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Abstract 

This paper provides a detailed exploration of quantum radar technology, focusing on the generation, 
measurement, and theoretical analysis of quantum-correlated signals in both optical and microwave 
domains. We examine the mechanisms behind producing entangled signals and their application to improve 
radar sensitivity and accuracy in noisy environments. A review of key studies is presented, with emphasis 
on their experimental setups and the limitations that define the potential of quantum radar. By aggregating 
data on object detection range and analyzing global research trends through visualizations, including a bar 
chart and a world map, we illustrate the growing interest and research efforts in this domain. Our findings 
highlight the significant advancements and remaining challenges in developing practical quantum radar 
systems, as well as the worldwide collaboration driving progress in this cutting-edge field. 
 
Keywords: Quantum radar; entanglement; two mode squeezed vacuum; Josephson junction; spontaneous 
parametric downconversion. 
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List of Abbreviations Frequently Used in The Text 
 

Abbreviation        Explanation 
 

ADC Analog-to-digital converter 
APD Avalanche photodiode 
BBO Beta-barium borate 
BS Beamsplitter 
  
CCD Charge-coupled device 
CW Continuous wave 
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DM Dichroic mirror 
DSF Dispersion-shifted LEAF fiber 
EDFA Erbium-doped fiber amplifier 
eJPA Engineered Josephson parametric amplifier 
EOM Electro-opto-mechanical converter 
JPA Josephson parametric amplifier      
JPC Josephson parametric converter 
JRM Josephson ring modulator 
JTWPA                          Josephson traveling wave parametric amplifier                                                        
MgO:PPLN                   Magnesium-oxide doped periodically-poled lithium niobate 
PBS                                Polarization beam splitter 
ppKTP Poled potassium titanyl phosphate 
ROC                                Receiver operating characteristics 
SPAD                              Single-photon avalanche diode 
SPD                                 Single photon detector 
SPDC                              Spontaneous parametric downconversion 
SNSPD                           Superconducting single-photon detector 
TMN                               Two mode noise 
TMSV    
QI                          

Two mode squeezed vacuum 
Quantum illumination 

QTMS                             Quantum two mode squeezing           
           

1. Introduction 
 

A seminal paper in [1] showed that quantum illumination which uses a quantum 
mechanical phenomenon known as entanglement enhances detectability of a target even 
in the lossy and noisy environment which destroys entanglement. Although the early work 
in [1] illustrated extremely important improvement on the detection of a target correctly, 
a couple of follow-up studies [2-3] showed that it is limited in terms of error probability 
exponent to the classical counterpart in theory.  
 

Quantum radar was studied in the optical domain in [1-3], namely, the target was assumed 
to be illuminated with an optical source in those theoretical analyses. In this respect, 
experimental works in which the entangled source for illuminating the target in the optical 
domain has been conducted basically in [4-12]. In those experimental analysis, nonlinear 
crystal and semiconductor waveguides have been employed in order to generate entangled 
signal pairs. Meanwhile, detection schemes vary from single photon detectors to cameras 
in the optical domain. 
 

After a study in [13] on microwave quantum illumination led to paradigm shift in the 
quantum radar concept and raised the interest of researchers on the quantum radar in the 
microwave domain, rather than optical domain. The microwave domain signal generation 
was carried out by employing an electro-opto-mechanical (EOM) converter in [13]. 
Superconducting circuits with Josephson junctions in an extremely low temperature were 
a good candidate for creating a couple of entangled signals. Therefore, Josephson 
parametric amplifier (JPA) was utilized in [14-18] instead of using the EOM converter to 
produce a pair of entangled signals in the microwave domain as in [13]. Depending on the 
JPA in [14] and the theoretical analysis in [2], the study in [15] approaches quantum radar 
from an engineering view, demonstrating that a quantum radar system can be derived 
from a classical noise radar by making specific assumptions in modelling. A similar study 
to [14], employing Josephson parametric converter (JPC) was also accomplished in [19] 
with an optimum receiver proposed at an early theoretical analysis on quantum radar at 
[20]. 
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Performance of an engineered JPA (eJPA) proposed in [21] was compared to the quantum 
radar proposed in [16] and [19], separately. Rather than comparing the performance of the 
classical noise radar and the quantum radar as in the early studies, the impact of 
temperature and squeezing parameter on the purity and decoherence effects in the 
quantum radar observed in [22]. In addition, the research in [23] provides insights into the 
behaviour of entanglement, squeezing, and entropy in quantum radar, offering valuable 
implications for quantum information processing in the radar. Furthermore, in a quantum 
radar simulation, the improvement in performance between a non-degenerate JPA and a 
degenerate JPA through was examined in [24]. Rather than employing JPA/JPC in [14, 21], 
Josephson traveling wave parametric amplifier (JTWPA) was utilized [25-28]. 
The study in [29] evaluates the performance of microwave quantum radar, focusing on its 
maximum detection range and quantum advantage. Furthermore, advancing quantum 
radar technology into a broader area discussed in [30]. It is also important to note that 
potential medical sensing applications of microwave quantum radar were discussed in 
[31]. 
 

While several review articles on quantum radar have been published [32–39], they often 
lack a direct focus on the engineering perspective of microwave radar systems, despite 
contributions from authors with engineering backgrounds. This study bridges that gap by 
offering a comparative analysis of photon and signal generation techniques in the optical 
and microwave domains while also establishing a theoretical framework for measuring 
quantum information in both regimes. We examine the design and implementation of 
transmitter and receiver systems, highlight methodological differences in signal 
processing between optical and microwave quantum radars, and evaluate their 
operational ranges. Furthermore, we provide statistical insights into global interest in 
quantum radar, presenting data on research activity from Google Scholar to reflect 
contributions from various researchers and countries. By consolidating complex research 
into a more accessible format, this study aims to advance understanding, identify 
performance enhancement strategies, and provide guidance for future developments in 
quantum radar technology. 
 

This paper, it is organized starting with a theoretical background on the generation of 
entangled pairs of signals in Section 2. Then, nonlinear materials to generation quantum 
correlated signal pairs for quantum radar is mentioned in Section 3, and measurement 
techniques in optical and microwave domain is detailed in Section 4. Following that, 
theoretical limits of quantum radar are indicated in Section 5. Practical applications and 
an analysis on quantum radar works are specified in Section 6 and Section 7, respectively. 
Finally, this paper is completed with conclusion and references in Section 8 and Section 9, 
consecutively. 
 

2. Theoretical Background 
 

The classical pump mode at frequency wP interacts in a nonlinear medium with two modes 
at frequency wS called signal frequency, and wI called idler frequency, as shown in Fig. 1, 
where wP = wS + wI. The Hamiltonian of a parametric amplifier system which generates 
highly correlated photon pairs is described as in Eq. (1). 
 

 
 

Fig. 1 Nonlinear interaction 
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𝐻 =  ħ𝑤𝑆�̂�𝑆
†�̂�𝑆 + ħ𝑤𝐼�̂�𝐼

†�̂�𝐼 + 𝑗ħ𝛤(�̂�𝑆
†�̂�𝐼

†𝑒−𝑗2𝑤𝑡 − �̂�𝑆�̂�𝐼𝑒−𝑗2𝑤𝑡)                       (1) 
 

where �̂�S
†(�̂�I

†) and �̂�S(�̂�I) are the annihilation and creation operators of the signal(idler) 
mode, ħ is a reduced Plank’s constant, and 𝛤  is the coupling parameter which is 
proportional to the amplitude of the pump (wP) and the second-order susceptibility of the 
medium [40-42]. 
 

The equations of motion in the Heisenberg picture for the interaction representation are 
in Eq. (2), 

 
𝑑�̂�𝑆

𝑑𝑡
= 𝛤�̂�𝐼

†                                                                     (2.a) 

𝑑�̂�𝐼
†

𝑑𝑡
= 𝛤�̂�𝑆                                                                     (2.b) 

 

The solutions to these equations can be expressed as Eq. (3), 
 

�̂�𝑆 = �̂�𝑆 cosh 𝛤𝑡 + �̂�𝐼
† sinh 𝛤𝑡                                                    (3.a) 

�̂�𝐼 = �̂�𝐼 cosh 𝛤𝑡 + �̂�𝑆
† sinh 𝛤𝑡                                                    (3.b) 

 

The mean photon number in one mode after a time t for an initial coherent state, |𝛼S, 𝛼I⟩, 
is in Eq. (4), 

 

〈𝑛𝑆(𝑡)〉 = ⟨𝛼𝑆 , 𝛼𝐼|�̂�𝑆(𝑡)|𝛼𝑆 , 𝛼𝐼⟩                                                  (4.a) 

= ⟨𝛼𝑆, 𝛼𝐼|�̂�𝑆
†�̂�𝑆|𝛼𝑆, 𝛼𝐼⟩                                                 (4.b) 

= |𝛼𝑆 cosh 𝛤𝑡 + 𝛼𝐼
∗ sinh 𝛤𝑡|2 + sinh2 𝛤𝑡                                  (4.c) 

 

The number of photons generated when the system is started in the vacuum state (𝛼S =
𝛼I = 0) is sinh2 𝛤𝑡 as in the last term in Eq. (4.c) [40, 43]. In a two mode system given as 
signal and idler is observed cross-correlations, which has a quantum behavior in intensity 
correlation functions. The two mode intensity correlation function is described as Eq. (5), 

 

𝑔𝑆𝐼
(2)(0) =

⟨�̂�𝑆
†

�̂�𝑆�̂�𝐼
†

�̂�𝐼⟩

⟨�̂�𝑆
†

�̂�𝑆⟩⟨�̂�𝐼
†

�̂�𝐼⟩
                                                                (5) 

 

When the signal and idler modes are symmetric, the appropriate Cauchy-Schwarz 
inequality is in Eq. (6), 

 

[𝑔𝑆𝐼
(2)

(0)]
2

≤ 𝑔𝑆
(2)(0)𝑔𝐼

(2)(0)                                                      (6.a) 

⟨�̂�𝑆
†�̂�𝑆�̂�𝐼

†�̂�𝐼⟩
2

≤ ⟨(�̂�𝑆
†�̂�𝑆)

2
⟩ ⟨(�̂�𝐼

†�̂�𝐼)
2
⟩                                               (6.b) 

⟨�̂�𝑆
†�̂�𝑆�̂�𝐼

†�̂�𝐼⟩ ≤ ⟨(�̂�𝑆
†)

2
(�̂�𝑆)2⟩ + ⟨�̂�𝐼

†�̂�𝐼⟩                                             (6.c) 

𝑔𝑆𝐼
(2)(0) ≤ 𝑔𝑆

(2)
(0) +

1

⟨�̂�𝐼
†

�̂�𝐼⟩
                                                     (6.d) 

 

The correlations that form reach the highest level permitted by the principles of quantum 
mechanics [40]. 
 
2.1. Two Mode Squeezed Vacuum (TMSV) 
 

Quantum correlations developed between the signal and idler modes give rise to the 
squeezing observed in the non-degenerate parametric amplifier [40-44]. The total field 
according to the Heisenberg picture of the signal and idler mode where frequencies are 
placed symmetrically around w, as in Eq. (7). 
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𝐸(𝑡) =
1

√2
[�̂�𝑆(𝑡)𝑒−𝑗(𝑤+𝜀)𝑡 + �̂�𝑆

†(𝑡)𝑒𝑗(𝑤+𝜀)𝑡 + �̂�𝐼(𝑡)𝑒−𝑗(𝑤+𝜀)𝑡 + �̂�𝐼
†(𝑡)𝑒𝑗(𝑤+𝜀)𝑡]        (7.a) 

𝐸(𝑡) = 𝑋𝜃(𝑡, 𝜀) cos(𝑤𝑡 + 𝜃) −  𝑃𝜃(𝑡, 𝜀) sin(𝑤𝑡 + 𝜃)                                   (7.b) 
 

where �̂�S and �̂�I were defined in Eq. (3) and the quadrature phase operators are defined in 
Eq. (8), 

 

𝑋𝜃(𝑡, 𝜀) =
1

2
[(�̂�𝑆(𝑡)𝑒𝑗𝜃 + �̂�𝐼

†(𝑡)𝑒−𝑗𝜃)𝑒𝑗𝜀𝜃 + (�̂�𝑆
†(𝑡)𝑒−𝑗𝜃 + �̂�𝐼(𝑡)𝑒𝑗𝜃)𝑒−𝑗𝜀𝜃]           (8.a) 

𝑃𝜃(𝑡, 𝜀) =
1

2
[(�̂�𝑆(𝑡)𝑒𝑗𝜃 − �̂�𝐼

†(𝑡)𝑒−𝑗𝜃)𝑒𝑗𝜀𝜃 + (�̂�𝑆
†(𝑡)𝑒−𝑗𝜃 − �̂�𝐼(𝑡)𝑒𝑗𝜃)𝑒−𝑗𝜀𝜃]           (8.b) 

 

In the homodyne detection, where 𝜀 = 0 and 𝜃 = 0, variances of the quadratures as in Eq. 
(9), 

 

𝑉(𝑋0(𝑡, 𝜀 = 0 )) = 𝑒2𝛤𝑡                                                      (9.a) 

𝑉(𝑃0(𝑡, 𝜀 = 0 )) = 𝑒−2𝛤𝑡                                                     (9.b) 
 

 
2.2. TMSV and Entanglement 
 

In order to measure the degree of correlation between the quadratures of the signal and 
idler modes, variance of the position quadratures (𝑋θ, 𝑋𝜙) as in Eq. (10), 

 

𝑉(𝜃, 𝜙) ≡
1

2
〈(𝑋𝑆

𝜃, 𝑋𝐼
𝜙

)
2
〉                                                         (10) 

 

When 𝑉(𝜃, 𝜙) = 0 , then 𝑋S
θ  is perfectly correlated with 𝑋I

ϕ
 [40]. This implies that 

measuring 𝑋S
θ allows the clearly finding of 𝑋I

ϕ
 [40]. 

 

The theoretical framework of the TMSV and entanglement, as outlined through the 
quadrature correlations and their variances, provides the foundation for its practical 
implementation in quantum radar systems. In essence, the squeezing observed in the non-
degenerate parametric amplifier highlights the quantum correlations between the signal 
and idler modes, enabling the enhanced detection sensitivity that distinguish quantum 
radar from classical systems. The transition from this theoretical understanding to 
experimental setups involves careful consideration of how TMSV states are generated, 
manipulated, and measured in both the optical and microwave domains. 
 

3. Generating Quantum Correlated Signals for Quantum Radar 
 

Quantum radar represents a significant advancement in detection technology by exploiting 
quantum mechanical principles to enhance performance beyond classical limits. In 
particular, the use of quantum states, such as entanglement and squeezing, enables 
improved sensitivity, resolution, and resilience against noise, making it a promising tool in 
both optical and microwave frequency domains. In this section, it is explored the 
mechanisms for generating entangled and squeezed signals in both the optical and 
microwave domains. 
 
 
3.1. Generating Signals in The Optical Domain 
 

One of the most common methods for generating entangled photon pairs is through 
nonlinear optical processes like spontaneous parametric down-conversion (SPDC). In an 
SPDC process, a high-energy photon interacts with a nonlinear crystal, such as Beta-
Barium Borate (BBO) or periodically-poled crystals like MgO and ppKTP, producing two 
lower-energy entangled photons. Similarly, semiconductor waveguides and birefringent 
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optical fibers are also employed in the generation of entangled signals by enabling precise 
control over photon properties like polarization and phase. 
 
3.1.1. BBO Crystal 
 

BBO Crystal is a nonlinear optical crystal commonly used in the generation of entangled 
photons through spontaneous parametric down-conversion (SPDC). BBO crystals exhibit 
high transparency over a wide wavelength range and are valued for their large nonlinear 
coefficients, making them suitable for various quantum optics experiments. They are often 
used in Type-I or Type-II phase matching configurations to produce polarization-
entangled photon pairs [4, 5]. 
 

A pair of entangled signals is generated employing BBO crystal as shown in Fig. 2.a [4]. 
While one of the pairs illuminates the object with an additional noise, the other pair is 
transmitted directly to the camera. In order to observe the advantage of quantum radar 
compared to the classical counterpart, it is required that the target should be in a noisy 
environment [1]. Then both reflected signal from the object and the idler signal directly 
from BBO are measured at the camera. 
 
3.1.2. Type-0 MgO:PPLN Crystal 
 

Type-0 MgO:PPLN crystal is a nonlinear crystal used in quantum optics for the generation 
of entangled photon pairs. The periodic poling structure allows for quasi-phase matching, 
enabling efficient frequency conversion, such as second-harmonic generation or SPDC 
[45]. The doping with magnesium oxide increases the crystal’s damage threshold, 
enhancing its robustness for high-power applications [46], [47]. Type-0 phase matching 
means that both down-converted photons share the same polarization [6]. 
 

Entangled photon pairs are generated with an SPDC process by utilizing a type-0 
MgO:PPLN crystal as shown in Fig. 2.b [6]. The generated signal and idler photon pairs are 
spatially separated and directed into distinct optical paths using dichroic mirrors (DMs), 
which exploit their wavelength-selective reflection and transmission properties. The noisy 
background on the illuminated target is supplied by injection of additional noise via 
erbium-doped fiber amplifier (EDFA). The signal is combined with noise employing beam 
splitter as shown in Fig. 2.b. While the transmitted signal is reflecting from the object, idler 
signal is stored in a dispersion-shifted LEAF fiber (DSF). 
 
3.1.3. ppKTP Crystal 
 

ppKTB Crystal is an another type of nonlinear crystal frequently used for entangled photon 
generation via SPDC. Potassium titanyl phosphate (KTP) is periodically poled to achieve 
quasi-phase matching [48]. ppKTP is widely favored in quantum optics due to its high 
nonlinear coefficient and efficiency in generating entangled photons over a broad 
wavelength domain [49]. 
 

A system employing ppKTP crystal to find the range of a target is illustrated in Fig. 2.c [7]. 
In a continuous wave (CW) pumped ppKTP crystal, photon pairs are generated for range 
estimation purposes. One photon from the pair is retained locally, while the other is 
directed towards the target. By measuring the time difference between the two photons, 
the distance to the target can be determined. This is because the idler photon experiences 
a delay corresponding to the round-trip travel time to and from the target [7]. 
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3.1.4. Birefringent Optical Fiber 
 

Birefringent optical fiber is an optical fiber that exhibits different refractive indices for 
different polarization states of light [50]. Birefringent fibers can be used to manipulate the 
polarization of photons and are useful in maintaining entanglement by ensuring that 
polarization states remain distinct over long distances [50]. They play a critical role in 
preserving quantum coherence in fiber-based quantum communication systems. 
 

Birefringent fiber cable is employed to generate a pair of entangled signals in [8] 
depending on the idea proposed by [50]. The power controlled pump signal is transmitted 
over a birefringent fiber cable and the produced entangled signal pairs are separated using 
dichroic beam splitter as shown in Fig. 2.d [8]. Then, while one of them is transmitted for 
illuminating the target, the other one is retained for handling in the measurement. 
 
3.1.5. Semiconductor Waveguide 
 

Semiconductor waveguide is a nanostructured medium used for guiding light, often 
fabricated from materials like silicon or gallium arsenide. Semiconductor waveguides are 
utilized in integrated photonic circuits for the generation and manipulation of entangled 
photons [51]. Due to their compact size and high efficiency, they enable scalable quantum 
photonic technologies and are essential for developing on-chip quantum optics systems 
[9-12]. 
 

The entangled pair of signals are generated by using semiconductor waveguides in a 
cryogenic environment in order to illuminate a target as illustrated in Fig. 2.e [11]. The 
generated signals are separated using polarization beam splitter (PBS). While one of them 
is transmitted for illuminating the target and the other one stored in the system [11]. After 
that, both reflected and retained photons are measured in order to detect the target. 

 

                 
 

                      (a) BBO[4]                                                         (b) MgO:PPLN(SPDC) [6] 
 

     
 

                        (c) ppKTP [7]                                               (d) Birefringent optical fiber [8] 
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(e) Semiconductor waveguide [11] 
 

Fig. 2 Optical domain quantum correlated signal generation and measurement setups 
 
3.2. Generating Signals in The Microwave Domain 
 

In the microwave regime, quantum illumination relies on the generation and manipulation 
of entangled or squeezed microwave signals using specialized quantum devices. Key 
components for generating these quantum signals include JPA [14], JPC [19], and JTWPA 
[25]. These superconducting devices leverage the nonlinear properties of Josephson 
junctions to produce squeezed and entangled microwave states that improve target 
detection sensitivity by reducing noise and increasing the signal-to-noise ratio. 
The main distinction in generating entangled signal pairs in the microwave domain by 
employing JPA/JPC and JTWPA compared to the optical domain is that it requires 
extremely low cryogenic temperatures, around 10 mK. In these experiments, a 10 mK 
environment is essential to reduce thermal noise, maintain superconductivity, enhance 
parametric amplification, and preserve quantum coherence. 
 

The picture and illustration of a dilution fridge where a 10 mK temperature can be 
achieved are shown in Fig. 3.a and Fig. 3.b respectively. JPA/JPC and JTWPA are placed at 
the bottom of the dilution fridge as shown in the Fig, 3.a, in which 10 mK can be reached. 
The produced signals are transferred from bottom to the top of the dilution fridge, then 
one of them is transmitted to the target and the other pair is directly measured by using a 
digitizer as shown on Fig. 3.b. After that the received signal reflected from the target and 
the idler signal which is measured directly are compared to controlling the existence of the 
target in an observation area. 
 
3.2.1. JPA 
 

The JPA generates entangled microwave signals by leveraging the nonlinear properties of 
Josephson junctions to amplify vacuum fluctuations, thereby producing squeezed states 
[52-55]. These squeezed states can exhibit reduced quantum noise in one quadrature, 
which, when combined with another signal, forms an entangled state. JPAs are critical in 
enhancing the signal-to-noise ratio for quantum illumination by creating entangled 
microwave modes useful for detection [14, 16]. 
 

Quantum radar using JPA to generate a pair of entangled signals, called quantum two mode 
squeezing (QTMS) radar, was studied in [16] to have much better performance in terms of 
receiver operating characteristics (ROC) compared to the classical noise radar, called two 
mode noise (TMN) radar. Moreover, the analyses depending on JPA performed in [16] were 
expanded to include effects on integration time and correlation coefficient in [17] and [18], 
respectively. Furthermore, eJPA has greater bandwidth and achieves more than 6 dB 
performance improvement in comparison to the classical counterpart [21].   
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3.2.2. JPC 
 

The JPC operates similarly to a JPA but is designed to both amplify and convert signals 
between different frequencies. It generates entangled microwave states by mixing two or 
more frequency modes, producing correlations between the signal and idler modes. It can 
be designed as shown in Fig. 3.c known as a Josephson ring modulator (JRM) structure [19], 
[56]. This frequency conversion process ensures that the generated entangled signals can 
be optimized for quantum illumination in specific operational frequency domains [19]. 
 
3.2.3. JTWPA 
 

The JTWPA extends the capabilities of JPAs by generating entangled signals over a broad 
bandwidth. Using a long array of Josephson junctions as shown in Fig 3.d, it enables 
continuous-wave parametric amplification, producing squeezed and entangled states 
across multiple frequency modes. This makes JTWPA particularly suitable for scalable 
quantum illumination applications requiring wide bandwidths and low noise over long 
distances [25, 28]. 

 

              
 

(a) JPA in dilution refrigerator [14]                   (b) JPA in dilution refrigerator [14] 
                  (test setup)                                                       (illustration of test setup)      

 

                                     
 

(c) Entangled signal generation in JPC [19] (d) Entangled signal generation in JTWPA [25] 
 

Fig. 3 Microwave domain quantum correlated signal generation and measurement setups 
 

4. Measuring Quantum Information for Quantum Radar 
 

In quantum radar, quantum information refers to the entanglement shared between signal 
and idler photons, which enables the extraction of target information through their 
correlated states. The key advantage lies in using entanglement to enhance signal detection 
by correlating the idler photon, retained at the receiver, with the reflected signal photon. 
This process allows the system to distinguish the weak target signal from environmental 
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noise and interference, improving detection sensitivity and fidelity beyond what is 
achievable with classical radar techniques. 
 
4.1. Measuring Quantum Information in The Optical Domain 
 

In order to acquire quantum information about detecting a target in a given range, a CCD 
camera is employed for intensity correlation as shown in Fig. 2.a. This CCD camera 
captures spatially resolved data, enabling the analysis of photon distributions across 
specific correlated pixel pairs.  
 

An SPAD camera is used to get both intensity and coincidence correlation information. 
Coincidence correlation of two photons has been inferred using the arriving time of the 
two quantum correlated photons [5]. Namely, a predefined time window is used to 
determine whether detection events at both detectors occur “simultaneously” (within the 
resolution of the setup). This ensures that the measured events correspond to correlated 
photons. The SPAD camera utilized in [5] is a special type of camera produced by using the 
SPAD array [57] which was already designed from the same research group, at which each 
pixel has time information about the arrival of photons both reflected and stored. In 
designing this type camera, achieving precise time gating with a resolution as fine as 5.75 
ns and sub-40 ps gate shifts posed significant challenges in ensuring synchronization and 
timing accuracy across the large pixel array [57]. 
 

Moreover, single photon detectors (SPDs), i.e. InGaAs PIN detector [6], avalanche 
photodiode (APD) detector [7], [8], superconducting single-photon detector (SNSPD) [9-
12] is used for detecting the target with the coincidence correlation. SPDs are highly 
sensitive devices capable of detecting individual photons by converting the energy of a 
single photon into an electrical signal, enabling precise measurements at the quantum 
level. APDs operate in Geiger mode, where APDs detect photons by amplifying a single 
electron-hole pair into a detectable current pulse. They are commonly used in quantum 
cryptography and time-correlated photon counting. SPADs are a specialized subset of 
APDs, SPADs offer high sensitivity and fast response times. They are widely used in 
imaging applications and quantum experiments due to their compact size and ability to 
integrate into arrays. SNSPDs achieve near-unity detection efficiency, extremely low dark 
count rates, and picosecond timing resolution. SNSPDs are made from superconducting 
materials placed in a cryogenic temperature, around 4 K shown in Fig 2.e. 
 
4.2. Measuring Quantum Information in The Microwave Domain 
 

Deducing quantum information from the signal reflected from the target and idler stored 
in the system requires the measurement to be done at the same time, otherwise it is not 
possible to get quantum advantage in coincidence correlation measurements. This is one 
of the disadvantages in the optical domain quantum radar systems. Even if it is required to 
cool down to cryogenic temperature for generating quantum correlated signals, around 
10mK, reflected signal and idler photons are not needed at measurement at the same time 
in the microwave domain. Existence of a target has been detected with a couple of post-
processing after measuring both signals. This post-processing depends on the covariance 
matrix analysis. 
 

Both classical radar and quantum radar, the detection of the presence of the target is done 
by the analysis of the covariance matrix and the Pearson correlation coefficient [15]. The 
superiority of the quantum radar emerges at this point, in other words, the Pearson 
correlation coefficient is higher in quantum radar [2], [16]. The covariance matrix formed 
as a result of the measurement made in an environment where any target exists with very 
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low reflectance within the observation area and this target is exposed to high noise is as in 
Eq. (11), 

 

𝛬 =
1

4
[

𝐴
0

√𝜅𝐶𝑐/𝑞

0

0
𝐴
0

−√𝜅𝐶𝑐/𝑞

√𝜅𝐶𝑐/𝑞

0
𝑆
0

0
−√𝜅𝐶𝑐/𝑞

0
𝑆

]                                     (11) 

 

where, these parameters are defined in Eq. (12), 
 

𝐶𝐶 ≡ 2𝑁𝑆                                                               (12.a) 

𝐶𝑞 ≡ 2√𝑁𝑆(𝑁𝑆 + 1)                                                       (12.b) 

𝐴 ≡ 2𝑁𝑆 + 𝐵                                                            (12.c) 
𝑆 ≡ 2𝑁𝐼 + 1                                                            (12.d) 

𝐵 ≡ 2𝑁𝐵 + 1                                                            (12.e) 
 

where 𝐶𝐶  and 𝐶𝑞  represent classical and quantum correlations, respectively. NS, NI, and NB 

represent the transmitted, stored, and noise photon numbers, respectively. While κ 
represents the reflection coefficient of the target, A and B are used for the variation values 
of the transmitted and idler signals. All these observations, the Pearson correlation 
coefficient, ρ, is written as in Eq. (13) [15], 

 

𝜅 =
√𝜅𝐶𝑐/𝑞

√𝐴√𝑆
                                                                      (13) 

 

In Eq. (13), the target can be detected with an analysis such that if ρ is above a certain value, 
the target is present, if it is below, the target is absent. The superiority of quantum radar 
emerges at this point. Since the Cq coefficient shows a higher correlation than Cc even when 
quantum entanglement disappears, it increases the probability of correctly detecting the 
target. Finally, although it is known that entanglement disappears during these 
measurements, it has been shown that it shows a higher correlation than the classical 
system thanks to the superiority provided by quantum physics. 
 
4.2.1. Processing of Quantum Information in The Microwave Domain 

 

While transferring quantum information into the classical world is provided by using 
detectors as mentioned in section 4.1 in the optical domain, in the microwave domain, 
digitization of quantum information is fundamentally provided by analog-to-digital 
converter (ADC) [16], [19]. The amplified and filtered signals are digitized using an ADC 
with a sampling rate depending on the commercial ADC product. This step converts the 
analog quadrature voltages of the signal and idler into digital data for further 

processing.  The digitized data is the extracted quadrature voltages (I and Q) of the signal 
and idler modes. These voltages represent the real and imaginary parts of the 
electromagnetic field, essential for analysing quantum correlations [19]. The covariance 
matrix of the signal and idler states in (11) is reconstructed from the processed quadrature 
data. This matrix quantifies the quantum correlations and is used to evaluate the signal-to-
noise ratio (SNR). 
 

5. Comparison of The Optical and Microwave Quantum Radar 
Setups 

 

Optical and microwave quantum radar systems differ significantly in their setups due to 
the fundamental differences between photons in the optical and microwave domains. 
Optical quantum radar setups typically involve the use of nonlinear crystals like 
periodically-poled lithium niobate (PPLN) or potassium titanyl phosphate (ppKTP) to 
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generate entangled photon pairs via spontaneous parametric down-conversion (SPDC). 
These systems are compact and capable of high-resolution imaging due to the shorter 
wavelengths of optical photons. However, they are more susceptible to losses caused by 
atmospheric scattering and absorption, making them less effective over long distances or 
in adverse weather conditions. Detection often involves single-photon detectors like 
avalanche photodiodes (APDs) or superconducting nanowire detectors (SNSPDs), which 
require precise alignment and cooling. 
 

On the other hand, microwave quantum radar setups rely on superconducting devices like 
Josephson Parametric Amplifiers (JPAs) or Traveling Wave Parametric Amplifiers 
(JTWPAs) to generate and manipulate entangled microwave signals, such as two-mode 
squeezed vacuum (TMSV) states. These setups are advantageous for long-distance 
detection and penetration through fog, clouds, or obstacles due to the longer wavelengths 
of microwaves. They also benefit from the ability to maintain coherence over larger 
distances. However, microwave systems require cryogenic cooling to achieve 
superconductivity, leading to larger, more complex, and costlier setups. Additionally, they 
face challenges with higher thermal noise compared to the optical domain, necessitating 
sophisticated noise suppression techniques. 
 

In summary, optical quantum radar offers higher resolution and compactness but suffers 
from environmental limitations, while microwave quantum radar provides robustness and 
better long-distance performance but requires significant infrastructure and faces thermal 
noise challenges. 

 
6. Limits of Quantum Radar 
 

An analysis made on quantum illumination (QI) has been compared with a coherent 
classical illumination [1-3, 34]. As a result, the error probability upper bound (UB) and 
lower bound (LB) of the signals are determined as Eq. (14) and illustrated as in Fig. 4. In 
both Eq. (14) and Fig. 4, M is time-bandwidth product, NS and NI are the number of signal 
and idler photons, respectively and 𝜂 is the reflection coefficient of the target [2]. 

 

Pr(𝑒)𝐶𝐼 ≤ 𝑒−𝑀𝜂𝑁𝑆/4𝑁𝐵  /2                                                     (14.a) 
Pr(𝑒)𝑄𝐼 ≤ 𝑒−𝑀𝜂𝑁𝑆/𝑁𝐵/ 2                                                      (14.b) 

Pr(𝑒)𝐶𝐼 ≤ 𝑒−𝑀𝜂𝑁𝑆/2𝑁𝐵/4                                                      (14.c) 
 

 
 

Fig. 4 Performance of QI compared to CI [2] 
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7. Practical Applications of Quantum Radar 
 

Table 1 provides an overview of foundational research papers that have employed 
quantum illumination sources for quantum radar experiments across both the optical and 
microwave domains. The table is organized into four columns: the first column references 
the specific paper, the second column records the year of publication, tracing the evolution 
and growing interest in quantum radar technologies. The third column specifies the 
domain of the study, either optics or microwave. The final column lists the range between 
the transmitter and object, if specified, providing insight into the practical distance 
limitations and capabilities demonstrated in each experiment. 

 
Table 1 Range analysis 
 

Paper Year Domain Range 
[4] 2013 Optics Not Specified 
[6] 2015 Optics Not Specified 
[8] 2019 Optics 0.32 m 
[9] 2019 Optics 0.19 m 
[7] 2020 Optics 3 m 

[16] 2020 Microwave 0.5 m 
[19] 2020 Microwave 1 m 
[25] 2022 Microwave Not Specified 

 

8. An Analysis on Quantum Radar Studies 
 

In addition to the achievements of the quantum radar compared to the classical 
counterpart, studies on the quantum radar have been analyzed depending on the data from 
Google Scholar. The analysis of studies examines the development of academic 
publications in the fields of both quantum radar and quantum illumination in terms of 
authors and papers from 2008 to 2024. Since the first paper from Seth Lloyd is thought of 
as a seed for the quantum illumination story [1], analysis of studies started from 2008. 
The first analysis is the number of papers and its annual variation from 2008 to 2024 as 
illustrated in Fig. 5. It’s observed in Fig. 5, the interest is properly increasing on quantum 
radar about to 2020, then from 2020 to today even its not abruptly decrease, it shows 
lowering trends.  
 

In addition to bar chart analysis, it is also provided that the mapping of the publications on 
the world map in 2024 in Fig. 6. Our analysis of geographical distribution indicates a 
concentration of research activities in specific regions. The United States, China, and 
various European countries are leading in contributions to quantum radar studies. The 
significant input from these regions can be attributed to their advanced technological and 
academic infrastructure. Moreover, since we cannot show the annual change of the 
papers that we visualized on the world map on a printout, we made it accessible on the 
web page that we provided as a reference in [58]. 
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Fig. 5 The yearly variation of the papers written on quantum radar  
 

  
 

Fig. 6 Number of papers about quantum radar on world map in 2024. 
 

Since we cannot show the annual change of the authors who are studying on quantum 
radar, that we visualized on the world map on a printout, we made it accessible on the web 
page that we provided as a reference in [59], it is illustrated in Fig. 7 for 2024. This analysis 
demonstrates that quantum radar research is gaining momentum with an increasingly 
diverse group of researchers engaging in the field. The global interest highlights the 
promising future of quantum radar technology, establishing it as an important area of 
study in the scientific domain. 

 

 
 

Fig. 7 Number of researchers studying on quantum radar on world map in 2024 
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When we look at the quantum radar studies in Türkiye, ASELSAN KUANTAL (Quantum 
Technologies Research Laboratory) is a cutting-edge research facility established to 
advance Türkiye’s expertise in quantum technologies, focusing on applications for defense, 
sensor development, and secure communication systems [60]. Located at the TOBB 
University of Economics and Technology, KUANTAL is one of Türkiye’s few dedicated 
quantum technology laboratories and is designed to drive high-impact research and 
innovation in areas like quantum radar, quantum cryptography, and quantum random 
number generation. Through collaborations with local and international research 
institutions, the laboratory aims to contribute to the development of advanced systems 
that leverage quantum properties, such as entanglement, for improved performance in 
detecting stealth targets, encrypted communications, and noise-resilient sensing. 
 

9. Conclusion 
 

In conclusion, this paper provides a comprehensive overview of the theoretical framework 
and experimental advancements in quantum radar, focusing on the generation and 
utilization of entangled signals. We have examined the methods used to produce quantum-
correlated signals in both the optical and microwave domains, highlighting the distinct 
mechanisms and challenges associated with each. Following the generation of these 
signals, we discussed the measurement techniques employed to capture quantum 
information within optical and frequency domains. Theoretical limits on the performance 
of quantum radar were then explored, illustrating the potential and boundaries of these 
systems in terms of range, accuracy, and robustness against noise. By providing a table, we 
contextualized these findings within experimental setups across a range of conditions. 
 

Finally, our analysis concludes with a broader examination of the field of quantum radar 
research, represented through a bar chart that aggregates study counts and a world map 
visualizing global research activity. The map illustrates the distribution of both published 
papers and contributing authors, underscoring the growing international interest driving 
the advancement of quantum radar technologies. This overview not only highlights the 
progress made in the field but also identifies areas for further exploration, particularly in 
experimental implementations and practical applications, as the global scientific 
community continues to advance this promising area of quantum technology. 
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