published papers on
Noise Radar. Common and distinguishing features of
these radars are briefly discussed. In addition, a method
for preparation of sounding signal which may be de-
scribed as entangled photons using classical notion of
signals phase locking. A possibility of application of radar
signals with correlations between different spectral com-
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ponents (signal entanglement) is considered in compari-
son with conventional Noise Radar scheme. A new type
of QR has been suggested applicable for detection of non-
stationary fluctuating/oscillating (tangage, roll, pitch, etc.)
targets.

1. ‘QUANTUM RADAR’

First we give below the accepted to the date descrip-
tion of the suggested QR concept and some related defini-
tions. QR is a theoretical remote-sensing method based on
quantum entanglement. In theory, entangled photons
could be used to reveal details of objects they have never
interacted with. If one particle bumped into an aircraft its
twin would react in the same way, even if it never left the
laboratory. Work out a way to read that behavior, and an
image could be built up, even with ‘no information being
directly transmitted from the target’ [6 — 8].

From QR block diagram [1] it may be seen that au-
thors suggested to launch one of the entangled photons
towards a target, while another one (the idle) to use for
detection of a target via estimate of cross-correlation be-
tween reflected signals with the idle one. According to [1]
QR intends to create a radar system which provides a bet-
ter resolution and higher detail than classical radar can
provide. The technology is hoped to work by using pho-
ton entanglement to allow several entangled photons to
function as if a shorter wavelength was used to allow de-
tection of small details while having an overall longer
group wavelength that allows long distance transmission.
The authors claimed that current radar systems become
less useful as range increases, because the frequencies
needed to transmit over long distances are less sensitive.
According to the patent [1] this problem can be removed
by entangling light at different frequencies and then send-
ing them out together as a bundle. It says: “Entangled
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radar waves can combine one or more particles with a
relatively high frequency for resolution, with one or more
particles at a lower frequency for more effective propaga-
tion.” In this way radar beam could then “propagate
through different types of mediums and resolve different
types of target”.

However, this statement has week points. For in-
stance, entangled state of QR signals will completely de-
cay when QR probing signal bumps a wall and a short
wavelength photon will NOT be able to penetrate through
the wall and, hence, will not be able to reach a target be-
hind the wall. In addition, there are many other factors
that may destroy the entangled state of the ‘radar pho-
tons’. That is why a new concept of quantum illumination
has been suggested [9] to enable usage of a decoherent
entangled signals enhancing detection capability com-
pared to non-entangled radar signals [9 — 11].

Later on a theory of Quantum Radar has been elabo-
rated in the book [12], where all the radar related issues
have been considered from the view-point of Quantum
Physics, namely: QR standoff sensors, target radar cross-
section for QR, QR jamming, Interferometric QR, etc. In
particular, three different types of future QR have been
considered in [12]: 1) QR based upon Entangled Photons
generating, radiation and processing; 2) Single photon QR
that exploits possible advantages of Quantum scattering
of a separated photons by a target; 3) QR which transmits
a signal formed by coherent photons (actually classical
fields) and received with the help of QM detector. In ad-
dition, the entangled photons have been used to perform
so called ghost imaging [6 — 8], where authors think that
they are able to generate image of an object without scan-
ning, but just illuminating it and detecting scattered signal
as a bucket [7]. However, they perform scanning over
CCD matrix in idle channel of the imager with further
estimation of cross-correlation of the detected both bucket
and the idle signals for every CCD matrix pixel. In other
words, in these experiments the algorithms for the de-
tected signals processing are the same as in case of Syn-
thetic Aperture Radar (SAR) imaging, and, in particular,
in case of coherent imaging with the Ground based Noise
Waveform SAR [5].

In the next section we briefly describe NR concept
and Noise SAR imaging technique and make their com-
parisons with QR and ghost imaging, respectively, where
entanglement photons are in use.

2.NOISE RADAR

Noise Radar is a radar that uses the classical
noise/random/chaotic continuous or pulsed waveform as a
radar signal and coherent reception of radar returns via
estimation of cross-correlation R(7) between the reference
signal (properly delayed copy u(f—17) of the transmitted

random signal) with the radar return w(¢) [2 — 5]
T

1
R(7)=1lim— | v(t)u(t—7)dt ()
()=t 3z [ Oule=)
In this way, Noise Radar uses the illumination of a
target by random signal and coherent detection (both am-
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plitude and phase) of the scattered wave. Noise waveform
with a variable power spectrum width enables controlling
the radar range resolution, since it is defined by the signal
power spectrum bandwidth B, as follows: Ar=c/2B,
where c is the velocity of light.

Usage of random waveform gives such benefits as
absence of range ambiguity and improving immunity
against external electromagnetic interferences and jam-
ming [2 — 5]. The latter property is common for any co-
herent radar, but noise radar has a unique anti-jamming
property: robustness with respect to coherent single fre-
quency interference.

Usually, radar returns and reference signals are down
converted to intermediate frequency band and digitized
with a fast ADC having two channels with 1-1.5 GHz
instant pass-band width and 1-3 GS/s sampling rate with
8—12 bit depth resolution. The sampled radar returns and
reference signals are processed in a PC using standard
algorithms for their cross-correlation (1) estimation.
Nowadays FPGA based signal processing is also in wide
use [13]. Applying maximum likely-hood method we may
estimate the target range, while estimation of the Doppler
frequency in the cross-correlation function gives us in-
formation on a target velocity. In this way, we may see a
similarity between NR and QR concepts: in the latter case
a comparison of the reflected signal and the idle (or refer-
ence) signal is also required if one has to retrieve the in-
formation on the target, as it is described in more detail
in[l, 7 — 8]. Similar comparison with so called ancilla
state is to be done in case of quantum illumination tech-
nique [9 — 11].

For microwave imaging of an object, one should im-
plement motion of a noise radar antenna in cross-range
plain and apply a standard 2D SAR imaging technique via
range and azimuth compressions to the radar returns and
construct image of a distributed object [13 — 14]. As it
may be seen in [13 — 14] the procedure of taking images
with ground based noise waveform SAR is very similar to
that suggested in the ghost imaging concept based upon
entangled photon concept. In addition, 3D tomographic
imaging may be implemented via range compression and
2D aperture synthesis via MIMO operational mode for
each range bin [14].

The related measurements were carried out inside a
laboratory room with concrete walls, ceiling and floor. A
polyethylene sphere covered with aluminum foil was
placed in the middle of the room and was used as the
standard target. Inside the room there were several desks
and laboratory tables with electronic devices and equip-
ment on their tops, PCs, metal chairs and multiple metal
objects. Similar experiments have been done for outdoor
scenario. In the Noise waveform SAR the random/noise
sounding signal was transmitted towards the scene, while
its copy was stored in the onboard memory and used as a
reference (ancella state) for retrieving information on the
range, intensity and phase of every pixel, in the way simi-
lar to that in which is similar to QR and Quantum Illumi-
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nation operational mode. We may conclude that opera-
tional Noise Radar technique provides similar benefits as
the thought QR and Quantum Illumination ones.

3 CLASSICAL MODELLING OF ‘QUANTUM RADAR’

SIGNALS

In quantum optics, entangled photons are normally
generated via spontaneous parametric down conversion,
provided proper equalizing the phases of the generated
photons propagating through two different channels in the
optical nonlinear crystal. Spontaneous radiation of an
atom means radiation induced by quantum fluctuations of
vacuum [15] which provides phase locking of the down
converted photons of different frequencies, which are
called as entangled photons.

In classical physics we may simulate quantum en-
tanglement with the help of generating of two (or more)
signals having the same or different frequencies, provided
their phase locking, i.e. preserving their mutual phase
shift (in other words, position along the time axes). Gen-
erally, entangled signals may have frequencies with either

(1) resonant ratio: Noy=Mo, o (2) non-resonant, or

ergodic, ratio: Ney # M ®2 where N and M are integer

numbers. Some results of computer simulation of the cor-
relation reception of entangled signals

S, =sin(o+oy,) S, =sin(w,t + o,y,)

and with dif-

ferent rates % and 02 of their de-phasing (decoherence)
for the case of M=6 and N=7 are presented in Fig.1-4.

However, instead of validation or disproval of the
QR concept via computer simulation, we suggest and
briefly describe another application of the entangled pho-
tons (or their classical analogue) in radar, which may be
considered as a Fourth type of QR. We suggest to apply
entangled photons as an entire radar signal for sounding
of a nonstationary target making an oscillatory motion
with the frequency close to the difference frequency of
the entangled photons frequencies.

Fig.1 through Fig.4 show entangled signals and their
performance for two different cases: (1) perfectly phase
locked signals and (2) signals with rather strong dephas-
ing. We have estimated and showed in Fig.1 and Fig.3 the
following performance of the signals

S,+S,; (S,+8,) and S8,

Their autocorrelation and cross-correlations esti-
mated with the help of Eq.(1) are shown in Fig. 2 and
Fig. 4.

In spite of significant dephasing (entanglement de-
stroying) of two entangled signals, one may observe re-
sidual autocorrelations for a single frequency signal

R, (7) R 5 (7)

and that for entangled signals , while it

is not the case for their cross-correlation RSISZ(T). The
latter means, in particular, that there is no chance to ex-
tract information on a target when trying to exploit entan-
glement phenomenon in QR in case of strong decoherence
of the entangled signals. At the same time, the target’s
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information may be retrieved when using entangled
waves after their summation, which corresponds to the
case of quantum illumination [9 — 11]. This is the main
difference from the consideration of entangled photons
applications in [1], [6 — 7].
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Fig. 1. Two signals and their “entangled” composition
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Fig. 2. Autocorrelation (top) and cross-correlation (bottom) of
two signals along with autocorrelation of the ‘entangled’ waves
(middle)
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Fig. 3. Two waves, mutual randomized phases and their
‘entangled’ compositions in case of strong dephasing
(decoherence)
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Fig. 4. Autocorrelation (top) and cross-correlation (bottom)
of the entangled signals along with autocorrelation of the
‘entangled’ signals (middle) in case of strong dephasing

Thus, we may assume that idea of entangled photon
in radar might be used in different way, namely as com-
position of two (or more) different photons with locked
phases, which compose a nonstationary waveform with
mutually phase locked spectral components. Such a wave-
form may provide a possibility to get more information on

MpuknagHas pagnoanekTpoHuka, 2016, Tom 15, Ne 4



Lukin K.A. Comparison of ‘quantum radar’ and noise radar concepts

the illuminated target, which might be additionally stud-

ied. In particular, we may expect kind of resonant reflec-

tion in case of difference frequencies period is close to
characteristic time of target oscillatory motion, such as
aircraft and ship pitching and other motions.

The waveforms of that type may be generated either
Quantum mechanically, via entanglement, or classically,
via phase locking (synchronizing) of classical waves. In
this way, we have suggested “Quantum Radar” of fourth
type.

CONCLUSIONS

Noise Radar was a “crystal dream” of radar engi-
neers during several decades. Nowadays it works. Today
Quantum Radar looks nonrealistic for the claimed long
range applications, but it could be a promising approach
in extremely near field applications. At the same time,
since entanglement of two (or more) photons may be con-
sidered as a phase locked waves the same functions of
Quantum Radar may be implemented with the help of
classically synchronized (phase locked) signals of differ-
ent frequencies. In this case a fourth type of QR may be
introduced which exploits nonstationary nature of the
entangled signals and may provide efficient detection of
oscillating targets and in nonlinear radar implementations.
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IIpencTaBneHsl IpeABapUTENbHBIE PE3yJbTAaThl CPaBHHU-
TEJIFHOTO aHajmu3a KBaHTOBOro paxapa (KP), ocHoBanHoro Ha
SIBICHUH KBAHTOBOW 3aIlyTaHHOCTH M IryMoBoro pazapa (LIP),
HCTIOJIBb3YIOIETO KJIACCUYECKYI0 KOI€PEHTHOCTh M KOppeIsIy-
OHHYI0 00paboTKy Ciy4aiHBIX cHTrHANOB. [lokazaHo, 4TO OC-
HosHas uzaes KP, ucnons3yromnias 3amyTaHHbIe MHOTO()OTOHHBIE
COCTOSIHUS JUId OJJHOBPEMEHHOW pealn3alii BBICOKOH NPOHU-
KaloIleil CrIoCOOHOCTH 3aryTaHHBIX (POTOHOB M BBICOKOTO IPO-
CTPAHCTBEHHOTO pa3pemIeHust He paboTaeT M3-3a paclaja 3aIry-
TAQHHOTO COCTOSTHMS TIepefaBaeMbIX (OTOHOB MOA AEHCTBHEM
okpyxatomieir cpeapbl. [Tokazana Bo3moxkHocTh onucanust KP B
TepMHUHAX KJaccudeckod usnku. Kpome Toro, mpoBeneHo Mo-
nenupoBanue IByx¢poronHoro KP ¢ momompio MeTonoB Kiac-
cuyeckd (Ha3oBOl CHHXPOHU3ALMHU JIBYX CHIHAJIOB (PETYJsPHBIX
WM XaOTHYHBIX) U npesioxkeH KP uetBeproro tuma.

Kniouegvie cnosa: KBaHTOBBIM pamap, (OTOH, IIyMOBOMH
panap, ¢a3oBasi CHHXpPOHHU3ALINS, KOTEPEHTHBIN CUTHAIL
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Hasezneno nonepe/Hi pe3yabTaTd HOPIBHSUIBHOIO aHANi3y
kBaHTOBOrO pamapa (KP), 3acHoBaHOTO Ha SIBHII KBAaHTOBOL
3arutytaHocti i mymosoro pagapa (IIIP), mo BukopucTOBYE
KJIACUYHY KOTEPEHTHICTh 1 KOpeJsLiiiHy 0OpoOKy BHITaIKOBHX
curnainiB. [lokazano, mo ocHoBHa imes KP, skxa BHKOpHCTOBYE
3amtytani 6araro)OTOHHI CTaHM JUIsi OJHOYACHOI peaizaril
BHCOKOi NPOHUKAIOYOi 3IaTHOCTI 3aIUTyTaHUX (POTOHIB 1 BHCO-
KOT'0 IIPOCTOPOBOIO PO3AiNy, L0 HE MPAIOE, Yepe3 po3naj 3a-
IUTyTAHOTO CTaHy MepelaHnX (OTOHIB MiJ] Ji€I0 HABKOJIHUIIHBOTO
cepenosuia. I[Tokazana moxmBicts onucy KP y Tepminax kia-
cnunoi ¢izukn. KpiMm Toro, mpoBeseHO MOJETIOBaHHS IBOX(}O-
torHoro KP 3a momomororo meroniB kmacuuHOi (a3oBoi cHH-
XpoHi3amii ABOX CUTHANIB (perysipHuX abo XaoTHYHHX) 1 3a-
nponoHosaHo KP uerBeproro tumy.

Kniouosi cnosa: xBaHTOBHI paaap, OTOH, NIyMOBHH pa-
nap, ha3zoBa CHHXPOHI3allisl, KOTePEHTHUT CUTHAIL.
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