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Abstract - Highly accurate atmospheric models, based on molecular resonance information contained within the HITRAN
database, were used to simulate the propagation of high capacity single-carrier quadrature amplitude modulated signals
through the atmosphere for various modulation orders. For high-bandwidth signals such as those considered in this work,
group velocity dispersion caused by atmospheric gases distorts the modulated waveform, which may produce bit errors. This
leads to stricter Signal-To-Noise Ratio requirements for error-free operation, and this effect is more pronounced in high-order
modulation schemes. At the same time, high-order modulation schemes are more spectrally efficient, which reduces the band-
width required to maintain a given data rate, and thus reduces the total group velocity dispersion in the link, resulting in
less distortion and better performance. Our work with M-ary quadrature amplitude modulated signals shows that optimal
selection of modulation order can minimize these conflicting effects, resulting in decreased error rate, and reducing the perfor-
mance requirements placed on any equalizers, other dispersion-compensating technologies, or signal processing hardware.
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1. INTRODUCTION

Wireless data rates have risen dramatically over the last

decade, and are projected to continue to do so over the

decade to come [1, 2]. This growth has been fueled by de-
mand, created by consumer expectations as well as new

technologies such as virtual reality, high-definition video

streaming, and (most significantly) the Internet of Things
(IoT) [3, 4]. This growth has been enabled by the deve-
lopment of devices capable of operating at progressively
higher frequencies and bandwidths. Wireless systems
operating at several gigahertz are commercially
available off-the-shelf, and networks operating at several
tens of gigahertz (millimeter wave) are just on the
verge of becoming so. The inevitable next step is
systems operating at sub-millimeter wavelengths, that
is, hundreds of gigahertz [5]. This is frequently
recognized as the beginning of the terahertz
communication bands. These bands have been slow in
development for many years, in part due to the challenge
of atmospheric absorption and in part due to the
technological difficulties arising from the fact that few
devices are naturally active in these frequencies.

However, the so-called “terahertz gap” is beginning to
close [6]. Recent progress in terahertz devices has re-
sulted in hardware not only capable of producing and
processing these high-speed signals, but also powerful
enough to overcome the atmospheric attenuation, which
is much more severe than at microwave frequencies. Over
the last decade, several prototype terahertz communica-
tion systems have been demonstrated, operating in the
hundreds of gigahertz, achieving communications over
multi-kilometer distances.

For example, in 2010, Hirata et al. demonstrated a wire-
less link operating at 120 GHz, using Binary Phase Shift
Keying (BPSK) that achieved an error-free data rate of 10
Gb/s over 5 km [7]. In 2013, Takahashi et al also
demonstrated a 10-Gb/s, error free link at 120 GHz, using
Quadrature Phase Shift Keying (QPSK, or 4-QAM), over a
distance of 170 m [8]. However, their calculations in-
dicated the link could conceivably span up to 2 km. The
same year, another wireless link was demonstrated, this
time at 140 GHz, using 16-QAM to achieve 10 Gb/s over
1.5 km, with an error rate of 1075 9].

In 2017, another communication link centered at 94 GHz,
using 8-QAM, achieved a data rate of 54 Gb/s, with an
error rate of 3.8 x1073, over 2.5 km [10]. Also in 2017,
Kallfass et al. presented a review of their experimental
work with point-to-point millimeter wave links which in-
cluded an E-band link (between 60 and 90 GHz, carrier
frequency not specified) and a 240 GHz link [11]. The
E-band link used QPSK, 8-QAM, and 16-QAMs, and achieved
data rates in the range of 4 Gb/s up to 21 Gb/s, over
ranges between 4.1 km and 36.7 km, under various
weather con- ditions with error rates below 4.8 x1073,
The 240 GHz link used QPSK modulation, and achieved
64 Gb/s over 0.85 km, with an error rate of 7.9 x10~°.
Many different link configurations were investigated in
the review, and the reader is referred to the work of
Kalfass et al. for more detailed information [11].

Finally, Wu et al. also demonstrated a long-distance wire-
less communication system at 140 GHz in 2017, which
spanned 21 km and used 16-QAM to achieve 5 Gb/s with
effectively error-free operation (a bit-error rate below
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10712) [12]. The authors also estimated that their system
could extend to span even farther ranges with the use of
more advanced error-correction codes.

Collectively, these demonstrations indicate that long-
range terahertz communication links are not only possi-
ble, but will likely be implemented commercially in the
foreseeable future as the technology progresses. This
technology would provide many benefits, since there are
many situations in which the ability to rapidly estab-
lish a directive, wireless point-to-point link with a ca-
pacity of tens of Gb/s would be highly attractive, inclu-
ding temporary installments during disaster recovery
or wartime environments, at locations where trenching
fiber is prohibitively expensive or time-consuming, or as
a re- placement to upgrade microwave point-to-point
backhaul links.

There are many design choices that must be considered
when planning the construction of such a link [13, 14, 15,
16]. One notable known design choice is selecting the
modulation scheme, since modulation type determines
the shape of the temporal waveform, the hardware re-
quirements (for example, the dynamic range of the front-
end receiver), the resilience of the channel to interference,
and the achievable throughput of the channel. By judi-
cious selection of the modulation type, channel through-
put can be maximized, and many research teams have
investigated various algorithms and strategies for
determining the optimal modulations for both
microwave and terahertz wireless links [17, 18, 19].

Many modulation schemes are possible, and all carry their
own benefits and drawbacks. However, the prototype
terahertz links in the demonstrations listed earlier em- ploy
various orders of quadrature amplitude modulation,
collectively known as M-QAM schemes, including Binary
Phase Shift Keying (BPSK, or 2-QAM), Quadrature Phase
Shift Keying (QPSK, or 4-QAM), 8-QAM and 16-QAM. In an
M-QAM scheme, binary data is encoded as communi- cation
symbols, distinct combinations of amplitude and phase of
the carrier wave, each of which represent one or more bits
of data. The modulation order M specifies how many such
combinations of amplitude and phase are recognized by the
receiver, and log,(M) bits of data are carried by each
symbol.

As the modulation order of the communication system is
increased, each symbol transition carries more infor-
mation, which consequently increases the spectral effi-
ciency of the link. Spectral efficiency is a measure of how
many bits of data are transferred per unit of bandwidth
utilized by the communication system, typically given in
units of () /uz. While the spectral efficiency realized in a
physical communication system depends on many factors
(such as the coding scheme, Signal-To-Noise Ratio (SNR),
and fading characteristics of the channel), the theoretical
maximum spectral efficiency of an M-QAM scheme is ulti-
mately given by, and scales with modulation order
according to, log2(M) [20].

In general, this increase in spectral efficiency makes
higher order modulations the most attractive, due to the
fact that more information can be sent within in a given
bandwidth or, conversely, that the system requires less
bandwidth to maintain a given data rate.

However, higher-order modulations are not always viable
to use. When a system is constrained to operate below
some fixed maximum power, the phase and amplitude
of all communication symbols must fall within a finite
region of the phase/amplitude plane that satisfies that
power constraint. Increasing the number of communica-
tion symbols necessarily means that symbols must take
on increasingly similar values of amplitude and/or phase,
as more symbols have to be placed within the finite re-
gion satisfying the power constraint. When the receiver
must differentiate between a large number of similar
symbols with high resolution, injected noise can easily
shift the amplitude and/or phase of the received
waveform so that symbols are received in error, much
more so than for a lower-order modulation scheme where
symbol regions are larger and more widely spaced. As
a result, higher-order M-QAM schemes have more
stringent requirements on the minimum SNR allowed at
the receiver for effective operation. Fig. 1 illustrates the
increase in SNR required by higher-order M-QAM
schemes in order to maintain a given bit error rate.

When designing a communication link, the modulation
type is chosen so that an acceptable error rate is main-
tained under the worst-case SNR the link is designed to
handle. In order to decrease the outage probability du-
ring times when the signal is strongly attenuated, and
to increase the capacity when channel conditions are
favorable, many communication systems employ
optimization algorithms that actively select the order of
the modulation scheme used [17]. These optimization
routines switch between modulation orders as channel
conditions vary, such that the resulting link is both more
reliable (in terms of outage probability) and operates
with a higher average capacity.

Terahertz links will, of course, likewise benefit from these
type of optimization routines [18, 17], whether the band-
width is occupied by a single link, or filled with a large
number of subcarriers [21]. However, due to the huge
bandwidths available for terahertz communication links,
and the high frequencies at which they operate, the opti-
mal modulation type will not be determined by SNR (that
is, fading) alone. Our work indicates that the Group Velo-
city Dispersion (GVD) caused by molecular resonances
in the atmosphere can result in counter-intuitive

behavior over the lower terahertz bands, in which the
severity of Inter-Symbol Interference (ISI) depends not
only on band- width (as expected), but also on the

modulation type used, even in the absence of noise.
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Fig. 1 - Bit error rate versus SNR “waterfall” plots for an M-QAM communication system, with M = 2, 4, 16, 64, and 256. Higher-order modulations
have closer symbol spacing under equivalent power requirements, resulting in a higher SNR required for equivalent error performance to a lower order

modulation, assuming the absence of group velocity dispersion.

2. METHODOLOGY

In order to quantitatively measure the impact of ISI
caused by atmospheric GVD, bit error rate simulations
were performed using a channel model founded upon an
accurate understanding of atmospheric molecular reso-
nances. It is from this atmospheric model that all the
effects accounted for in this work were derived. Specifi-
cally, the channel considered in this study was a Linear
Time-Invariant (LTI) channel with Additive White Gaus-
sian Noise (AWGN) and no obstruction, multipath pro-
pagation, or Doppler effects. However, the transfer
function of the atmosphere itself was modeled as variable
over frequency in both absorption and refractive index,
which gives rise to the behavior observed in our results.
Even though our assumption of an LTI AWGN channel is
much simpler than the environments usually
encountered by wireless link designers at terahertz
frequencies, the fact that our results arise from the
properties of the atmosphere rather than complex and
situation-specific channel effects make them applicable
to a wide range of channels, including those significantly
more complex that that presented here [22].

The atmospheric transfer function is described most
generally as H,(w) = a(w)exp[—jo(w)], where a(w)
and ¢(w) are the frequency-dependent attenuation and
phase shift imparted by the atmosphere, respectively,
and j = +/—1. This non-unity transfer function arises
from the interaction of various atmospheric gas species
with terahertz-frequency radiation. Most notable among
these are water vapor and diatomic oxygen, which exhibit
strong rotational and vibrational resonances within and
above the terahertz bands. While the amplitude (absorp-
tion) term of H,(w) is most often discussed, the phase
term ¢(w) is equally important to propagation, and to-

gether these terms determine the complex index of refrac-
tion of the atmosphere. This complex index is obtained by
a combination of Molecular Response Theory (MRT) [23]
and continuum effects [24, 25], in which the broadened
absorption lines of all the H,0 and O, molecular reso-
nances from 0 to 5 THz are found by MRT, summed, then
added to the continuum absorption. This has been shown
to accurately model atmospheric behavior over the sub-
terahertz bands, and accounts for the contribution of all
relevant molecular resonances up to 5 THz.

In addition to the atmospheric effects, pulse shaping fil-
ters also shape the transmitted waveform, limit the band-
width of the signal, and reduce ISI. In our simulations,

a raised cosine filter H, (w) with a roll-off factor of 1 was
used, and incorporated into the channel model by
applying it directly to the atmospheric transfer function
in frequency domain, yielding a channel transfer function
H,(w) = H,,(w) x H,(w). The impulse response of the

complex channel transfer function can then be derived as

h,(t) = F7'[H,(w)], where ! indicates the inverse

Fourier transform.

Once the impulse response of the channel is known, a
data vector containing complex valued communication
symbols is generated. The symbols in the data stream
occur with equal distribution, but the data stream is not
completely random. Rather, it is generated such that
combinations of symbols are also equally distributed, so
every possible permutation of £ symbols occurs an equal
number of times for a specified k. This is necessary
because the severity of ISI experienced by a
communication symbol depends on the value and order
of the neighboring symbols, not on the value of the
symbol itself. This data stream is convolved with the
channel impulse response, resulting in a sequence of
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non-ideal communication symbols in the time domain,
which have experienced a nonlinear phase shift due to
GVD in the atmosphere, resulting in ISI in the time
domain. At this point, AWGN is added to the distorted
symbol sequence, which is then demodulated and
compared to the original symbol vector to determine the
number of errors. This procedure is repeated until
enough iterations have run to ensure the errors gene-
rated are true to the stochastic distribution of the noise.
Averaging the error rates observed on each iteration gives
the error rate of the link for that particular combination of
distance, bandwidth, modulation type, and atmospheric
properties.

This simulation process has the advantage of abstracting
away much of the hardware, focusing on the mathemati-
cal, fundamental interactions between the data-carrying
symbols and the atmospheric channel. Notably, it also
defines parameters such as received SNR directly prior to
demodulation, so that the results are applicable to a
broad range of physical systems. For a much more
in-depth description of the simulation process using a
slightly different mathematical convention, readers are
referred to our previous work [26], which is currently
under consideration for publication at the time of this
writing.

3. RESULTS AND DISCUSSION

A principal result taken from our simulations is that GVD
can produce increasing SER in two opposing cases: when
low bandwidth and high order modulation is employed
and when high bandwidth and low order modulation
is employed. Moreover, there exists an optimum trade-
off between modulation order and bandwidth that mini-
mizes SER due to GVD for a particular desired data rate. In
order to clarify this point, we have chosen to conduct our
simulations such that data rate is held constant, whereas
bandwidth and modulation order are variable. Further
justification for this approach is offered later in the discus-
sion. To elaborate on our results, the following relation-
ships between modulation order and GVD were found:

For a high bandwidth link with low modulation order,
achievable data rate is high, but the link suffers a high
number of symbol errors because of the large frequency-
dependent change in refractive index across the band-
width (high GVD) causes severe ISI, large enough to
push received symbols across the broadly-spaced deci-
sion boundaries used in low-order modulation types.

For a low bandwidth link with high order modulation, the
achievable data rate is equally high, but the link still
suffers a high number of symbol errors due to
dispersion. This time, the errors are not because of a
large frequency dependency in the narrow channel, but
because decision boundaries are so tightly spaced on the
constellation diagram that even the small amount of GVD
exhibited by the channel is enough to push received
symbol values across them, again causing ISI.

A compromise between these two extremes allows for
high bit rates with higher dispersion tolerance when
bandwidth and modulation order are properly balanced.
Note that the remaining combinations of bandwidth and
modulation order fare quite poorly: a high bandwidth link
with high order modulation can have a very high capa-
city but suffers severe ISI due to simultaneously high
dispersion and tight decision boundaries, while a low
band-width link with low modulation order has greatly
reduced data capacity, defeating the purpose of terahertz
commu- nications. An example of the simulation results
that led us to these conclusions is illustrated in Fig. 2,
which shows the bit-error rate of a 60 Gb/s M-QAM
communication link for five different modulation orders
over 0 to 20 km.

It is important to note that atmospheric dispersion is a
cumulative phenomenon, meaning the greater distance a
signal propagates, the more dispersion accumulates and
affects that signal. It is also important to note that no
noise is added to the signal in Fig. 2, which allows us to
confidently state that any change in error rates observed
are due to GVD increasing with distance, and the that
differences between the various curves are due to
changes in modulation order (which affects both
bandwidth and symbol spacing on the constellation
diagram). Even in the absence of noise, increasing
dispersion over distance will eventually cause some
communication symbols to be misinterpreted by the
receiver for all modulation types, resulting in a bit error
rate that rises rapidly from insignificance to some finite
value, often by several orders of magnitude in only a
kilometer or two.

The point at which the error rate jumps from insignifi-
cance to a finite value is the uncompensated “dispersion
limit” of that link, marked by vertical dashed lines in Fig. 2.
Beyond this limit, the error rate of the link cannot be con-
tinuously improved by increasing the SNR, because dis-
persion is the dominant source of errors [26]. For the 60
Gb/s link shown in Fig. 2, BPSK has the lowest dispersion
limit, meaning it is most severely affected by atmospheric
temporal dispersion. 4-QAM, or QPSK, is next, followed
by 256-QAM, 16-QAM, and finally 64-QAM. In other words,
the dispersion limit increases with modulation order for
most of the modulation orders simulated, meaning there
is more robust operation as the bandwidth decreases.

The results and discussion presented so far may seem
obvious and well-established. It is well-known that de-
creasing the bandwidth of a wireless link operating in a
frequency-selective environment will increase the perfor-
mance of the link by "flattening” the fading profile of the
channel, thereby reducing errors, ISI, and the comple-
xity of signal processing. The atmosphere is a frequency-
selective channel over the huge bandwidths available to
terahertz communication links, so it may not initially
seem surprising that as we decrease the bandwidth we
also observe an improvement in error rate. However,
closer inspection of the data reveal additional and
unexpected behaviors that are not readily explained
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Fig. 2 - Bit error rate versus distance “reverse waterfall” plot for a noiseless 60 Gb/s link, centered at 250 GHz. Dashed vertical lines mark “dispersion
limits,” the distance at which uncompensated dispersion begins to deterministically cause bit errors, which cannot be overcome by increasing the SNR.
Atmospheric conditions are water vapor density p,,, = 10.37 g/m? (60% relative humidity at 20 °C). The decrease in the error rate of the BPSK curve
over 7 km to 10 km is a consequence of how atmospheric GVD shifts the received value of communication symbols. Because BPSK modulates only a
single dimension in the complex symbol space, it experiences fewer errors over the 7 km to 10 km region, where dispersion tends to shift a majority of
symbols orthagonally to the dimension of modulation. This effect is not strongly observed in higher-order modulations due to their use of the orthagonal
(quadrature) dimension, though this effect also produces a slight dip at about 9 km for the 4-QAM link.

by the wusual intuition about wireless systems. If
frequency-selective fading was the driver of the
increase in error rate, then we would expect to see the
error rate improve with every decrease in bandwidth,
but the exact opposite is observed for the transition
from 64-QAM to 256-QAM. In fact, 256-QAM has a
similar dispersion limit to 16-QAM, despite having twice
the spectral efficiency, that is, half the bandwidth. The
cause for this reversal is that the symbols in 256-QAM
are so closely spaced that only a small amount of
dispersion is enough to shift them across the decision
boundaries and produce errors, even though the
frequency-dependent fading due to the atmosphere is
essentially flat across the bandwidth. In other words, in
the presence of GVD, the decrease in symbol spacing
outweighs the decrease in bandwidth due to spectral effi-
ciency gains, resulting in more errors.

This demonstrates that GVD, not frequency-selective
fading, is responsible for these errors. It is worth
remembering that the results shown in Fig. 2 are for a
single link, with no multipath interference, over an LTI
channel with no noise added. The errors observed are
solely due to the frequency dependent refractive index of
the atmosphere. Consequently, these results show that in
the terahertz and sub-terahertz bands, reducing
bandwidth does not necessarily improve error rate
performance because the shape of the waveform (that is,
modulation type) also matters, due to the atmospheric
interaction. This is a counter-intuitive result that is
uniquely different from free-space microwave links.

While the noiseless case is instructive, it is not always
rep- resentative of the real world. Fig. 3 shows the error
per- formance of the 4-QAM and 16-QAM links of Fig. 2 in
the presence of varying amounts of noise, as described in

the figure caption. As expected, poor SNR impacts the
error rate of the high-order 16-QAM link more severely
than the 4-QAM link. It is significant to note that at the
lower order 4-QAM link, the error rate can be improved
in some cir- cumstances, even with poor SNR, by shifting
to a higher or- der modulation, whenever the cost of
degraded SNR performance is offset by reduced GVD in
the more spectrally efficient modulation.

For example, examine the 4-QAM link operating at 8 kilo-
meters with an SNR of 20 dB, denoted by the point ‘@’
called out on the plot. The expected uncompensated er-
ror rate is 0.59%. While it may be intuitive to decrease
the modulation order to improve the error performance,
the results in Fig. 2 show this is not advisable; a BPSK link
under the same conditions is operating beyond the disper-
sion limit, and has a high error rate of about 7.5%, even in
the effective total absence of noise. Rather, if the modula-
tion order is increased to 16, then Fig. 3 shows the error
rate is decreased to 0.035% for the same SNR of 20 dB,
more than an order of magnitude improvement (denoted
by the point ‘b’ called out on the plot). In fact, the results
presented in Fig. 3 show that when the link distance is
above 8.5 km (shown by the vertical dashed line) and the
SNR greater than 20 dB, switching from 4-QAM to 16-QAM
will always improve the error rate, due to the greater spec-
tral efficiency (and thus lower bandwidth and GVD) of the
16-QAM scheme.

For a second illustration, now consider the 16-QAM
link operating at 14 km in Fig. 4, with a high SNR of 40 dB.
The expected error rate is 0.148% (denoted by point ‘@’
on the plot). To improve this error rate, the default choice
might be to decrease the modulation order, but again,
this worsens the error rate to a value of 9.5% for 4-QAM
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Fig. 3 - Reverse waterfall plot for M-QAM links, M = 4, 16, over distances from 0 to 20 km with various SNRs. SNR values of 0, 10, 20, 30, 40, and 50 dB
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are the same as in Fig. 2. The fact that the 40 dB, 50 dB, and infinite SNR curves are almost indistinguishable because beyond 40 dB, dispersion is the

dominant source of errors, rather than noise.

(according to point ‘c’ on Fig. 3). However, increasing the
modulation order to 64 offers improvement according to
Fig. 4, reducing the error rate to 4.7 xI0~° ( point ‘b’ on the
plot). In this case, the improvement again relies on the
increased spectral efficiency of the higher order
modulation scheme, with the stipulation that the SNR be
40 dB or greater. This exacting constraint on SNR arises
from the small spacing between symbol decision
boundaries for the higher-order link, made even stricter
by the fact that dispersion, though reduced, has still
shifted some of the received symbols closer to the
decision boundaries.

Thirdly, notice from Fig. 2 that, for the 60 Gb/s case pre-
sented here, there are some modulation schemes that, in
general, constitute poor choices for a link without dis-
persion compensation. Namely, a 256-QAM scheme has
a worse error rate at all distances and SNRs than ei-
ther 16-QAM or 64-QAM (with the exception of a slight
and insignificant region around 14 km in the noise-free
case, where it has performance marginally better than
the 16-QAM scheme). While BPSK and 4-QAM do under-
perform 256-QAM over long distances with higher SNR,
there are also two other modulation types (16-QAM and
64-QAM) that outperform 256-QAM in nearly all situa-
tions, so while 256-QAM is an improvement over some
modulation schemes, it is never the best choice (and this
holds true for all higher SNRs as well).

At this point in the discussion, there are a few assump-
tions that need to be addressed. One point of concern
may be that in most applications, the bandwidth of a
wireless link is fixed and the data rate varies with
modulation order, while in the results we present, the
band-width varies with modulation order while data
rate is held constant. However, we are not proposing

this is how future terahertz links should operate;
indeed, variable bandwidth channels would be both an
engineering and a regulatory challenge, and probably are
not appropriate for most circumstances. Rather, we
chose to present our data in this manner because
allowing bandwidth to vary with modulation order
makes the counter-intuitive behavior of the spectrally-
efficient, low bandwidth links (that is, 256-QAM) the
most clear and explicit. This does not change our
simulation results; it is just a data- presentation choice.
Varying the bandwidth of the link was the best way to
show that decreasing the bandwidth does not necessarily
decrease the error rate, and that modulation type
becomes an important factor due to atmospheric GVD.

Finally, all discussion up until this point has been focused
on communication links in which dispersion is
uncompen- sated. Though GVD has not historically
been a concern for wireless communication systems
(owing to the com- paratively narrow bandwidth of
legacy microwave com- munication links), it has been
extensively investigated in fiber optics, where
dispersion-compensating technology is relatively
mature. Additionally, there are other forms of temporal
dispersion that have been identified, studied, and
compensated in existing wireless links, which often
arise from multipath propagation. Although atmospheric
GVD is a new phenomena for wireless links, dispersion
in general is not. This may lead some to think that since
dispersion can and has been compensated by both pho-
tonic [27] and electronic [28, 29] means, then these tech-
nologies would be readily adapted for use in a terahertz
wireless communication system. Specifically, it might be
assumed digital signal processing filters, also known as
equalizers, will be able to compensate GVD and thus ren-
der the problem of GVD irrelevant.
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While equalizers are certainly theoretically capable of

compensating dispersion, whether they will be physically

realizable for terahertz frequencies (and, if so, when) is

still yet to be determined. There are still questions that

remain to be answered before we can confidently assert
which equalizer architectures will be most suited to
operation in the terahertz bands. In 4G architectures
utilizing orthogonal frequency division multiplexing,
equalizers operate on channels at most 20 MHz wide,
and this is the dominant wireless technology.
However, in the terahertz bands, the signal bandwidth
may be up to 100 GHz, potentially over three orders of
magnitude larger! Even the fiber optic equalizers
referenced previously typically have bandwidths less
than 100 GHz [30]. This high bandwidth significantly
complicates filter design. If terahertz sub-bands are

kept only a few tens of Kkilohertz wide in order to avoid
this problem, then the number of sub-bands (and thus
equalizers) scales up by potentially four orders of
magnitude. Further complications include 10 to 100
times greater Doppler shifts, noise bandwidths two to
three orders of magnitude larger, and dispersion profiles
that change with weather, not to mention the is- sues of
receiver linearity, phase noise, and dynamic range which
are already challenges for 3G and 4G hardware [31]. While
none of this changes the fact that dispersion is theoretically
reversible, it does raise the question: are current
equalization algorithms and the digital hardware on
which they are implemented capable of performing the
task? Current research is presently being undertaken to
investigate these issues [32], and bottlenecks related to
sampling rate and signal processing limitations have been
identified [33, 34]. Presently, it seems premature to as-
sume that the equalization and signal processing tech-
nologies we currently have will carry over to terahertz
channels without significant modification and innovation.

Accordingly, we have not included equalization routines
in our simulations for concern they would produce results
that are not necessarily realistic. Furthermore, we wish
to limit the scope of this paper to a characterization and
description of the GVD induced by the atmosphere, and
its interaction with modulation type. If and when disper-
sion compensating technology is implemented in future
terahertz communication systems, the judicious selection
of modulation type will reduce the performance require-
ments placed on such technology by utilizing modulation
schemes naturally resistant to dispersion-induced bit
errors. This could be especially important for relaxing
the signal processing burden in terahertz transceivers.

4. CONCLUSION

In this work, we leveraged highly accurate models of the
atmosphere to predict the effects of uncompensated at-
mospheric GVD on the bit error rate of high-capacity ter-
ahertz links using various orders of M-QAM. A significant
finding was that, due to GVD, unintuitive situations arise
in which higher-order modulations offer superior error
rate performance than lower-order modulations. This is
contrary to what would be expected in a traditional wire-
less link with a lower bandwidth, in which the selection
of modulation type is dominated by the SNR alone. It is
anticipated that this will need to be taken into account by
both future link designers and adaptive modulation algo-
rithms attempting to select the ideal modulation scheme
for present channel conditions. A related finding was that,
in uncompensated links, there are some modulation or-
ders that should not be used (or are at least never the
best choice). Specifically, high-order modulations, such
as 256-QAM (and above) suffer from stringent require-
ments on both SNR and maximum allowable symbol shift
due to dispersion, which when combined lead to subopti-
mal performance for all or nearly all combinations of
links distance and SNR.
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