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Abstract—Terahertz (THz)-band (0.1-10 THz) communication
has been envisioned as a key technology to enable wireless Terabit-
per-second (Tbps) links. At THz frequencies, the path-loss is
governed by the spreading loss and the molecular absorption loss.
The latter also determines the available transmission bandwidth,
which drastically shrinks with distance. New physical layer solu-
tions that capture this behavior are needed to maximally utilize
the THz band. In this paper, the concept of hierarchical bandwidth
modulation is introduced for single-transmitter multiple-receiver
communication in the THz band. In the proposed modulation
scheme, multiple flows of information aimed at users at differ-
ent distances are transmitted at the same time and over the
same frequency, by simultaneously adapting both the modulation
order and, more importantly, the symbol time. Details for the
modulator and the demodulator implementations are provided.
The performance of the proposed modulation is analytically
derived, both in terms of the achievable data rate as well as
symbol error rate. Extensive numerical results based on analytical
channel models that capture the peculiarities of the THz band are
provided to illustrate the performance of the proposed scheme.
The results show that the proposed modulation scheme can
maximize the utilization of the distance-dependent bandwidth of
the THz channel, turning molecular absorption into an advantage.

I. INTRODUCTION

Over the last decade, wireless data traffic has drastically

increased due to a change in the way today’s society creates,

shares and consumes information. In 2016, the need to pro-

vide wireless connectivity to anything, anywhere, anytime has

resulted in more than 8.6 billion mobile devices connected to

the Internet, which have generated a total of 11.5 exabytes

per month of mobile data traffic [1]. Moreover, estimates

forecast that there will be 12.3 billion mobile-connected de-

vices by 2022. This change has been accompanied by an

increasing demand for higher speed wireless communication

anywhere, anytime. Following this trend, wireless Terabit-per-

second (Tbps) links are expected to become a reality within

the next five to ten years [2]. In this context, Terahertz (THz)-

band (0.1–10 THz) communication is envisioned as a key

technology to satisfy the need for such very high data-rates,

both in traditional networking paradigms as well as in novel

nanoscale communication networks [2]–[4].

For many decades, the lack of compact high-power signal

sources and high-sensitivity detectors able to work at room
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temperature has hampered the use of the THz band for any

application beyond sensing. However, many recent advance-

ments with different technologies is finally closing the so-

called THz gap. For example, on the one hand, in an electronic

approach, III-V semiconductor technologies have demonstrated

record performance in terms of output power, noise figure, and

power-added efficiency at sub-THz frequencies, and are quickly

approaching the 1 THz mark [5]–[7]. On the other hand,

in an optics or opto-electronic approach, Quantum Cascade

Lasers are rising as potential candidates for high-power THz-

band signal generation [8]–[11]. More recently, the use of

nanomaterials such as graphene is enabling the development of

novel plasmonic transceivers and antennas, which intrinsically

operate in the THz-band [12]–[15].

The THz band provides wireless communication devices

with an unprecedentedly large bandwidth, ranging from several

tens of GHz up to a few THz [16], [17]. The main phenomenon

affecting the propagation of THz-band signals is the absorption

by water vapor molecules. For communication distances below

one meter, where the number of molecules found along the path

is small, the THz band behaves as a single transmission window

several THz wide. This very large bandwidth has motivated the

use of very short pulse-based broadband modulations [18].

As the transmission distance increases, molecular absorption

defines multiple transmission windows, each of them tens

or hundreds of GHz wide. More specifically, as the number

of absorbing molecules increases, the absorption peaks be-

come both stronger and wider, a phenomenon that is known

as the broadening of the absorption lines [16], [19]. As a

result, multiple narrower transmission windows are defined

and, thus, the transmission of broadband pulses is no longer

recommended. Moreover, the bandwidth of each individual

transmission window shrinks with the transmission distance,

and can easily by reduced by an order of magnitude when the

distance is increased from 1 to 10 meters. While multi-carrier

communication systems have been envisioned [20], it is already

challenging to create a single carrier signal, yet alone defining

multiple tones. Moreover, the limitations of digital-to-analog

and analog-to-digital converters (with sampling frequencies

approaching 100 Giga-Samples-per-second [21]) discourage

the digital generation of an (orthogonal) multi-band system.

In a traditional wireless communication system, the modu-

lation scheme would be set according to the Signal-to-Noise
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Fig. 1: Path loss in dB at different transmission distances.

Ratio (SNR) of the worst-case (furthest) receiver. Similarly,

the bandwidth would be either set by the regulations or, again,

by the available bandwidth to the furthest receiver. However,

as the bandwidth in the THz band varies with the distance,

this modulation scheme will be inefficient in utilizing the high

bandwidth available for closer receivers.

To maximize the channel utilization, in this paper we propose

hierarchical bandwidth modulations able to cope with the

distance-dependent bandwidth of the THz channel. Partially

related to the concept of hierarchical or concatenated modula-

tions [22], [23], the fundamental idea in this case is to embed

multiple binary information streams on the same carrier signal

by manipulating the symbol time. More specifically, for users

over short distances, in which the available bandwidth is larger

and the path-loss much lower, symbol duration can be made

shorter than that for users over longer distances.

After describing possible implementations for the modulator

and demodulator, we analytically investigate the performance

of the proposed scheme in terms of achievable data rate and

compare it to that of traditional hierarchical modulations. In

addition, we derive the symbol error rate by starting from

the new defined constellations. Finally, we provide extensive

numerical results which have been obtained by utilizing an

analytical channel model that captures the peculiarities of the

THz band. The results show that the proposed modulation

scheme can maximize the utilization of the THz band.

The remainder of this paper is organized as follows. In

Sec. II, we describe the system model. In Sec. III, we de-

scribe the proposed modulation scheme, and we analytically

investigate its performance in Sec. IV. We provide numerical

results in Sec. V and conclude the paper in Sec. VI.

II. THZ-BAND CHANNEL MODEL

The propagation of electromagnetic waves at THz-band

frequencies is mainly determined by the spreading loss and

the molecular absorption loss. In particular, the path loss for

THz-band channel is given by [16] as

PLLOS (f, d) =

(

4πfd

c

)2

ekabs(f)d, (1)
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where f is the operating frequency, d is the separation between

the transmitter and receiver, c is the speed of light in free

space and kabs is frequency-dependent absorption coefficient

of the medium [16]. In Fig. 1, the path loss in dB according

to [16] is shown for different transmission distances, for a

standard atmosphere with 40% humidity. This result agrees

with the experimental measurements discussed in [24]. There

are several observations to be made. First and foremost,

molecular absorption plays a key role in defining the available

transmission bandwidth. For distances below one meter, the

THz band behaves as a single transmission window several THz

wide. However, for longer distances, the absorption from water

vapor defines multiple transmission windows (w1, w2, w3, ...

in Fig. 1). The second observation to be made relates to

the way in which the absorption loss is captured in analytical

models. Traditionally, the absorption loss is given as a constant

exponent in dB/km at a given window. However, this masks the

fact that the absorption loss also determines the bandwidth,

which changes drastically with distance. As the distance in-

creases (i.e., the number of absorbing molecules augments),

not only the absorption loss increases, but also the transmission

windows shrink. For example, in Fig. 2, we illustrate the

normalized path loss for the first transmission window above

1 THz. The plot shows that the available bandwidth can go

from 91.55 GHz down to 57.98 GHz when the communication

distance increases from 1 m to 10 m.This property motivates
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Fig. 8: Time and frequency domain plot of the transmitted signal, received signal at 1 m and received signal at 30 m.

TABLE I: Simulation parameters

Parameters Values

Carrier frequency 1.04 THz
Frequency window w6

M 2
Transmission power 10 dBm

Humidity 40%
Temperature 293 Kelvin

Pressure 1 atm
Antenna gain 24 dB

is clearer from the frequency domain plot of the signals in

fig. 8d, 8e, and 8f. As a result, the user at 30 m distance can

not receive the enhancement layer information, rather bound

to demodulate the base layer information at rate 1
2Ts

. The

error performance for the closer receiver in additive white

Gaussian noise (AWGN) is shown in Fig. 9. This simulation

was performed for λ = d2

d1

= 0.4. As can be seen from

the figure, our analytical result closely follow the simulation

results. The slight difference at the low SNR value happens due

to the elimination of higher order terms in the derivation of the

analytical result. In addition, very high SNR value is required

to obtain a useful performance. This is usually the case in the

literature for hierarchical modulation. The reason for this is

that the constellation points gets much closer than that of the

regular 16QAM and increases the chance of a symbol being

erroneous. However, as shown in Fig. 10 , the received SNR

for the closer receiver is very high for even a small SNR for the

farther receiver. This means while channel is good enough for

the farther receiver, the closer receiver experiences very reliable
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Fig. 9: SER as a function of SNR for closer receiver.

channel conditions. To show this more clearly, the SER for

both closer and farther receiver has been depicted in Fig. 11 as

function of the SNR for farther receiver. As can be seen from

this figure, the closer receiver has no error until the SNR for

farther receiver goes as bad as -6 dB which would never be the

target. To see this better, the received constellation diagrams at

the closer and farther receiver is shown in Fig. 12 and Fig. 13

respectively for an SNR of 18 dB at the farther node.

To compare the data rate, the bit error rates of hierarchical

bandwidth modulation and other alternatives have been de-

picted in Table II for the same transmit power and antenna gain
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Fig. 12: Received constellation at closer receiver.

mentioned above. The noise power was calculated according

to the bandwidth used by the modulation schemes and the

Fig. 13: Received constellation at farther receiver.

noise model in [18]. As can be seen from the table, if unicast

modulation is used, QPSK is the only one that can achieve

the required BER of 10−3 for the farther receiver. For the

closer receiver, upto 256QAM can be used and 1024QAM

introduces high error rate. To maximize the throughput and

meet the BER requirement at the same time, 256QAM is used

for closer receiver with symbol rate 1
Ts

and QPSK is used for

farther receiver with symbol rate 1
2Ts

. Hence, considering that

one user is served at a time in unicast scheme, the data rate

for closer receiver and farther receiver are 8bits
Ts

(256QAM) and
2bits
2Ts

(4QAM) respectively. Hence, the average data rate is

10bits

3Ts

=
3.33bits

Ts

= .307Tbps (8)

Traditional hierarchical modulation uses the bandwidth avail-

able to the farther receiver and serves the users at the same

time. As can be seen from the table, a 4/64QAM scheme can

meet the BER requirement. Hence the throughput in this case

can be calculated as

6bits

2Ts

+
2bits

2Ts

=
8bits

2Ts

=
4bits

Ts

= .370Tbps (9)

Hierarchical bandwidth modulation adjusts the symbol duration

according to the available bandwidth. A 4/16QAM scheme

meets the BER requirement for hierarchical bandwidth modu-

lation. Accordingly, the throughput can be calculated as

8bits

2Ts

+
2bits

2Ts

=
10bits

2Ts

=
5bits

Ts

= .462Tbps (10)

As can be deduced from the above numerical analysis, hierar-

chical bandwidth modulation outperforms the existing modu-

lation schemes by approximately 25% in THz channel.

VI. CONCLUSION

In this paper, we have presented a modulation scheme for

THz band communication that takes advantage of the distance

dependent bandwidth of THz channel. The proposed scheme is

partially related to the hierarchical modulation, but the symbol



TABLE II: BER comparison of different modulation schemes in THz band channel

Modulation scheme SER [distance=1m] SER [distance=30m] BER [distance=1m] BER [distance=30m]

QPSK <1e-4 <1e-4 <1e-4 <1e-4

16QAM <1e-4 0.01 <1e-4 2.5e-3

64QAM <1e-4 0.30 <1e-4 0.05

256QAM <1e-4 0.73 <1e-4 0.09

1025QAM 0.14 0.93 0.014 0.09

4/16HM, λ = 0.25 <1e-4 5.5e-4 <1e-4 2.75e-4

4/16HM, λ = 0.2 <1e-4 3e-4 <1e-4 1.5e-4

4/64HM, λ = 0.125 <1e-4 0.003 <1e-4 1.5e-3

4/64HM, λ = 0.0625 0.02 1e-3 3.3e-3 5e-4

4/64HM, λ = 0.0825 3e-4 0.0016 5e-5 8e-4

4/16HBM, λ = 0.25 <1e-4 1e-3 <1e-4 5e-4

4/16HBM, λ = 0.2 4e-4 6e-4 1e-4 3e-4

time is adjusted according to the available bandwidth at dis-

tance. We have shown that the proposed solution outperforms

the classical hierarchical modulation in terms of achievable

rates. In addition we have derived the symbol error probability

for the closer receiver in AWGN channel and compared with

the simulation results to show the validity of the analytical

result. Finally, the bandwidth hierarchical modulated signal was

simulated and passed through THz channel to show how the

proposed solution is able to take advantage of the distance

dependent bandwidth. As part of our future work, we will

extend this work for more than two receivers and optimize

the performance of the proposed modulation scheme.
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