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Abstract: In actual life-detection radar applications, a quasi-static person with weak respiration is
difficult to find when relying on the echoes from a single fixed observation point. To effectively sense
the weak respiration of a quasi-static person in complex through-wall and through-floor conditions,
this paper proposes a novel multi-observation point detection system composed of multiple Golay
complementary coded radars in which communication and synchronization are carried out wirelessly.
The collaboration structure and Golay complementary coded transmitter improve the signal to noise
ratio (SNR). Proof-of-principle experiments are carried out with our designed radar prototype and
prove that the radar system can detect a respiring target 21 m behind a brick wall or a respiring target
behind two levels of reinforced concrete floors, validating the effectiveness of a multi-observation
point working mode for the efficient detection of weak human respiration.

Keywords: life detection radar; multi-observation point system; through-the-wall radar; Golay
complementary code

1. Introduction

In rescue applications, there is increasing demand for mechanisms to improve the
capability to sense trapped persons in complex scenes. Ultra-wideband (UWB) radar tech-
nology provides strong anti-interference ability, high-range resolution and penetrability,
which plays an important role in detecting trapped persons [1-4]. It can detect the vital
signs of trapped quasi-static persons with weak micro-movements [5-8]. However, the de-
tection capability of single fixed observation point systems is limited in complex conditions.
In order to increase the detection capabilities and detection rate of weak respiration targets
in complex environments, novel transmit signal designs are proposed for higher signal
to noise ratios (SNRs) in [9-13]. The multiple input-multiple output (MIMO) technology,
which uses a real aperture with multiple transceiver combinations, presents an instant
imaging resolution and high clutter suppression capability, and it has been widely used
in [14-18]. Further, the multi-view and netted radar systems were found to improve the
SNR and increase rescue efficiency in [19-22]. The development of UWB radar vital sign
detection techniques that allow multi-point observation and data association processing is
becoming a priority, motivating the design of multi-observation point detection systems
that increase rescue efficiency.

In this paper, we propose a novel multi-observation point detection system composed
of multiple Golay complementary coded UWB life-detection radars. The communication
and synchronization between radars are carried out wirelessly. For the echoes received
at different observation points, to improve the SNR of vital signs, the cross-correlation
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operation is performed in the slow-time dimension. Meanwhile, the use of a low sidelobe
sinusoidal modulation Golay complementary coded signal with a center frequency of about
1 GHz as the transmit signal can further improve the SNR. In addition, the self-positioning
technology is deployed in each UWB life-detection radar to make their positions known.
Finally, three experiments are carried out involving penetrating walls and reinforced
concrete floors, verifying the detection performance of the proposed multi-observation
point detection system.

2. Multi-Observation Point Detection System

As shown in Figure 1, the architecture of the proposed wireless-netted multi-observation
point detection system includes several independent single-channel Golay complementary
coded UWB life-detection radars, which are taken as the network nodes controlled by a
control host. The radars are responsible for the generation, transmission and reception of
the Golay complementary coded signal. The detailed design of the system is discussed in
Section 3. The control host is responsible for the human-machine interface, collaborative
acquisition and data processing. By using time division multiplexing (TDM) and the star
topology, the control host coordinates these network nodes during the multiple observation
point detection process to prevent mutual interference.
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Figure 1. The wireless-netted multi-observation point detection architecture.

3. Design of Golay Complementary Coded Radar

The block diagram of the Golay complementary coded radar for a multi-observation
point detection system is shown in Figure 2. There are six key components: a digital
transmitter, a dual-channel receiver, a clock manager, a network clock, a self-positioning
module and a wireless communication module. A Xilinx Artix-7 Field Programmable Gate
Array (FPGA) is used as the main controller unit to manage the peripherals of the radar. To
reduce the system cost and improve the spurious-free dynamic range, the equivalent-time
sampling technique is adopted. A 16-bit analog to digital converter (ADC) with a maximal
sampling rate of 160 Mbps and a full power bandwidth of 1.4 GHz is used as the receiver.
A pair of bow-tie antennas are used for electromagnetic radiation and reception. A W5300
chip is used to exchange the raw radar data and commands with the control host by the
TCP network protocol, and the wireless bridge realizes the wireless communication. In the
following, the Golay complementary coded signal transmitter (marked A in Figure 2), the
network clock module (marked D in Figure 2), the self-positioning module (marked E in
Figure 2) and antennas are described in detail.
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Figure 2. The block diagram of the Golay complementary coded radar. UWB: ultra-wideband.

3.1. The Golay Complementary Coded Signal Transmitter

The selection of the transmitting signal is a key element of the radar system. The
pseudo-random sequence has been widely applied to modulate the transmitting signal
of through-the-wall radar due to its high signal to noise ratio (SNR) and high range
resolution [23,24]. Of these, the m-sequence, Gold sequence and Golay complementary
sequence are most commonly used. The m-sequence has long been applied to UWB radars
due to its good autocorrelation characteristics. However, the number of m-sequences
is small, so alternative sequences of a fixed- length are limited. The Gold sequence is
based on the m-sequence and has low autocorrelation but better cross-correlation than the
m-sequence. There are a greater number of sequences, which can be used for multiple
input-multiple output (MIMO) radars. The Golay complementary sequence contains two
sub-codes; the autocorrelation functions of the two sub-codes can be added together to
eliminate the side-lobes. The peak side-lobe ratio is better than that of the m-sequence, but
the Golay complementary sequence’s time efficiency is low.

Determining trapped human beings from raw radar echoes is extremely difficult
due to micro-motion and the low reflectivity of the human body. The autocorrelation
characteristic is the essential reference standard for selecting the pseudo random code. In
combination with our previous research work [25], setting the Golay complementary coded
signal as the transmitting signal can avoid the weak reflection target’s echo signal being
submerged by the side-lobes due to its high peak side-lobe ratio, thus further improving
the penetration capability and anti-noise capability of the radar.

Consider a binary sequence a = [, 41, - - AN—_1,] T, where N means the length of
sequence a; its aperiodic autocorrelation is defined as

1k
Caa(k) = Nzl: a(jla(j+k),0<k<N-1 1
j=0
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Consider two sequences with the length of N: a = [ag,a1,---ay_1,]” and b =
[bo, by, - - -bN,l,]T, a;, b; € {1, 0}. If a and b satisfy the requirement of (2), they can
be called a Golay complementary pair.

Coall) + Con) = { D ®

The Golay complementary pair has good autocorrelation characteristics with no side-
lobes, and the signal peak is doubled. Any sequence included in a Golay complementary
pair is called a Golay complementary sequence [26]. The signal modulated by sequence a
can be called Golay coded signal A, while the signal modulated by sequence b can be called
Golay coded signal B. In our proposed system, a single radar only has one transceiver
channel for electromagnetic detection; the radar uses Golay coded signal A, and Golay
coded signal B executes electromagnetic detection in turn, and their aperiodic autocor-
relation sum forms the radar A-scan. It should be noted that the high autocorrelation
characteristic of the Golay complementary sequence comes at the expense of time efficiency,
which causes a lower scan rate of the radar system than other pseudo random sequences.
Due to the division of time slices in the TDM netted radar system, a single radar’s scanning
rate is further reduced, which causes limited detectability for high-frequency movements.
The balance between the number of observation points and radar scan rate should be
considered during system design. In practical terms, the netted radar system scan rate
proposed in the article is about 32 fps (see Section 4), which can detect human breathing
effectively.

As shown in Figure 2a, the Golay complementary coded signal transmitter consists
of a controller in FPGA, a 14-bit digital to analog converter (DAC) at a 2.5 GSPS update
rate, two low-pass filters, a power divider and a low-noise amplifier with 21 dB gain. In
order to adequately utilize the bandwidth of the antenna and emit more energy, the Golay
complementary sequence is modulated by a sinusoidal signal. Meanwhile, to balance the
penetration ability and the miniaturization of the antenna [27], the Golay complementary
sequence with ~1 ns impulse width and a center frequency of ~1 GHz is adopted here.

For the modulation of the Golay complementary coded signal, the value “1” in the
sequence represents a single positive impulse, while the value “0” represents a single
negative impulse. Instead of storing the transmitted waveform directly, both the single
positive impulse and the single negative impulse are stored by bit. In this way, fewer
ROMs of FPGA are required. A power divider divides the filtered Golay complementary
coded signal into two identical signals: one is fed to the transmitting antenna for radiation,
while the other is fed to the first channel of the receiver to obtain the reference signal
for the pulse compression. The transmitted signal is shown in Figure 3a. In Figure 3b,
the autocorrelation results of the Golay complementary coded signal A and signal B are
presented, and the sidelobe of the sum of both is under —40 dB.
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Figure 3. (a) The Golay complementary coded signal sampled by the receiver. (b) The autocorrelation result of Golay code
A, Golay code B and the sum of both.
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3.2. The Network Clock Module

During the multiple observation point detection process, the accurate network clock
module is required to avoid mutual interference between radars which need to be activated
in their own time-slices; that is, by setting a time margin and executing wireless clock
synchronization, the mutual interference between radars can be prevented effectively. Here,
as shown in Figure 2d, the network clock module is designed to include a SimpleLink Sub-1
GHz module based on Texas Instruments” CC1310 chip, a counter and a network clock
controller in FPGA. A counter in FPGA begins to count at an interval of 1 microsecond
after power-on and plays the role of the local network clock for each radar. For different
radars, the corresponding counter (called the network clock) has a different initial offset
and clock drift. Assuming that the counter’s value of the first radar joining the network is
mj, the counters’ values of the remaining radars can be expressed as m;, = m;+5,+T,, where
n means the radar IDs, S, represents the clock drift and T}, represents the initial offset of
non-simultaneous start-up. m; is set as the time base for all radars to realize the TDM.

Sy can be expressed as S, = p*m;, where p represents the frequency tolerance of the
radar’s main oscillator. For the worst case, a crystal oscillator with £10 ppm frequency
tolerance might introduce a 20 microsecond error within 1 s. As the human respiration
detection algorithm requires 16 s of sampling echoes for one detection, the minimum time
margin for Sy is 320 us. The measurement process of T;, can be regarded as wireless clock
synchronization between radars, and all radars’ local network clocks need to be set to m1;
after the synchronization. Here, the CC1310 SimpleLink Sub-1 Ghz module deployed on
each radar is used for wireless clock synchronization. The chip provides a set of timers
and taggers for radio operation. By sending and receiving the synchronization request
twice, the modules can measure the differences of the local network clocks between two
radars via a two-way synchronization algorithm [28], where the algorithm is similar to the
Network Time Protocol. In order to avoid mutual interference between radars, the CC1310
synchronization module is activated only once for each detection. Therefore, T); can be
measured between the first radar (its local network clock is m7) and other radars in turn. In
addition, the measurement of the CC1310 has an error of =10 us, which should be added
into the time margin. In practical terms, the time margin of the network clock module is
set as ~15 ms, which is longer than the above requirements (see Section 4). Thus, the clock
drift and measurement error would not make the radar network clock invalid.

3.3. The Self-Positioning Module

As the relative positions between radars are needed for human respiration detec-
tion, the acquisition of all radars’ positions in the architecture of the proposed multiple
observation point detection system cannot be neglected. Normally, the relative positions
between radars are measured manually in an actual environment, which is not suitable
for field applications because of manual measurement errors and the time required. To
overcome this problem, a self-positioning module is deployed in each radar to sense its
relative position and upload it to the control host automatically.

As shown in Figure 2e, the self-positioning module is composed of a DWM1000
ultra-wideband module, an STM32 Microcontroller Unit (MCU) and a self-positioning
controller in FPGA. The DWM1000, as the key component of the self-positioning module, is
designed based on Decawave’s DW1000 chip. It integrates antenna, all RF circuitry, power
management and clock circuitry into one module, supports four radio frequency bands
from 3.5 GHz to 6.5 GHz, provides the function of timestamping and precise control of
transmission times and can be used in the two-way ranging or Time Difference of Arrival
(TDOA) positioning with an error within 10 cm [29-32]. Here, the two-way ranging is
realized by the double-sided two-way ranging algorithm executed in the STM32 MCU to
achieve the self-positioning of the radars.

Although the workflows of the network clock synchronization module and self-
positioning module are similar, it should be noted that the CC1310 and the DWM1000 are
not interchangeable; the clock frequency of the CC1310, which serves the timestamp register,
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is too low to provide accurate self-positioning, while the configuration and algorithm of the
DWM1000 are cumbersome and need to be controlled by an MCU, the random response
time of which might cause a network clock synchronization error.

3.4. The Antennas

The size of antennas is essential in radar design. A miniaturized radar is more
adaptable to the environment. A certain compromise was made in this work between
bandwidth and efficiency when designing the antenna to meet the requirements of using
the ultra-wideband and having a miniaturized size. Large bandwidth and high efficiency
can be obtained in a smaller size by using a bow-tie antenna. The top-layer patch of the
antenna has a semi-elliptical shape, meaning that the current flows through a longer path
in a small size. Simultaneously, an elliptical end is added to the bottom layer, coinciding
with the top layer. By loading resistors on the bottom side, the current is coupled through
the substrate for further absorption, which improves the radiation efficiency of the antenna.
The use of a metal back cavity can also enhance the antenna’s forward radiation ability
while further improving the isolation of the transmitting and receiving antenna and the
SNR of the radar system. The size of a single antenna is 140 mm x 70 mm x 35 mm, as
Figure 4 shows, and the operating band is 0.5-1.5 GHz.

Figure 4. The antennas.

4. Radar Coordination

The orderly collaboration between radars depends on reasonable time-slice manage-
ment and workflow management; in this work, these were designed in accordance with
the radar parameters in Table 1.

Table 1. Key parameters of the proposed radar system. ADC: analog to digital converter.

Property Proposed Radar
Netted radar system scan rate 32 fps
Center frequency of radar system 1GHz
Equivalent sampling frequency (Fs) 16 GSPS

Real-time sampling frequency 125 MSPS

Sampling points (N) 16,384
Average times (N ) 32

ADC Resolution 16 bits

We configured the equivalent-time sampling rate and the real-time sampling rate of
the receiver to be 16 GSPS and 125 MSPS, respectively. Accordingly, the receiver was able to
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obtain N = 16,384 sampling points for one UWB A-scan in 512 us, equaling 128 pulse repeat
periods. To improve the echo’s SNR, N4 = 32 UWB A-scans were required for human
respiration detection, and the corresponding time consumption was about 17 ms. In
addition, the wireless data transmission for transmitting the radar echoes and the reference
signal for pulse compression with a network speed of 100 Mbps required about 6 ms. Thus,
the required minimum time slice was about 23 ms. In practical terms, to retain the time
margin for wireless transmission and the network clock module, each time slice was set as
32 ms.

To understand the orderly collaboration between radars, the workflow timing is
presented in Figure 5.

TART COMMAND
HOST U 0 I Y
RADAR No.1 T ]
RADARNo.2 | [T T
RADAR No.n | 1
_ >
Start Up & Netted L Idle
Network Clock Syne. [ | Self-positioning
Lol Time Slice Allocation I Electromagnetic Detection
Data Transmission 77 Result OQutput

Figure 5. The workflow timing.

(1)  Start Up and Netted: As the initialization stage, the host establishes the WIFI network
and permits radars access. Radar IDs are distributed by the host for data acquisition,
clock synchronization and self-positioning.

(2) Idle: All components turn to the standby mode, waiting for the “start command”.

(3)  Network Clock Synchronization: The network clock synchronization is executed firstly
after receiving the “start command”.

(4) Self-positioning: The relative positions between radars are measured by their self-
positioning modules once.

(5)  Time Slice Allocation: The host verifies the validity of the radars’ topology and allocates
time slices to radars.

(6)  Electromagnetic Detection: According to the network clock synchronization and the
time slice allocation, each radar illuminates the target area and receives the echoes
within their time slices in turn.

(7)  Data Transmission: The echoes are uploaded to the host.

(8)  Result Output: After 16 s of sampling echoes, the host calculates the target’s position
and displays the results on the human-machine interface.

5. Algorithm Description for Multi-Observation Point Detection System

Denote S(k, m) as the slow-time range matrix obtained at a single observation point,
where k=0, 1, ..., K—1is the range cell index, and m =0, 1, ... , M—1 is the slow-time
index. For quasi-static trapped human beings with quasi-periodic but weak respiration, we
denote S;(k, m) and S;(k, m) as the output slow-time range matrixes obtained from the ith
and jth (i # j) observation points after eliminating the time-invariant clutter /interference,
respectively. Due to the cross-correlation function of the non-periodic noise being prone
to zeroing, the cross-correlation between S;(k, m) and S;(k, m) is applied to improve the
low signal-to-noise ratio (SNR). However, the quasi-periodic component and its harmonic
components contained in the slow-time signal S;(k, m) and S]-(k, m) are still preserved.
Assume that the size of S;(k, m) and Sj(k, m) are K, x M, and K, x My, respectively. The
cross-correlation function R;;(u, v, m) is defined as

Rij(u, v, m) = E{S;(ku, ma)-Sj(ko, mp)} ®)
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RAN ij(u, v, m) = maxy,{R;j(u, v, m)}- AN {R;;(u, v, m)} 4)
where the range cell index k,, € [0, K, — 1] and k; € [0, Ky — 1], the slow-time cell index
m, € [0, M, — 1], my € [0, M — 1] and m = m,; — my,. Then, the advance normalization
(AN) method is applied to R;;(u, v, m) so that the weak quasi-periodic component of the
quasi-static trapped human being can be further enhanced. We denote the output result of
the AN method as RN ij(u, v, m). The Fourier transform of RAN ij(u, v, m) is taken in each
slow-time dimension, and the maximum corresponds to the quasi-static trapped human
being; i.e., (Uimax, vjmax) indicates the possible range location of the quasi-static trapped
human being depending on the different ith and jth observation points.

(imax Vjmax) = argmaxio (FFTm (RN i(u, v, m)}}, u # v ©)
] ]

6. Experiments and Results

In this section, three types of experimental scenes are designed to simulate complex
through-wall conditions. The corresponding experiments were carried out to verify the
performance of the proposed multiple observation point detection system. Two layers of
brick walls or reinforced concrete floors were penetrated to detect human respiration in
type-I (see Figure 6a) and type-1I (see Figure 6b) experimental scenes, respectively. For the
type-III scene, the propagation distance effect in the through-wall condition is considered.
Because of the high radar prototype cost, two Golay complementary coded UWB life-
detection radars were used in three experiments. For simplicity, the two radars are labeled
as radars No.1 and No.2, respectively. The tested human subject is indicated by the dotted
frame in the figure.

As shown in Figure 6a, the type-I experiment was carried out in an apartment unit
with various sundry items such as a refrigerator, TV and desktop computer, and the two
Golay complementary coded UWB life-detection radars are placed on the same side of the
27 cm brick wall 1.5 m apart. The tested human subject with weak respiration stood at
a distance of 4.7 m from radar No.1 and 4.8 m from radar No.2. The type-II experiment
was carried out in a building under construction, as shown in Figure 6b. There was
electromagnetic interference caused by signal transmission lines and cars. Two radars were
placed on the fourth floor 1 m apart. The width of the reinforced concrete floor was 12 cm.
The tested human subject lay on the second floor. The distances between him and radars
No.1 and No.2 were 6.7 m and 6.8 m, respectively. The type-1II experiment was carried out
in a stadium, as shown in Figure 6¢c. An air conditioner and high-power lighting facilities
were the main sources of electromagnetic interference. The two radars were placed on the
same side of a 37 cm brick wall 2.2 m apart. The tested human subject stood behind the
wall, at a distance of 21.6 m from radar No.1 and 21.3 m from radar No.2.
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Figure 6. Experimental scenes: (a) type-I scene, (b) type-II scene, (c) type-III scene.

Normally, the echoes from a single radar can be processed by any fast Fourier trans-
form (FFT)-based respiration detection method—for example, the one in [33]—to extract the
human breathing frequency. However, due to the low signal to noise ratio (SNR) in these
three types of experimental scenes, as shown in Figure 7, all the output range—frequency
images are too noisy to distinguish the vital sign features (VSFs). Under the architecture of
the proposed multiple observation point detection system, the echoes from the two Golay
complementary coded UWB life-detection radars were suitable for association processing
to generate the new form of the VSF.
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Figure 7. The output range-frequency images using the normal fast Fourier transform (FFT)-based respiration detection
methods using the echoes from a single radar. (a,b) Type-I experimental results. (¢,d) Type-II experimental results. (e,f)

Type-III experimental results.

According to our proposed multi-observation point detection method, when weak
respiration movement is present, a new type of VSFs of the tested human subject may
appear in the output cross-correlated range—frequency 3D image. The three dimensions
of the output cross-correlated range—frequency 3D image represent the range from radar
No.1, the range from radar No.2 and the respiration frequency, respectively. As shown in
Figure 8a—c, by finding a suitable threshold, the VSFs for the three types of experiments
are remarkable. The respiration frequencies indicated by the VSFs are 0.32 Hz, 0.3 Hz
and 0.28 Hz, respectively, which are consistent with the actual situation. To further un-
derstand the VSFs in the output cross-correlated range-frequency 3D images, 2D slice
(range x range) images corresponding to the specific respiration frequencies of 0.32 Hz,
0.3 Hz and 0.28 Hz are presented in Figure 9a—c, respectively.
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marked in green for (a) the type-I, (b) the type-II and (c) the type-III experiments, respectively.

Depending on some threshold detectors, the maximum projection for each range
dimension can be used to extract the values of distances from radars No.1 and No.2 based
on the VSFs.

For the type-I experiment, the distances from radars No.1 and No.2 are 4.72 m and
4.82 m, respectively. For the type-II experiment, the distances from radars No.1 and No.2
are 6.75 m and 6.82 m, respectively. For the type-III experiment, the distances from radars
No.1 and No.2 are 21.61 m and 21.28 m, respectively. Thus, the locations of the tested
human can be determined by substituting these distances into a “triangulation method”.
Note that the locations of the tested human subject in the three types of experiments would
be uncertain when using only the echoes from a single radar.
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Figure 9. The output 2D slice (range x range) images for the specific respiration frequencies in (a)
the type-I, (b) the type-II and (c) the type-III experiments, respectively.

For the type-I experiment, the distances from radars No.1 and No.2 are 4.72 m and
4.82 m, respectively. For the type-1I experiment, the distances from radars No.1 and No.2
are 6.75 m and 6.82 m, respectively. For the type-III experiment, the distances from radars
No.1 and No.2 are 21.61 m and 21.28 m, respectively. Thus, the locations of the tested
human can be determined by substituting these distances into a “triangulation method”.
Note that the locations of the tested human subject in the three types of experiments would
be uncertain using only the echoes from a single radar.

7. Conclusions

In this paper, a novel multi-observation point detection system composed of multiple
Golay complementary coded UWB life-detection radars is proposed, and its performance
in the context of weak human respiration detection is evaluated in complex through-wall
conditions The experiments show that the radar system has excellent detection performance:
in the through-the-wall scenario, the radar system could detect a respiring target over
21 m distant, while in the through-the-floor setting, it could detect weak breathing target
behind two levels of reinforced concrete floors. Both the design and the coordination of the
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Golay complementary coded UWB life-detection radar are illustrated in detail. Remarkably,
in the complex through-wall conditions, the weak respiration movement of the tested
human subject could be distinguished by the new VSFs that appeared in the output range-
frequency 3D image. Study of upgrades to the system, the topology of multiple observation
points and the optimized detection algorithm will be future work in this area.
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