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Abstract: A dual-sideband reception scheme for RF links providing up to 3 dB sensitivity
improvement is introduced and tested to bridge 1400 m wireless distance between 160 Gbps fiber
networks at an RF of 226 GHz. © 2024 The Author(s)

1. Introduction

High-capacity wireless links with carrier frequencies above 110 GHz are considered essential for next-generation 5G
and 6G mobile networks since they match the data rates of >100 Gbit/s of current fiber-optic systems [1]. Seamlessly
switching between fiber-optic and wireless links is advantageous when fiber deployment is expensive or unfeasible.
In contrast to optical free-space links, THz links suffer less from adverse weather conditions [2].

THz wireless links can be categorized into all-electronic, photonic-electronic, and all-photonic systems. All-
electronic links use electronic mixers for signal conversion at the transmitter and the receiver [3]. All-electronic links
have demonstrated line rates of 96 Gbit/s over 40 m [4], 64 Gbit/s over 850 m [5], and 10 Gbit/s over 5.8 km [6].
While electronic approaches offer high sensitivity, they are often bandwidth-limited. Therefore, even higher data rates
are achieved using photonic-electronic links. These utilize photonics-based transmitters with heterodyne mixing in a
uni-travelling carrier photodiode (UTC-PD). Such transmitters leverage well-established optical communication
technologies, allowing for high-bandwidth transmission and integration in fiber-optic networks [3]. Recently, many
photonic-electronic links have demonstrated line rates exceeding 100 Gbit/s at distances up to 110 m [7-11]. Data
rates as high as 1056 Gbit/s over 3.1 m [12] have been demonstrated using polarization multiplexing and MIMO
schemes. Long-range demonstrations achieved line rates of 19.6 Gbit/s over 4.6 km [13] and 50 Gbit/s over 850 m
[14]. All-photonic links directly modulate the RF signal at the receiver onto an optical carrier using electro-optic
modulators [15]. They offer larger bandwidths than electronic receivers and integrate seamlessly with fiber-optic
networks [16]. Demonstrations achieved 30 Gbit/s over 58 m [17], 50 Gbit/s over 16 m [18], and 192 Gbit/s over
115 m [16]. However, a (sub-)THz link combining line rates above 100 Gbit/s and distances above 1 km has not yet
been shown.

In this paper, we demonstrate a photonic subTHz wireless link over 1400 m, achieving a maximum achievable
information rate (AIR) of 160 Gbit/s, which, to our knowledge, is the highest rate-distance product reported, see inset
(D) in Fig. 1. The success is in part due to the introduction of a novel receiver scheme that captures both sidebands,
yielding an SNR gain of up to 3 dB in theory and in this experiment an SNR gain of up to 2 dB.
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Fig. 1: Schematic of the experimental setup. It showcases the optical transmitter (Opt. Tx), optical to subTHz conversion (O-
THz) utilizing heterodyne mixing in a UTC-PD. After free-space propagation of 1400 m, the THz signal directly modulates
an optical signal by a plasmonic modulator. The two emerging sidebands are separately mixed to baseband using two
coherent receivers mitigating the impact of the noise incurring after point C. Inset I: Line rate [ Gbit/s/Pol/Ch] vs. distance of
recent (sub-)THz communication links.
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2. Experimental Setup

The experimental setup is illustrated in Fig. 1. The optical transmitter (Opt. Tx) utilizes a laser with a wavelength in
the C-band. A Nyquist frequency division multiplexed (NFDM) and power-loaded data signal is encoded onto this
laser via an IQ modulator with a 3 dB bandwidth of 38 GHz. Upon propagating through a standard single-mode fiber
(SSMF) of length 4 km, emulating a remote antenna unit, and subsequent amplification, the signal is mapped onto a
226 GHz carrier. This downmixing is obtained by beating the incoming signal with a local oscillator laser in a UTC-
PD. After the UTC-PD, the subTHz signal is amplified by an electrical amplifier with a gain of ~24 dB, yielding a
typical output power of 12 dBm. It is then transmitted over a 1400 m free-space distance, 2 m above a predominantly
meadow terrain, to the receiver. The channel loss comprises 142.5 dB of free-space path loss and 5-7 dB of
atmospheric attenuation, partially compensated by two antennas having a measured combined gain of 120.7 dB. The
signal after the receiving antenna is amplified by a second electrical amplifier having a gain of 24 dB and afterward
fed to an organic-plasmonic MZM, where the subTHz signal is directly used to modulate the amplitude of an optical
carrier at 1557.33 nm. The MZM offers a V; of 12.3 V and a fiber-to-fiber insertion loss of 17.5 dB. At the MZM,
two sidebands emerge carrying identical information and identical noise picked up to this point (C). The upper
sideband (USB) and lower sideband (LSB) are separated by 2fpr. After amplification by a low-noise erbium-doped
amlifier (LNA), the signal propagates through a 6 km SSMF fiber before entering the dual sideband receiver. The dual
sideband receiver incorporates a wavelength demultiplexer to separate the two sidebands, which are then processed
by two coherent receivers (Coh. Rx), converting both sidebands to baseband. Digital signal processing subsequently
combines these basebands. The dual sideband receiver makes use of the fact that both sidebands carry the same
information, and the noise picked up after point C to each sideband is uncorrelated. By exploiting the information
redundancy, the impact of the noise can be mitigated, resulting in an SNR gain. This noise stems predominantly from
the LNA after point C. Fig. 2(a) shows the qualitative relationship between SNR after the LNA and the sideband
power after the MZM (see point C). For high sideband powers, SNRs converge to the SNR at point C (SNR(). In this
scenario, no SNR enhancement, denoted in yellow, can be realized. However, for lower received power, the amplified
spontaneous emission noise from the LNA overshadows inherent transmitter noise, allowing the dual sideband Rx to
achieve up to a 3 dB SNR gain compared to a single sideband reception.

3. Transmission Experiment

The transmitted signal was multiplexed into 8 NFDM channels, each with a bandwidth of 8 GHz, culminating in a
total bandwidth of 64 GHz. Channels 1-8 were bit-loaded with QAM of order 8, 16, 16, 16, 4, 4, 4 and 4. Additionally,
channels 1-8 were power-loaded with 1.4, -0.1, -2.9, 0.6, -2.4, -0.3, -0.8, and 2.7 dB to compensate for the frequency
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Fig. 2: (a) Left: SNR (qualitatively) after the EDFA at point C for the dual sideband (red) and single sideband (blue) receiver
scheme versus sideband power at point C. Right: resulting SNR gain. (b) SNR of the single received signals (blue and red),
their combination (yellow), the optical back-to-back (violet) measurement and the RF signal (green) are presented. The Rx

baseband signal’s power spectrum is shown in grey. (¢) Constellation diagram, BER and GMI of each channel.

Disclaimer: Preliminary paper, subject to publisher revision



M2F.2 OFC 2024 © Optica Publishing Group 2024

response of the RF components. The SNRs of the optical back-to-back (B2B) measurements of the respective NFDM
channels were 17.2, 19.7, 21.3, 23.1, 21.9, 20.9, 18.6, and 16.2 dB, aggregating to a total line rate of 184 Gbit/s. The
optical NFDM signal was then down-converted to a carrier frequency of 226 GHz. After amplification, the RF signal
was sent to the receiver 1400 m away. At the receiver, the signal was amplified and coupled via an RF probe to the
MZM, where the signal was up-converted back to the optical domain. After recording the baseband signal of the
sidebands, the signals were further processed in an offline DSP. The DSP incorporated a blind constant modulus
algorithm (CMA) and a blind radius-directed equalizer (RDE), followed by carrier recovery and a T/2-spaced feed-
forward equalizer (FFE). The number of filter taps of the CMA, RDE, and FFE was setto 41, 41 and 223, respectively.
Combining the two baseband signals was achieved by utilizing a butterfly extension of the FFE. The baseband signal
spectrum is shown in Fig. 2(b). Channels 5-8 have diminished powers, attributable to the reduced output power of the
UTC-PD and electrical amplifiers at these frequencies. The spectrum also reveals ripples that we attribute to
resonances in the RF part.

4. Results and Discussion

The new receiver scheme yielded an SNR gain of up to 2 dB, boosting the net data rate by over 10% to a total maximum
AIR of 160 Gbit/s. The AIR was calculated by the product of the average general mutual information (GMI) of all
tributaries and the total symbol rate of 64 GBaud. The constellation diagram, the bit-error rate, and GMI of each
tributary are presented in Fig. 2(c). In detail, the single-received LSB signal's average GMI was 2.25 bit/symbol,
corresponding to an AIR of 144.0 Gbit/s. When combined with the USB signal in the dual sideband reception scheme,
the net information rate increased to 2.48 bit/symbol, resulting in an AIR of 158.7 Gbit/s.

In Fig. 2(b), we show the measured SNRg, in blue and SNRg;, in red of the NFDM tributaries at the receiver. We
also show the combined SNR (SNRy_) in yellow. We can report an SNR gain of up to 2 dB for the tributaries with
poor SNRs. The fact that the received signals from tributaries 5 to 8 have low powers shows that the THz transmitter
in this frequency range does not provide sufficient output power. This results in low SNR values. Yet, these tributaries
experience the largest SNR gain and benefit, therefore, the most from the dual reception scheme.

In summary, we demonstrated an all-photonic optical-subTHz-optical link, achieving an AIR of 160 Gbit/s over
1400 m free-space distance. To the best of our knowledge, this results in a record rate-distance product of
224 Gbit/s-km. This was enabled by the use of the dual-sideband reception scheme, which yielded an enhancement in
SNR of up to 2 dB.
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