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Abstract
In recent years, the significance of terahertz (THz) and (sub-)THz communications has grown
substantially due to its promising trade-off between higher capacity compared to microwave-
based communication and better resilience against weather dependent influences (e.g., fog and
rain). While electronic and optoelectronic techniques have been extensively explored, each
offering distinct advantages and limitations, they have predominantly been demonstrated and
discussed as individual experiments, making performance comparison challenging.This paper
addresses this gap by systematically benchmarking electronic and optoelectronic signal gener-
ation approaches under comparable conditions. Our experiments incorporate various receiver
types, revealing that best performance is achieved by combining optoelectronic signal gen-
eration techniques at the transmitter in combination with an all-electric intradyne receiver.
This results in a remarkable line rate of 200Gbit/s over a distance of 52m. To our knowledge,
this represents the highest line rate achieved for technically relevant transmission distances for
indoor access or outdoor small cell networks.

Introduction

In the era of a hyper-connected society driven by 6G mobile networks, ultra-high data rate
wireless communication is key to many applications, such as indoor access or outdoor small
cell networks [1–3]. Tomeet this demand, high-speed wireless (sub-)terahertz (THz) links have
gained significance inmobile fronthaul networks, exceeding the capacities of their conventional
microwave counterparts, while offering greater flexibility than fiber links and more resilience
to adverse weather conditions than free-space optical links. The IEEE has standardized the fre-
quency window from 253GHz to 322GHz, spanning 69GHz, for (sub-)THz communications
[2]. Over the previous years, different concepts of (sub-)THz links have been demonstrated,
exploiting either purely electronic or optoelectronic signal generation at the transmitter side
[4, 5]. However, while both concepts have their distinct strengths, which have been highlighted
in a number of publications [6–14], experimental demonstrations and related discussions are
largely limited to one of the two concepts.This renders a comparison of achievable performance
difficult.

In this paper, we provide a comparative discussion of the performance of a purely electronic
and an optoelectronic (sub-)THz transmitter in terms of signal quality and oscillator purity. Our
comparison relies on transmission experiments conducted with both concepts under compara-
ble conditions and is backed up by a quantitative model of various signal impairments. On the
receiver side, we rely on well-established all-electronic concepts using intradyne or heterodyne
downconversion. Expanding on our previous work [15], we find that the best performance is
obtained by combining a broadband optoelectronic transmitter based on a uni-traveling-carrier
photodiode (UTC-PD) with an intradyne receiver. Using this concept, we demonstrate trans-
mission at line rates of up to 200Gbit/s over a distance of 52m. To the best of our knowledge,
this is the highest line rate achieved to date for technically relevant transmission distances. In
this paper, we additionally investigate the difference between the performances of an opto-
electronic transmitter (i.e., described in [15]) and an electronic (sub-)THz transmitter. The
intrinsic differences between the two concepts and the performance of their reference tone gen-
eration are mathematically investigated on the basis of linearity, (sub-)THz output power, and
carrier phase stability. Additionally, a comprehensive description of the digital signal processing
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techniques employed in this work is provided. We believe that our
work is a first step toward a holistic comparison of different trans-
mitter implementation options under comparable conditions for
(sub-)THz communications, which can serve as a guideline for
fundamental design considerations.

THz transmitter and receiver architectures

In the following we will introduce the fundamental concepts for
purely electronic and optoelectronic sub-THz transmitters. In all-
electronic schemes, the (sub-)THz carrier signal is generated by
conventional microwave electronics, i.e., an electronic baseband
(BB) signal is upconverted by using an electrical local oscilla-
tor (LO) tone. In contrast to that, optoelectronic approaches rely
on an optical signal that is down-converted from typical infrared
communication frequencies around 193.5 THz (1550 nm wave-
length) to generate a (sub-)THz carrier signal. Electrical voltage
controlled oscillators and frequency synthesizers can only gener-
ate frequencies up to about 80GHz [16]. To generate higher carrier
frequencies for (sub-)THz communications, a lower-frequency LO
must be upconverted by frequency multiplication, which increases
the phase noise in the best case by 20 log10(N), where N is the
frequency multiplication factor. In contrast, optical (sub-)THz
signal generation is based on the mixing of two optical fre-
quencies in a broadband photodiode (e.g., UTC-PD). The pho-
tomixing of a two-tone signal in a broadband photodiode by
envelope detection results in an electronic output signal consist-
ing only of frequencies at the difference of the two input laser
tones. This results in a less distorted and pure spectrum. In
the following subsections, the two transmitter architectures are
presented.

Optoelectronic THz transmitter

The optoelectronic (sub-)THz signal generation is based on a
coherent optical transmitter architecture [14, 17, 18]. The trans-
mitter architecture is illustrated in Fig. 1. The process involves
modulating an electronic BB I/Q signal onto an optical carrier
through an electro-optic inphase/quadrature (I/Q) modulator. To
compensate for the high loss of approximately 30 dBof themodula-
tor, an erbium-doped fiber amplifier (EDFA) is used for successive
amplification. An optical bandpass filter is utilized to suppress out-
of-band amplified spontaneous emission (ASE) noise generated by
the EDFA. For simplicity, the EDFA and bandpass filter are not
shown in Fig. 1. To generate the (sub-)THz signal, the optically
modulated signal is mixed optoelectronically in anUTC-PDwith a
second laser that has a frequency offset of the desired THz-carrier
frequency [19] and is combined in a 50/50 coupler. This optical
mixing process results in the downconversion of the optical signal
into the (sub-)THz regime. In general, the system utilizes a vari-
able optical attenuator (VOA) and an additional EDFA (not shown
in Fig. 1) to adjust the optimal optical input power to the UTC-PD.
This architecture provides flexibility in tuning the (sub-)THz fre-
quency and power by adjusting the laser parameters. Additionally,
it can be integrated on a miniaturized photonic chip. Changing
the optical amplifiers to semiconductor optical amplifiers allows
for hybrid integration together with the photodiode, the modula-
tor, and the 50/50 coupler. However, it is important to point out
that the limited responsivity of the UTC-PD presents a challenge
for generating (sub-)THz signals around 300GHz with power lev-
els above −10 dBm [20]. The received power can be increased by
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Figure 1. Generic optoelectronic terahertz signal generation for data transmission
based on heterodyne mixing of two lasers in an uni-traveling-carrier photodiode
(UTC-PD). Data are modulated by means of an electro-optic I/Q modulator
consisting of two Mach–Zehnder modulators (MZMs) and a 𝜋/2 phase shifter.
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Figure 2. Generic electronic terahertz signal generation based on the combination
of the two inphase (I) and quadrature (Q) frequency upconverted signals.
Upconversion is based on forward biased nonlinear diodes. In case of a heterodyne
transmitter, one or multiple mixing stages are applied.

using (sub-)THz medium power amplifiers (PAs), directive/high-
gain antennas, and plano-convex polytetrafluoroethylene (PTFE)
lenses.

Electronic THz transmitter

Electronic (sub-)THz transmitters adopt a different signal gen-
eration approach. They rely on state-of-the-art radio-frequency
(RF) signal generators to create (sub-)THz signals. An electrical
BB signal is subsequently upconverted in one or multiple steps to
reach the desired (sub-)THz frequency. The specific upconversion
method employed depends on the system architecture. For direct
conversion, also known as homodyne, a single RF I/Q modulator
is sufficient. However, it is essential to generate a high-frequency
carrier tone at the desired carrier frequency to accomplish this
conversion. Figure 2 illustrates the fundamental setup of such an
electronic I/Q modulator. In cases where multiple upconversion
stages are combined, known as heterodyne, a lower carrier fre-
quency is required.This approach allows for flexibility in the choice
of the initial RF frequencies. However, it also introduces complex-
ity since additional mixers and oscillators are necessary to perform
the multiple upconversion steps. These mixers and oscillators are
employed to achieve the stepwise frequency transitions from RF to
(sub-)THz. To ensure the purity of the generated (sub-)THz sig-
nal and to minimize unwanted artifacts, such as harmonics (HMs)
and intermodulation products (IMPs), a bandpass filter is typi-
cally incorporated into the LO generation system to suppress these
unwanted spectral components. This filtering step is crucial for
maintaining the signal quality and spectral purity of the generated
(sub-)THz wave.
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Intradyne THz receiver

In an intradyne receiver, the incoming modulated (sub-)THz wave
is mixed with an LO signal that is close to the (sub-)THz carrier
frequency. In this receiver concept, the oscillator is free-running
and is not locked in phase and frequency to the transmitter ref-
erence oscillator. In contrast homodyne receivers typically involve
an analog feedback circuit to lock the LO to the carrier frequency
contained in the received signal, while intradyne reception incor-
porates digital carrier recovery, to reduce the analog circuit com-
plexity and offer higher flexibility. In general, the intradyne receiver
generates a complex BB signal with an intermediate frequency
(IF) much smaller than the signal bandwidth. The main advantage
of an analog BB is the distribution of the signal with a modula-
tion bandwidth B onto two different analog-to-digital converters
(ADCs), which need only slightly more than half the signal band-
width B/2 in order to fulfill the Nyquist sampling theorem. As a
result, less expensive ADCs can be used for this architecture at
the cost of increased receiver complexity. Similarly to the homo-
dyne transmitter (Fig. 2), the (sub-)THz signal is converted to zero
IF using two mixing devices with a 90∘ phase offset LO. A basic
intradyne receiver with RF input and I/Q BB output is given in
Fig. 3(a).

Heterodyne THz receiver

Heterodyne receivers use a single nonlinear mixing device and an
LO to generate a non-zero IF real-valued signal. To prevent infor-
mation loss, the requirement for the IF is that it must exceed half
of the signal bandwidth. This leads to a less complex receiver, but
requires a higher ADC bandwidth to digitize the signal at an IF.
In addition, the signal-to-noise ratio is decreased by 3 dB. This is
because, during detection, the noise from the image band around
the negative IF is folded into the signal if it is not sufficiently
suppressed beforehand. Figure 3(b) illustrates a basic heterodyne
receiver. A noteworthy single-ended heterodyne scheme is the
Kramers–Kronig receiver, previously utilized for achieving record-
breaking data transmission at 132Gbit/s over 110m [6]. In this
scheme, the LOwas optically added at the transmitter side, limiting
the effective signal power.

THz component modeling

In this section, we mathematically evaluate and model the pre-
viously discussed concepts of mixing and LO generation. Firstly,
we introduce the fundamental concept of mixing in a nonlinear
device. Secondly, we derive the differences between optical and
electrical LOs.

IBB

QBB

90o
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a) b)
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∼
∼

Figure 3. Basic receiver architectures. In subset (a) an intradyne receiver is
illustrated. Subset (b) shows a basic heterodyne receiver structure.

Optoelectronic and electronic mixer

Thedifferences in the performance of electronic and optoelectronic
signal generation are based on the fundamental mixing behavior
of the two technologies. The idea of mixing is based on exploit-
ing the nonlinear transfer function of a device. In optoelectronic
and electronic mixers, the nonlinear characteristics are created by
a semiconductor device, such as a diode or transistor, to perform
the frequency up- or downconversion [6, 21, 22]. In general, a non-
linear relation between the voltage output uout(t) and voltage input
uin(t) of a device can be written as a Taylor series expansion

uout(t) = f (uin(t))
= UDC + auin(t) + bu2in(t) + cu3in(t) + … , (1)

with the coefficients a, b, c, … depending on the exact nonlinear
transfer function and UDC being a direct-current voltage. For a
simple two tone input signal

uin(t) = A sin (𝜔1t) + B sin (𝜔2t) , (2)

with arbitrary amplitudes A,B and frequencies 𝜔1, 𝜔2, the
output is

uout(t) = UDC + aA sin (𝜔1t) + aB sin (𝜔2t) + (3)
bA2

2 [1 − cos (2𝜔1t)] + bB2

2 [1 − cos (2𝜔2t)] +

bAB[cos ([𝜔2 − 𝜔1]t) − cos ([𝜔2 + 𝜔1]t)] + … .

It consists of the nth harmonics n𝜔1 and n𝜔2 (n ∈ ℕ) as well as the
mth intermodulation productsm1 𝜔1 ± m2 𝜔2 withm1 + m2 = m
(m1,m2 ∈ ℕ) of the input frequencies. In electronic transmitters,
mixing is performed by the exponential characteristics of diodes
and transistors in forward operation. Therefore, the coefficients
a, b, c, … are non-zero, which limits the conversion efficiency of
the mixer as the power is split between the desired (sub-)THz sig-
nal and unwanted HMs and IMPs. Additional signal degradation
may occur due to frequency overlap of the (sub-)THz signal with
the HMs and IMPs [22]. To avoid this interference, customized
bandpass filters are required to suppress the unwanted spectral
components to a large extent.This filtering, in turn, reduces the effi-
ciency of converting the BB signal to the (sub-)THz domain due to
insertion loss and finite stopband attenuation. To compensate for
this loss, (sub-)THz amplifiers are frequently used.

Photodiodes, on the other hand, are reverse-biased and result
in a square-law detector behavior with respect to the optical input
field because the photocurrent is linearly proportional to the opti-
cal power. This leaves b≠ 0 as the only non-zero coefficient, and
the output of the mixer consists only of the second-order IMP
(𝜔1 ± 𝜔2) and a signal-to-signal mixing product (𝜔1 − 𝜔1,
𝜔2 − 𝜔2). This mixing term does not interfere with the (sub-)THz
frequencies (𝜔1 − 𝜔2) because it is located in BB. It is inherently fil-
tered out by the bandpass behavior of the (sub-)THzwaveguides or
antennas. Because it generates fewer unwanted spectral images, the
efficiency of a photodiode is higher than that of an electronic diode.
However, it is limited by spectral roll-off resulting in lower output
powers. Without HM and IMP interferences, the spectral purity
of optoelectronically generated signals is much more suitable for
broadband, high data rate communications. On the other hand,
higher (sub-)THz powers can be generated with electronic signal
generation, with output powers in the order of 1mW compared to
10 μW for optoelectronic approaches [20, 23].
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LOmodeling

A general difference in electronic and optoelectronic signal gen-
eration is the LO performance in terms of frequency stability,
amplitude fluctuation, and phase noise [24]. Oscillators are used to
generate periodic signals that serve as the phase reference for up-
and downconversion in mixer circuits. In the case of HM oscil-
lators, the reference signal takes the form of a single sinusoidal
tone s(t), at a specific frequency. Most electrical oscillators operate
on the basis of a feedback loop that incorporates a frequency-
selective filter consisting of capacitors, inductors, and negative
resistors through an active device. This combination creates a sus-
tained resonance at the oscillator’s desired frequency, given by f0 =
1/(2𝜋

√
LC), where L is the inductance and C is the capacitance.

Similarly, lasers are optical oscillators that rely on the concept
of resonating photons within an optical cavity to generate coher-
ent light at a predetermined resonant frequency. Within a gain
medium, the light undergoes amplification by stimulated emission
to produce a sustained oscillating frequency. In practical systems,
the sinusoidal signal with amplitude S and frequency 𝜔 = 2𝜋f
of both oscillator types is additionally affected by amplitude and
phase noise, represented as sn(t) and 𝜙n(t), respectively. These
noise components lead to a broadening of the signal spectrum,
resulting in deviations from the ideal, purelyHMbehavior [25, 26],
i.e.,

s(t) = [S + sn(t)] cos(𝜔t + 𝜙n(t)) . (4)

Amplitude noise sn(t) can be neglected in most cases because LOs
(electrically or optically generated) are typically designed with pre-
cise control over their amplitude through a feedback control loop
[27, 28]. A simple model for the phase noise 𝜙n(t) is aWiener pro-
cess [29, 30], which results in a Lorentzian power spectral density
with 3 dB bandwidth 𝛿f given by [22]

𝔏(Δf ) =
( 𝛿f

2
)
2

Δf 2 + ( 𝛿f
2

)
2 , (5)

normalized to 𝔏(Δf = 0) = 1 and Δf is the carrier offset fre-
quency [31]. Phase noise performance of oscillators is commonly
evaluated using two primarymetrics, linewidth and power spectral
density, which provide insights into spectral purity and frequency
stability.The linewidth refers to the spectral width of an oscillator’s
output signal and is typically measured in units of Hertz. It quanti-
fies the range of frequencies over which the power spectral density
of the signal falls to half its peak value (3 dB), often described in
terms of full-width at half-maximum, and is inherently used in the
Wiener process definition with 𝛿f . A narrower linewidth indicates
a higher coherence time, while a wider linewidth indicates greater
spectral spread and phase uncertainty. The power spectral noise
density, on the other hand, is expressed in dBc/Hz and represents
the level of unwanted spectral components at a given offset fre-
quency relative to the carrier signal in a given frequency bandwidth
B (typically B = 1Hz). Linewidth in oscillators reveals the spectral
width of a signal, providing insight into coherence and stability.
Power spectral noise density indicates the presence of unwanted
spectral components, including random fluctuations and spurious
signals, that deviate from the ideal sinusoidal carrier relative to
the carrier. Assuming a perfect Lorentzian power spectral density

the single-sided spectrum can be calculated from the noise power
density by [22]

𝔏(Δf ) =
P(Δf )|B=1Hz

P(Δf = 0)|B=1Hz
. (6)

The limited frequency range of electronic oscillators can be over-
come by subsequent mixer stages that further upconvert the gen-
erated reference tone. However, each upconversion stage increases
the phase noise by 20 log10(N) dB [32]. For example, in our sce-
nario, the frequency of the electrical oscillator is 8.33GHz, which
is upconverted to 300GHz by frequency multiplying by a factor
of 36. This increases the phase noise by 20 log10(36) ≈ 31 dB.
For typical electrical oscillators with phase noise in the range of
𝔏(Δf ) = −111 dBc/Hz at an offset frequency of Δf = 1MHz,
the increased phase noise corresponds to 𝔏(Δf ) = −80 dBc/Hz.
According to the Lorentzian approximation, this is equal to a
linewidth of about 200Hz. This is still considerably less than
the linewidth of a sophisticated laser, which is in the order of
1–100 kHz at a wavelength of 1550 nm [33–35]. Fortunately, the
impact of phase noise on a communication signal decreases as the
symbol rate increases. In addition, the implementation of appro-
priate receiver-side digital signal processing (DSP) can effectively
mitigate phase noise. As a result, phase noise is not a fundamental
limitation for high-speed (sub-)THz communication systems that
incorporate sophisticated receiver-side DSP [36] as described in
“DSP for THz channel and transceiver impairment compensation”
section.

Experimental THz communication setup

The assessment of (sub-)THz performance is based on two distinct
transmitter and receiver architectures. First, we compare electronic
and optoelectronic LO generation by measuring the phase noise.
Afterward, the electrical homodyne transmitter is compared to an
optoelectronic heterodyne one. Subsequently, an electrical homo-
dyne transmitter was compared to an optoelectronic transmitter
based on fiber optic signal generation. Finally, the performance
of an intradyne receiver was compared with that of a heterodyne
receiver using an optoelectronic (sub-)THz transmitter.

THz LO generationmeasurement

To assess the performance of the electrically and optoelectronically
generated LOs, we measured the phase noise. The single sideband
phase noise in 1Hz of measurement bandwidth (dBc/Hz) of the
electrical LO signal is measured at 8.33GHz [37]. In order to gen-
erate the desired 300GHz signal, a frequency multiplication factor
of 36 is used, which results in an enhancement of phase noise by
a factor of 20 log10(36) = 31.13 dB. The optoelectronically gener-
ated LO is measured using a laser with a frequency of 193.5 THz.
The downconversion to 300GHz is accounted for by adding
20 log10(2) = 6.02 dB because of the mixing of two uncorrelated
lasers with identical linewidth. Despite the increase in phase noise
power for the electronically generated 300GHz LO compared to its
optoelectronically generated counterpart, the resulting phase noise
is still 23.1 dBc/Hz lower for offset frequencies above 30 kHz. The
measured and corrected (sub-)THz LOs phase noise power spectra
are plotted in Fig 4. This evaluation states that the phase noise of
the optically generated (sub-)THz LO signal is higher than that of
the electrically generated LO signal.
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Figure 4. Oscillator phase noise measurement for the upconverted 8.33 GHz
electrical (sub-)THz oscillator and the optoelectronically generated (sub-)THz
oscillator by beating two lasers in a broadband photodiode. Frequency drift of the
local oscillator laser and calibration control loops in the measurement setup
(LWA-1k 1550, HighFinesse) result in reliable phase noise estimates only above
3 kHz.

Electronic homodyne transmitter

In the first phase of our evaluation, we examine the performance
of a (sub-)THz transmission system using an electrical (sub-)THz
signal transmitter, as depicted in Fig. 11(c). The (sub-)THz trans-
mitter used in this context is a 300GHz intradynemillimeter-wave
front-end module designed for wireless point-to-point communi-
cations by the Fraunhofer Institute for Applied Solid State Physics
IAF [38]. This transmitter is fed by an external 8.33GHz signal
generated by a synthesizer (Anritsu 68377B) which is frequency
multiplied ×12 to produce a 100GHz tone [32]. An additional
isolator (ISO) and a narrow-band bandpass filter are added to
suppress unwanted frequency components in the LO generation
and to ensure perfect matching between the units by prevent-
ing back reflections in the ×12 module. This reduces the gen-
erated HM drastically. Within the direct-conversion homodyne
monolithic microwave integrated circuit (MMIC) I/Q mixer, the
100GHz signal undergoes a ×3 frequency multiplication to gener-
ate the 300GHz (sub-)THz carrier. An arbitrary waveform gener-
ator (AWG, Keysight M8194A) is used to generate the BB transmit
signal. The THz signal is amplified by a three-stage PA in the I/Q
transmitter module before being transmitted by a standardWR 3.4
horn antenna (VDI), followed by a PTFE lens (Thorlabs LAT200)
to further focus and direct the transmitted beam.

Optoelectronic heterodyne transmitter

In the second (sub-)THz transmitter, electrical I/Q signals are gen-
erated by the same AWG (Keysight M8194A) at a sampling rate
of 120GSa/s. These signals are then modulated onto the opti-
cal carrier operating around 1550 nm using an electro-optic I/Q
modulator (Fujitsu FTM7992HM). The modulated optical signal
is systematically amplified to 17.5 dBm using an EDFA (LiComm
pOA). To mitigate the out-of-band ASE noise from the EDFA, an
optical bandpass filter with a bandwidth of 1 nm is used. In order to
downconvert the optical signal to the 300GHz carrier frequency,
it is optoelectronically mixed in a UTC-PD (NTT/NEL J-Band
mixer) with the second laser having a 300-GHz frequency offset
[19]. A VOA and an additional EDFA (Thorlabs 100P) are used
to set the UTC-PD input power to 10 dBm. The (sub-)THz signal
is again transmitted using the same WR 3.4 horn antenna and a
plano-convex PTFE lens as shown in Fig. 5.

Figure 5. Optoelectronic heterodyne transmitter using a uni-travelling carrier
photodiode (UTC-PD) for broadband (sub-)THz signal generation [15].

Figure 6. Heterodyne (sub-)THz receiver using a Schottky barrier diode (SBD) for
signal downconversion with optoelectronically generated receiver local oscillator
(LO) [15].

Heterodyne THz receiver with optoelectronically generated LO

The heterodyne receiver with an optoelectronically generated LO,
as shown in Fig. 6, is based on a Schottky barrier diode (SBD,
VDI ZBD-F40) as a nonlinear (sub-)THz mixing device. The ref-
erence mixer tone at 275GHz is generated by photomixing two
low-phase-noise optical tones in an UTC-PD, similarly to the mix-
ing performed in the optoelectronic transmitter. A PTFE lens and
a WR 3.4 horn antenna, identical to those used in the transmit-
ter, are used to receive the free-space (sub-)THz wave. Before the
(sub-)THz signal is downconverted by the WR 3.4 SBD to an IF of
25GHz, it is pre-amplified by anH-band (260–340GHz) low-noise
amplifier (LNA, Radiometer Physics H-LNA 250-350). The LO
generated by the UTC-PD is added to the amplified received sig-
nal in a WR 3.4 waveguide power combiner. The resulting 25GHz
IF signal is amplified by 11 dB with a broadband amplifier (SHF
827A) and captured on a single channel of a real-time oscilloscope
(Keysight UXR0804A).

Intradyne THz receiver with electronically generated LO

The second receiver, using the same WR 3.4 horn antenna and
PTFE lens, was configured with an electronic intradyne receiver.
This receiver is built around a packaged GaAs MMIC, provided by
the Fraunhofer Institute for Applied Solid State Physics IAF [38].
The primary function of this receiver is to convert the 300GHz sig-
nal directly into a complex BB.This conversion is achieved by using
an electrically generated 300-GHz LO tone. The receiving module
consists of a frequency tripler as well as an I/Q demodulator and an
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Figure 7. Intradyne (sub-)THz receiver based on GaAs I/Q receiver MMIC and
electronic LO generation [15].

LNA.TheMMIC receiver module is fed by the 100-GHz reference
tone [23] generated by a signal generator extender (SGX, VDI
WR10SGX) frequency multiplier module driven by a 16.66-GHz
tone. Again, the performance is enhanced by an ISO and a band-
pass filter as well as a variable waveguide attenuator, which are used
in the 100-GHz path to optimize power and signal quality. Two
channels of the real-time oscilloscope are used in conjunction with
two broadband RF amplifiers (SHF 827A) to capture the received
I/Q signals. A photograph of the intradyne receiver is shown
in Fig. 7.

DSP for THz channel and transceiver impairment
compensation

At the transmitter, binary information is mapped to either 4 or
16 complex-valued symbols (QPSK/16 QAM). The transmitted
sequence is based on a pseudorandom binary sequence (PRBS15)
that has a length of 215–1 bits. The signal, which is upsampled
and filtered with a time-domain root-raised-cosine filter having a
roll-off factor of r = 0.1, is converted into the analog domain by
means of two digital-to-analog converters in order to produce a
complex baseband signal. For both, the electronic and optoelec-
tronic (sub-)THz transmitter, the BB signal is modulated onto a
single carrier at 300GHz. Waveforms of 224 samples are recorded
at the receiver with the oscilloscope operating at a sampling rate
of 256GSa/s. Subsequently, fully blind digital signal processing
algorithms, as depicted in Fig. 8, are applied offline on a PC (i.e.,
not in real-time). For the heterodyne receiver, the BB signal is
generated through digital downconversion of the IF signal to BB.
After resampling the waveforms to a nominal value of two sam-
ples per symbol, a feedforward timing recovery [39, 40], based on
the algorithm proposed by Barton & Al-Jalili, is utilized to cor-
rect any remaining clock frequency and phase offset between the
transmitter and receiver. A time-domain linear equalizer with 51
half-symbol-spaced taps is then used as an adaptive receiving fil-
ter. A single output sample is calculated for each symbol and the
equalizer coefficients are blindly adjusted using the constant mod-
ulus algorithm (CMA).TheCMA is a stochastic gradient algorithm
thatminimizes the radial expected value (E) spread of the equalizer
output 𝜖 [41]

𝜖2 = E(∣∣y(n)∣
2

− A2∣
2
) . (7)

With y(n) representing the complex equalizer output andA denot-
ing the intended modulus. The CMA converges before the carrier
is recovered due to radial convergence and residual phase uncer-
tainty. To estimate and compensate the frequency offset we use
the algorithm proposed in [42]. In a first step, the received sam-
ples are raised to the fourth power (⋅)4 in order to remove the
modulation. Next, the result is multiplied with its delayed z−1 and
complex conjugated (⋅)* version. The outcome is averaged over
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2Sa /Sym
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Recovery

Adaptive

Equalizer

Carrier
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Figure 8. Receiver digital signal processing chain.
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Figure 9. Digital signal processing steps for the carrier recovery. Subset (a)
illustrates the frequency offset estimation and (b) the phase noise estimation.

M symbols to reduce noise. Finally, the frequency offset Δf (n)
is determined by extracting the resulting argument and dividing
it by four. In particular in optoelectronic (sub-)THz communica-
tions, it is essential to account for the frequency drifts resulting
from the higher frequency variations between the signal and LO
laser. After compensating for the frequency offset, the phase noise
Δ𝜑(n) is estimated utilizing the Viterbi–Viterbi algorithm [43].
The received symbols are raised to the fourth power (⋅)4 and the
resulting phase error is averaged over M = 129 symbols. After
unwrapping, a delayed copy of the received symbols is used to
compensate for the phase error. The steps for the carrier recovery
are shown in Fig. 9. Finally, to compensate for residual I/Q imbal-
ance and skew introduced at the transmitter, a real-valuedmultiple
input multiple output post-equalizer is employed. The coefficients
of the equalizer are adapted utilizing the decision-directed least-
mean-squares algorithm [44]. The performance of the system is
evaluated by making a hard decision on the received symbols and
comparing them to the transmitted sequence in order to determine
the signal-to-noise-and-distortion ratio (SNDR) and the resulting
bit error ratio (BER).Whilewe originally developed our algorithms
forQPSKmodulation, we have found that they perform reasonably
well for 16 QAM and 8 QAMmodulation as well.

Transceiver evaluation based on measurement results

To assess the performance of the optoelectronic and electronic
(sub-)THz transmitters in conjunction with the intradyne receiver,
which employs an electrically generated 300GHz LO, and the het-
erodyne receiver, which utilizes an optically generated 275GHz
LO, a transmission was established in an indoor hallway setting
spanning a distance of 52m. A diagram illustrating the experi-
mental arrangement of the introduced transmitter and receiver
concepts is displayed in Fig. 11. First, we compare the phase noise
variance between the two proposed receiver schemes, one with
optoelectronic LO generation and the other all-electronic. In addi-
tion to measuring the linewidth of both LOs depicted in Fig. 4, we
transmitted a QPSK signal at 5GBd and detected it with one of the
two receiver schemes. The DSP algorithms described in “DSP for
THz channel and transceiver impairment compensation” section
are then applied to evaluate the phase noise evolution. Figure 10
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Figure 10. Exemplary phase noise evolution estimated on one sample per symbol
for an electrically and optically generated local oscillator at the receiver [15].

shows the estimated carrier phase walk for the optoelectronically
and all-electronically generated oscillator tones. As expected, we
observe slightly faster variations when the optoelectronic LO is
utilized. Blind phase recovery for single-carrier transmission can
effectively handle phase noise up to a linewidth-to-symbol-rate
ratio of about 10−4, as shown in a previous study [45]. This trans-
lates to tolerable linewidths of 500 kHz, 3MHz, and 6MHz for
symbol rates of 5GBd, 30GBd, and 60GBd, respectively. Under
a Wiener phase noise model with a Lorentzian power spectrum,
the stated values correspond to −52 dBc/Hz, −36.5 dBc/Hz, and
−30.5 dBc/Hz at a 100MHz offset frequency [22]. Commercially
available lasers and electronic oscillators are capable of meeting
these phase noise specifications easily. In our experiment, mea-
surements were conducted under QPSK and 16 QAM schemes,
resulting in symbol rates up to 60GBd, transmitted over the 52m
(sub-)THz link. The findings of the study are presented in Fig. 12.
The evaluation of the (sub-)THz link performance is based on the
SNDR as a function of symbol rate and the resulting BER. For
the combination of an optoelectronic transmitter with an elec-
tric intradyne receiver, our measurement performance was par-
ticularly noteworthy. For this architecture, a maximum SNDR of
23.2 dB was achieved when operating at a symbol rate of 5GBd
using QPSK as the modulation format. This value exceeds the

SNDR of the heterodyne receiver architecture by approximately
6 dB at the same symbol rate. A decrease in performance by 3 dB
is expected between intradyne and heterodyne receivers due to the
increase in direct detection noise power from the image frequency
band.The limited power adjustability of the optically generated LO
caused the remaining 3 dB degradation. This results in a subopti-
mal carrier-to-signal power ratio, leading to a high carrier-carrier
beating and a lower intended carrier-signal mixing. Ultimately,
this leads to a reduction in SNDR. HMs and IMPs generated in
the electronic transmitter reduce the SNDR by about 5 dB com-
pared to the optoelectronically generated (sub-)THz signal. For the
16 QAM modulation scheme, the SNDR performance showed a
slight decrease across all transceiver architectures due to nonlinear
distortions in the transceiver and less optimal convergence of
the DSP algorithms. As expected, the SNDR decreased as sym-
bol rates increased, resulting in a higher BER for all architectures.
The overall best performance was achieved with the UTC-PD
transmitter and the intradyne coherent receiver. For increased
bandwidth, we observed a gradual decrease in SNDR of roughly
10 dB between a symbol rate of 5GBd and 60GBd. We attribute
this decrease to the increased noise bandwidth in proportion to the
symbol rate. These insights underscore the fundamental trade-offs
involved in the design of high-speed wireless and wired com-
munication systems. Achieving optimal performance necessitates
a careful balance between symbol rate, modulation scheme, and
transceiver architecture. By comparing the received and demod-
ulated bit sequence with the transmitted sequence, the BER is
calculated. In Fig. 13, we present the resulting values for the
three different transceiver architectures based on symbol rate. We
assume that the remaining bit errors can be corrected by a forward-
error-correction (FEC) scheme. Considering a pre-FEC BER limit
of 2 × 10−2 [46] all the bit errors measured for the optoelec-
tronic and electric transmitter can be corrected. Thus, we have
demonstrated a record-breaking line rate of 200Gbit/s over a 52-
m-long (sub-)THz link by receiving a 50-GBd 16 QAM signal
with the optoelectronic transmitter and the intradyne receiver.

a) b)

c) d)
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Figure 11. Transmission setup: In subset (a), the photonic transmitter is depicted, comprising two lasers, L1 and L2, an optoelectronic I/Q modulator, an erbium-doped
fiber amplifier (EDFA), a 3 dB coupler, a variable optical attenuator (VOA), and an uni-traveling carrier photodiode (UTC-PD). Subset (b) illustrates the photonic single-ended
heterodyne receiver, which includes two lasers, L3 and L4, an optical and an electrical 3 dB coupler, an UTC-PD, a SBD, and a low noise amplifier (LNA). The electronic
transmitter is illustrated in (c). It consists of an integrated MMIC modulator and power amplifier (PA) pumped by an electrical 8.33 GHz oscillator. In subset (d), the intradyne
receiver is presented, featuring an integrated MMIC demodulator and LNA, an electrical 16.666 GHz oscillator, a ×6 VDI-SGX frequency extender, an isolator, and a bandpass
filter. The inset spectrum in subset (a) displays the optical power spectrum in front of the UTC-PD.
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Figure 12. Measured signal-to-noise-and-distortion ratio (SNDR) after digital signal
processing for optoelectronic (OE) transmitter (Tx) with intradyne (I) all-electric (E)
and heterodyne (H) optoelectronic (OE) generated local oscillator receiver (Rx). For
the all-electric transmitter (Tx) the coherent all-electric (E) intradyne (I) receiver (Rx)
is used. The gray line indicates the SNDR reduction caused by increasing signal
bandwidth.

Figure 13. Measured bit error ratios versus symbol rate for QPSK and 16 QAM using
the optoelectronic (OE) transmitter (Tx) with intradyne (I) all-electric (E) and
heterodyne (H) optoelectronic (OE) generated local oscillator receiver (Rx). In
addition the all-electric transmitter (Tx) is combined with the coherent all-electric
(E) intradyne (I) receiver (Rx).

Figure 14. Measured data rates at (sub-)THz frequencies for various distances
according to their publications.

For the heterodyne receiver, the achievable symbol rate is lim-
ited to 10GBd for 16 QAM and 20GBd for QPSK. This corre-
sponds to a bit rate of 40Gbit/s. For the electronic transmitter, a

maximum of 120Gbit/s was achieved by transmitting a 60GBd
QPSK modulated symbol sequence. To conclude the experimen-
tal findings, we can state that electronic approaches, while offering
the potential for monolithic integration, are plagued by spurious
tones due to higher order nonlinearities that reduce the SNDR.
In contrast, optoelectronic (sub-)THz generation, exploiting the
square-law nonlinearity found in components such as UTC-PDs,
results in improved signal integrity. In addition, the availability
of mature electro-optic components from fiber optics, including
lasers and high-bandwidth electro-optic modulators increases the
commercial appeal of optoelectronic solutions. In addition, greater
frequency agility in optoelectronic signal generation can enable
frequency-based beam steering, e.g., in leaky wave antennas, in
a fixed-to-mobile communication application. To overcome the
challenge of free-space path loss at such high carrier frequencies,
which scales with both the square of the distance and the square of
the carrier frequency, highly directional antennas are used for suc-
cessful transmission over long distances, typically requiring precise
alignment of the transmit and receive antennas. Consequently,
long-distance (sub-)THz transmission is primarily suited for fixed-
to-fixed communication links [21]. As demonstrated in this work,
a line rate of 200Gbit/s represents a new record for a distance
of 52m. It is worth noting that higher line rates have only been
achieved over distances of less than 2m, therefore, limiting their
applications in communication [7, 8].The different line rates at dif-
ferent distances of previous works [6–12, 14, 17–19, 38, 47–53] are
shown in Fig. 14. Transmission rates at distances exceeding 30m
typically fall within the range of 150Gbit/s and below [6, 9–14].

Summary

Based on our analytical and experimental results comparing opto-
electronic and electric (sub-)THz signal generation, we concluded
that the optoelectronic generation is advantageous when using
mature electro-optic modulators in combination with an ultra-
broadband square-law detector. This combination results in a
relatively clear transmitted signal. Integration of an electronic
intradyne receiver MMIC and blind feedforward DSP results in
a record-high data rate of 200Gbit/s at a carrier frequency of
300GHz using a single carrier modulation. It is noteworthy that
the performance was roughly 5 dB lower with an electronic intra-
dyne transmitter due to its higher nonlinearity and HMs causing
bandwidth limiting effects. For the indoor fixed-to-fixed transmis-
sion experiment the distance was limited to 52m. Nevertheless,
incorporating a (sub-)THz PA at the transmitter has the poten-
tial to extend these distances up to 200m and more. To poten-
tially simplify the receiver structure, we examined a single-ended
heterodyne scheme that includes a novel, optoelectronically gen-
erated LO technique at the receiver. Our findings indicate a
roughly 6 dB reduction in SNDR with this receiver configura-
tion. Nonetheless, the adverse effect can be improved through
optimization of the LO-to-signal power ratio and including sup-
plementary Kramers–Kronig signal processing in the receiver
structure [6, 53]. Our study highlights that even with the use
of an optoelectronically generated LO, phase noise does not
pose a significant limitation when modern digital phase-recovery
algorithms are utilized. The analytical and experimental holistic
comparison of optoelectronic and all-electric signal generation
under comparable conditions presented in this work can serve
as a guideline for future fundamental design considerations for
sixth-generation high-capacity fixed-to-fixed (sub-)THz mobile
networks.
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