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Terahertz frequency band (0.1 ~ 10 THz) can provide ultra-high transmitting
rates for massive emerging applications. However, due to the radio frequency
impairments and limited signal processing property of baseband devices, it is
difficult for the current terahertz communication systems to be used in real
applications. In this work, we report a 0.22 THz communication system, which
can provide 84 Gbps air interface rate over 1.26 kilometers distance. Such a
system is underpinned by three breakthroughs, namely, integrating the
reported terahertz wireless communication system, redesigning the signal
processing in baseband devices, and increasing the cut-off frequency and
transmitting power of radio frequency component by parameter optimizing.
Being applied to realize the real-time transmission of the uncompressed 8K
ultra high-definition video in the 31st International University Sports Federa-
tion in Chengdu, China, this work is a leaping advancement to enable terahertz

systems from experiment to promising applications.

Although millimeter wave (mmWave) (20 GHz-100 GHz) commu-
nications have been adopted to provide tens of gigabit per second
(Gbps) transmitting rate in 5th generation mobile communication
technology (5G)"?, there will be a huge gap to meet the rapid growth of
the transmitting data in the future by 2030 and beyond, where the
required transmitting rate would be hundreds of Gbps or even terabit
per second (Tbps). By providing such high transmitting rate, terahertz
(THz) communication systems operating between 100 GHz and 10 THz
are promising to satisfy the explosive growth requiring transmitting
ultra-fast for the emerging 6G and beyond applications, e.g., remote
education (tens of Gbps), teleoperation (hundreds of Gbps), high-
quality video conference (tens of Gbps), augmented reality (AR)/ vir-
tual reality (VR) (hundreds of Gbps to tera bps), etc**. For instance, to
achieve medical teleoperation assisted by AR/VR, the wireless trans-
mission should be extremely reliable to guarantee the environment
recovery without any error in AR/VR. In such teleoperation scenarios,

the 8K ultra high-definition (UHD) live video should be transmitted in
real-time successfully for ultra-high resolution of the teleoperation®.
Another typical application is the broadcasting of sports events®
as shown in Fig. 1. This figure is a conceptual diagram of uncompressed
UHD video transmission in sports event broadcasting based on THz
wireless communication system in the future. The 8K UHD live video
should be transmitted without compressing to guarantee the real-time
requirement for the customers’ immersive experience. Since the 8K
UHD video is uncompressed, the content should be error-free at the
receiver (Rx) for high-resolution environment reconstruction in VR/AR
or display on the screen of the TV in live sports broadcast. By providing
such high air interface rates, more redundancy can be transmitted via
forward error correction (FEC) coding/decoding to guarantee both
high signal rate and low error probability after decoding at the Rx. On
the other hand, the narrow beamwidth of THz leads to a high received
power at the Rx to enhance the reliability’. Thus, such applications can
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Fig. 1| A conceptual diagram of UHD video transmission in sports event
broadcasting based on THz wireless communication system in the future.
Including 4K and 8K cameras, THz transmitters, outside broadcast van (OBvan)
with THz receivers, THz satellites. 8K and 4K cameras send UHD live video of sports

Satellite

events via the THz wireless communication system to an OBvan. Then, OBvan casts
the video to the screen in the competition site, and meanwhile sends the video to
the broadcast room, where the video would be transmitted to the television (TV)
station via THz satellite for further presentation to public audiences.

be fully supported by THz communication systems since they can
provide hundreds of Gbps or even Tbps transmitting rate with high
reliability’.

However, the current THz communication systems (e.g., the sys-
tems in Refs. 8-24) cannot be used in the aforementioned commercial
applications because of the following three critical bottlenecks. The
first one is the integration of the real-time THz wireless communica-
tion system. Since few works have been done on the application of the
THz wireless control system in real world, the integration is an extre-
mely challenging open problem. For instance, due to the aforemen-
tioned two bottlenecks, the interface between different modules
should be carefully designed in the system integration to guarantee
the real-time requirement. More importantly, the optimal system fra-
mework for real-world application is still an open problem, which
determines the resource cost and performance of the whole system.

The second one is the limited signal processing property in
baseband device. Most wireless communication prototypes adopt field
programmable gate array (FPGA) as their signal processing device in
baseband. Dealing with such high transmission rate via baseband is
challenging in real-time, the ultra-high speed baseband signal pro-
cessing in the existing THz communication systems is mainly offline. In
other word, the Rx in the THz communication systems obtain the sent
signal from the transmitter (Tx) in real-time, and then process the
baseband signal by computers. However, signal processing for
uncompressed 8K video must be real-time to be used in the afore-
mentioned real-world applications, e.g., AR/VR. Therefore, it is neces-
sary to design low complexity baseband algorithms to coordinate
good system performance and limited hardware resource.

The third one is the radio frequency (RF) impairments. In THz
frequency band, the high spreading loss and molecular absorption
would cause severe signal attenuation. Then, high antenna gain is
essential to balance the link budget. Since THz band is between
millimeter-wave and infrared band, the generation of signals on THz
band with high transmitting power is challenging by both electronic

components and photonic components, which would result in severe
RF impairments, e.g., the imbalance between in-phase/quadrature (IQ)
branches, non-linearity of power amplifier (PA), and the phase noise of
local oscillator (LO).

We notice that some researches have been done on real-time
signal processing in THz communication systems'*!, For instance, in
Ref. 25, the authors achieved 1 Gbps transmitting rate with real-time
signal processing by experiment. However, the data rate cannot sup-
port the uncompressed 8K video transmission. In addition, in”, the
authors developed a THz communication system with 0.3 THz to
achieve the uncompressed 8K video transmission using OOK (On-Off
Keying) modulation without bit error. However, the transmitting dis-
tance is about 2-3 cm, which cannot be used to support the afore-
mentioned applications in real world. The main existing works on THz
communication prototype with real-time signal processing are shown
in Table 1. It is worth noting that due to the differences in hardware
used and the complexity of digital signal processing, we only compare
their core parameters. These values are only used for indication. In
summary, all the existing works cannot be used for the real-time
uncompressed 8K video transmission in real world because they do
not satisfy the requirements.

In this work, we report a electronics-based 0.22 THz commu-
nication system by dealing with all the aforementioned challenges,
which can provide 84 Gbps air interface rate at 1.26 kilometers (km)
distance. We first develop the THz communication system for the real-
time ultra-high transmission, which is based on the integration of the
existing standardized commercial components, the proposed RF
components, specific signal processing algorithms, and specific
interfaces among different components and devices. Second, we
redesign a baseband subsystem based on 16QAM-OFDM to achieve the
high-throughput physical layer link for the ultra-high transmitting rate.
A low complexity adaptive channel equalization algorithm is proposed
to deal with the 1Q imbalance problem. Finally, we cope with the
problem in RF design to increase the transmitting power, reduce the
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Table 1| Comparsion of the main existing THz wireless transmission systems with real-time signal processing

Frequency band Architecture Distance(meter) Bit rate(Gbps) BER Emitted power(dBm) Modulation
400 GHz® Photonics-based 35 1 1e-9 10 ASK

300 GHz*® Photonics-based 100 50 9.5e-4 -13 OOK

300 GHz”"*® Photonics-based 0.02- 0.03 48 le-1 -15 00K

220 GHz" Electronics-based 1030 20.8 3.8e-7 -11.9 / -13.5 (two-channel) 16QAM

340 GHz* Electronics-based 50 3 1.784e-10 17.5 16QAM

140 GHz*® Electronics-based 1500 2 1.80e-11 5 16QAM

300 GHZ* Electronics-based 10 1.68 / / 16QAM-OFDM
This work Electronics-based 1260 84 1e-15/0° 9.7/10.3 (two-channel) 16QAM-OFDM

0 BER indicates there is no bit error within the first two hours of continuous observation, which has the same meaning in the rest of this paper

“le-15 BER in this work indicates the bit error within six hours of continuous observation.

THz Rx RF Module &

‘ E Y

Rx Baseband module,
IF module and Interface
converter

Tx Baseband module,
IF module and Interface
converter

Fig. 2 | The THz system exhibited at the Main Media Center of the 31st International University Sports Federation (FISU) in Chengdu. The exhibition presents the
overall system and the components for the system. Meanwhile, a 4K video is presented for comparison to highlight the video quality and visual experience of the 8K video.

non-linearity domain of PA and phase noise of LO, and suppress the
imbalance between IQ branches. By providing 84 Gbps air interface
transmitting rate, the reported THz wireless communication system
has been used to support the real-time transmission of the uncom-
pressed 8K UHD video in the 31st International University Sports
Federation (FISU) in Chengdu, China. Outdoor experiments of this
system and the application in FISU are shown in Supplementary
Video 1. By such an application, the potential usage of the proposed
system in real world has been verified, we believe this is a critical step
to enable terahertz systems from experimental to commercial
applications.

Results

The adopted THz wireless system in FISU and the performance
Recall Fig. 1, the reported THz wireless communication system has
achieved the uncompressed 4K and 8K UHD video transmission from
the camera to the OBvan in FISU in Chengdu, China. The adopted THz
wireless system exhibited in the main media center of FISU in Chengdu
is shown in Fig. 2. The overall architecture of this system is shown in
Fig. 3a. The developed system was responsible for 8K video trans-
mission. The real-time video captured by the 8K camera is the input
data source, which is operated by the camera control unit (CCU), and
then sent to the baseband platform through optical fiber in the form of
high-speed data stream based on serial digital interface (SDI)
protocol®’. After signal processing in baseband module and inter-
mediate frequency (IF) module, the encoded and modulated signal

would be transmitted by THz RF module in Tx. Then, the signal would
be received by THz Rx RF module. Finally, the video is converted into
high definition multimedia interface (HDMI) format and displayed on
8K TV screen after demodulating and decoding.

The integration of the hardware architecture of the THz wire-
less communication system is shown in Fig. 3b. The 8K video data
stream is divided into four 4K video streams, which are left top (LT),
right top (RT), left bottom (LB), and right bottom (RB). After the
dividing, the baseband receives the video data in SDI format. The
baseband signal processing of both Tx and Rx is operated by two
high-performance FPGAs, respectively. Each FPGA conducts the
signals of two channels consisting of 4K video streams. Dual digital
to analog converters (DACs) are adopted for each 4K video stream
at the Tx to product in-phase (I) and quadrature (Q) branches.
Meanwhile, dual analog to digital converters (ADCs) are adopted for
each 4K video stream at the Rx to receive | and Q branches. At the
Tx, the analog signal output by DACs is sent to the IQ mixer with
9 GHz as the IF LO. Then, the IF signal within 6.3 GHz-11.7 GHz is
mixed to the THz frequency band via harmonics by the THz mixer,
which is conducted by adopting the second harmonic produced by
doubling the frequency of the LO signal. The THz LO is generated by
RF LO1 ~ 4 in RF module as shown in Fig. 3c, where the generated
four THz LO are 212.8 GHz, 218.4 GHz, 207.2 GHz and 212.8 GHz,
respectively. The total bandwidth of the THz wireless communica-
tion system is 5.25 GHz x 4 = 21 GHz. Noting that the data setting
here are determined by the signal processing in baseband, which
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Fig. 3 | The architecture of the THz wireless communication system and
spectrum usage. a The overall architecture of the system. b The integration of the
hardware architecture of the system. The 8K video data stream is divided into four
4K video streams. The system mainly consists of FPGAs, analog to digital converters
(ADCs), digital to analog converters (DACs), filters, local oscillators, IQ mixers,

frequency multipliers, sub-harmonic mixers (SHMs), diplexers, power amplifier
(PAs) and noise amplifierd (LNAs). The three shades in the figure represent Base-
band Module, IF Module and THz RF Module from left to right. ¢ THz band usage.
The gray portions represent the frequency bands of the four channels, the red
marks indicate the THz local frequency.

would be discussed in the next section. A diplexer is used for RF
chain aggregation. In addition, the PAs are used to amplify the
aggregated signal. Finally, the signal transmitting is carried out by a
lens antenna. After receiving the signal, the Rx performs the reverse
operation. Different from Tx, the RF chain is equipped with a low
noise amplifier (LNA) with gain of 20 dB. In addition, a zero IF
sampling method is adopted in this system, which can suppress the
image interference and significantly increase the bandwidth of the
baseband for each chain with limited ADC/DAC property.

Before using in FISU, the performance of the reported THz wire-
less system was first evaluated at 1.26 km distance between transceiver
for error-free uncompressed 8K video transmission. The received
power can be expressed as

Pr:Pt+Gt_Lf_Latm+Gr @
where P, is transmitting power, G, and G, represent the gain of the
transmitting and receiving antennas, respectively. In addition, L¢is the
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Table 2 | The performance of the uncompressed 8K video
real-time wireless transmission system

Parameter Value Parameter Value

Air interface rate 84 Gbps SNR >18 dB
Service rate 63.52 Gbps BER 0

Bandwidth 21 GHz Distance 1260 m
System Delay <50 us Modulation 16QAM-OFDM
Transmitting power 9.6 dBm/10.3 dBm Antenna gain 55 dBi

path loss caused by free space attenuation, and L., indicates the
attenuation caused by atmospheric loss. The path loss L¢ can be cal-
culated by

L;=92.4+201gf+20lgd @)

where f indicates the operating frequency and d is the transmission
distance, we can get Lris 140.85 dB when fis 210 GHz and d is 1.26 km.
The environmental condition is as follows: 36 temperature, 70%
humidity, and 29.16 g/m* corresponding water vapor density.
According to ITU-R®, we can get Lg, as 1613 dB. When the
transmitting power is 10 dBm and the antenna gain of the transceiver
is 55 dBi, the received power is estimated to be —37.0 dBm according to
equation (1). In the experiment, the output power of PAl and PA2 are
9.6 dBm and 10.3 dBm, respectively. Cassegrain antennas with a
diameter of 45 cm and a gain of 55 dBi are used. The system achieves
error-free uncompressed 8K video real-time transmission at 1.26 km.
The video on the 8K TV is smooth without fragmentation, which means
that the baseband signal processing and RF channels can maintain
good delay consistency. By measuring the receiving power of the IF
signal, the received power of the THz antenna can be calculated, which
is about -38.20 dBm. Furthermore, the power consumption is
measured as 199 W at the Tx and 226.04 W at the Rx, respectively, in
which the RF front end power is about 60 W. Compared with the
specific base station (BS) with 4-port MIMO in 5G (the power
consumption of the RF is about 4 x 40 W, and meanwhile the total
power consumption of the BS is about 1060 W)*, the power
consumption is acceptable as a prototype. With the growing
development of THz components and systems, the power consump-
tion is expected further reduced to satisfy the commercial applica-
tions. Compared with the chipset in commercial E-bands, the power
consumption of the baseband signal processing in FPGA is higher and
can reach to about 70 W. On the other hand, the RF front end is
designed for high transmitting rate with long distance. Meanwhile, due
to the limited of the current foundry technology for the THz
components, the energy efficiency is not high enough for commercial
applications, which is expected to be solved with the development of
the foundry technology. Higher than the RF front end in commercial E-
bands, the power consumption of the RF front end in the THz system
reaches 129 W. In terms of the THz system including the RF front end,
the overall power consumption is 199 W in our THz Tx. Since the air
interface rate is 84 Gbps, the energy per bit equals to 2.3 nJ/bit, which is
close to that in commercial devices with E-bands, i.e., 2.3 nJ/bit in*. We
clarify that only physical layer is considered in the THz system, while
both physical layer and upper layers are considered in commercial E-
bands, which would influence the results of energy efficiency. We
could reasonably anticipate that the energy per bit performance can be
significantly improved for future commercial THz systems, where the
signal processing is expected to be operated on chipset, the foundry
technology is expected to guarantee the specific applications, and the
RF front end is expected to be produced with small size and low energy
consumption. Thus, the commercial usage of THz communication
systems is promising. The system performance with 1.26 km is
summarized in Table 2.

Figure 4a illustrates the deployment of the THz wireless system in
the track and field events of FISU in Chengdu. As shown in this figure,
due to area restrictions, the Txs are located at three independent
points, each of which is responsible for a specific area. Rx is placed
across the field on the other side, where the broadcasting room and
OBvan can process the video sent from the Rx via fiber. The distances
between transceiver are 87 m, 153 m, and 180 m, respectively. The
distance 180 m between transceiver is adopted to show the perfor-
mance of the reported system in FISU, where the output power of PA1
and PA2 is reduced to 0.31 dBm and 0.20 dBm by attenuators
decreasing the output power of the IF module, respectively. Further-
more, a smaller lens antennas with a diameter of 15 cm and a gain of
44 dBi is adopted to minimize the size of the THz system for mobility.
The received power of THz antenna is =38.72 dBm, which is similar to
that in the test with 1.26 km and means that the error-free uncom-
pressed 8K video transmission can be achieved. A spectrograph is used
to collect test data for performance evaluation. The spectrums and
constellations of the four video stream channels are shown in Fig. 4b
and c, respectively, which indicates that the data can be successfully
recovered at the Rx. Meanwhile, we summarize the corresponding
signal-to-noise-ratio (SNR), bit-error-rate (BER), and error vector
magnitude (EVM) of the four video streams at the Rx in Table 3, we can
conclude that the BER of this system is 0, which can support the
uncompressed 8K UHD video transmission with ultra-high reliability.
Note that the BER of the adopted QAM modulation can be calculated
by BER=4. (VM —1)//MQ(/3log,(M)-SNR/(M —1))*, where
Q(-) represents Q-function and M is the order of the QAM modulation.
In addition, a (255,226) Reed-solomon (RS) code with an encoding
efficiency of 88% is adopted in this article, which can provide another
5 dB encoding gain and would be discussed in detail in the next sub-
section. In FISU experiment, the measured SNR at the receiver is about
18.46-19.48 dB, which leads that the corresponding BER is
2973 x 107 ~ 1.840 x 107, To this end, the observed BER of the
experimental system is 0. This is explained that there is no bit error
occurred within two hours of continuous observation. Related to video
streaming, there are no bad spots, black screens and out-of-sync
situations on the TV. More details about the BER can be found in the
Supplementary Discussion 1. Such a BER performance was reported in
Ref. 20.

Baseband design and real-time signal processing

The wireless transmission for uncompressed 8K video requires a traffic
rate of 48 Gbps to guarantee the real-time requirement. In addition,
there is an urgent need for strict frame synchronization and ultra-low
bit error rate to support the uncompressed 8K video transmission.
This lays challenges on baseband design and implementation in the
THz wireless system deployment. To overcome the wireless channel
gain between transceiver and achieve ultra-high reliability, appropriate
baseband algorithms design and data redundancy are required. Fur-
thermore, in order to implement real-time digital signal processing
(DSP) on FPGA, effective strategies must be developed to reduce the
usage of resources and ensure that clock constraints are satisfied. To
maintain the above requirements, 16 quadrature amplitude modula-
tion and orthogonal frequency division multiplexing (16QAM-OFDM)
communication framework is adopted in the reported system. The
reasons adopting OFDM are as following.

1. OFDM allows the carrier spectrum to overlap with each other.
Compared with signal carrier frequency, the spectrum utilization
in OFDM is significantly improved due to the orthogonality
between the sub-channels, where the bandwidth can be suffi-
ciently used and the consumption of hardware resource can be
significantly reduced.

2. Since the system uses zero-IF construct is adopted for data
transmission, the direct current (DC) component caused by the
local vibration leakage problem will inevitably introduce
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interference with the baseband signal. In addition, in RF links, the
linearity of the device to the high-frequency part of the signal
bandwidth is worse than that of the low-frequency part. Then, we
can flexibly choose subcarriers to suppress these interferences.

3. The frequency response caused by the RF front end can be sup-
pressed by OFDM waveform design, and meanwhile the inter-
symbol interference can be solved by introducing applicable
cyclic prefix (CP) in OFDM waveform design.

Table 3| SNR, BER and EVM of the four video stream channels

Channel SNR EVM BER before Decoding  BER after Decoding
1 19.48dB 7.92% 8e-7 0
2 18.46 dB  9.52% 1.1e-6 0
3 19.24dB  8.37% 1.2e-6 0
4 19.12dB  8.52% 9e-7 (0]

To ensure ultra-low error rate in the video transmission in case of
the fluctuation of receiving power or signal-to-noise ratio (SNR), a
(255,226) RS code is designed with an encoding efficiency of 88%,
where more 5dB encoding gain can be provided. Since the statical
point-to-point (P2P) THz wireless communication is adopted in this
article, burst error dominate the transmitting error of the system,
which is another important reason to adopt RS code since it is the best
choice to deal with the burst error.

The design of the subcarriers, the frame structure, and the
baseband signal processing flow can be found in Supplementary
Fig. 9. For frame synchronization, a combination of coarse syn-
chronization and fine synchronization is adopted, where the com-
puting complexity can be significantly reduced compared with the
traditional frame synchronization with matched filtering method™.
Considering the consumption of synchronization frame and train-
ing frame, the maximum service rate of baseband can be
15.88 Gbps.
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In this system, the two IQ signals are transmitted independently
by two channels to support the ultra-high transmission rate, the dif-
ference of simulator parts and manufacturing process defects cause
the imbalance of 1Q signal in amplitude and phase. The 1Q imbalance
will affect the maximum transmission distance and signal quality of the
system, or even result in the failure of the frequency offset correction
algorithm. Especially in high-frequency systems with high order
modulation, the negative effect of 1Q imbalance would be even
worse®®. In conventional methods, the 1Q correction and channel cor-
rection are conducted separately. Such methods cannot be used in our
proposed system since a lot of hardware resource is provided for ultra-
high data processing and the left limited resource cannot support the
separate conduction®. To deal with this issue, we propose a novel
adaptive 1Q and channel correction method with low-complexity in
frequency domain based on least mean square (LMS), where the
imbalance of IQ, channel, phase, and frequency can be solved simul-
taneously. The signal intended to be transmitted at Tx can be
expressed as:

S(£) =8;(£) +4(0). 3

The received signal by Rx can be expressed as:

r(0)=81(0) ® S(£) + () ® S () + W(E), @)
where g;(¢) and g,(¢) are the joint impulse response consisting of the IQ
imbalance at Tx, the IQ imbalance at Rx, and the impulse response of
the channel. Since the P2P static communication is adopted, the
Doppler shift can be ignored. Then, the error function can be
expressed as

E(k)=Y(k) — S(k) = Y(k) — X(k)'W(K), (5)
where S(k) indicates the output balanced signal of the current k-th
OFDM symbol subcarrier. According to the minimum variance criter-
ion, this problem can be converted into an optimization problem, i.e.,
minimizing the following objective function:

Jims(W) = E{[E(K) %} = E{|Y (k) — XT (k)W(K)|}. (6)

When the weight coefficient W(k) iterates following the negative gra-
dient direction, the weight coefficient of the next (k + 1)-th OFDM
symbol subcarrier can be expressed as

W(k +1) = W(k) + AE(k)X (k), 7)

where A1is the iteration step. The LMS algorithm in frequency domain is
used to estimate the frequency-domain response of each subcarrier to
compensate the effect caused by the imbalance of both channel and
IQ, where the requirements of high-speed data processing can be
maintained and meanwhile the resource consumption can be
significantly reduced.

The delay performance of baseband loopback is shown in Fig. 5.
We collect both the video SDI data obtained in the baseband of the Tx
and the received video SDI data in the baseband of the Rx by an
oscilloscope. Then, the autocorrelation of them is adopted to obtain
the delay of the basedband loopback. From the figure, the delay of
baseband loopback is 48.9048 u s, where the delay over the cable can
be negligible. For the whole system, the transmission delay of the
signal in the RF link and media is nanosecond level. Thus, we can obtain
that the overall delay of this system will not exceed 50 i s, which means
that real-time property can be guaranteed by the proposed system.
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Fig. 5| Time delay of the loopback in baseband. a Autocorrelation values for time
delay calculation. b Waveform for time delay calculation.

RF chain and key components for the THz wireless system

The RF chain is responsible for the modulating and transmitting analog
signal between DACs/ADCs and THz frequency band. A double-layer
and symmetrical structure is adopted for high integration. The core
components include 220-GHz sub-harmonic mixers (SHMs), 220-GHz
diplexers, PAs, LNAs and lens antennas. The layouts of the RF module
at Tx and Rx are shown in Fig. 6. The 220-GHz SHM has been developed
to generate and detect carrier signals, which is based on antiparallel
Schottky barrier diodes (SBDs)". To satisfy the design requirements of
the 220-GHz SHM, a 3-D electromagnetic (EM) peripheral structure
model are adopted to build the model of SBDs. By the distributed
extraction method of diode embedded impedance, the optimal
impedance matching conditions can be extracted by adjusting the
source and load impedance at both ends of diodes. Based on the
harmonic balance (HB) simulation method, when the LO frequency
and RF are set to 105 GHz and 220 GHz, the driving and input power are
set to 2 mW and -30 dBm, respectively, the optimal conversion loss of
the SHM is calculated as 5.5 dB. The 220 GHz SHM is developed based
on the quartz substrate of 50 u m thickness. The RF and LO signals are
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Fig. 6 | The layout of the RF module at Tx and Rx. Double-layer and symmetrical structure is adopted for high integration. The numbers 1-4 indicate the four channel.

input through the WR-4.3 band and WR-8 band standard waveguides,
respectively. By waveguide-microstrip transition structure, the TE;
mode of waveguide is converted to quasi-TEM mode of suspended
microstrip. Photographs of the designed SHM are shown in Fig. 7a and
b. The split blocks of the SHM were fabricated by computer numerical
control (CNC) milling. The Schottky diode is flip-chip mounted on the
quartz substrate. By fixing the LO frequency as 207.2 GHz, 212.8 GHz
and 218.4 GHz and changing RF frequency, the conversion loss of the
proposed mixer is obtained by measured the IF output power. The
measured results are shown in Fig. 7c, it can be seen that the conver-
sion loss for four channels is less than 9 dB. More details are presented
in Supplementary Method 1.

The 220-GHz diplexer is mainly used to aggregate and separate
two carrier signals and meanwhile filter the side band signal that is not
needed in the mixer. In order to solve the problem of poor suppression
effect of traditional Chebyshev filter in high stopband, two singlet-
based quasi-elliptic filters are designed for channel filters*’. In this
work, two kinds of singlet, which are based on the coupling of TE;q,
and TE;o, modes and TE,q; and TE;o; modes, respectively, are used in
the design of the 220 GHz diplexer. Details of the design and optimi-
sation of the singlet-based quasi-elliptic filter are presented in Sup-
plementary Method 2. To ensure the sufficient isolation among each
channel, diplexer 1 and 2 are composed of channel 1&3 and 2&4,
respectively, channel 1 and 2 filters are designed as fifth-order, while
channel 3 and 4 filters are fourth-order. Based on the aforementioned
channel filters, the proposed diplexer is developed using T-junction,
which as shown in Fig. 7d. Two channel filters are connected directly to
the T-junction via waveguide transmission lines of /;; and [, where the
initial values of [;; and [y, are set as half of waveguide wavelength (1,/2)
at the center frequency of the corresponding channel. The proposed
diplexers are fabricated by CNC milling, which are shown in Fig. 7e and
f. Two split blocks of diplexer are aligned by inner pins under the
microscope for alignment accuracy. The measured results are shown
in Fig. 7g, where the channel isolation of the diplexer can reach more

than 50 dB, and meanwhile the insertion loss is less than 2 dB. In
summary, the two diplexers have good frequency response char-
acteristics in the corresponding operating frequency. In addition, the
interference between the four channels can be well isolated by the IF
down-conversion and bandpass filtering at the Rx. The suppression of
LO signals of the aforementioned diplexer is more than 45 dB, which
can prevent LO signals from leaking into the subsequent power
amplifier resulting in reduced output power of PA. This is an important
reason for the reported system to achieve both long-distance trans-
mission and ultra-high transmitting rate.

The adopted PAs and LNAs are produced by our partners and
customized for the THz systems. Figure 7h shows the photograph of
the adopted PAs. PAL is used to amplify the aggregated signals from
channel 1 and channel 3. PA2 is used to amplify the aggregated signals
from channel 2 and channel 4. A THz vector network analyzer is used to
measure the gain of the two PAs, where the measured gain is shown in
Fig. 7i. From Fig. 7j, the measured saturated output power exceeds
20 dBm at 0.22 THz. Furthermore, LNAI and LNA2 are corresponding
to channel 1/channel 3 and channel 2/channel 4 at the Rx, which is
shown in Fig. 7k. The gain of two LNAs is also measured by THz vector
network analyzer, which is shown in Fig. 7l. Besides, the measured
noise figure of the four channels is shown in Fig. 7m, which are all
strictly less than 8 dB. In this work, the performance of above modules
can guarantee the system requirements.

Discussion

Compared with the existing THz communication systems, we focus
on the real world application of the THz wireless communication
system, where a real-time THz wireless communication system is
built by integrating the existing commercial components (e.g.,
FPGA and ADC/DAC), low complexity baseband algorithm, and new
designed RF components. This system is implemented for the real-
time transmission of the live uncompressed 8K video in FISU in
Chengdu, China. We discussed the proposed system in details from
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Fig. 7 | The 220-GHz SHMs, the 220-GHz diplexers, PAs and LNAs used in the
system. a The photograph of the 220-GHz SHM. b Internal structure of the 220-
GHz SHM. ¢ Measured results of the 220-GHz SHM. d The structure of the 220-GHz
diplexer. The proposed diplexer is developed using T-junction. e Internal structure
of the 220-GHz diplexer. f The photograph of the 220-GHz diplexer. g Measured
results of the diplexers. h The photograph of the PAs. i Measured gain of the PAs.

Jj Measured output power of the PAs. k The photograph of the LNAs. | Measured
gain of the LNAs. m Measured noise figure of the LNAs. The gray portions in (c),
(g), (), G), (), (m) represent the frequency bands of the four channels. Source data
of (c), (g), (i), (), (), (m) is provided as a Source Data file and named as “Fig. 7-c”,
“Fig. 7-g”, “Fig. 74", “Fig. 7.y, “Fig. 7-", “Fig. 7-m".

design guidelines to practical implementation. The results collected
at FISU shown that the achieved air interface rata is 84 Gbps
with 16QAM-OFDM modulation. In addition, the transmission time
delay is less than 48.9048 u s. Furthermore, the BER is zero
within two hours of continuous observation time, which can

guarantee the ultra-reliable requirement. Then, the proposed sys-
tem can successfully support the live uncompressed 8K video
transmission at a distance of 1260 m. We believe this is a critical step
to enable terahertz systems from experimental to commercial
applications.
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Since each channel of the 8K camera uses only 12 Gbps data rate,
the maximum service rate of the designed baseband is 15.88 Gbps to
maintain the required data rate. We further designed a 10GBASE-R
Ethernet interface for sending one-way Ethernet data streams based on
UDP protocol from Tx to Rx. The Ethernet ports of these four channels
are aggregated to achieve an end-to-end data rate of 12 Gbps. Then,
multiple 4K/8K compressed video streams can also be transmitted by
the proposed system. By dividing each 4K 60 frame uncompressed
camera signal (12G-SDI) into four 3G SDI signals to access the system,
the system can simultaneously support the transmission of each
uncompressed 4K 60 frame and each uncompressed 8K 60 frame
camera signal. This is verified in Figs. 3b and 5c.

Compared with single-carrier communication systems, the PAPR
problem is challenging in OFDM systems. When the peak signal enters
the nonlinear region of DACs and high-power amplifiers (HPAs), in-
band distortion and out-of-band radiation would be generated. Then,
signal distortion or adjacent frequency interference would be intro-
duced. The power efficiency would be significantly reduced, which
further results in the deterioration of system performance, especially
in THz communication systems. In the reported THz wireless com-
munication system, a careful designed ZC sequence in synchronization
processing is adopted to deal with PAPR. The research of low-
complexity algorithms based on probability theory may be a promis-
ing direction, which is also a topic for the team to continue to study.

It is also worth to note that a small-caliber antenna is chosen for
the uncompressed 8K video THz communication system to achieve
the transmission for FISU, where the integration, miniaturization, and
portability are fully considered to further support the mobility of the
system. At the same time, considering the outdoor weather conditions
during FISU, the ability to prevent rain and heat dissipation is
considered.

Methods

The calculation of the BER

RS code is also named as (n,k) code, where n is the total number of
symbols in the code block and k is the number of information or data
symbols. The code block consists of k data symbols and (n - k) check
symbols. RS code is a typical forward error correction code (FEC). After
decoding calculation and verification, we can obtain the number of
error bits and the total number of bits after decoding. By AXI4-Stream
bus protocol, we can read the valid status information of RS decoding
module at the Rx. In the reported system, the number of error bits and
the total number of bits in 16 parallel RS decoding modules are sent to
the computer via UDP protocol and Ethernet interface at a frequency
of about 18 Hz for BER calculation, where the length of the data before
RS decoding for each calculation is 1.0974 x 10° bits. In addition, the
channel state information (CSI) of the four wireless channels are also
uploaded for system parameter adjustment to achieve the required
transmission performance.

The 220-GHz SHM and the 220-GHz diplexer

The 220-GHz SHM is developed based on the quartz substrate of
50 u m thickness, where the structure is shown in supplementary Fig. 1.
In this work, a planar antiparallel Schottky diodes chip is adopted, the
Schottky diode is flip-chip mounted on the quartz substrate. The 3-D
EM model of Schottky diode chip can be seen in supplementary Fig. 2.
More information about the parameters of the SHM and the optimal
embedding impedance of the SHM can be found in Supplementary
method 1. The 220-GHz diplexer is designed and fabricated based on
the quasi-elliptical filter, where two kinds of singlet, based on the
coupling of TE3o; and TE;o, modes and TE,; and TE;o; modes as shown
in supplementary Fig. 4 and supplementary Fig. 5, are adopted to
improve the isolation between channels. More design details and
simulation results about diplexer and channel filters can be found in
Supplementary method 2.

Data availability

Source data are provided with this paper.

Code availability

All codes are integrated into the system framework, which is delivered
to the Technique and Service Department of Chengdu Radio and
Television Station. A Cooperative Research and Development Agree-
ment or memorandum of understanding is needed between the
requester’s organization, the authors’ organization, and the Depart-
ment to obtain these codes. To obtain such an agreement, please
contact the corresponding author, who will guide the requester
through the necessary steps.
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