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A B S T R A C T   

The upstream transmission performance was experimentally investigated to consider the practical deployment of 
a photonics-based terahertz (THz)-band indoor network. An experimental setup was established using several off- 
the-shelf THz and optical components, to evaluate the technical feasibility of the uplink. Two commercialized 
THz mixers were used to build the THz wireless link, and a cost-effective 10 GHz-class directly modulated 
distributed feedback-laser diode (DFB-LD) was employed as an optical modulator to configure the optical link for 
a THz-band indoor network. The power penalty by the bandwidth-limited optical components was approximately 
4 dB at 10− 4 bit error rate (BER) when the data rate of the uplink was fixed at 30 Gb/s. It is worth noting that the 
interplay between the frequency chirp of the directly modulated DFB-LD and chromatic dispersion in the optical 
fiber significantly affects the BER. Owing to this interplay, the measured BER is seriously degraded at 30 Gb/s 
from 1.38 × 10− 5 (without transmission) to 9.27 × 10− 5 (10 km transmission), which is located in the error-floor 
region, however it still satisfies within 7% forward error correction (FEC) threshold (3.8 × 10− 3). Subsequently, 
the BER curves over the wireless THz link were also measured. As a result, 30 Gb/s transmission over one m 
wireless and 10 km single-mode optical fiber distance was successfully demonstrated.   

1. Introduction 

With the evolution of wireless communication technology, the car-
rier frequency is continuously increasing because the traditional fre-
quency band is gradually occupied, and the higher frequency has 
fundamental advantages in providing a higher data rate. In this context, 
the terahertz (THz) band (0.1–3 THz) has drawn considerable interest 
for next-generation mobile communication systems, such as 5G and 6G 
[1,2]. Signal generation in the THz-band had been considered in a 
‘technical gap’, because the THz-band signal was difficult to handle by 
conventional electronics- and photonics-based devices. Fortunately, 
there have been several remarkable achievements that have enabled 
THz-band signal transmission. These technologies can be categorized 
into two groups: electronics-based and photonics-based approaches 
[3–7]. For electronic-based approaches, THz-band signals can be 
generated using high electron mobility transistors (HEMTs) [3], heter-
ojunction bipolar transistors (HBTs) [4], and complementary metal- 
oxide semiconductors (CMOS) [5]. For the photonics-based approach, 

a uni-traveling carrier photodiode (UTC-PD) that uses beating compo-
nents of two wavelength-separated optical signals can be used [6]. In 
addition, plasmonic detectors also showed potential as THz signal 
sources [7]. Although these technologies have their own advantages, 
photonics-based approaches using UTC-PD are one of the most widely 
used methods for high-speed (greater than100 Gb/s) transmission 
because of the accessibility of well-matured optical components with a 
wide and flat frequency response, and low propagation loss regardless of 
the operating frequency. Using UTC-PD, there have been several reports 
of greater than 100 Gb/s transmission [8–10]. 

One of the most promising applications of THz-band communication 
is the indoor network [11]. Because the THz-band signal has relatively 
high directivity and large free space path loss (FSPL), a short-range in-
door network with low moving speed is a suitable system for THz-band 
communication. In addition, the property that the optical signal 
generator and photomixer can be separated by optical fiber with low 
propagation loss is beneficial for the practical deployment of THz-band 
indoor networks. There have been several demonstration results for 
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photonics-based THz-band indoor networks [12–15]. However, most 
results are focused on downstream transmission with a higher data rate 
above 100 Gb/s. Thus, it is necessary to investigate the feasibility and 
evaluate the performance of the upstream transmission in a THz-band 
indoor network. 

In contrast with the downlink, the uplink requires a relatively lower 
data rate but requires higher cost-effectiveness. In this study, an uplink 
for a THz-band indoor network was established based on these consid-
erations. A quadrature phase-shift keying (QPSK) modulation format 
was employed to double the data rate. For digital demodulation of the 
QPSK-modulated baseband signal, the baseband signal was frequency- 
shifted by a certain intermediate frequency (IF). Two commercially 
available THz mixers were used to build a THz band wireless link. For 
cost-effective realization, 10 GHz-class directly modulated distributed 
feedback laser diode (DFB-LD) was utilized as an optical source for 
configuring the optical fiber link. The chromatic dispersion effect in the 
uplink is quite different from that in the downlink. In the optical up-
stream transmission, the baseband signal spectrum is upshifted by the 
IF, whereas there is no spectral change in the conventional optical 
downstream transmission. Owing to the frequency upshift in the optical 
uplink, chromatic dispersion severely degrades the upstream trans-
mission performance. In addition, in the uplink configuration, the per-
formance degradation caused by the frequency chirp of the directly 
modulated DFB-LD should also be carefully considered. These two ef-
fects should be investigated to determine uplink feasibility. 

In this study, the technical feasibility of upstream transmission was 
experimentally evaluated and the uplink transmission performance was 
investigated in a future-proof THz-band indoor network after the 
establishment of the uplink. In the wireless back-to-back configuration, 
bit error rate (BER) curves were measured to identify the power budget 
and verify the effect of the non-ideal system elements. In the optical 
transmission with the directly modulated DFB-LD, the interplay between 
the frequency chirp of directly modulated DFB-LD and chromatic 
dispersion affects the uplink transmission performance. Subsequently, 
the BER curves were measured as a function of the THz-band wireless 
transmission distance. As a result, 

30 Gb/s transmission with 1 m THz-band wireless link and a 10 km 

single-mode optical fiber was successfully demonstrated using 
commercialized THz/optical components. 

2. Experimental setup for upstream transmission 

2.1. Photonic-based THz-band indoor network 

Fig. 1 shows a conceptual diagram of a photonics-based THz-band 
indoor network. In the basement, an optical hub unit connected to the 
exterior network was placed. The optical hub unit is linked to the THz 
remote unit using an optical fiber. Conventionally, the optical trans-
mission distance is a few kilometers. The THz remote unit communicates 
with the THz user equipment by a few meters of a THz-band wireless 
link. In the upstream path, the signal is transmitted from the THz user 
equipment to the optical hub unit through the THz remote unit. Thus, 
the uplink has a cascaded structure consisting of a THz-band wireless 
link and an optical fiber link. Based on this cascaded structure, an 
experimental setup was developed considering cost-effectiveness and 
simplicity. 

2.2. Experimental setup 

Fig. 2 shows the experimental setup used to evaluate the technical 
feasibility of the uplink in the THz-band indoor network. 

Using arbitrary waveform generator (AWG), a frequency-shifted 
QPSK signal was generated based on a pseudo-random bit sequence 
(PRBS) with a 215 –1 pattern length. For bandwidth efficiency, a root- 
raised cosine filter was applied with 0.35 roll-off factor. In this experi-
ment, the upstream data rates were 20, 25, and 30 Gb/s with IFs of 8, 
9.75, and 11.5 GHz, respectively. Subsequently, the frequency of the 
modulated signal was up-converted by a local oscillator at the trans-
mitter using a commercialized THz mixer (VDI SAX 3.4). The LOTx 
(frequency of the local oscillator at the transmitter) was set to 300 GHz 
(25 GHz × 12). The THz-band signal was transmitted with horn an-
tennas with a 26 dBi gain. Two lenses with a focal length of 10 cm 
(Thorlabs TPX 100) were employed to compensate for the FSPL. Then, 
the transmitted signal over free space was down-converted using 

Fig. 1. Conceptual diagram of photonics-based THz-band indoor network.  
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another off-the-shelf THz mixer (VDI SAX 3.4). The analog bandwidth of 
these two THz mixers was 40 GHz. The conversion loss for frequency up- 
conversion was 34 dB, and that for frequency down-conversion was 14 
dB. As shown in the inset of Fig. 2, LORx (i.e., frequency of the local 
oscillator at the receiver) was placed on the left side of the transmitted 
signal to generate IF. The IF at the receiver (IFRx) can then be expressed 
as LOTx-LORx-IFTx. The higher frequency components (LOTx-LORx + IFTx, 
LOTx + LORx-IFTx, and LOTx + LORx + IFTx) were filtered out by the 
bandwidth limitation of the system. It should be noted that the 
remaining frequency components in the out-of-band frequency are 
filtered again digitally after optical transmission. The IFRx can be 
controlled by adjusting LORx. The LORx is set to make IFTx and IFRx the 
same. Then, the signal is transmitted through the optical fiber link after 
the THz-band signal transmission. 

In the optical fiber link, 10 GHz-class directly modulated DFB-LD was 
used as an optical source. The amplitude of the modulation signal was 
adjusted using an RF amplifier and a tunable RF attenuator to achieve an 
optimal optical modulation index (OMI) to obtain better optical trans-
mission performance. The bandwidth of the RF amplifier and the 
tunable RF attenuator were 40 and 18 GHz, respectively. The directly 
modulated DFB-LD was operated at a bias current of 50 mA, and the 
output wavelength was fixed at 1550.53 nm. The output power of the 
directly modulated DFB-LD was set to + 5 dBm. The modulated light was 
transmitted over a single-mode optical fiber (SMF). An erbium-doped 
fiber amplifier (EDFA) and a tunable optical attenuator were also used 
for optical power adjustment. This was captured by a real-time oscillo-
scope with a 36 GHz analog bandwidth and 80 GS/s sampling rate after 
reception by the photodiode. The captured signal was transferred to a 
personal computer for offline digital signal processing (DSP). 

The DSP operated as follows: First, the received signal was resampled 
to two samples/symbols. Then, it was digitally down-converted to the 
baseband, and the out-of-band frequency components were filtered out. 
After the filtering process, the frequency peaks generated by the LO 
leakage at THz mixers were smoothed by using the average values of the 
neighborhood frequency components. The baseband signal was first 
equalized using a constant modulus algorithm (CMA). The frequency 
offset was estimated and compensated by calculating the frequency peak 
of the fourth power of the CMA output signal. Then, it was equalized 
using a frequency-domain equalizer with a decision-directed least mean 

square algorithm [16]. The phase noise was also compensated in this 
equalizer. A total of 128 linear taps were used for equalization. In the 
BER calculation, approximately 106 bits were used. Thus, in the BER 
measurement, no error means that the BER is below 1 × 10− 6. 

3. Experimental results 

3.1. Back-to-back configuration 

The BER curves were measured as a function of THz Tx power in a 
wireless back-to-back configuration (i.e., THz-band wireless distance 
and optical fiber distance were set to zero). The THz power was esti-
mated using the input power and conversion loss of the THz mixer. Fig. 3 
(a) shows the measured BER curves without an optical link. It should be 
noted that the maximum THz Tx power was carefully limited to –33 dBm 
to avoid damage to the THz mixer. As the data rate increased, the 
measured BERs gradually degraded. Although the THz transmission 
power was low, most BER values were obtained below 7% hard-decision 
forward error correction (FEC) threshold (3.8 × 10− 3, [17]). Fig. 3(b) 
shows the measured BER curves with an optical back-to-back link. The 
measured power penalties at 10− 4 BER caused by the optical link were 
2–4 dB. The power penalties increased with an increase in the data rate, 
which was because of the bandwidth limitation of the 10 GHz-class 
directly modulated DFB-LD. However, the 7% FEC threshold was still 
satisfied for most of the measured BERs, as shown in Fig. 3(b). 

An elliptical constellation is observed, as shown in the inset of Fig. 3. 
This means that the remaining phase noise after phase noise compen-
sation directly affects the uplink transmission performance. The phase 
noise originates from the multiplied LO frequency in the THz mixers. In 
the THz mixers, the input frequency was multiplied by 12 times. In this 
multiplication procedure, the phase noise in LOTx and LORx was 
enhanced 144 times (square of 12). For further performance improve-
ment, additional phase noise compensation algorithms (e.g., the Viterbi- 
Viterbi algorithm and blind-search algorithm) might be applied to 
mitigate the performance degradation. 

3.2. Optical transmission 

There are three factors that degrade optical transmission 

Fig. 2. Experiment setup for upstream transmission in THz-band indoor network. Inset shows signal spectra to show up/down conversion for THz-band transmission.  
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performance: attenuation, chromatic dispersion, and nonlinearity of the 
optical fiber. Because the optical transmission distance in an indoor 
network is very short, the effect of fiber attenuation is not significant. 
The effect of nonlinearity is also negligible because the fiber launch 
power is not sufficient to generate nonlinearity (in this experiment, +5 
dBm). However, the effect of chromatic dispersion should be considered. 
Because phase information is recovered using IF, the pulse broadening 
by chromatic dispersion can be compensated by linear DSP algorithms. 
However, the effect of the interplay between the chromatic dispersion 
and the frequency chirp of directly modulated DFB-LD is quite complex, 
which results in high-order distortion [18]. This distortion cannot be 
compensated using a linear DSP; thus, the distortion components remain 
after the DSP procedure, which creates a power penalty. In addition, the 
above-mentioned interplay modifies the frequency response, which 
makes it more complex [19]. To confirm the effect of interplay, the 
received spectrum was measured at 20, 25, and 30 Gb/s with various 
optical transmission distances. Fig. 4 shows the received electrical 
spectrum at the output of the PD when the THz transmitting power was 
set to − 33 dBm and the optical received power was fixed at 0 dBm. In 
these figures, changes in the frequency response and second order dis-
tortions were observed. Despite the digital filtering of the out-of-band 
frequency components, the distortions at the in-band frequency 
affected the BER performance. 

To investigate the impact of distortion components on the trans-
mission performance, the BER curves were measured with various 
transmission distances. Fig. 5 shows the measured BER curves as a 
function of the received optical power at different optical transmission 
distances. As shown in the figures, the measured BER values for 30 Gb/s 
at error-floor were 1.38 × 10− 5, 3.53 × 10− 5, 9.23 × 10− 5, and 5.32 ×
10− 4 with transmission distance of 0, 5, 10, and 15 km, respectively. 
Although there were distortions because of the chirp-dispersion inter-
play, the measured BER values were still satisfied with the 7% FEC 
threshold. It should be noted that the power penalty caused by the chirp- 
dispersion interplay can be avoided by increasing the IF or compensated 
using advanced DSP techniques [20,21]. However, it should be 

considered that increasing the IF also increases the required bandwidth 
of the system, and the advanced DSP increases the complexity and 
latency. 

3.3. THZ-band wireless transmission 

To demonstrate THz-band wireless transmission, the BER was also 
measured as a function of the wireless transmission distance. Because 
the wireless link could be assumed as a point-to-point link, the dominant 
limitation factor was the FSPL. As mentioned in Section 2.2, two an-
tennas and two lenses were used to compensate for the FSPL. Although 
the results in Fig. 5 show the possibility of 15 km optical transmission, 
the optical transmission distance was set to 10 km to reserve the BER 
margin for THz-band wireless transmission. The measured BER curves as 
a function of the wireless distance are shown in Fig. 6. In the BER 
measurements of the THz-band wireless link, the THz Tx power was 
fixed at –33 dBm, and the received optical power was set to + 2 dBm. As 
shown in this figure, measured BERs below the 7% FEC threshold were 
successfully obtained for 30 Gb/s with a wireless transmission distance 
of 1 m and optical transmission distance of 10 km. 

4. Conclusions 

In this study, the feasibility of upstream transmission for a THz-band 
indoor network was evaluated. To check the possibility of realization, an 
experimental setup with commercialized components was built consid-
ering cost-effectiveness. In the wireless back-to-back configuration, a 
BER below 10− 6 for a data rate of 30 Gb/s was achieved. The power 
penalty induced by the optical component without optical transmission 
was 2–4 dB, which was mainly caused by the bandwidth limit of 10 GHz- 
class directly modulated DFB-LD. After optical transmission, distortion 
which originated from the interplay between the chirp characteristics of 
directly modulated DFB-LD and chromatic dispersion was observed. 
Because of this distortion, the error-floor at 30 Gb/s was degraded from 
1.38 × 10− 5 (without optical transmission) to 9.27 × 10− 5 (10 km 

Fig. 3. Measured BER curve as a function of THz Tx power in wireless back-to-back configuration. (a) without optical fiber link, (b) with optical fiber link.  

Fig. 4. Measured electrical spectra after optical transmission when THz power was –33 dBm and optical received power was 0 dBm. (a) 20 Gb/s, (b) 25 Gb/s, and (c) 
30 Gb/s. 
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transmission) and 5.32 ×
10− 4 (15 km transmission). In spite of this degradation, the measured 

BERs still satisfied the 7% FEC threshold (3.8 × 10− 3). Finally, the up-
link transmission of a THz-band indoor network was demonstrated with 
a 30 Gb/s data rate over one m of wireless distance and 10 km of optical 
fiber. 

5G standardization claims a 10 Gb/s peak uplink data rate for indoor 
networks [22]. If we expect that the required data rate might be doubled 
or more for the next generation indoor network, a demonstration with a 
30 Gb/s data rate can be a meaningful milestone. As for the transmission 
distance, the 10 km optical fiber distance would be sufficient for the 
indoor network. However, the THz-band wireless transmission distance 
must be extended. Currently, the THz-band wireless transmission dis-
tance is mainly limited by the FSPL. Because high-power THz signal 
generators and THz-band amplifiers have been intensively developed, 
we expect that the proposed THz-band indoor network can be realized in 
the near future. 
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