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1. Introduction

Ultraviolet (UV) communication has attracted the attention of
many researchers in recent years, especially in the wavelength
range of 200-280 nm, which is called UV-C!"®), This range
of solar radiation can exist basically above the ozone layer,
because it is almost absorbed by the ozone layer when it is inci-
dent on the earth’s surface, and the intensity remaining below
the ozone layer is negligible”’. This allows UV-C to be used
for satellite-to-satellite communications above the ozone layer
without fearing wiretapping from the ground. Also, UV-C com-
munication below the ozone layer can be affected barely by back-
ground noise.

However, it is considered that the UV-C light will be strongly
scattered because of its short wavelength, which leads to serious
light attenuation along the direction of light emission''” and
raises the possibility for non-line-of-sight (NLOS) communica-
tion. Long-range NLOS communication of 200 bps over 100 m
has been achieved by using high light output power (LOP) UV-C
light sources and high-sensitivity UV-C detectors such as a pho-
tomultiplier tube (PMT)!"'~*”), To overcome the huge path loss
(PL) caused by the long distance, one of the effective ways is to
increase the LOP of the transmitter. However, the maximum
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Due to the bandwidth limitation of the ultraviolet-C (UV-C) optical communication system and strong channel attenuation, it
is difficult to transmit high-frequency signals. In this paper, the temporal ghost imaging (TGI) algorithm was first applied to
the UV-C communication experimentally, and we realized the transmission of a 4 GHz signal through 95.34 MHz system
bandwidth. The study indicates that the TGI algorithm can significantly improve the signal-to-noise ratio (SNR) compared
with the on-off keying method. Our research provides a new approach for alleviating transmission frequency limitation due

Keywords: temporal ghost imaging; UV-C communication; ultra-high-frequency signal transmission.

permissible exposure of UV-C is specified due to the carcino-
genicity“s]. Hence, many researchers are tentative to improve
the long-range NLOS/line-of-sight (LOS) communication sys-
tem performance by increasing the device bandwidth, optimiz-
ing coding and modulation methods, employing multiple input
multiple output (MIMO), adopting spatial diversity, and so
on!>&1215-17:19-24] ‘Nevertheless, traditional LEDs are typically
in millimeter sizes, and a larger size leads to larger capacitance
and slower transistors’ operating speed, which further inhibits
bandwidth improvement'**). The most recent modulation band-
width record for large-size UV-C LEDs is 153 MHz!*
Moreover, the bandwidths of commercial UV-enhanced detec-
tors are generally limited to a few hundred megahertz (MHz)?..
Therefore, optimizing the communication system performance
based on large-size LEDs by increasing the modulation band-
width of devices is challenging.

In recent years, temporal ghost imaging (TGI) has attracted
the attention of many researchers as a modulation algorithm
that can reduce the requirement of spatial and temporal resolu-
tion of detectors””” ") Sun et al. realized 3D single-pixel
detector imaging, which is a very important application of
spatial computational ghost imaging. Devaux et al. captured
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non-repeatable time-domain signals without synchronization
by the spatial computational ghost imaging system and realized
the combination of spatial domain and time domain. Xu et al.
conducted an experimental study of temporal computational
ghost imaging, proving that TGI can lower the time resolution
requirement of the detector. Relevant researches show that TGI
can not only reduce the spatial or temporal resolution require-
ment of the detectors but also exhibit excellent anti-noise per-
formance, improving the signal-to-noise ratio (SNR) of the
system!?*~3*]. However, applying TGI to the UV-C communica-
tion system has not been reported yet.

In this paper, we introduce the TGI algorithm to the UV-C
communication system through experiments for the first time,
to the best of our knowledge. It was verified that a high-fre-
quency temporal signal could be detected by a low-bandwidth
detector based on TGI in a UV-C communication system.
We realized the detection and reconstruction of a 4 GHz tem-
poral signal when the system’s bandwidth was less than
100 MHz. Meanwhile, it is proven that the TGI can realize
the optimization of SNR. All of the results show that the TGI
algorithm has great application potential in the UV-C commu-
nication field.

2. Methods and Experiments

In computational ghost imaging, modulation is achieved by
multiplying the signal with a stack of random binary illuminated
patterns in measurements. A second-order correlation between
a stack of known illuminated patterns and the integration of the
information received by the detector can retrieve the original
signal®®. Applying the aforementioned spatial modulation
theory to the temporal domain, the repeatable temporal signal
T(t) can be modulated by a series of known temporal sequences
H;(t) (i=1,2,...,N), and then the low-bandwidth photodetec-
tor collects the integration of the product of the original signal
and [th? modulation temporal sequences, which is represented
as §;1%%);

N
Si=Y_ Hi(t)T(t). (1)
t=1

Here, we choose the Hadamard matrix as H(¢) whose dimen-
sion is the same as the length of the temporal signal, and each
column of the Hadamard matrix is denoted as H;(t).

The second-order correlation between the received informa-
tion and the modulation sequences is applied to retrieve the
original signal*”’;

T'(t) = (SiH;(t)) = (S:)(H,(1))- )

Here, () denotes averaging of N measurements. The
Hadamard matrix does not generate additional deviations theo-
retically compared with the random modulation matrix due to
its good orthogonality, which makes the retrieved signal more
proximate to the original signal®*. In the presence of noise,
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the received information is composed of signals and noise,
and the demodulation results correspond to the superposition
of the correlation between signals and the modulation matrix
and the correlation between noise and the modulation matrix.
Because of the random statistical nature of noise and the lack
of correlation between noise and the modulation matrix, the
noise-related information can be alleviated, which makes the
TGI algorithm robust to the noise!*?.

Figures 1(a) and 1(b) show the schematic diagram of the
experimental setup for the UV-C LED-based optical communi-
cation system and its picture, respectively. The original signal is
128-bit pseudo-random binary sequence (PRBS) code. The
modulation of the original time signal was realized in
MATLAB. After that, the transmitted signal was generated by
an arbitrary waveform generator (AWG 710B, 4.2 GHz) and
was loaded into the UV-C LED with a central wavelength of
277 nm as an AC component. The power supply provided a
DC component to ensure that the LED worked at high emission
power. The components of DC and AC were coupled through
bias-tee (Mini-Circuits ZFBT-6GW+), and the superimposed
electrical signal was used to drive the UV-C LED to transmit
the optical signal. Then, the parameters were adjusted to ensure
that the LED worked in the linear region. The transmitted opti-
cal signal passed through free space and was detected by the
photodetector (Hamamatsu C12702-11, 100 MHz). At the
receiving end, the received electrical signal was displayed on
the oscilloscope in real-time, and, after being sampled, the
LabVIEW offline program was applied to demodulate the
sampled signal and evaluate the transmission performance.
The transmitting frequency was adjusted on the AWG from
200 MHz to 4 GHz.

(@)
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Fig. 1. (a) Schematic diagram for UV-C LED-based wireless optical commu-
nication system. (b) The photograph of the experimental setup.

110602-2



Chinese Optics Letters

3. Results and Discussion

The I-V characteristic of the UV-C LED is shown in Fig. 2(a).
The best working point of the UV-C LED was determined to
be 30 mA for the DC signal and 1.6 V peak-to-peak voltage
(Vyp) for the AC signal through experiments. The frequency
characteristics of the whole system at the frequency from
3 kHz to 6 GHz are shown in Fig. 2(b). The —3 dB bandwidth
of the communication system is 95.34 MHz, which is consistent
with the bandwidth of the photodetector. Therefore, the photo-
detector is the crucial factor restricting the bandwidth of the
whole communication system. According to Fig. 2(b), it is found
that the system hardly transmits a high-frequency signal of sev-
eral gigahertz (GHz) through direct detection.

To describe the transmission performance of the system, we
introduce the concept of PL, which is defined st

P
PL=10X log(P’), ®3)

where P; represents the transmitting optical power, and P,
stands for the receiving optical power. On-off keying (OOK)
was chosen as a comparison to further highlight the advantages
of TGIL. The maximum error-free transmission frequencies with
varying PL are shown in Fig. 3(a). For OOK, the maximum
transmission frequency is 482 MHz without PL, and then it
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Fig. 2. (a) /-Vcharacteristics of UV-C LED. Inset is the normalized spectrum of
UV-C LED. (b) Frequency characteristics of the whole system at the optimum
operating point.
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Fig. 3. (a) Comparison of transmitting frequency between 00K and TGI.
(b] The calculated SNRs of 00K and TGI. Three points A B, and C in (a) corre-
spond to (b).
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reduces to 200 MHz as the corresponding PL increases to
12.79 dB. For TGI, when PL is below 14.87 dB, it is always
capable of maintaining the 4 GHz transmission frequency.
After that, the maximum transmission frequency gradually
decreases to 400 MHz as PL increases to 18.75 dB. The maxi-
mum error-free transmission frequency of TGI is nearly one
order of magnitude higher than that of OOK when PL is less
than 15 dB. Therefore, the UV-C communication system based
on TGI successfully realized the transmission of the high-
frequency signals beyond the system bandwidth. This perfor-
mance is rooted in the principle of the TGI algorithm. In
Ref. [36], Chen et al. verified this principle further through
experiments. Hence, the hardware bandwidth limitation is effec-
tively weakened.

To quantitatively analyze the reason why the TGI curve drops,
we calculate the SNRs of the received signals in Fig. 3(a). In gen-
eral, SNR is defined as

Ps/n -P,

(Ttest B (Ttest>)2 B (Ntest B (Ntest>)2
(Ntest - (Ntest))2

=10 x log , (4

where P/, and P, stand for signal power with noise and back-
ground noise power, respectively, and T\ and N represent
the tested signal amplitude with noise and tested noise, respec-
tively. The calculated results are shown in Fig. 3(b). The SNR of
TGl is 47.70 dB (PL = 0 dB), which gradually decreases with the
increase of PL and drops to —11.33dB at point C. Therefore,
when PL is higher than 15 dB, the obvious decrease of SNR
results in the decrease of the maximum error-free transmission
frequency. When PL is less than 15 dB, the SNR remains large
even though it decreases, so it has no obvious influence on trans-
mission frequency.

In a word, although high-frequency signal waveforms are
severely attenuated due to a lack of bandwidth, the relative
amplitude between the original bits is still not significantly
affected, so high-frequency signal transmission of GHz can be
successfully achieved. However, when the background noise
intensity is constant, the SNR at the receiving end is impacted
by the dual effects of power attenuation caused by PL and wave-
form distortion caused by bandwidth limitation. When the
attenuation and distortion are severe, the sum of information
can no longer be distinguished from the background noise,
and the error-free transmission cannot be realized. Therefore,
when the SNR is extremely low, the error-free transmission fre-
quency is reduced.

Moreover, the eye diagrams of the A-B-C points in Fig. 3(a)
are shown in Figs. 4(a)-4(c), respectively. Comparing Fig. 4(a)
with Fig. 4(b), the maximum signal distortion at the sampling
instant in the eye diagram of TGI is smaller than that of
OOK, and the noise margin is higher than that of OOK. Both
indicate that transmission based on TGI has much weaker noise
and less intersymbol interference. When the PL is the same, the
influence on SNR mainly comes from the bandwidth limitation,
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(a) @OOK at 200MHz (PL=12.79dB)

Normalized Amplitude(a.u.)

Time interval (5ns)

(b) @TGI at 4GHz (PL=12.79dB)

Normalized Amplitude(a.u.)

Time interval (0.25ns)
© @TGI at 400MHz (PL=18.75dB)

Normalized Amplitude(a.u.)

Time interval (2.5ns)

Fig. 4. Eye diagrams comparison among (a) point A, (b) point B, and (c) point C.

so theoretically the eye diagram quality of point B should be
worse. On the contrary, the performance of point B is signifi-
cantly better than that of point A, which effectively proves that
the TGI algorithm can optimize SNR. Besides, the difference
between these two eye diagrams means that 200 MHz signal
transmission through OOK has basically reached the upper limit
of the system transmission capacity, while error-free transmis-
sion frequency based on the TGI algorithm can be further
improved when the PL value is lower than 12.79 dB (point B).
Comparing Fig. 4(b) with Fig. 4(c), with the increase of PL, the
quality of the eye diagram decreases obviously. Different from
the case when the PL value is less than 12.79 dB, the maximum
error-free transmission frequency cannot be further increased
because of the reduced SNR in the curve descending stage.
Comparing Fig. 4(a) with Fig. 4(c), transmission frequency
and PL of TGI are both larger than those of OOK, which means
that the SNR of TGI is worse than that of OOK. Nevertheless, the
eye diagram of TGI still looks cleaner and more regular than that
of OOK, which confirms that the TGI algorithm can optimize
SNR again. The above analysis of eye diagrams is consistent with
that of the calculated SNRs of TGI, which are significantly higher
than that of OOK in Fig. 3(b).
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Fig. 5. (a) BER comparison of 00K and TGI (PL = 0 dB). [b) The MSE of TGl at
different transmitting frequencies.

The above results show that TGI can weaken the impact of
bandwidth limitation to realize high-frequency signal transmis-
sion with a low-bandwidth system and simultaneously can effec-
tively improve SNR. These advantages signify that TGI is a
potential method to be applied in the field of UV-C communi-
cation with low SNR.

Besides, the quantitative analysis for transmission perfor-
mance under different transmitting frequencies is also neces-
sary. In Fig. 5(a), TGI enables error-free transmission at all
frequencies. For OOK, the BER is higher than the forward error
correction (FEC) threshold (3.8 X 107%) when the frequency is
higher than 400 MHz, and BER increases as the frequency
increases. This again indicates that the transmission frequency
of TGI is much higher than that of OOK. Mean square error
(MSE) is introduced to further elaborate the performance of
TGI, which is described as'*’!

N
MSE=} [T'(t) - T(OF, (5)

where N is the signal length, T'(t) represents the normalized
reconstructed signal, and T(t) means the original signal. The
smaller the MSE is, the closer the reconstructed signal is to
the original signal, and the better retrieved the signal is. The
MSE of TGI error-free transmission with changing PL at differ-
ent transmission frequencies is shown in Fig. 5(b). It is found
that PL has a more significant influence on the transmission
of the high-frequency signal, which is manifested when the slope
of the curve gradually increases with the increase of transmission
frequency. In essence, the factor that affects the quality of signal
transmission and demodulation is SNR. Compared with the
low-frequency signal, the waveform distortion is more serious
during high-frequency transmission, so the PL tolerance of
the system will be correspondingly weak. This explains why
the high-frequency signal is more susceptible to PL, and this
conclusion is also consistent with the aforementioned analysis.

4. Conclusion

In conclusion, we first introduced the TGI algorithm to UV-C
communication experimentally and further demonstrated the
principles, performance, and potential of it in the field of
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UV-C communication. TGI was used in the UV-C LED com-
munication system to successfully transmit a 4 GHz signal
whose frequency was nearly 40 times above the system band-
width, and, simultaneously, this transmitting frequency was
nearly an order of magnitude higher than that of OOK under
the same circumstances. Moreover, the experimental results also
show that TGI can effectively optimize the communication per-
formance by improving the SNR. Our research lays a foundation
for the application of the TGI algorithm in the UV communi-
cation domain and also provides a reference for its prolonged
application in other optical communication fields.
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