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414.7-Gbit/s Single-Aperture Dual-Polarization

287 GHz Wireless Link
J. Dittmer∗, D. Pilori∗, A. Bhutani, A.-C. Hilkert, Md S. Mahmud, F. Gostner, A. Tessmann,

S. Wagner, L. Nolte, H. Li, C. Koos, T. Zwick, L. Schmalen, and S. Randel

Abstract—In this paper we experimentally investigate a coher-
ent single-aperture dual-polarization wireless link operating at
287 GHz over a 56-m line-of-sight indoor path within the IEEE
802.15.3d frequency allocation. The transmitter employs photonic
carrier generation by optical heterodyning in uni-traveling-
carrier photodiodes, while reception is performed by two syn-
chronized all-electronic intradyne front-ends implemented in
35 nm mHEMT technology. Using one dual-polarized antenna
aperture at each end of the link, the system realizes polarization-
division multiplexing without spatially separated wireless paths
or multiple antenna pairs. A systematic comparison of dual-
polarization QPSK, uniform 16-QAM, and probabilistically
shaped 16-QAM with entropies of 3.5 and 3.8 bit/symbol is
presented for symbol rates from 30 to 64 GBd. The results
quantify the trade-off between robustness, spectral efficiency, and
practical forward-error correction. QPSK maintains an average
signal-to-noise-and-distortion ratio above 11 dB over the full
symbol-rate range and supports 241.9 Gbit/s net throughput with
low-overhead hard-decision FEC. At 64 GBd, uniform 16-QAM
achieves the highest demonstrated net throughput of 414.7 Gbit/s
after practical soft-decision LDPC decoding, whereas proba-
bilistically shaped 16-QAM reaches 413.7 Gbit/s with reduced
FEC overhead and increased decoding margin. These results
demonstrate the feasibility of single-aperture, dual-polarization
sub-terahertz wireless links at data rates exceeding 400 Gbit/s
and provide insights into the modulation and coding trade-offs
relevant to future high-capacity point-to-point systems.

Index Terms—Terahertz communication, coherent optical com-
munication, polarization-division multiplexing, probabilistic con-
stellation shaping, quadrature amplitude modulation, quadrature
phase-shift keying, wireless communication.

I. INTRODUCTION

FUTURE sixth-generation (6G) communication networks
are expected to support applications requiring wireless

data rates well beyond those available in current commu-
nication systems [1]. Immersive extended-reality services,
distributed artificial intelligence, autonomous transportation,
cloud radio access networks, and wireless front- and backhaul
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infrastructures will require wireless links capable of transport-
ing hundreds of gigabits per second while maintaining low
latency and high reliability. While optical fiber remains the
preferred solution whenever physical deployment is feasible,
fiber installation is often costly, time-consuming, or imprac-
tical in rapidly deployable and reconfigurable network in-
frastructures. Consequently, sub-terahertz (sub-THz) wireless
communication has emerged as one of the most promising
technologies for realizing fiber-class wireless connectivity over
short and medium distances [2], [3].

Among the available spectrum resources, the frequency
range between 252.72 and 321.84 GHz standardized by
IEEE 802.15.3d in 2017 provides nearly 70 GHz of contigu-
ous bandwidth for point-to-point wireless communication [2].
Such unprecedented bandwidth enables symbol rates exceed-
ing 60 GBd using conventional single-carrier modulation and
allows transmission capacities far beyond those achievable in
current millimeter-wave systems. However, practical commu-
nication in this frequency range remains challenging owing
to severe free-space propagation loss, which scales with both
transmission distance and carrier frequency, as well as at-
mospheric absorption, limited transmitter output power, finite
receiver sensitivity, and the wide analog bandwidth required
throughout the transceiver chain [4], [5]. As a consequence,
highly directional high-gain antennas are generally required
to establish wireless links over practical distances exceeding
several meters. The resulting pencil-beam operation restricts
current sub-THz systems primarily to fixed point-to-point
deployments, including wireless backhaul, fronthaul, campus
networks, and data-center interconnects.

The realization of high-capacity sub-THz transceivers has
therefore become an active research topic. Electronic trans-
mitter and receiver implementations based on SiGe BiCMOS,
CMOS, InP, and GaAs technologies offer increasing levels of
integration and have demonstrated continuous improvements
in output power, bandwidth, and receiver sensitivity over the
last years [5]. In parallel, optoelectronic transmitter architec-
tures based on optical heterodyne generation have attracted
considerable interest because they leverage mature photonic
technologies originally developed for coherent optical commu-
nications. In such systems, a sub-THz carrier is generated by
beating two optical tones in a high-speed photodiode, typically
a uni-traveling-carrier photodiode (UTC-PD). Compared with
purely electronic frequency multiplication schemes, optical
heterodyning naturally provides a widely tunable carrier with
excellent spectral purity while avoiding many of the spurious
tones arising from higher-order nonlinearities [5], [14]. This
is enabled by the square-law response of the photodiode,
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TABLE I
COMPARISON OF HIGH-CAPACITY SUB-THZ WIRELESS TRANSMISSION DEMONSTRATIONS

Reference Carrier Distance Data rate Configuration IEEE 802.15.3d
Chinni et al. [6] 280 GHz 0.5 m 100 Gbit/s∗ 16-QAM, single channel Targeted Ch. 69
Dittmer et al. [7] 300 GHz 52 m 167 Gbit/s∗∗ 16-QAM, single carrier Not reported
Fang et al. [8] 302 GHz 55 m 208 Gbit/s∗∗ 32-QAM, single carrier Not reported
Maekawa et al. [9] 300 GHz 214 m 204 Gbit/s∗∗ 32-QAM, single carrier Not reported
Zhang et al. [10] 300 GHz 100 m 1.034 Tbit/s∗∗ Frequency/Polarization/Spatial multiplexing Not reported
Abacıoğlu et al. [11] 280 GHz 0.25 m 100 Gbit/s∗ 16-QAM, single/dual channel Targeted Ch. 66–69
Pilori et al. [12] 286 GHz 56 m 242 Gbit/s∗∗ QPSK, single aperture, dual polarization Targeted Ch. 69
Dittmer et al. [13] 287 GHz 56 m 405 Gbit/s∗∗ 16-QAM, single carrier, single aperture, dual polarization Targeted Ch. 69
This work 287 GHz 56 m 414.7 Gbit/s∗∗∗ 16-QAM, single carrier, single aperture, dual polarization Targeted Ch. 69
∗ Line rate. No FEC applied ∗∗ Net data rate, with assumed FEC threshold ∗∗∗ Net data rate, with implemented FEC threshold

which inherently performs the mixing of the optical signals
at the desired difference frequency. Furthermore, mature high-
performance optical components, including narrow-linewidth
lasers, high-bandwidth electro-optic modulators, and optical
amplifiers, can be directly reused for sub-THz transmitter
implementations.

These technological advances have enabled rapid progress
in high-capacity laboratory wireless transmission systems.
Optoelectronic transmitters have demonstrated line rates ex-
ceeding 200 Gbit/s over wireless distances beyond 50 m [7],
[8]. Further capacity scaling has been achieved through the
use of multiple frequency channels, spatial multiplexing, and
parallel antenna apertures, resulting in aggregate transmission
rates exceeding 1 Tbit/s [10]. At the receiver side, advances
in integrated electronic front-end technology have enabled
coherent receiver architectures with analog bandwidths suf-
ficient to support symbol rates beyond 100 GBd [15] and
wireless transmission distances exceeding 1 km [16]. Similar
to coherent optical communication systems, coherent sub-THz
receivers provide access to amplitude and phase information
and therefore enable spectrally efficient higher-order modula-
tion formats as well as advanced digital signal processing for
carrier recovery, equalization, and impairment compensation.

The capacity of coherent sub-THz wireless links can be
increased through three complementary approaches. First, im-
provements in transmitter output power and receiver sensitivity
increase the available signal-to-noise ratio (SNR), enabling
the use of higher-order modulation formats and consequently
higher throughput. Second, spectral efficiency can be opti-
mized through advanced coded-modulation techniques such as
probabilistic constellation shaping (PCS) [17], which enables
flexible rate adaptation and operation closer to the Shannon
capacity limit [18]. PCS has become a key technology in
modern coherent optical transmission systems and has been
adopted, for example, in OpenROADM MSA specifications
[19]. Although PCS has also been proposed for wireless
communications [20], its practical benefits in sub-THz wireless
systems remain insufficiently explored. In particular, hard-
ware impairments such as phase noise, nonlinear distortions,
and implementation penalties may reduce the theoretically
achievable shaping gain, making the resulting performance
strongly dependent on the employed forward-error correction
(FEC) scheme. Third, transmission capacity can be increased
through parallel communication channels using frequency,
spatial, or polarization multiplexing. Among these approaches,

polarization-division multiplexing (PDM) is particularly at-
tractive because it approximately doubles spectral efficiency
without increasing occupied bandwidth or requiring multi-
ple independent propagation paths. Compared with spatial
multiplexing, PDM significantly reduces antenna count, syn-
chronization complexity, and alignment requirements while
preserving the advantages of a single point-to-point wireless
link.

Although polarization-multiplexed sub-THz transmission
has recently attracted growing interest [10], [21], existing
demonstrations have primarily focused on maximizing aggre-
gate throughput rather than systematically investigating the
trade-offs between modulation format, shaping gain, transmis-
sion robustness, and practical FEC operation. Furthermore,
most reported experiments rely on pre-FEC metrics such as
bit-error ratio (BER), error-vector magnitude (EVM), or gen-
eralized mutual information (GMI), whereas experimental val-
idation using practical soft-decision FEC decoding has rarely
been reported. As a result, the practical benefits of probabilistic
shaping and dual-polarization transmission in coherent sub-
THz wireless systems remain insufficiently quantified.

In our previous works, we reported coherent dual-
polarization QPSK transmission over a 56-m single-aperture
287-GHz wireless link with a net data rate of 242 Gbit/s
[12], and its extension to 16-QAM with net data rates above
400 Gbit/s [13]. These works primarily focused on selected
operating points and relied on pre-FEC performance metrics.
Building on the experimental platform introduced in [12], [13],
this paper substantially extends the investigation to address the
lack of systematic studies on the trade-off between modulation
format, shaping gain, robustness and practical FEC operation
identified above.

The new contributions of this paper are as follows. First, we
systematically compare dual-polarization QPSK, uniform 16-
QAM, and probabilistically shaped 16-QAM with entropies of
3.5 and 3.8 bit/symbol under identical experimental conditions
over symbol rates from 30 to 64 GBd, considering signal-
to-noise-and-distortion ratio (SNDR), NGMI, and achievable
throughput. Second, we experimentally validate transmission
using soft-decision SC-QC-LDPC decoding, selecting the code
rate for each modulation format and symbol rate and thereby
determining the post-FEC net throughput and required FEC
overhead. Uniform 16-QAM reaches 414.7 Gbit/s, while PCS-
16-QAM with 3.8 bit/symbol reaches 413.7 Gbit/s with a
reduced FEC overhead of 16.7%, compared with 24% for
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Fig. 1. Experimental setup of the dual-polarization point-to-point (P2P) sub-THz transmission system. The optoelectronic transmitter (left) generates a
287 GHz carrier through optical heterodyne downconversion of two optical tones (ECL1 and ECL2). ECL1 is modulated with independent dual-polarization
IQ signals by an electro-optical IQ modulator. Subsequent to optical amplification, filtration, and power adjustment, the optical signal is converted to the
electrical domain by beating in a UTC photodiode and radiated via the transmitting antenna. Subsequent to 56-m wireless propagation, the received sub-THz
signal is captured by the receiving antenna and downconverted to baseband by an all-electronic coherent receiver (right), where orthogonal polarizations are
separated, coherently down-converted, and detected for digital signal recovery. Insets illustrate the measured optical spectrum of the optical tone ECL2 and
the modulated data around ECL1 (left) and the measured baseband spectrum after down-conversion (right). The IEEE 802.15.3d frequency allocation around
287 GHz is indicated for reference. (Extended from [13])

uniform 16-QAM. Finally, we compare the experimentally
observed shaping gain with the ideal AWGN expectation and
discuss the impact of residual hardware impairments.

To the best of our knowledge, this work reports the highest
experimentally demonstrated net data rate of 414.7 Gbit/s
in a single-aperture dual-polarization sub-THz wireless link,
together with practical FEC validation. Furthermore, it pro-
vides a comprehensive experimental comparison of conven-
tional and probabilistically shaped modulation formats in a
coherent single-aperture dual-polarization sub-THz wireless
system, thereby establishing practical design trade-offs among
throughput, transmission robustness, and FEC implementa-
tion complexity. Table I summarizes high-capacity sub-THz
wireless transmission demonstrations in the sub-THz range,
including transmission distance, net data rate, and relationship
to the IEEE 802.15.3d frequency allocation.

II. EXPERIMENTAL SETUP AND DIGITAL SIGNAL
PROCESSING

The experimental system is designed as a unified platform to
investigate the impact of modulation format, symbol rate, and
forward-error correction on the performance of high-capacity
sub-THz wireless links. This section first introduces the
dual-polarization 287-GHz point-to-point transmission setup,
including the optoelectronic transmitter and the integrated
coherent receiver. Afterwards, the corresponding digital signal
processing algorithms used for synchronization, channel equal-
ization, carrier recovery, performance estimation, and FEC
decoding are presented.

A. Experimental Setup

As illustrated in Fig. 1, the point-to-point (P2P) sub-THz
dual-polarization transmission link is based on a coherent
dual-polarization optical transmitter combined with a dual-
polarization all-electronic intradyne sub-THz receiver.

An external-cavity laser (ECL), denoted as ECL1, drives
a dual-polarization LiNbO3 IQ Mach-Zehnder modulator
(MZM). The four electrical drive signals (Ix,y, Qx,y) are gener-
ated by a 120-GSa/s arbitrary waveform generator (AWG) and
pre-amplified by broadband 28 dB gain baseband amplifiers.
Each tributary is shaped with a root-raised-cosine filter with

a 5% spectral roll-off. The symbol rate is varied between 30
and 64 Gbaud. At the maximum symbol rate of 64 Gbaud, the
transmitted spectrum, including the 5% roll-off, spans from
253.4 GHz to 320.6 GHz and remains entirely within the
IEEE 802.15.3d band. After modulation, the optical signal is
amplified by an erbium-doped fiber amplifier (EDFA), filtered
with a 1-nm optical bandpass filter, and combined via a 3-
dB coupler with a second ECL, denoted as ECL2, which is
offset by 287 GHz and whose polarization is adjusted by a
polarization controller. A variable optical attenuator (VOA)
adjusts the launch power ahead of a polarization beam splitter
(PBS).
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Fig. 2. Measured insertion loss of the WR-3.4 orthomode transducer (OMT)
for the V-Port and H-Port over the 220–330 GHz band.

The two PBS outputs are individually downconverted by
two broadband UTC photodiodes, where optical heterodyning
between modulated ECL1 and ECL2 downconverts each po-
larization tributary to the sub-THz range of around 287 GHz.
The resulting sub-THz signals are combined in a WR-3.4
orthomode transducer (OMT, OT034-MicroHarmonics) and
radiated through a single dual-polarized circular horn antenna.
The insertion loss over frequency for the vertical (V) and
horizontal (H) polarization of the OMT is shown in Fig. 2.

The dual-polarization conical horn has an intrinsic gain of
26 dBi and a half-power beamwidth of around 9◦, comparable
to the single-polarization diagonal horn used in [22]. The
employed horn is rotationally symmetric, with both polariza-
tions sharing the same phase center, apart from mechanical
tolerances. It is connected directly to the square common
port of the OMT without an additional transition. Residual
reflections and static delay differences between the two OMT
arms are compensated by the 2 × 2 MIMO equalizer. The
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Fig. 3. Dual-polarization optoelectronic transmitter based on two uni-traveling
carrier (UTCx and UTCy) photodiodes combined with an orthomode trans-
ducer (OMT) and a dual-polarization horn antenna with integrated, cascaded
polytetrafluoroethylene (PTFE) lenses (concave/convex) (Adapted from [13]).

antenna gain is enhanced by a cascaded concave-convex PTFE
lens system. The lens system and its mechanical spacing
are identical to those in [22]. The horn-to-concave-lens dis-
tance is 108.3 mm and the concave-to-convex-lens spacing is
127.1 mm, resulting in a total distance of 235.4 mm. The
overall gain of approximately 51.1 dBi and the full-width-at-
half-maximum beam divergence of 0.57◦ reported in [22] are
used as reference values for both orthogonal E- and H- planes
and are reproduced by the same Gaussian-beam model. The
transmitter, consisting of the two UTC photodiodes and the
cascaded lenses, is shown in Fig. 3.

At the receiver, an identical cascaded-lens horn antenna
collects the signal, and a second OMT separates the two re-
ceived polarizations, which are processed by two synchronized
intradyne, ultra-broadband, all-electronic receiver chains. The
receiver lens antenna with electronic mixers is shown in Fig. 4.
The novel WR-3.4 waveguide receiver modules are based on

RxxRxy OMT

Horn

Concave

Lens

Convex

Lens

Fig. 4. Dual-polarization electronic receiver based on two electronic 35 nm
mHEMT subharmonic mixers (Rxx/Rxy) combined with an orthomode trans-
ducer (OMT) and a dual-polarization horn antenna with integrated, cascaded
polytetrafluoroethylene (PTFE) lenses (concave/convex) (Adapted from [13]).

a fully integrated, multifunctional front-end MMIC fabricated
in Fraunhofer IAF’s state-of-the-art 35-nm metamorphic high-
electron-mobility transistor (mHEMT) technology [23]. The
present chip represents the next generation of the 300-GHz
communication receiver reported in [24], and advances that
design primarily at the architectural level. In the earlier work,
the subharmonic 100-GHz LO was generated externally by a
broadband ×12 multiplier MMIC driven from an 8.333-GHz
X-band reference, tripled to 300 GHz on-chip, and applied

to a fundamental mixer. The receiver employed here instead
performs a fourfold electrical LO multiplication on-chip and
adopts a second-harmonic mixing scheme, which relaxes the
on-chip LO frequency requirements and simplifies the refer-
ence generation. A microscope image of the complete receiver
chip is shown in Fig. 5 [23].

Each receiver is driven by a common external reference
at 35.875 GHz, which serves as the LO tone for the entire
chain. On-chip, this reference undergoes a fourfold electrical
multiplication (×4), followed by an amplifier that boosts
the multiplied signal to the power level required to pump
the mixer. Down-conversion is then performed by a second-
harmonic sub-THz IQ mixer, providing direct access to both
the I and Q components and thus enabling coherent recov-
ery of amplitude and phase, while retaining the DC-coupled
quadrature IF channels required for zero-IF operation.

The choice of a second-harmonic mixer over the funda-
mentally pumped topology of [24] is motivated primarily
by the improvement it brings to signal reception. Because
the physical LO operates at half the RF frequency, LO-to-
RF leakage falls outside the RF band and the DC offset
arising from LO self-mixing, which is a primary impairment of
fundamental direct-conversion receivers that distorts the signal
constellation and degrades the effective SNR, is intrinsically
suppressed. The result is a cleaner baseband and a higher
signal linearity, which directly translates into greater link
margin and support for higher-order modulation formats and
thus higher spectral efficiency at a given link budget.

Fig. 5. Fully integrated 35 nm mHEMT receiver MMIC including a three-
stage low-noise amplifier (LNA) followed by the second harmonic mixer,
providing 0 dB conversion gain and an approximately 7 dB noise figure across
220–330 GHz. (Adapted from [23])

Ahead of the mixer, the incoming RF signal is amplified by
a three-stage low-noise amplifier (LNA) exhibiting a small-
signal gain of 28 dB, resulting in an overall conversion gain
of 0 dB, and a noise figure of approximately 7 dB across
an operating bandwidth from 220 GHz to 330 GHz. This
represents a significant bandwidth extension over the receiver
of [24], whose four-stage LNA provided a 25-dB gain and
a 6.5-dB noise figure over a narrower RF range of 292
to 314 GHz. By providing substantial gain prior to down-
conversion, the LNA suppresses the noise contribution of the
mixer and sets the low overall receiver noise figure, making
the module a compact and versatile building block for next-
generation sub-THz communication and sensing systems.

The four receiver outputs are further amplified by two
baseband amplifiers, each having a small-signal gain of 11 dB,
and digitized by a four-channel real-time oscilloscope with
80-GHz analog bandwidth and a sampling rate of 256 GSa/s.
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B. Digital Signal Processing

The transmit sequences were generated using both QPSK
and 16-QAM constellations. The 16-QAM constellation was
optionally probabilistically shaped (PCS) using two Maxwell–
Boltzmann distributions with target entropies of 3.5 and 3.8
bit/symbol. Although this distribution is theoretically optimal
only for the Gaussian channel [25], it has been widely adopted
for nonlinear optical communication channels [26]. PCS was
implemented assuming an ideal constant-composition distri-
bution matcher (CCDM) [27], with a blocklength equal to
the length of the transmit sequence. The theoretical NGMI
of the three 16-QAM constellations is shown in Fig. 6.
The values were obtained using Gauss–Hermite quadrature
[28] under the assumption of a purely Gaussian channel.
Compared with uniform 16-QAM, PCS achieves the same
NGMI at a lower SNR, albeit with reduced throughput, thereby
providing finer-grained data-rate flexibility than conventional
QAM constellations.
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Fig. 6. Theoretical normalized generalized mutual information for uniform
16-QAM, and 16-QAM with two different shaping factors, achieving an
entropy of 3.5 and 3.8 bit/symbol. The NGMI is computed assuming an
AWGN channel using Gauss-Hermite quadrature.

The receiver DSP is performed offline, and closely follows
the standard DSP of an optical coherent receiver [29]. The
recorded waveforms are first resampled to 2 samples per
symbol, followed by blind timing recovery using the Godard
algorithm [30]. A periodogram-based coarse frequency-offset
estimator is then employed to compensate for the residual
frequency mismatch between the transmitter and receiver local
oscillators.

After coarse frequency synchronization, the two polarization
tributaries are jointly processed by a 2 × 2 multiple-input
multiple-output (MIMO) adaptive equalizer to compensate for
polarization mixing in the optical channel, and residual linear
impairments introduced by the optical transmitter, wireless
channel, and receiver front-end. Different equalizer adaptation
strategies are adopted depending on the modulation format.

For QPSK transmission, a 42-tap fully-blind constant-
modulus algorithm (CMA) equalizer [31] is employed. Carrier
phase recovery is subsequently performed using the fourth-
power (Viterbi–Viterbi) algorithm [32]. For uniform and prob-
abilistically shaped 16-QAM, the equalizer was instead based
on the least-mean-square (LMS) criterion. Carrier phase re-
covery is then performed by blind phase search (BPS) using
a phase resolution of 3◦ [33], followed by a maximum-
likelihood stage with an averaging length of 100 symbols [34].

Following carrier recovery, the received symbols are com-
pared with the transmitted sequences to evaluate the trans-
mission performance. First, we compute the SNDR for all
modulation formats. For QPSK, we also evaluate the pre-FEC
bit-error ratio (BER) assuming hard-decision detection.

Instead, for 16-QAM, bit-wise log-likelihood ratios (LLRs)
are calculated assuming bit-interleaved coded modulation
(BICM) [35] over an additive white Gaussian noise (AWGN)
channel [28]. The LLRs are used to evaluate the NGMI [36]
with a Monte-Carlo method, which accurately predicts the
achievable performance of BICM [28]. Finally, the received
data are also decoded with a set of quasi-cyclic low-density
parity-check (SC-QC-LDPC) codes [37] at different rates to
compute the achievable post-FEC throughput.

III. EXPERIMENTAL RESULTS

The proposed dual-polarization 287-GHz wireless link was
experimentally evaluated over a 56-m line-of-sight indoor link
along a long hallway.

A. Optical Power Optimization

Before comparing different modulation formats, the trans-
mitter operating point was optimized by varying the optical
launch power at the output of the variable optical attenuator
(VOA). Figure 7 reports the measured performance for dual-
polarization QPSK at 30 GBd.
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Fig. 7. Signal-to-noise and distortion (SNDR) as a function of transmit optical
power for QPSK with 30 GBd. SNR (2 dB/dB) and SDR (-3 dB/dB) scaling
are shown in gray.

As the optical power increases, the received SNDR initially
improves because the generated sub-THz power increases.
Beyond approximately 18.5 dBm, however, nonlinear dis-
tortion, attributed to the UTC photodiodes and the receiver
front-end, increasingly offsets the SNR gain, resulting in a
gradual performance degradation. Consequently, an optical
launch power around 18.5 dBm was selected for all subsequent
experiments. To quantify the contributions, the SNDR in
Fig. 7 was decomposed as 1/SNDR = 1/SNR + 1/SDR.
The thermal noise limited SNR was assumed to increase
quadratically with the optical power (2 dB/dB, since both
optical tones are attenuated by the VOA), while the SDR
was assumed to decrease by 2–4 dB/dB, consistent with
effective second- to third-order nonlinear distortion of the
heterodyne signal. At 18.5 dBm, this yields an SNR and SDR
of approximately 16.2 dB, i.e., noise and distortion contribute
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comparably and distortion reduces the SNDR by about 3 dB.
The decomposition depends on the assumed power scaling and
does not separate the contributions of the UTC photodiodes
and the receiver, whose saturation characteristics were not
measured individually.

A residual performance difference of approximately 1 dB
is observed between the two polarization tributaries. This
imbalance remains nearly constant over the investigated op-
erating range and is mainly attributed to residual polarization-
dependent loss of the transmitter setup.
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Fig. 8. Normalized generalized mutual information (NGMI) as function of
transmit optical power for PCS-16-QAM at 64 GBd.

The optimum launch power is largely independent of the
employed modulation format. Figure 8 shows the measured
NGMI for PCS-16-QAM at 64 GBd as a function of optical
launch power. In agreement with the QPSK measurements
of Fig. 7, the performance first improves with increasing
launch power owing to the higher generated sub-THz output
power. Once the optical launch power exceeds approximately
19 dBm, nonlinear distortions in the optoelectronic transmit-
ter and receiver front-end outweigh the SNR improvement,
leading to a reduction in NGMI. The maximum NGMI is
therefore obtained for launch powers between 18 and 19 dBm,
confirming that this operating point provides the best trade-
off between noise efficiency and nonlinear distortion for both
modulation formats.

B. Increasing the Symbol Rate

Using the optimized operating point, the symbol rate was
increased from 30 to 64 GBd. Figure 9 shows the measured
SNDR for dual-polarization QPSK, 16-QAM, and probabilis-
tically shaped 16-QAM.

The average SNDR decreases almost linearly from ap-
proximately 14.6 dB at 30 GBd to approximately 11.5 dB
at 64 GBd, mainly because increasing bandwidth exposes
the transmission to a larger amount of noise and analog
frequency-response limitations of the transmitter and receiver
chain. Nevertheless, both polarization channels exhibit nearly
identical behavior over the entire investigated symbol-rate
range, confirming the good balance of the dual-polarization
transmitter and receiver architecture.

Fig. 10 shows the carrier phase estimated by the receiver
DSP at 64 GBd. After coarse frequency-offset compensation,
the residual offset is below 55 kHz. The equivalent combined
linewidth of the transmitter and receiver, including the het-
erodyne beat of the two ECLs and the receiver LO chain, is
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Fig. 9. Measured signal-to-noise and distortion ratio (SNDR) as a function
of symbol rate for QPSK, 16-QAM, and PCS-16-QAM with an entropy of
3.8 bit/symbol.

approximately 20–50 kHz for all formats. The resulting phase-
noise-limited SNR exceeds 34 dB, well above the measured
SNDR of 11–15 dB. The phase noise is therefore not a limiting
factor for the demonstrated rates.
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Fig. 10. Carrier phase estimated by the receiver DSP at 64 GBd (residual
frequency offset and its linear drift removed).

At the highest symbol rate, the BER for QPSK is approx-
imately 10−4, which is below the threshold for the IEEE-
standardized KP4 FEC [38] (∼ 2 × 10−4). Therefore, with
QPSK the system transmits a net throughput of approximately
241.9 Gbit/s using a simple and blind DSP, followed by a low-
latency hard-decision FEC.

C. Normalized GMI

The achievable transmission performance for higher-order
modulation formats is then evaluated through the NGMI.
After computing the GMI from the LLRs with a Monte-Carlo
method [28], the NGMI is computed for uniform 16-QAM by

NGMI16-QAM = GMI/4 . (1)

For QPSK, NGMI is analogously computed as GMI/2. With
PCS-16-QAM, instead, it is computed as

NGMIPCS-16-QAM = 1− (H(X)−GMI)/4 (2)

where H(X) is the constellation entropy, i.e., 3.8 and 3.5
bit/symbol. Even though each point has a different net through-
put, the NGMI allows a straightforward comparison among
different constellations for the same soft-decision FEC. To
ease the comparison, the dashed line corresponds to a con-
ventional soft-decision FEC threshold with a 20% overhead
[37] and an additional 0.95% rate loss. Nevertheless, the
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exact performance with real FEC codes will be shown in the
following section.
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Fig. 11. Polarization-averaged normalized generalized mutual information
(NGMI) as a function of symbol rate for QPSK, 16-QAM, PCS-16-QAM-
3.8, and PCS-16-QAM-3.5. The dashed line indicates the NGMI threshold of
0.883 corresponding to a 20% FEC code with an additional 0.95% rate loss.

At low symbol rates, all investigated modulation formats
achieve a high NGMI, indicating reliable transmission with
a substantial margin to the FEC threshold. As the symbol
rate increases, however, the NGMI gradually decreases owing
to the reduced received SNR and the increased impact of
hardware impairments. This degradation is most pronounced
for uniform 16-QAM, which approaches the FEC threshold
at approximately 55 GBd. In contrast, PCS-16-QAM main-
tains a higher NGMI at elevated symbol rates because its
nonuniform probability distribution provides improved power
efficiency and robustness to noise, albeit at the cost of reduced
net throughput. Among the investigated shaping distributions,
PCS-16-QAM with an entropy of 3.8 bit/symbol provides the
best compromise between achievable throughput and decoding
margin, whereas the 3.5 bit/symbol distribution offers the
highest robustness at the expense of spectral efficiency.

D. Achievable Throughput

The corresponding net (i.e. post-FEC) throughput is summa-
rized in Fig. 12. Dual-polarization QPSK provides the most ro-
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Fig. 12. Throughput as a function of symbol rate using the optimal FEC code
rate for each symbol rate and modulation format.

bust transmission, reaching a net throughput of approximately
241.9 Gbit/s at 64 GBd when combined with a fixed hard-
decision KP4 FEC (5.84% overhead). For 16-QAM (with and
without PCS), for each point, we tested a set of different soft-
decision SC-QC-LDPC codes with different rates, choosing
the highest-rate code that gave error-free transmission [37].

For PCS, the net throughput was computed assuming the use
of the probability amplitude shaping (PAS) architecture [17].
The results at the highest symbol rate of 64 GBd are also

TABLE II
SUMMARY OF RESULTS AT 64 GBAUD

Modulation FEC overhead
(%)

Net throughput
(Gbit/s) NGMI

QPSK 5.84 241.9 > 0.99
PCS-16-QAM-3.5 11.4 396.9 0.93
PCS-16-QAM-3.8 16.7 413.7 0.89
16-QAM 24.0 414.7 0.84

reported in Table II. Both uniform 16-QAM and PCS-16-
QAM-3.8 achieve approximately the same net data rate, but
PCS achieves it with a significantly smaller FEC overhead
(from 24% to 16.7%). PCS-16-QAM-3.5 achieves instead a
slightly smaller throughput, but with an even simpler FEC
implementation with 11.4% overhead. Consequently, although
PCS slightly reduces the maximum achievable throughput, it
consistently increases the decoding margin for a fixed FEC
overhead.

The experimentally observed shaping gain is somewhat
smaller than predicted for an ideal AWGN channel, indicating
that residual nonlinear distortion of the transmitter and receiver
affects probabilistically shaped constellations more strongly
than uniform 16-QAM. Future work will further investigate
this aspect by tailoring PCS [26], [39] to the nonlinear
behavior of the wireless THz channel.

IV. CONCLUSION

We have experimentally demonstrated a coherent single-
aperture dual-polarization wireless transmission system op-
erating at 287 GHz over a 56-m point-to-point link and
performed a comprehensive comparison of QPSK, uniform 16-
QAM, and probabilistically shaped 16-QAM under identical
experimental conditions. By combining photonic carrier gener-
ation with integrated ultra-broadband coherent receiver front-
ends fabricated in 35-nm mHEMT technology, the proposed
architecture enables polarization-division multiplexing using
a single dual-polarized antenna aperture at each end of the
wireless link, thereby doubling the spectral efficiency without
requiring parallel propagation paths.

The experimental results quantify the trade-offs between
transmission robustness and achievable throughput. Dual-
polarization QPSK provides the highest robustness, maintain-
ing an average SNDR above 11 dB across symbol rates from
30 to 64 GBd and supporting low-complexity hard-decision
FEC. Uniform 16-QAM achieves the highest throughput,
reaching a net data rate of 414.7 Gbit/s at 64 GBd after
practical SC-QC-LDPC decoding.

Probabilistically shaped 16-QAM, while providing a slightly
lower maximum throughput, consistently increases the NGMI
and therefore the decoding margin, enabling more flexible
adaptation of the transmission rate to the available channel
quality. These results highlight the complementary roles of
conventional and shaped modulation formats for future adap-
tive sub-THz wireless systems.
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Overall, the presented work demonstrates that coherent
dual-polarization transmission is a viable approach toward
terabit-class wireless links within the IEEE 802.15.3d fre-
quency allocation. Beyond reporting the highest experimen-
tally demonstrated net data rate for a single-aperture dual-
polarization sub-THz wireless link, the paper provides prac-
tical design guidelines for selecting modulation formats and
coding schemes according to the desired balance between
throughput, robustness, and implementation complexity. Fu-
ture work will investigate longer transmission distances, op-
timized constellation shaping, and real-time DSP toward de-
ployable ultra-high-capacity sub-THz wireless fronthaul, back-
haul, and data-center interconnects.
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