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In recent years, there have been plenty of demands and growth in the autonomous vehicle
industry, and thus, challenges of designing highly efficient photonic radars that can detect
and range any target with the resolution of a few centimeters have been encountered. The
existing radar technology is unable to meet such requirements due to limitations on
available bandwidth. Another issue is to consider strong attenuation while working under
diverse atmospheric conditions at higher frequencies. The proposed model of photonic
radar is developed considering these requirements and challenges using the frequency-
modulated direct detection technique and considering a free-space range of 750 m. The
result depicts improved range detection in terms of received power and an acceptable
signal-to-noise ratio and range under adverse climatic situations.
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INTRODUCTION

The photonic radar, also known as LiDAR (light detection and ranging), has been recognized for its
use in multifarious spaces—be it a smart self-governing transport system, topography sensors,
remote sensing, landscape ecosystem, flood monitoring, militia surveillance, wireless confined
localizing scheme, biomass survey, and under water instabilities [1–4]. The existing and
established navigation schemes remain limited toward insignificant precision scope that may
result in conveying unpredictable performance, especially in the metropolitan zone, thus ruling
out the possibility of their applications in self-driving vehicles mostly known as autonomous vehicles
(AVs) [5, 6]. The current demand of the automotive industry is to afford high-range and finer
resolution-based radar systems that can trace and distinguish mobile or immobile objects with great
meticulousness in any atmospheric circumstance. Nowadays, self-driving vehicles are equipped with
contemporary equipment to support the driver, namely, 3-D cameras, microwave radars, GPS
systems, and signal processing units, at a very high cost yet offers an inadequate discernibility range
of a few meters. In addition to it, self-driving demands high-security requirements for unwanted and
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mutually affirmative dimensions. This becomes problematic to
realize meticulous dimensions under severe atmospheric
instabilities. Most of these functions in AVs are reliant upon
the radar that can provide precise range detection and visibility
with high image perseverance, particularly amid 100–500 m
distance. Another factor to be considered is limited power
availability in autonomous vehicles, and thus, power
requirement should be minimally possible [7]. Keeping in view
the different utilities and requirements of the self-driving features,
the photonic radar upturns a significant alternative to a
traditional radar and has been gaining popularity since its
early stage from researchers and AV manufacturers worldwide.
The photonic radar delivers finer range resolution and high image
resolution compared to the traditional radar with high precision
[8–10]. Generally, a low-power continuous wave (CW) laser
along with moderately extended reflection interval is engaged
to design LiDAR having adequate precision as well as
perseverance [11–13]. Triangular sweep is preferred in high-
speed target detection because it offers smaller sweep time
than the pulsed sweep [13]. Along with it, a frequency-
modulated RF signal with a saw-tooth (triangular) modulation
function is established to determine the object range and velocity
[14]. Besides this, the developed FM-modulated photonic radars
are engaged in direct detection formation with an advantage of
more sensitivity to the echoes on the expense of a shorter
detection range. An alternative protuberant solution is
heterodyning mixing which is also known as coherent detection
with advantages of high receiver sensitivity, longer ranges, and
minimal signal fading than direct detection at the expense of
scheme complexity [15, 16]. Figure 1 shows the representation
of a photonic radar–equipped vehicle to detect stationary targets.

Besides challenges in designing a transceiver, the signal must
be broadcasted using an extra high–frequency (EHF) band more
commonly called the millimeter band (mm band) as RF poses a
limit of a small range of few miles as well as incompetence to
breach through solid materials [17]. In addition to it, the
millimeter band can provide adept spectrum exploitation
besides protected communication by allowing supplementary
compactly packed waveforms. During transmission through an
atmospheric channel, RF signal endures 6 dB variance in
attenuation for each octave variation in occurrence. On the
contrary, circumstances turn out to be complex once the mm-

band signal travels through these atmospheric channels under
hostile climatic conditions. These high-frequency signals of the
mm-band experience high attenuation under various
atmospheric influences, for example, air temperature, air
compression and dampness, immersion particles as well as
dust, and other atmospheric elements [18]. This again puts
hindrance in realizing the elongated target detection–centered
use and limits operation to a shorter range. For existing
equipment, the absorption peaks transpire at 24 and 60 GHz
which is rather high, and providentially, some broadcast openings
are available for securing transmission of signals between these
peaks. Furthermore, the mm-band–based radar signal has a
substantial effect of precipitation attenuation due to scintillation,
foliage blockage, rainfall, scattering, and diffraction. Generally, in a
mm band, the wavelengths become shorter; thus, mellow echoes
are received that result in feeble signal response.

Nevertheless, still in its early stages, some substantial work
reported on AVs has been discussed here. An impact of smoulder
and dirt particles in air over the operations of self-driving vehicles
is described [19]. Another target simulation was developed under
unsystematic atmospheric circumstances exploiting electro-
optical LiDAR with irregular visibility variances [20]. A
comprehensive study of the photonic radar [21] is
demonstrated at 950 and 1550 nm. The effect of atmospheric
gases has been premeditated to comprehend turbulences due to
low ambient temperature [22]. The impact of various fog
conditions and experimental evaluation of the working of
LiDAR is studied via exhausting foggy conditions in a vacuum
chamber [23]. Consequently, the reported work consents the
impact of various attenuations due to atmospheric conditions
upon the operational efficiency of the photonic radar particularly
at high frequency. However, there are limited studies considering
the waning effects of atmospheric channels such as rain, haze, and
fog that confirm the efficacy of the frequency-modulated
continuous wave (FMCW)–driven photonic radar system.

The frequency stands another measure aspect to be considered
while designing photonic radars. A laser operates in a 24 GHz
band more commonly known as the ISM (industrial, scientific,
and medical) band with an unlicensed narrow band (NB)
bandwidth of 250MHz (24–24.5 GHz) and includes a
bandwidth of 5 GHz known as ultra-wideband (UWB). While
the NB-ISM band is used for detecting blind spots, UWB-ISM is

FIGURE 1 | Vehicle to stationary target (vehicle) scenario.
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used for higher resolution. As per the new regulation, UWB will
be phased out soon, and hence, the ISM band may not be
attractive for AV applications. The traditional radar operates
in a 70 GHz band, and 70–77 GHz is available for vehicular
applications. The 77–81 GHz (with 4 GHz bandwidth) band is
known as the short-range radar (SRR) band. The key benefit
offered is highly allowed equivalent isotopic radiated power
(EIRP) which enables adaptive cruise control [24]. The range
resolution offered at 77 GHz with frequency using 4 GHz
bandwidth is 4 cm compared to range resolution of 75 cm
offered at 24 GHz with the bandwidth of 250MHz. For
simplicity of operation, we have used the linear frequency-
modulated continuous-wave radar system using direct
detection configuration (FMCW–DD). In a FMCW-DD
scheme, a transmitted pulse is intensity modulated by a LFM
chirp, and de-chirping is accomplished by comprehensible
mixing with a modulated local oscillator (LO) [25, 26].

Based on these facts, authors intend to apply the FMCW-based
photonic radar at 77 GHz to detect the range as well as range
frequency of a stationary target using a computer-based
simulation model and test the simulation model under the
influence of varied atmospheric conditions to attain the
elongated target range with an adequate SNR (signal-to-noise
ratio). The article is organized as follows: The Introduction
section explains the necessities, concerns, and contemporary
advancements in the field of photonic radars and self-driving
vehicles. The Working Principle section elaborates the working
principle of the proposed system. The System Description section
explains modeling of the proposed system besides comprehensive
constraints used in simulation. The Results and Discussion
section presents the correlated results of the theory in addition
to simulation of the modeled photonic radar and tests the system
under adverse weather, and the presented work is concluded in
the Conclusion section.

WORKING PRINCIPLE

The schematic of the proposed FMCW-based photonic radar is
shown in Figure 2 under direct detection configuration which is
also known as noncoherent detection. The start frequency of
77 GHz with the sweep bandwidth of 600 MHz is generated using
a radio frequency–linear frequency modulator (RF-LFM) driven
by a pseudo random sequence generator in conjunction with the
saw-tooth modulation function. The carrier signal is generated
using a continuous-wave laser light source which is then fed to a
dual-arm lithium-niobate (Li-Nb) Mach–Zhander interferometer
(MZI) external modulator along with the RF-LFM signal. A D.C.
bias generator is used with the modulator to generate second-
order sidebands along with the suppression of
supplementary bands.

The output-modulated signal from MZM depends upon the
operating point, that is, if it operates in a quadrature or at a
null point [25, 27]. This RF-LFM signal modulated with light is
then transmitted over the free-space optics (FSO) network.
The FSO channel is expected to assess the efficiency of the
proposed scheme under the impact of atmospheric
fluctuations as their impact upsurges with an increase in the
operating frequency [17, 18, 28]. The resonance signal
replicated from the irradiated target is accepted with a
transmission delay time given by (2 ×R

C ), where R is the range
of the object and c is the velocity of light.

The received signal is then fed to a photo detector to obtain the
required electrical signal from the optical signal. Furthermore,
this electrical signal is amplified and mixed with reference to the
signal received from the LFM generator and fed to a low-pass
filter with a cut-off frequency of 1 GHz. The filtered signal is
analyzed using an RF spectrum analyzer. The proposed system is
modeled and simulated using Optisysem™while the target model
is designed using MATLAB™.

FIGURE 2 | Proposed FMCW photonic radar for autonomous vehicles.
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SYSTEM DESCRIPTION

The proposed photonic radar is modeled using the FMCW direct
detection technique as illustrated in Figure 2 to evaluate the
distance of an immobile object in the fluctuating weather
situations. The radar-armed automobile estimates the range
between itself and the immobile target and updates the vehicle
accordingly. Unlike the pulsed radar, the FMCW radar is favored
due to its cost-effectiveness, small size, and its minimal input
power requirement. Complete significant parameters are listed in
Table 1.

As shown in Figure 2, the RF-LFM waveform generator is
used to generate 77 GHz of the FMCW signal. Frequency variance
is measured via a trilateral sweep for approximating the target
distance as well as for evaluating the interval time amid the
transmitted signal and received echo. Considering that fc is the
carrier frequency, Tm is the sweep time, B is the bandwidth, and R
is the distance between the target and radar-equipped vehicle, the
range frequency fr is given by [29]

fr � 2 × R × B

Tm × C
(1)

A larger quality parameter (Q-factor) of the RF-LFM
modulator is achieved by matching the trip time of the local
oscillator and the sweep rate of frequency [30]. The transfer
function of the modulator is given in Eq. 2 as [31–33]

Eout

Ein
� cos(∅o + π S(t)

2vπ
) (2)

where Eout and Ein are the input and output optical fields, vπ is the
voltage required to change the optical power transfer function
[32], ∅i is the initial phase, and S(t) is the RF-LFM signal power
that can be expressed as [32]

S(t) � Ac cos(2πfct + πB

Tm
t2) (3)

where fc is the start frequency, B is the sweep bandwidth, and Ac is
the amplitude of the LFM signal. For direct detection schemes,
MZI modulator output power is stated as [32]

ETx(t) �
��
Pt

2

√ [1 + β

2
cos(2πfct + πB

Tm
t2)]. e(jωot + θo(t)) (4)

where β is the modulation index (β <<1), ωo is the angular
frequency of the transmitted signal, and θo(t) is the random-
phase component. Sweep bandwidth B of the system is
600MHz.

The output-modulated signal is focused on the target via a
free-space channel using a transmitting and receiving
telescope lens with corresponding aperture sizes of 5 and
15 cm. This free-space network is demonstrated via
MATLAB™ to spot the immobile object. Several factors,
specifically angular dispersion, atmospheric transmission,
and target reflectivity, affect the echo signal from the
target at the receiver section. The received power of the
echo signal Pr is calculated as [29]

Pr �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Pt
ρt D

2 τoptτ
2
atm

4R2 for extended target

Pt
ρt AtD

2 τoptτ
2
atm

4R2Aill
for any target

(5)

where D is the receiver aperture diameter, ρt is the target
reflectivity, At is the target area, τopt is the transmission loss in
the optical domain, τatm is the atmospheric loss factor, Aill is the
illuminated area at the target, and R is the target range. The
echoed signal power Eref at the receiver is given as [29]

Eref(t)
� ��

Pr

√ [1 + β

2
cos(2πfc (t − τ) + πB

Tm
(t − τ)2].e(j(ωo−ωd)t+ θo(t))

(6)

where τ is the propagation delay given as τ � 2 × R/c. With the range
of 750m, the delay time is computed as 5 μs at the pulse repetition
frequency (PRF) of 200 kHz. In the receiver section, as there is no
optical mixing performed in the direct detection method, it depends
upon square-law photo detection. The output current of the
photodiode having the responsivity R is expressed as [34]

iph(t) � R.Pr (1 + β

2
cos(2πfc (t − τ) + πB

Tm
(t − τ)2))2

(7)

TABLE 1 | System parameter.

Constraint Value

Start frequency 77 GHz
Bandwidth 600 MHz
PRF (pulse repetition frequency) 200 KHz
RF spectrum resolution 1 MHz
CW laser wavelength 1550 nm
Output power 40 mW
Laser line width 100 KHz
OSA resolution 0.02 nm
Range 750 m
Transmitter aperture lens 5 cm
Receiver aperture lens 15 cm
Additional losses 2 dB
Transmission losses 1 dB
Turbulence High
Geometrical losses 2 dB
Index refractive structure 10−15 m−2/3

Optical detector PIN
Responsivity 1 A/W−1

Sampling rate 4 GHz
Photo-detector bandwidth 40 GHz
Receiver noise temperature 290 k
Load resistance 50 Ω

Bandwidth (shot) 4 MHz
Thermal noise 10−24 WHz−1

Optical amplifier 20 dB
Electrical amplifier 40 dB
DMZM -ve quadrature point
Switching RF voltage 4 v
Switching bias voltage 4 v
Extinction ratio 30 dB
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The filtered photocurrent signal to acquire the baseband signal
is given as [32]

iph(t) � Idc + isig(t)

≈ R.Pr (1 + β

2
cos(2πfc (t − τ) + πB

Tm
(t − τ)2))2 (8)

where Idc and isig are the dc and ac photo-detected current signals,
respectively.

The photo detector used in this work is a PIN-type photo diode
with a bandwidth of 40GHz with considered device constraints such
as amplified spontaneous noise (ASE), shot noise, and thermal noise.
The output signal from the photo detector is then amplified using an
electrical amplifier with the gain of 40 dB and the mixture using a
multiplier with the RF-LFM signal. The mixed signal is fed into a
rectangular low-pass filter (LPF) with the cut-off frequency of 1GHz.
The beat signal after LPF is given as [29]

Sb(t) � AcRPrβ cos(2πfcτ − πB

Tm
τ2 + 2πfrt) (9)

Responsivity of the PIN photo detector employed in the
system is 1 AW-1. The performance of the system in terms of
signal-to-noise ratio (SNR) is measured using an electrical signal
analyzer after a photo detector as [29]

SNRdir � β2R2P2
r/2

2qRPrBrx + 4kbTrBrx/RL
(10)

where Brx is the receiver bandwidth, q is the electrical charge ≈1.6
× 10–19 c, kb is the Boltzmann constant ≈1.38 × 10–23 J/K, Tr is the
receiver noise temperature, and RL is the load resistance.

RESULTS AND DISCUSSION

The photonic radar system is designed using OptiSystem™ software,
and a free-space path propagation model using MATLAB™

software is first tested for clear weather conditions for a target
range of 750 m. An immobile target is considered with 10%
reflectivity that means only 10% of the transmitted power is
received from echoes for processing and rest of the 90% is either
scattered or absorbed. Figure 3 depicts the target detection and range
frequency observed from echoes reflected by the stationary target.

Range frequency (fr) is calculated theoretically using Eq. 3 as
300MHz at a sweep time of10 µsec. The same is shown using the
simulated results in Figure 3A where the peak is observed at
300MHz frequency at the power level of 22.5 dBm. Similarly, the
theoretical values of 150MHz range frequency at 20 µsec and
100MHz at 30 µsec are calculated, and similar peaks can be
observed in Figure 3A. Subsequently, the target range can further
bemeasured if range frequency is known by simply reversing Eq. 1
as R � fr × Tm × c

2 ×B ; for example, the range at a range frequency of
150MHz will be 375m, and at 150MHz, the range will be 250m.

The measured value of the range and range-frequency using
mathematical as well as simulation methods affirms that the
demonstrated photonic radar system has precisely reported
detection and ranging of the stationary target. Likewise, the
received power measured using an electrical analyzer as
23.10 dBm and 26.51 dBm at 10 and 30 µsec, respectively,
confirms sufficient signal strength at the photodiode.
Consequently, SNR is measured as 68 dB and 74 dB at 10
and 30 µsec, respectively. Likewise, range frequency can be
premeditated keeping the range static and varying the time
sweep and bandwidth. Figure 3B depicts the effect of
increasing the aperture area of the telescopic lens. The
proposed system observes an increase of 13 dBm in the
signal strength of the received echoes. The signal strength
of 23 dBm and 36 dBm is measured using the receiver lens with
an aperture area of 15 and 30 cm, respectively. Thus, the size of
the receiver can be kept as per the requirements of the received
echo signal strength if the total size is not of much concern. In
this work, the size of aperture lens at the transmitter is fixed as
5 cm, and at the receiver, as 15 cm.

FIGURE 3 | Target detection in clear weather at range 750 m. (A) Range frequency measurement at different sweep times of 30, 20, and 10 µsec; (B) target
detection with different receiver aperture sizes.
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Autonomous vehicles are reliant upon photonic radars on
behalf of most of the conveniences, and hence, they should be
able to deliver extended range visibility for precise recognition
of the target even under severe atmospheric conditions.
Usually, zero visibility in the AV segment is the visibility of
fewer than 50m under adverse atmospheric conditions such as
fog, snow, or rain and may possibly lead to mishaps [35].
Therefore, the performance of the proposed photonic radar
system is further studied under the effects of fog and rain. Fog is
the amalgamation of several rudiments that result in
dispossession of overall system performance [36, 37].
Usually, the range in foggy surroundings is in hundreds of
meters (less than 1 km) but can be abridged to a few meters in
the course of dense foggy conditions. For the proposed
photonic radar, the system is subjected to 4 different fog
conditions as per the international visibility code [38],
i.e., thick fog with the visibility of 200m and the attenuation

value of 70 dB/km, heavy fog with the visibility of 350m and the
attenuation value of 50 dB/km, moderate fog with the visibility
of 500m and the attenuation value of 28.9 dB/km, and light fog
with the visibility of 770m and the attenuation value of
18.3 dB/km.

Rain is another key-degrading aspect on the effectiveness of
photonic radar, particularly at the mm-wave band. Hence, the
effect of heavy rain and its droplet size is obligatory to be
considered on the competence of the proposed system,
particularly in the AV applications. The attenuation due to
rain is dependent upon the droplet size and rate of pouring,
and it can be computed as [39]

Arain � k.Rα
o (11)

where Arain is the attenuation due to rain, Ro is the rate of
rainfall in mm/hr, and k and α are the power law factors of
dependent variables such as droplet size, frequency, and

FIGURE 4 | Target detection under foggy weather at range 750 m with range frequency at different attenuation levels with sweep times (A) 10 µsec and (B)
30 µsec.

FIGURE 5 | Target detection under rainy weather at range 750 mwith range frequency at different attenuation levels with sweep times (A) 10 µsec and (B) 30 µsec.
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temperature and can be computed using the Marshall–Palmer
distribution [40]. At 77 GHz operating frequency, the
corresponding values of k and α are computed as 1.210 and
0.772. Considering the heavy rain condition at 55 mm/h, the
attenuation Arain comes out as 24 dB/km. Likewise, computed
attenuation for mild rain at 25mm/h is 14.25 dB/km, for light
rain at 5 mm/h is 4 dB/km, and for drizzle at 0.25mm/h
attenuation is 0.6 dB/km.

Another important factor to be considered in photonic radar
modeling is the selection of optimal operating wavelength and
frequency bands as the higher frequency used in the mm-wave
band tends to be affected by atmospheric fluctuations especially
in the AV sector. Authors have considered designing target
models such as losses viz. geometric loss, transmission loss,
and pointing and scintillation loss. The system is further
exposed to refractive index variation by utilizing the
gamma–gamma distribution model [41].

As shown in Figures 4A and B, different fog conditions
with corresponding attenuation are summed up at 10 and
30 µsec, respectively. Similarly, in Figures 5A and B, strong-
to-weak rainy conditions with corresponding attenuation are
summed up at 10 and 30 µsec, respectively. The improvement

of ≈ 4–5 dBm received power is observed at increased sweep
time, and the improvement of ≈ 3–5 dB is observed in the
SNR value.

The comprehensive values of the received power (dBm) and
SNR (dB) observed by the electrical analyzer at different
attenuation levels are specified in Table 2.

Figure 6 depicts the SNR value under the influence of
atmospheric fluctuations (varying attenuation levels) over a
wide transmission range (up to 3000m) detected via the photo
detector at different sweep times. For successful reception of
signals, the minimum acceptable SNR value is fixed at 20 dB.
With a sweep time of 10 µsec under thick fog conditions
(70 dB/Km), the echo is received at 905 m, while at a sweep
time of 30 µsec, the echo is received at 950 m. Similarly, ≈
40–50m of improvement can be seen in other conditions as
well. Due to the limitation of the designed system and
parameter constraints, the maximum range observed was
3000m, while mild rain to drizzle conditions were still to
be verified for the maximum transmission range. Hence, it can
be concluded that the proposed photonic radar can sense the
maximum distance at severe atmospheric conditions, whereas
the maximum transmission range can be well above 10000m
for light rain conditions (4 dB/km).

Figure 7 shows the relation between SNR and attenuation
at 10 and 30 µsec sweep times to understand the
corresponding variations between the signal and noise with
respect to the attenuation. Initially, for an attenuation level
up to 30 db/km at a sweep time of 10 and 30 µsec, the SNR
value holds good up to 70 dB and 74 dB, respectively, but, as
the attenuation increases from 30 dB/km to 75 dB/km, the
SNR linearly decreases toward zero. The graph clearly
indicates that beyond 70 dB/km, the SNR falls below the
20 dB value which is minimally acceptable [42]. The graph
also testifies the proposed model signal reception up to 70 db/
km of attenuation conditions.

TABLE 2 | Power and SNR values obtained at different attenuation levels.

Attenuation level Power SNR

10 µsec 30 µsec 10 µsec 30 µsec

Thick fog (70 dB/km) −82.89 −78.91 21.10 25.08
Heavy fog (50 dB/km) −54.89 −49.91 51.10 55.08
Moderate fog (28.9 dB/km) −20.24 −16 67.18 72.77
Low fog (18.3 dB/km) −4.34 −0.1 66.11 73.92
Heavy rain (24 dB/km) −9.89 −5.91 67 71.09
Mild rain (14.25 dB/km) 4.72 8.70 71.01 74.36
Light rain (4 dB/km) 16.5 20.08 71.04 74.93
Drizzle (0.6 dB/km) 20.05 24.87 71.83 75.48

FIGURE 6 | SNR (dB) vs range at different attenuation levels (atmospheric conditions) at (A) 10 µsec and at (B) 30 µsec.
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CONCLUSION

In this article, the frequency-modulated continuous wave
(FMCW)–driven photonic radar was modeled for range
detection of stationary targets by sensing reflected echoes
under the influence of atmospheric fluctuations in terms of
attenuation using the direct detection method. Successful
target detection and ranging have been reported, and
furthermore, the system is verified under weak-to-strong
turbulences. Outcomes of the proposed system achieve an
enhanced target range of 905m under thick fog condition,
1090m with heavy fog, 1920 m with moderate fog, and
2280 m with heavy rain. Presented results conclude that
atmospheric fluctuations (70 dB/km and above) affect the

range resolution of the photonic radar. Furthermore,
augmentation in the attenuation due to smog (smoke +
fog) conditions of cities may affect the working of AVs
which must be considered along. It can further be
extended to a range and detect moving targets with
multiple-object tracking.
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