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ABSTRACT The choice of modulation techniques for next-generation communications in the sub-terahertz
and terahertz bands remains largely unresolved. A variety of traditional and new schemes show promise,
but the question remains open on the illustrative comparison process for realistic terahertz systems. While
there are some preliminary studies in this area, we emphasize that the peculiarities of terahertz hardware
necessitate a scheme that (i) is resistant to system-wide phase noise (PN) and (ii) has a low peak-to-average
power ratio (PAPR). Therefore, in this article, we present a comprehensive methodology to carefully
model and jointly study the impacts of PN and PAPR on the performance of candidate modulations for
terahertz links. We first deliver a mathematical model for sub-terahertz/terahertz phase noise impairments
at 130 GHz, 225 GHz, and 1.02 THz based on measurements from actual terahertz hardware. We then
introduce the PAPR penalty — an approach for fair comparison of bit error rate (BER) and spectral
efficiency (SE) of modulation schemes with different PAPRs. We finally combine these two effects to
comprehensively study the characteristics of single and multi-carrier modulation schemes for terahertz
communications. Our study reveals that analyzing PAPR and PN jointly is paramount: accounting for only
one leads to major deviations in the numerical results and misleading conclusions on best modulation
choice(s). The delivered framework and evaluation should facilitate further studies, leading to a well-
motivated selection of the most suitable modulation scheme(s) for prospective sub-terahertz and terahertz
radio systems.

INDEX TERMS Digital modulation, OFDM, OTFS, PAPR, phase noise, terahertz communications.

. INTRODUCTION

OOKING ahead to 6G/7G communications, it is pro-

jected that systems will continue to migrate to higher
frequencies, namely, the sub-terahertz (100 GHz-300 GHz)
and terahertz (300 GHz-3 THz) bands. These bands promise
larger contiguous swaths of bandwidth and higher data rates,
eventually supporting terabit-per-second links [1], [2], [3],
[4]. The faster communications enabled by the terahertz band

will be essential to the development of new technologies
and use cases in a variety of applications including, but not
limited to, health, military, and entertainment [5], [6], [7].
Choosing the appropriate modulation technique(s) is
fundamental when adopting new frequency bands for com-
munications. While many existing modulation schemes
have already been comprehensively evaluated at lower
frequencies, terahertz systems come with their own set of
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unique challenges [8], motivating the analysis of modulation
schemes and their performance trade-offs with respect to
the terahertz-specific peculiarities and limitations. There are
numerous good articles modeling and analyzing the tera-
hertz channel properties for communications. For example,
theoretical and simulation-based studies, including [7], [9],
[10], [111, [12], [13], [14], [15], among many others, show
that a variety of scenarios and applications for terahertz
communications must be considered, as the terahertz channel
is notably different among them. This is further corrobo-
rated by the extensive measurement campaigns conducted
in [1], [12], [14], [16], [17], [18] and many other studies,
which show different results depending on the environment.
Complementing the mainly channel-centric studies above,
in this article, we focus primarily on hardware effects,
specifically, phase noise (PN) and peak-to-average power
ratio (PAPR). Both appear to be important for terahertz
communications but are often overlooked in pure channel-
centric studies when evaluating the performance of terahertz
wireless systems in different scenarios.

Modern terahertz hardware suffers from several impair-
ments. Practical systems exhibit frequency-selectivity and
non-linearity [19], [20], which cause distortions in the
transmitted signals. Pre-distortion techniques are well stud-
ied [21], [22] and can help compensate for this effect. High
PN is also observed in terahertz hardware [23] attributed to
noise in the active components of local oscillators (LOs) as
well as within frequency multipliers. While a phase-locked
loop can mitigate this effect, it significantly adds to the
overall system complexity. Additionally, even state-of-the-
art power amplifiers have limitations and are sensitive to
intense fluctuations in power levels [24]. Over-saturation
of the amplifier can lead to non-linear distortions or even
equipment damage, limiting the transmit power. With this,
the PAPR of a signal becomes an important metric as signals
with a lower PAPR can be transmitted at a higher power.

Along with the challenges of terahertz systems, signals
at these frequencies will be much different than sub-6 GHz
systems: larger spectrum availability ultimately means that
signals will occupy more bandwidth, with multi-GHz band-
width [25]. Because of these factors, we must evaluate the
physical layer design choices for terahertz systems and select
modulation methods that not only enable high data rates
required for 6G/7G applications but also meet the demands
of terahertz system considerations. In this work, we focus on
considerations related to hardware impairments (resistance
to PN and inherently low PAPR). We show how each
effect on its own contributes significantly to performance.
We also demonstrate the importance of joint evaluation,
providing a method for analyzing modulation schemes for
their suitability with terahertz-band systems.

A. RELATED WORKS ON MODULATION SCHEMES FOR
TERAHERTZ

Many modulation schemes have been proposed and evaluated
for use in higher bands. Current 4G and 5G New Radio
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(5G NR) systems rely mainly on Orthogonal Frequency
Division Multiplexing (OFDM) because of its robustness
to frequency selectivity and spectral efficiency (SE). While
it is shown that OFDM can be adapted for terahertz-
band systems [26], its performance is non-ideal in certain
regimes [27] (as also further illustrated in the article).
Therefore, many researchers are looking into alternatives and
variations on OFDM as potential better candidates for tera-
hertz systems. In [28] single versus multi-carrier candidates
are introduced for use in the terahertz band including OFDM,
Discrete Fourier Transform-Spread-Orthogonal Frequency
Division Multiplexing (DFT-s-OFDM), Orthogonal Time
Frequency Space (OTFS), Discrete Fourier Transform-
Spread-Orthogonal Time Frequency Space (DFT-s-OTFES),
as well as Universal Filtered Multi-Carrier (UFMC), Filter-
Bank Multi-Carrier (FBMC), and Generalized Frequency
Division Multiplexing (GFDM).

DFT-s-OFDM and OTFS have emerged as popular alter-
natives to OFDM. DFT-s-OFDM is a single-carrier take on
OFDM that inserts a pre and post-processing discrete Fourier
transform (DFT) block into OFDM [29]. DFT-spreading has
become a popular choice for reducing the PAPR of OFDM
with many variations proposed including generalized, zero-
tail, zero-word, enhanced, guard-interval, and unique-word
DFT-s-OFDM [30], [31], [32], [33], [34], [35], all with their
own set of advantages and disadvantages. Applying DFT-
spreading to other schemes, like OTES is also proposed with
promising results for bit error rate (BER) improvement and
PAPR reduction [36], [37]. For this work, we focus only
on DFT-s-OFDM. On the other hand, OTFS has garnished
attention for next-generation modulation [38], its use of the
delay-Doppler domain for high-mobility applications [39],
and better performance in PN [40].

In addition, traditional techniques like spread spectrum
are proposed to both exploit the large available bandwidth
at terahertz frequencies and enable covert communications
that are harder to detect [41]. Recently, two different
approaches to spread-spectrum communications at sub-
terahertz frequencies have been designed and experimentally
demonstrated, namely, direct-sequence spread spectrum
(DSSS), aimed at facilitating coexistence between active and
passive users of the spectrum [42], and chirp spread spectrum
communications, which enhanced robustness against narrow-
band absorption and interference [43]. Additional work has
also been done on constellations for single-carrier schemes
for terahertz frequencies. For example, most of the long-
range experimental works rely on phase-only modulations
(e.g., phase-shift keying (PSK) [44]), or conventional quadra-
ture amplitude modulation (QAM) (e.g., [45]). In addition, to
precisely reduce the PAPR of QAM modulations, carefully
designed amplitude and phase-shift keying (APSK), which
encode the information in symbols across multiple concentric
rings, have been optimized [46] and are now part of the
sole existing standard for terahertz communications [47].
Still in the realm of single-carrier modulations, hierarchical
bandwidth modulations and bandwidth-aware evolution of
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concatenated or hierarchical modulations have been proposed
as a way to encode multiple bit-streams for different users
along the same direction, leveraging molecular absorption as
in-channel spatial filter [48].

Complementing the works advocating for one or two
solutions, several studies on evaluating the suitability of var-
ious modulation schemes for terahertz radios have recently
appeared. Among others, Taraboush et al. [28] extensively
analyzed each scheme regarding a variety of parameters
such as PAPR, out-of-band emissions, spectral efficiency,
and complexity. However, the study focuses on evaluating
the parameters individually while, in real terahertz hardware,
the effects come jointly. Similarly, [49] evaluates single-
carrier modulation schemes in the presence of varying PN
levels and delivers the key performance indicators, such
as error vector magnitude (EVM) and BER among others.
This is an important work, but it only studies the effects
individually and utilizes a simplistic PN model not tailored
to the specifics of real terahertz hardware. There are other
works on the suitability of different terahertz modulation
schemes in different contexts (e.g., [S0] and [51], among
others), however, to the best of our knowledge, our work
is the first of its kind to provide a joint analysis of the
effects of PN and PAPR effects based on practical system
observations.

B. NOVELTY AND CONTRIBUTION

In our work, we deliver an evaluation framework to analyze
the joint impact of terahertz hardware peculiarities on the
performance of different modulation schemes. We start with
properly modeling the PN and then examine the implications
of higher and lower PAPR characteristics. We finally evaluate
the two effects combined to understand what techniques are
applicable for use in the terahertz band.

There are two major novelties of this work. First, as
discussed above, the prior studies on modulations for
terahertz primarily rely on simplistic linear PN models, as
there is no comprehensive PN model tailored to sub-terahertz
and terahertz radio. For instance, the widely adopted 3GPP
PN models described in [52] and [53] are only valid for up
to 71 GHz. We address this issue in the present manuscript
by a combination of field measurements using real sub-
terahertz and terahertz hardware with numerical modeling
efforts. We use the measured phase noise characteristics to
tailor the parameters of one of the agreed 3GPP models
in [53] (specifically, the one proposed by Samsung in [54])
to match the characteristics of real sub-terahertz systems.

Second, while most of the prior studies talk about both
PAPR and PN, they typically analyze them separately with
different methodologies. While this information is useful,
modulation choice remains difficult; performance tradeoffs
arise when evaluating modulations under the lens of one
design consideration at a time, so the answer remains
obfuscated by the lack of a synthesized analysis. In this
study, we propose a constructive method to account for
both the PAPR and PN resistance within a single evaluation
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by exploiting the power reduction due to high PAPR as a
PAPR penalty, as further detailed in the article. The delivered
models and methodology to jointly capture the effects of
PN and PAPR in terahertz systems can be partially reused
in follow-up studies focused on other important aspects,
including terahertz beamforming and terahertz hardware
design, among others.

The key contributions of this article are thus:

o Utilizing the real hardware measurement data, we
introduce phase noise models specific for the tera-
hertz hardware operating at 130 GHz, 225 GHz, and
1.02 THz. The models stem from those adopted by the
3GPP but are better tailored to the characteristics of
terahertz band equipment.

o We introduce an evaluation framework to study the
characteristics of a terahertz communication system
when jointly accounting for the effects of PN and PAPR.

« We apply the developed framework to numerically char-
acterize the performance of a terahertz communication
system with various modulation schemes, identifying
the promising choices for different configurations.

The remainder of this paper is organized as follows: We

discuss each candidate modulation technique in Section II.
In Section III we describe PN, existing models, our measure-
ments, and our proposed model parameters. In Section IV,
we introduce PAPR limitations and describe our performance
penalty for signals with high PAPR. Further, we present the
numerical results of each signal in the presence of PN, PAPR,
and both PN and PAPR combined in Section V. Lastly, we
summarize and conclude the paper in Section VL

Il. MODULATION CANDIDATES FOR TERAHERTZ

Several candidate modulations, both single and multi-
carrier, are under consideration for prospective terahertz
communication systems. In this work, we will evaluate a
subset of the most popular techniques. For single-carrier
modulations, we assess basic techniques including QAM,
PSK, and APSK. These schemes are fundamental digital
communication schemes to modulate the information, where
APSK is well known for low PAPR while having high
spectral efficiency [46].

In addition, we consider DSSS, and DFT-s-OFDM as other
single-carrier techniques. For multi-carrier systems, OFDM
is naturally a contender for terahertz-band communications,
in addition to exploring newer schemes, in particular, OTFS.
We provide block diagrams for each in Fig. 1. Therein, for
simulation, we consider the baseband equivalent of the cor-
responding radio frequency bandpass signal in the terahertz
band with the respective amplitude and PN. Furthermore, we
focus on the hardware impacts and omit the channel effects,
as these drastically change with the scenario, i.e., from a
crystal-clear line-of-sight channel in an absorption-defined
window to a frequency-selective channel due to multipath
propagation or proximity to absorption lines. Additionally,
the functional blocks required for practical transmission such
as up and down-conversion, pre and post-processing, addition
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FIGURE 1. System block diagrams of DSSS, OFDM, DFT-s-OFDM, and OTFS.

of pilots, and equalization are omitted for clarity purposes.
Each of these modulation schemes has specific advantages
and drawbacks, which makes it difficult to determine the best
candidate for terahertz communications. In the remainder of
this section, we briefly describe the key elements of each of
the aforementioned schemes.

A. PSK, QAM, AND APSK

PSK, QAM, and APSK are digital modulation processes
that convey data by changing either the phase or both the
amplitude and phase of the carrier wave. With PSK, only
the phase is modified to represent a different symbol. This
results in a constellation that consists of uniform angular
spacing between points. The simplest cases of this are
binary phase-shift keying (BPSK) and quadrature phase-shift
keying (QPSK). Because there is no change in amplitude,
all of the symbols are transmitted with the same energy,
meaning PSK signals will not have PAPR implications.
For QAM and APSK, both amplitude and phase changes
indicate a new symbol. QAM has a rectangular grid of
equal vertical and horizontal spacing between each point.
In APSK, the constellation grid is different concentric
circles with equal spacing between points in each ring and
flexibility for the number of rings and symbols in each
ring. Therefore, for a given value of modulation order, M,
M-QAM, and M-APSK possess higher PAPR in contrast to
M-PSK schemes. However, both M-QAM and M-APSK have
a lower BER compared to PSK in additive white Gaussian
noise (AWGN) channels due to the higher spacing between
constellation points. Further, for APSK, we can trade off
error performance with PAPR by choosing the number of
rings within the constellation [46].

B. DSSS
In DSSS, modulated data is multiplied or spread with a
known, pseudo-random spreading sequence of =+1s. This
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deliberately increases the bandwidth of the signal and results
in a noise-like transmission. This approach is commonly
used in low probability of intercept (LPI) communications
— when the information is “de-spread” via correlation of
the spreading sequence at the receiver, the information
is restored while interference is reduced. Fig. 1 features
the block diagram for a DSSS system. In our work, we
use maximum length sequences (MLSs) as our spreading
codes. MLS sequences are binary pseudo-random codes that
are generated by maximal linear-feedback shift registers
(LFSRs). The length of the spreading sequence affects the
spectral efficiency of the signal: for the same bandwidth,
more spreading of the original signal means the data is sent
at a slower data rate, thus reducing spectral efficiency.

C. OFDM
OFDM is a very popular modulation method utilized in 4G
and 5G communications. Modulated symbols are assigned
to orthogonal sub-carriers and transmitted simultaneously.
Because of this, OFDM is usually robust in frequency-
selective environments and has decisive spectral efficiency.
At the same time, its PAPR is high as well due to the use of
the inverse fast Fourier transform (IFFT) operations; linear
combinations of many QAM symbols involved in the IFFT
operation can create large and highly varying peaks in the
output signal [55]. The block diagram in Fig. 1 shows how
symbols are assigned to each sub-carrier and changed into
the time-domain symbols using the IFFT,
() =+ Ni X(k) >IN (1)
=5 ,
k=0

where x(¢) are time domain samples, X(k) are frequency
domain signals, and N is the number of subcarriers.

The addition of a cyclic prefix or guard interval helps
reduce inter-symbol interference by adding a buffer zone
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in each OFDM symbol that is a repetition of a certain
percentage of the data appended to the symbol. The length
of the cyclic prefix can be adjusted depending on the channel
conditions: a more severe channel calls for a longer cyclic
prefix (increased overhead). For our evaluation, we set the
cyclic prefix size to 5% of the symbol size; complete removal
of the cyclic prefix hinders performance while a reduced size
has minimal degradation as demonstrated in [26]. To recover,
the steps occur in reverse: the cyclic prefix is removed,
then the fast Fourier transform (FFT) is performed and the
payload symbols get recovered.

D. DFT-S-OFDM

DFT-s-OFDM essentially adds an extra DFT pre/post-
processing block to OFDM systems, as shown in Fig. 1. In
contrast to OFDM, the precoding leads to a single-carrier
transmit signal. The sequence of bits transmitted is mapped
to a complex constellation (like QAM, QPSK, APSK), which
is then passed through a DFT block. The DFT size must
be less than the number of OFDM subcarriers [29]. From
here, the output is mapped to different OFDM subcarriers
and passed through an N-point IFFT, before adding a cyclic
prefix and sending it through the channel. Due to the “single-
carrier nature” of the DFI-s-OFDM, its PAPR also gets
reduced compared to a pure OFDM. However, this comes
with the trade-off of reduced spectral efficiency. DFT-s-
OFDM is used in 4G-LTE/5G-NR uplink.

E. OTFS
Designed with high-mobility scenarios in mind, in OTFS,
symbols are considered in the delay-Doppler domain, rather
than the time-frequency domain. In the OTFS transform, two
main steps occur: (i) the inverse symplectic finite Fourier
transform (ISFFT) followed by (ii) the Heisenberg transform,
which forms the time domain signal [56]. Starting with the
M x N grid of modulated symbols in the delay-Doppler
domain with entries X[m, n], for m = 0,...,M — 1 and
n=0,...,N—1, the ISFFT given by
| Nelm-l /2n(ﬂ—ﬂ’)
Xell k] = — X[m,n]e " \N M 2)
’ JNM ;0 ,;)
converts the symbols into NM time-frequency domain
samples, X[l k] for[=0,...,M—1land k=0,...,N—1.
Essentially, the ISFFT is a 2D transformation that takes the
DFT of the columns of X and an inverse discrete Fourier
transform (IDFT) of the rows. From here, the Heisenberg
transform is applied to get the transmit signal, s(¢), so that
N—1M—1
s(f) = Z Z X[l K] 2N G—KT) 3)
k=0 =0

where Af is the spectrum spacing which is equal to the
bandwidth divided by the M number of subcarriers/delay
bins, B/M and T is the block duration. The delay and
Doppler bin sizes can be chosen strategically based on
channel characteristics.
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At the receiver, the Wigner transform forms the time-
frequency domain received samples, Y, by essentially
match-filtering and sampling the points. This is followed by
the symplectic finite Fourier transform (SFFT),

| Mol —jzn(%—ﬂ’)
Yim,nl= — Yill, k] e NoMy 4
JNM g mzzo /
which translates the time domain signal back to the delay-
Doppler domain, where the symbols, Y[m, n] are decoded.
Because the symbols are mapped to a delay-Doppler grid, it
is more robust in high-Doppler channels with multipath [56].

lll. PHASE NOISE MEASUREMENTS AND MODELING

In this section, we develop our terahertz-specific PN model.
We first recall the 3GPP PN model from [54] for millimeter
wave frequencies that we used as a basis. We then describe
our measurement campaign to characterize the PN of a
real sub-terahertz platform at different frequencies and our
measurement results. We finally show how to tailor the 3GPP
model parameters in a way that best fits the performance of
real hardware operating in sub-terahertz and terahertz bands.

A. 3GPP PHASE NOISE MODEL

Noise from active components and lossy elements can cause
leakage around the center frequency which we call PN,
causing potentially significant distortion in the signal. 3GPP
recommends using the multi-pole/zero model,

2
N 1+<L>

S(f) = PSDO ]_[

27
n=11 + (L)
p.n

to represent PN in a system [54]. S(f) is the power spectral
density (PSD) in dBc/Hz, PSDO is the power spectral density
at the zero-offset/frequency of interest, while f; , and f,, ,, are
zero and pole frequencies, respectively. PSDO is recorded in
dBc/Hz, where dBc represents the power ratio to a carrier
signal, and so dBc/Hz is the power at a given frequency offset
from the carrier. While this model is specific for oscillator
PN, we can still utilize its framework for modeling end-to-
end PN seen in practical terahertz hardware. In [53], 3GPP
also provides a set of agreed models for 30 GHz, 40 Hz,
and 60 GHz. Specifically, the most comprehensive one there
(Model 3, originated from [54]) follows the measurements
taken of practical oscillators (parameter sets A and B, for
30 GHz and 60 GHz, respectively). These parameters are
summarized in Table 1.

We can utilize these models for neighboring center
frequencies by shifting the response by 201logq(f:/foase)
where f, is the new center frequency of interest, and fpase 1S
the original center frequency of the measurements (30 GHz
for Set A, and 60 GHz for Set B); however, employment
of these models at different frequencies is limited to a few
tens of GHz away from the center frequency. Parameter sets
based on practical system measurements for a frequency of
interest will perform best.

®)
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FIGURE 2. The TeraNova terahertz testbed with its various modular components.

TABLE 1. PN Model parameters (30 GHzand 60 GHz) Used in 3GPP [52], [53], [54].

30 GHz (Set A) 60 GHz (Set B)

PSDO (dBc/Hz) -719.4 -70
fz,n (MHz) [1.8, 2.2, 40] [0.02, 6, 10]
fp,n (MHz) [0.1, 0.2, 8] [0.005, 0.4, 0.6]

B. MEASURING PHASE NOISE AT SUB-TERAHERTZ
AND TERAHERTZ

In this section, we deliver the reference data from field
measurements that are used to properly tailor the param-
eters of the PN model for sub-terahertz and terahertz.
We also comment on the test system (our TeraNova
terahertz testbed [27]) and the measurement methodology
used. The high-level overview of the testbed is presented
in Fig. 2.

1) HARDWARE SETUP

The TeraNova testbed transmitter consists of an analog
performance signal generator (PSG) and an arbitrary wave-
form generator (AWG) from Keysight Technologies, different
up-converter front-ends, along with directional high-gain
antennas encompassing frequency ranges in the terahertz
band (0.095-1.05 THz) [57]. The PSG is used to generate
the LO signal and is capable of producing frequencies
up to 50 GHz. The AWG is utilized to generate the
intermediate frequency (IF) signal, which is mixed with
the LO signal, and thus, up-converted to a higher radio
frequency (RF) signal. The up-converters operate in three
different frequency ranges, namely, 120-140 GHz, 210-
240 GHz, and 1-1.05 THz. The 120-140 GHz up-converter
front-ends consist of a frequency multiplier chain of x4,
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and an RF power amplifier (PA) with a gain of 20 dB. The
transmit power before feeding the antenna is about 13 dBm
(20 mW). The 120-140 GHz and 1-1.05 THz front-ends
are all manufactured by Virginia Diodes, Inc. (VDI). The
210-240 GHz up-converter front-end has been developed
in collaboration with NASA Jet Propulsion Laboratory
(JPL) utilizing NASA patented frequency multiplier tech-
nology [58]. The up-converter is based on a x9 frequency
multiplier chain, generating LO signals from 22.2 to
26.67 GHz to modulate the carrier with the information-
bearing signal. The 1-1.05 THz up-converter front-ends have
a frequency multiplier chain of x24 and similar architecture
as the other VDI up-converters. It has an IF low-noise
amplifier (LNA) instead of an RF PA.

The TeraNova receiver consists of a PSG and a
high-performance digital storage oscilloscope (DSO) from
Keysight Technologies, down-converter front-ends, along
with similar high-gain antennas as the up-converters. The
receiver PSG is of the same model as the transmitter PSG,
and it is used to generate the LO signal at the receiver side.
The DSO has a sampling rate of up to 160 GSa/s and a
bandwidth of up to 63 GHz. The VDI down-converter front-
ends operate in 120-140 GHz and 1-1.05 THz bands and
have the same architecture as the VDI up-converter front-
ends. The 210-240 GHz receiver down-converter consists of
a multiplier-amplifier chain (x 6) that shifts the RF signal to
the IF frequency using a mixer. In all three systems, instead
of an RF PA, they utilize an IF LNA to provide the required
amplification. Fig. 3 depicts how the different transmitter
and receiver components are connected. The testbed has
multiple sets of broadband antennas with directivity gains
ranging from 21 dBi to up to 40 dBi at the aforementioned
frequencies.
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FIGURE 3. A block diagram depicting the interconnection of the various modular components of the TeraNova terahertz testbed.

2) CARRIER FREQUENCY OFFSET CONSIDERATIONS

Due to the lack of proper synchronization between the
transmitter and receiver PSG internal oscillators, carrier
frequency offsets (CFOs) and carrier phase offsets (CPOs)
were observed during various measurements using the
TeraNova testbed. The received signal at the DSO, after low-
pass filtering the unwanted higher frequency components,
can be written as:

Y (t) = Ar(t) cos Qu ALt + Ap(D)), (6)

where A is a constant representing an arbitrary amplitude,
r(t) is the intended received signal without any hardware
effects/impairments, Af. is the CFO, and A¢(?) is a
stochastic process representing the total system equivalent
oscillator PN. When the oscillators are not synchronized, the
CFO is not zero, and thus, the observed received signal ()
at fir is distorted and is perceived as an amplitude-modulated
signal with a very slow frequency equal to the CFO Af, <<
fir. The spreading around the carrier frequency is due to
the effect of PN. If the CFO is zero, the received signal is
only affected by PN, and it is perceived as spreading around
the carrier frequency, but no amplitude modulation of the
received signal is observed.

The CFO as a function of the LO frequency for the
TeraNova testbed has been characterized as depicted in
Fig. 4. It is shown that the CFO is in the kilohertz range,
and it varies linearly with the LO frequency, having direct
proportionality. The coefficient of determination of the
performed linear regression was very high R> = 0.9906,
which validates the linear relation between the CFO and LO
frequency. The slope of the line is calculated to be about
43.32 Hz of CFO per GHz change in the LO frequency.
There are several possible solutions to compensate for the
CFO: (i) connect both oscillators with a 10 MHz reference
cable to synchronize their clocks as shown in Fig. 3,
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FIGURE 4. Measured carrier frequency offset as a function of the local oscillator
frequency for the 120-140 GHz front-ends.

(i) manually adjust (i.e., increase/decrease) one oscillator
by the estimated CFO value in Fig. 4 according to the
operating LO frequency (but the CFO can change with time
due to, for example, device heating during normal operation),
(iii) implement a digital phase-locked loop (PLL) to track
the phase/frequency of the incoming signal and loop back to
the receiver LO to adjust, or (iv) implement a digital Kalman
filter tracking loop to do the same. Whenever feasible, and in
all the results shown in the next sections, we use method (i).
To ensure that we characterize the system PN by itself, we
eliminate the CFO by connecting the transmitter and receiver
oscillators with a reference 10 MHz clock. However, when
performing long-range measurements, manual compensation,
as explained in method (ii), can be used, as using long cables
is not practical.
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FIGURE 5. Measured single sideband PN power profile at RF frequencies 130 GHz,
225 GHz and 1.02 THz using a 5 GHz IF carrier.

3) PHASE NOISE ESTIMATION

For PN testing and measurements, a single-tone sinusoidal
signal (also known as a clock signal) is sent in IF frequency
using the AWG and captured back in IF via the DSO
after propagating through the whole system. The captured
IF signal is then post-processed in MATLAB. Particularly,
we compute the power spectrum of the signal using the
FFT algorithm, interpolate the spectrum using an arbitrarily
small resolution bandwidth (RBW) using a piecewise cubic
Hermite interpolating polynomial (PCHIP), and compute the
ratio of the computed power at each offset frequency away
from the carrier relative to the carrier power to obtain the
single sideband (SSB) PN power profile in dBc/Hz. We
repeat this process using more than 10 different consecutive
captures, then average the SSB PN power profile of those
captures to yield a statistically meaningful result. An example
of the measured real system SSB PN power profile for the
120-140 GHz and 1-1.05 THz systems is shown in Fig. 5
using an IF tone of 5 GHz. The plots show a low overall
PN power, which we anticipate from a research-grade high-
performance signal generator.

C. TUNING THE 3GPP PHASE NOISE MODEL TO
SUB-TERAHERTZ AND TERAHERTZ
Starting from the measured PN, we obtain new parameters
to adapt the 3GPP multi-pole/zero model (5) to sub-terahertz
and terahertz frequencies. Rather than a pure shift of the
existing 3GPP parameters (A and B) by 20log;y(fc/foase)
to our center frequencies of interest (which leads to a
poor match with measurements, as in Fig. 6), our goal is
to more accurately represent the PN with own parameter
set. We propose additional parameter sets tuned off our
measurements at 130 GHz, 225 GHz, and 1.02 THz systems
in Table 2.

To derive the PN estimates, we start with choosing the
3GPP model profile, A or B, that most closely resembles

VOLUME 5, 2024

-60 T | T |
__ 70F ~ ]
N
<
3 o} 1
z
S 90f ]
2
=
2-100 ]
S
& -10f ]
(]
b
2 120 F[—_3GPP Set A Shifted |
£ 3GPP Set B Shifted
-130 Measured
=——— Tuned Parameters i
-140 . : : )
103 10* 10° 10° 107 10°
Frequency Offset (Hz)
(a) 130 GHz
-60 | T |
. 70} \ ]
N
<
2 -sof ]
T
S 9of ]
2
=
2-100 ]
S
S -10f 55
o
b
2 120 F[—_3GPP Set A Shifted
£ 3GPP Set B Shifted
-130 Measured 1
= Tuned Parameters
-140 . : ’ )
10° 104 108 10° 10 10°
Frequency Offset (Hz)
(b) 225 GHz
30 v T T 1
40 F ]
™
I
> 50} _\ 1
m
T
5 60F ]
el
2
= -70F ]
(o))
(3]
= 80 ]
(0]
@2
S 0f ]
2 100 }|——3GPP Set A Shifted N i
S 3GPP Set B Shifted
o
110k Measured
= Tuned Parameters
120 L : : )
10° 104 108 10° 10 10°
Frequency Offset (Hz)
(c) 1.02 THz

FIGURE 6. Proposed tuned PN models fit better to hardware measurements
compared to 3GPP A and B extensions.

the profile of the measured values. We know fpase iS now
the frequency of the hardware system measured (130 GHz,
225 GHz, and 1.02 THz). The first zero frequency is used
to adjust the overall slant of the model. The second zero
is to change the slant of the higher frequency offset terms
(visually on the right of the hump on the profile), and the
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TABLE 2. PN Model Parameters for 130 GHz, 225 GHz, and 1.02 THz.

130 GHz 225 GHz 1.02 THz
PSDO (dBc/Hz) -66.5 -60 -48
fz,n (MHz) [0.01, 6, 10] [0.03, 0.85, 8] [0.06, 1, 5]
fp,n (MHz) [0.005, 0.03, 5] [0.005, 0.05, 0.8] [0.003, 0.4, 0.15]

TABLE 3. Comparison of the MAPE error of the PN models.

3GPP A 3GPP B Our Parameters
fe =130 GHz 12.66% 14.10% 1.60%
fe =225 GHz 6.83% 8.20% 0.84%
fe =1.02 THz 3.17% 9.86% 0.56%

third is to edit the tail angle at the end. Then, we edit the
poles to adjust the first dip with the first pole, the second
dip with the second, and, lastly, readjust the finishing angle
with the third pole frequency value. Multiple iterations are
performed to reduce the maximum average percentage error
(MAPE) and for curve fitting. MAPE gives a measure of
how predictions deviate, on average, from the actual value.

Fig. 6 shows how our proposed parameters compare
to the 3GPP parameter sets A and B, shifted by the
appropriate 201og;o(fc/fbase) correction factor for f. of
130 GHz, 225 GHz, and 1.02 THz. We quantify the fit based
in Table 3 by calculating the MAPE:

100 &
MAPE = —

n
i=1

a; — pi
ai

, )

where n is the number of points, a; are the actual measured
values, and p; are the modeled values. Our proposed
parameters significantly improve the fit to PN observed in
terahertz-band hardware.

IV. PEAK-TO-AVERAGE POWER RATIO ANALYSIS

In this section, we introduce PAPR and discuss how this
metric affects the overall performance of a hardware system.
With this, we incorporate PAPR limitations in our analysis
by introducing a penalty based on steps taken to send signals
on actual testbed equipment.

A. PAPR CALCULATION

When a signal is passed through the PA, it can become over-
saturated if the amplitude exceeds a certain power threshold.
Signals with random power fluctuations, or more peaks, have
higher observed PAPR. Exceptionally high fluctuations can
lead to signal distortion by temporarily entering the non-
linear operating region of the PA. Component damage may
also ensue if a signal with a high PAPR is sent with too
much power. Because of this, signals with high PAPR face
limited transmit power-output backoff is required to operate
in the linear region, which, therefore, reduces efficiency.

420

For the modulation M-PSK, M-QAM, M-APSK, and
DSSS schemes, we can calculate the PAPR, by computing
the power for each constellation point, ci, with

P(cr) = R(ew)> + 3(cp)?, k=0:M—1, (8)

and then taking the ratio of the maximum power and the
average power of the set of points,
max{P(ck)}>
Pew )
where M is the number of constellation points. In the
case of DSSS, the expected PAPR would be equal to
that of the base modulation that is spread with the binary
spreading sequence. For OFDM, OTFS, and DFT-s-OFDM,
the calculation process is different; due to the numerous
linear combinations of symbols in the IFFT operation, the
number of possible outcomes is very large, so we must
consider an upper bound. For OFDM, the maximum PAPR is

(10)

PAPRgp = 1010g10( ©)

PAPRdB = 10 loglo(N),

which is a function of the number of subcarriers, N [55].
With DFT precoding introduced in DFT-s-OFDM, this
maximum PAPR is reduced-the input to the DFT block
should have a relatively low PAPR, so when using the
DFT followed by its inverse, the output should have PAPR
properties more similar to the input [59]. With, OTFS, the
PAPR grows as a function of the number of Doppler bins,
rather than the subcarriers as derived in [40].

While schemes involving the use of FFT blocks tend to
have a much higher PAPR, using the maximum PAPR to
determine power backoff is not practical since the maximum
PAPR would occur instantaneously with very low probability.
To understand how reduced transmit power due to PAPR
hinders performance, we propose applying a penalty that
allows a direct comparison between schemes.

B. PROPOSED PAPR PENALTY
Instead of calculating the maximum PAPR for each scheme
and applying a blanket signal-to-noise ratio (SNR) penalty,
we propose normalizing each signal before sending it through
a set noise power. Signals with higher PAPR will still get
a larger penalty and we avoid the issue of over-penalizing
with the low-probability maximum theoretical PAPR. We
choose this practice of normalizing the signal because it is
used in real hardware systems; users must re-scale the signal
to fit the hardware parameters and system dynamic range,
limiting the signal power. In our system (Fig. 2), we upload
the signal onto the AWG, which ensures that the signal is
rescaled between —1 and 1, regardless of the original signal
amplitude input. This new signal is sent to the rest of the
hardware and across the channel. The rescaling that occurs
within the system hardware causes signals with many large
peaks to get scaled significantly more than those with smaller
peaks, hence, implementing a PAPR penalty [27].

We thus reuse this hardware-based PAPR consideration
in our simulation study and reduce the average power
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of the transmitted signal according to the PAPR profile
of the selected modulation scheme. This reduction in the
average transmit power is further referred to in the article
as “PAPR penalty” and ensures that the maximum output
signal power at any given moment does not exceed the
hardware limits. One may argue that the reduction in the
average power to ensure that the maximum power stays
under a given level is not always needed, as some hardware
components can deal with this excess themselves. However,
in practical communication systems, it is preferable not to
deform the transmitted signals with high peak power by
simply clipping them or operating in the non-linear region of
the hardware, which immediately introduces more distortion
to the signal shape (and thus challenges reliable decoding at
the receiver) or can even damage the hardware. Therefore,
modern wireless communication systems account for the
PAPR when selecting the transmit power limits in their power
control. From our first-hand experience with the terahertz
TearNova platform [27], certain hardware components can
easily be damaged if transmitting with high output power
and not accounting for non-negligible PAPR of the chosen
modulation scheme.

Therefore, we incorporate this “PAPR penalty” in our
analysis by rescaling the signal before sending it through
the channel, essentially mimicking the hardware-centric
approach. This is specifically completed by scaling the
modulated signal, s(¢), such that

s(z lized = S ’
penalize at I ( )|

(1)

where $(f)penatized 1S the PAPR-penalized, scaled signal, and
Agq 1s the amplitude corresponding to the saturation power
of the PA. Applying this uniformly among all of the signals
ensures the consistency of our analysis. This procedure is
further illustrated in Fig. 7 that presents a signal before and
after applying the PAPR penalty.
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TABLE 4. Approximate PAPR penalties applied to each scheme.

Technique PAPR Penalty (dB)
QPSK 1.55
16-QAM 4.02
16-APSK 1.69
16-PSK 1.55
64-QAM 3.94
64-APSK 1.80
64-PSK 1.55
DSSS 1.21
DFT-s-OFDM 6.27
OFDM 12.00
OTFS 9.05

In practice, this does not affect the overall shape of the
BER curve, but will instead appear to shift it towards the
right. Table 4 summarizes the approximate shift, in dB, of
the curve from their original performance without the penalty
applied. These average values are calculated by comparing
the difference between the PAPR penalized curves, and the
original curves with no penalty applied.

We note that PSK modulations have a very low penalty,
with the penalty mainly caused by the pulse-shaping effect
on the overall PAPR. For PSK modulations, PAPR should
be close to 0 dB since their constellation points have no
variation in amplitude. In the amplitude-varying schemes
(APSK, QAM), we see a higher penalty than PSK, with
QAM always having a higher penalty for the same order. The
constellation of APSK is designed to have less variation in
amplitude than that of QAM, hence its lower PAPR. Beyond
the base modulations, the more sophisticated schemes have
a larger penalty, except DSSS, which maintains similar
characteristics to its base scheme due to binary spreading.
OFDM and OTFS we see a large penalty due to their use
of the IFFT/FFT and ISFFT/SFFT. DFT-s-OFDM maintains
a reduced penalty in comparison due to the DFT pre-
processing block [55]; however, a larger penalty still exists
since the DFT block size must be less than the number of
subcarriers, so the effects of the FFT will not be entirely
canceled out.

V. NUMERICAL RESULTS

We evaluate each modulation scheme using Monte Carlo
simulations in MATLAB and show the performance for
PAPR, PN, and both effects combined. Table 5 summarizes
the key simulation parameters used within this numerical
evaluation.

We evaluate the center frequencies corresponding with
our terahertz-band hardware and PN models. We set the
signal bandwidth constant to ensure a holistic comparison
between schemes. For modulations such as DSSS, DFT-
s-OFDM, OFDM, and OTFS which involve choosing a
base modulation, we opt for QPSK for consistency as
well as good performance. Parameters such as spreading
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FIGURE 8. Demonstrating the importance of accurate PN representation by showing the performance of the different models applied to QPSK.

TABLE 5. Simulation parameters.

Parameter Value

Center Frequencies 130, 225, 1020 GHz

Signal Bandwidth 10 GHz
Base Modulations QPSK
Spreading Factor (DSSS) 10
Subcarriers (OFDM, OTFS, DFT-s-OFDM) 128 (2 as guard)
DFT size (DFT-s-OFDM) 16
Doppler bins (OTFS) 16

Cyclic Prefix Length (OFDM, DFT-s-OFDM) 5% of symbol

factor/length, subcarriers, DFT size, and Doppler bins can
influence the performance of the DSSS, OFDM, DFT-s-
OFDM, and OTFS schemes. For the sake of this analysis, we
chose the following set of parameters. The spreading factor
is set to 10; as this number increases, the spectral efficiency
is considerably reduced for minimal BER performance gain.
Lower spreading factors may not capture adequately the
advantages of spreading. The number of subcarriers is set
to 128. Fewer subcarriers would provide better performance
in the simulation, however, we would like to keep the
spectral efficiency high for these techniques, so we opt
to use more. The DFT size is set to less than that of
the number of subcarriers, due to the requirements of
DFT-s-OFDM. The Doppler bins are chosen to keep the
complexity and PAPR low as higher grid sizes will influence
those parameters [40], [60]. As noted earlier, a reduced
cyclic prefix is best to provide performance with minimal
overhead [26].

A. THE EFFECTS OF PHASE NOISE

To quantify the importance of model fit and show the
effect of PN, we show the BER performance of QPSK in
AWGN with the addition of PN in Fig. 8 using the PN
models presented for 130 GHz, 225 GHz, and 1.02 THz.
We exemplify the importance of a well-fitting model, as
the results for 3GPP A and B with the adjusted center
frequencies have a noticeable difference between the results
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with our parameters. In almost all of the cases, the 3GPP-
shifted parameter set predicts significantly higher BER than
the models we present. As the center frequencies extend
further away from the base frequency, we see the 3GPP
estimate strays further away from our parameter predictions,
overestimating the PN effects. From here out, in our analysis,
we use our proposed PN model parameters to demonstrate
the effects of PN on the candidate modulation schemes at
130 GHz, 225 GHz, and 1.02 THz.

Fig. 9 shows the performance of all of the single-carrier
schemes that we consider in the presence of the PN,
given our proposed model parameters. Here we see that
PN significantly impacts the overall shape of the curve.
As the frequency increases, and thus, the PN profile, the
performance levels off and has a high error rate. In the case
of QPSK, however, the PN impact is not obvious until the
1.02 THz PN model is applied. For the other, higher-order
schemes, performance degradation is immediate starting at
130 GHz. This motivates low-order mapping schemes.

In the case of DSSS, DFT-s-OFDM, OTFS, and OFDM,
we chose to map to QPSK, since it is the most robust to
the PN observed at terahertz frequencies. In Fig. 10 we
compare the performance of these schemes in the presence of
130 GHz, 225 GHz, and 1.02 THz PN and AWGN. We see
the performance of the four schemes are similar at 130 GHz,
and 225 GHz, whereas at 1.02 THz, we see that OTFS and
OFDM are more affected by the PN than DFT-s-OFDM and
DSSS. We expect this result since multi-carrier schemes tend
to have a low resistivity to PN [28]. The trend of the curve
for PN at 1.02 THz changes compared to the other PN levels
and reaches a BER performance asymptote. This exemplifies
that PN, on its own, is significant in the terahertz band and
that even when the base modulation is low-order, high PN
will impose performance limitations.

B. THE EFFECTS OF PAPR

To demonstrate the effects of PAPR on performance, we
start with single-carrier QPSK, 16-PSK, 16-QAM, 16-APSK,
64-PSK, 64-QAM, and 64-APSK performance in AWGN
and then we factor in the penalty for PAPR, shown in
Fig. 11. In general, QAM modulations tend to have higher
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FIGURE 10. Performance of DSSS, DFT-s-OFDM, OTFS, and OFDM with QPSK mapping in the presence of PN, using our proposed sub-terahertz-specific and terahertz-specific
model parameters for each center frequency.

PAPR than their PSK or APSK counterparts of the same and its impact is dependent on the selected modulation
order, and so while theoretically, the performance should be scheme. Simultaneously, [61], [62], [63], among others,
better, when we account for PAPR by normalizing the signal present PAPR analysis mainly concludes that (i) PAPR is an
before sending through the AWGN channel, the performance important design consideration that ensures the equipment
changes. We note that 16-APSK outperforms 16-QAM and and signal are not deteriorated and (ii) high PAPR increases
64-APSK outperforms 64-QAM when we adjust for the the BER, so the lower PAPR is generally preferable for
PAPR; its circular constellation shape contributes to this as reliable communications over the terahertz band. Still, these
there should be lower amplitude fluctuation relative to the works primarily evaluate the performance as a result of one
other symbols within the constellation. key factor (either PN or PAPR), while in real systems these
In the case of the more sophisticated schemes (DSSS, impairments are combined.

DFT-s-OFDM, OTFS, OFDM), in Fig. 12 we see that the Fig. 14 DSSS, DFT-s-OFDM, OFDM, and OTFS with a
PAPR plays a significant role in the overall performance. QPSK constellation mapping are shown in the different PN
Considering these schemes with a QPSK base constellation, levels along with single-carrier QPSK for comparison. Here
we see that initially, the performance in AWGN is very we see the primary effect influencing performance is power
similar, but when we account for power backoff associated backoff from PAPR. We notice that the trend lines themselves
with the PAPR, a notable change in performance occurs. follow the overall trends of QPSK in the presence of AWGN
OFDM receives the most penalty followed by OTFS, DFT- and PN, with 1.02 THz being the most obvious example of
s-OFDM, and DSSS. Applying the signal normalization that, but the overall trend line is penalized to account for
as a PAPR penalty demonstrates that considering practical PAPR considerations.

performance is crucial to accurate analysis. To simulate a real system and account for both the power
backoff associated with PAPR and the PN effects, we apply
C. JOINT ANALYSIS OF PHASE NOISE AND PAPR both to the signals and compare results. In Fig. 13 we show

In line with our analysis in the previous subsections, the performance of single-carrier QPSK, 16-PSK, 16-QAM,
other studies have explored the effects of PN and PAPR 16-APSK, 64-PSK, 64-QAM, and 64-APSK in the presence
separately. For example, in [28] and [49], the terahertz of 130 GHz, 225 GHz, and 1.02 THz modeled PN and
band PN levels impair the overall BER performance, accounting for PAPR.
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We notice that for areas of low SNR, in the cases of
16-QAM and 16-APSK and 64-QAM and 64-APSK, the
performance curves cross at about the 15 dB and 17 dB
points, respectively. This exemplifies the importance of
jointly evaluating both the limitations of PAPR and the effect
of PN. Essentially, two regimes have been created: a low
SNR and a high SNR region. For a given modulation order,
in the low SNR region, we would find a scheme with better
performance based on its performance in PAPR, whereas, in
higher SNR scenarios, the PN factor dominates.

Since the results for the QPSK base mapping scheme
follow the trend of single-carrier QPSK, as shown in Fig. 13,
we can see that base modulation choice has a large impact
on the overall performance of more sophisticated modulation
techniques. Higher-order schemes are less robust to PN
impacts, and so the selection of low-order or strategically
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spaced constellation points will prove to be the best base
modulation choices.

While the curves show that DSSS outperforms the other
schemes with respect to BER, the charts do not account
for spectral efficiency. While DSSS is robust, it suffers
from very low spectral efficiency, proportional to that of
its spreading length. Schemes like OFDM and OTFS have
better spectral efficiency but worse performance, and it
is primarily due to high PAPR. Further, in the case of
OFDM, inter-carrier interference due to PN increases the
BER. Whereas DSSS has lower BER compared to other
schemes due to low PAPR. Also, time diversity provides
DSSS scheme resistance against PN at the cost of spectral
efficiency. QPSK and DFT-s-OFDM fall in the middle as they
possess low PAPR. Choosing the best modulation schemes
for terahertz will ultimately depend on the application. For
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scenarios that require massive amounts of data transmitted
with little concern for reliability, choosing a multi-carrier
scheme may make the most sense. However, restructuring
of the scheme in terms of resource allocation, such as the
number of sub-carriers, type of error correction, etc., is
required. If reliability is more of a concern, spread spectrum
could be a suitable option. For other scenarios that fall in
the middle, looking towards DFT-s-OFDM or low-order pure
single-carrier modulations may be the best choice.

D. SUMMARY AND POSSIBLE EXTENSIONS
Table 6 summarizes the analysis presented, providing the
performance as we add each effect (AWGN, PN, PAPR, and
joint) along with the spectral efficiency between schemes
with the same modulation order for three SNR values
(0,10,20). We note that the spectral efficiency will not exceed
2 bps/Hz for the cases compared and is calculated using the
correctly received bits divided by the time and bandwidth.
Moreover, Table 6 comprehensively illustrates the effect
observed in Fig. 14. For a full range of SNR setups, it is
important to account for both the PAPR penalty and the PN-
related distortions; accounting for only one of these effects
leads to partial knowledge and incomplete, thus potentially
incorrect, conclusions regarding the suitability of different
modulation schemes. Specifically, without accounting for
either of these effects, the SE of OFDM is always higher
than the one of a pure QPSK. The situation changes when
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adding either the PN or the PAPR. Still, for SNR=10 dB,
OFDM featured a slightly higher SE than the corresponding
value for QPSK in both cases: 1.41 bps/Hz vs. 1.21 bps/Hz
and 1.41 bps/Hz vs. 1.32 bps/Hz for either the PN or the
PAPR.

However, the results in Table 6 change notably when
accounting for both effects: for the same SNR of 10 dB,
OFDM leads to a lower SE of 1.04 bps/Hz versus 1.19 for
a pure QPSK and a much higher BER. This is one of the
illustrative examples that these two effects must be studied
Jjointly (e.g., with the use of the framework developed in this
article), while even accounting for both effects next to each
other independently may lead to wrong conclusions when
comparing the performance of different modulation schemes
for sub-terahertz and terahertz communications.

Notably, both PN and PAPR impact not only the selection
of the modulation and coding scheme for terahertz com-
munications but also may have an impact on other design
and performance aspects. Specifically, the consideration of
the PAPR becomes crucial for the hardware design at these
frequency bands as the saturation power, gain, and efficiency
of PA decrease by a ﬁ relation [24], hence limiting the
maximum working powcer at the transmitter for linear mode
operation of PA. Therefore, innovative solutions are required
in terms of both high-power transmitter design [44] and
efficient PA design to further harness the transmitter power
effectively [64]. In parallel, the PN increases with the
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TABLE 6. BER and SE comparison of modulation schemes for 1.02 THz: the effects of PN and PAPR independently and jointly.

. No PN, No PAPR Only PN Only PAPR Penalty Both PN and PAPR Penalty
Modulation (M =4)  SNR (dB)
BER SE (bps/Hz) BER SE (bps/Hz) BER SE (bps/Hz) BER SE (bps/Hz)
0 7.87e-2 1.23 8.55e-2 1.09 1.25e-1 1.17 1.13e-1 1.03
QPSK 10 3.87e-6 1.32 3.13e-3 1.21 1.06e-4 1.32 4.29e-3 1.19
20 <le-6 1.33 6.82e-4 1.20 <le-6 1.33 7.14e-4 1.20
0 1.12e-1 0.13 8.55e-2 0.11 1.23e-1 0.12 1.42e-1 0.10
DSSS 10 4.00e-6 0.14 2.90e-4 0.12 1.14e-4 0.14 1.05e-3 0.12
20 <le-6 0.14 <le-6 0.12 <le-6 0.14 2.00e-6 0.12
0 8.85e-2 1.48 1.96e-1 1.09 3.54e-1 1.08 4.03e-1 0.79
OFDM 10 5.12e-6 1.78 1.04e-2 1.41 1.41e-1 1.41 2.22e-1 1.04
20 <le-6 1.77 2.63e-4 1.75 1.19¢-3 1.41 3.15e-2 1.36
0 8.85e-2 1.08 3.08e-2 1.06 2.25e-1 0.92 3.52e-1 0.89
DFT-s-OFDM 10 5.00e-6 1.24 8.85e-3 1.32 1.51e-2 1.23 8.28e-2 1.22
20 <le-6 1.63 1.8e-5 1.33 <le-6 1.52 5.28e-3 1.33
0 8.86e-2 1.56 1.83e-1 1.13 3.47e-1 1.17 4.15e-1 0.89
OTFS 10 9.00e-6 1.89 1.03e-2 1.37 591e-2 1.49 1.63e-1 1.16
20 <le-6 1.88 3.17e-4 1.42 9.47e-5 1.87 5.64e-3 1.32

growth in the number of multipliers in the up-converter
chains (to reach the designated carrier frequency starting
from the LO signals). In this case, inventive solutions are
required considering the generation of stable, cost-effective
LO sinusoids at higher frequencies close to RF, which result
in fewer multipliers being used [65].

Furthermore, in the case of fully controllable beamformers
with separate up-converter chains, it is required to have
robust transmission systems with low PN and efficient
PN to control the multiple-input multiple-output (MIMO)
encoders accurately [2], [66]. Extremely high levels of PN
may even impact the radiation pattern of the terahertz
phased array, potentially even leading to the shaking of
the beam partially similar to the deviations caused by
the beam squint effect [67], [68], [69]. Last but not least,
as the presence of both PN and the PAPR increase the
BER, forward error correcting codes such as low-density
parity-check (LDPC) [47] or low-weight error prevention
code (EPC) [70] are essential for error-free transmission
over the terahertz band channel. All these considerations
confirm the importance of carefully characterizing both the
PN and the PAPR characteristics of prospective terahertz
communication systems. Here, our delivered framework and
results may be utilized further for other terahertz-related
research activities beyond the selection of the most suitable
modulation and coding scheme.

VI. CONCLUSION

In this paper, we present a comprehensive analysis of
candidate modulation techniques for terahertz-band commu-
nications in the joint presence of two key practical systems
limitations, namely PN and PAPR. We contribute a set of
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model parameters based on system measurements for PN at
130 GHz, 225 GHz, and 1.02 THz as well as a method to
simulate the detriment of PAPR on signal performance. We
finally conduct an extensive numerical analysis to understand
the interplay between these effects and their joint impact
on the performance of the (sub-)terahertz and terahertz
communication systems.

From our results, we find that low-order modulation
schemes will perform best in the conditions of current
sub-terahertz and terahertz hardware. DSSS is very robust
in the presence of both PAPR and PN but lacks spectral
efficiency compared to other schemes. DFT-s-OFDM is also
a robust solution with better spectral efficiency but can
be outperformed by basic single-carrier modulation like
QPSK at lower SNR. OTFS and OFDM, while spectrally
efficient, tend to suffer more from the terahertz hardware
effects. Hence, as we observe, in practical implementations,
the choice of modulation is likely to be application- and
scenario-dependent.

This work facilitates a more informed selection here by
providing both the comprehensive evaluation methodology
with two key aspects of the terahertz hardware accounted for
and the initial set of illustrative numerical results highlighting
the essential trade-offs between the compared modulation
solutions for prospective 6G and beyond terahertz wireless
communication systems. Importantly, certain elements of the
presented methodology (e.g., the developed PN models and
the calculated PAPR penalty coefficients) can be reused in
further studies on terahertz wireless systems, when exploring
the joint effect of PN and PAPR on beamforming solutions
or the design of the terahertz hardware components, among
other essential aspects.
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