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Abstract—Terahertz Band (0.1-10 THz) communication is en-
visioned as a key technology to satisfy the increasing demand for
ultra-broadband wireless communication. THz Band communi-
cation will alleviate the spectrum scarcity and capacity limitations
of current wireless systems, and enable new applications both in
classical networks and novel nanoscale networks. In this paper, a
novel distance-aware multi-carrier (DAMC) modulation scheme
is developed for both single-transmitter single-receiver and single-
transmitter multiple-receiver cases in THz Band communication.
The developed DAMC modulation scheme takes advantage of
the distance- and frequency-dependent channel peculiarities, and
provides adaptive utilization of the ultra-broad bandwidth in
the THz Band. Furthermore, the data rates of the DAMC
scheme are analytically investigated, numerically evaluated, and
compared with existing single-band pulse-based modulation and
fixed-bandwidth adaptive modulation. The results show that data
rates can be improved by one order of magnitude by using the
DAMC scheme, at the costs of design complexity for the control
unit, multi-carrier modulator and channel feedback path.

Index Terms—Terahertz Band, Multi-carrier, Modulation,
Ultra-broadband communication

I. INTRODUCTION

Wireless data traffic has exponentially grown in the past

years, and this has been accompanied by an increasing demand

for higher data rates. In particular, wireless data rates have

doubled every eighteen months over the last three decades

and are currently approaching the capacity of wired com-

munication systems [1], [2]. Following this trend, data rates

reaching Terabit-per-second (Tbps) will be realized within the

next five to ten years. Enormous bandwidth will be required

to support the high data rates for the future ultra-broadband

wireless communication and, amongst others, the Terahertz

Band (0.1 10 THz) is identified as one of the promising

spectrum bands [3], [4].

Compared to 60 GHz [5] or ultra-wideband (UWB) [6]

systems, the bandwidth in the THz Band is ultra-broad,

which ranges from several GHz to THz [7]. In terms of

higher frequency bands, although infrared (IR) systems have

high center frequencies and large available bandwidth, the IR

technology has limited data rates due to poor sensitivity of

incoherent receivers, high diffuse reflection losses, and limited

power budget due to eye-safety limits [8].

The technology required to make THz Band communication

reality is rapidly advancing. For the time being, both photonic

or optoelectronic [9], [10] and fully electronic transceivers

based on Silicon-Germanium technology [11] have been inves-

tigated. In addition, Gallium-Nitride-based power amplifiers

are being studied to increase the front-end power amplification

for THz Band communication [12]. These, as well as novel

nanomaterials such as graphene [13], [14], make the develop-

ment of compact and energy-efficient THz Band transceivers

and antennas feasible in the near future.

By enabling ultra-broadband communication in the THz

Band, the spectrum scarcity and capacity limitations of current

cellular systems can be addressed, and a plethora of applica-

tions can be boosted, which includes ultra-fast massive data

transfers among nearby devices, or ultra-broadband small cell

systems, or ultra-high-definition content streaming in advanced

cellular networks. In addition, the THz Band will also enable

novel networking applications at the nanoscale for biomedical

and military industries [15], [16].

Although classical modulation schemes can be used at Tera-

hertz frequencies, they cannot fully benefit from the properties

of the THz Band [17]. The distance- and frequency-dependent

peculiarities of the channel motivate the development of novel

modulation schemes for THz Band communication. Recently,

a novel single-band pulse-based communication scheme for

nanoscale THz Band communication has been proposed [18].

However, this modulation is mainly valid for very short

transmission distances, e.g. nanonetworks, in which molecular

absorption does not drastically impact on the channel. In

macroscale THz Band communication, molecular absorption

defines multiple transmission windows, and each window has

different available bandwidth ranging from several GHz to

THz. Furthermore, the ultra-broad bandwidth associated to

these transmission windows drastically changes with small

variations in the communication distance.

For this, in our paper, we develop a distance-aware multi-

carrier (DAMC) modulation scheme, which can take advan-

tage of the distance- and frequency-dependent transmission

windows, and provide adaptive utilization of the ultra-broad

bandwidth in the THz Band. The DAMC scheme is realized in

a control unit, which operates as follows. First, the transmitter

identifies and selects the available transmission windows based

on the communication distance. Second, each window is

divided into many non-overlapping sub-windows, which are
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Figure 1: The distance- and frequency-dependent transmission

windows in the THz Band channel [7].

used to transmit multi-carrier signals. Third, each carrier signal

is modulated with a MQAM modulation, where the order,

M , is chosen to satisfy the bit error rate (BER) and transmit

power requirements at the receiver. The results show that data

rates can be improved by one order of magnitude by using

the DAMC scheme, at the costs of design complexity for

the control unit, multi-carrier modulator and channel feedback

path.

The main contributions of our work can be summarized as

follows.

We review the distance- and frequency-dependent pecu-

liarities of the THz Band channel, and define the path loss

threshold which is used to identify transmission windows.

We develop the DAMC modulation scheme for both

single-transmitter single-receiver (STSR) and single-

transmitter multiple-receiver (STMR) cases in THz Band

communication.

We analytically investigate the data rates of the DAMC

modulation scheme, and provide extensive numerical

evaluation in both STSR and STMR communication.

We compare our DAMC scheme with the single-band

pulse-based communication and fixed-bandwidth adaptive

modulation in the STSR case.

The remainder of this article is organized as follows. In

Section II, we define the path loss threshold to identify

transmission windows in the THz Band. In Section III, we

develop the DAMC modulation scheme in the THz Band

and analytically investigate the data rates. In Section IV, we

numerically analyze the data rates of the DAMC scheme in

both STSR and STMR networks. Finally, we conclude the

paper in Section V.

II. TRANSMISSION WINDOWS IN THE TERAHERTZ BAND

The total path loss in the THz Band channel mainly consists

of the spreading loss and molecular absorption loss. Figure 1

shows the total path loss in the THz Band for different

distances, which has been characterized in [7]. The path

loss peaks caused by molecular absorption naturally create

transmission windows, e.g., w1, w2, w3, amongst others. Each

window has different bandwidth, which drastically changes

with small variations in the communication distance.

These channel peculiarities motivate the development of

novel distance-aware modulation schemes for THz Band com-

r 0.1 m r 1 m r 10 m
0.10 - 4.511 THz 0.10 - 1.659 THz 0.10 - 0.552 THz

4.514 - 6.074 THz 1.674 - 1.713 THz 0.562 - 0.748 THz

6.079 - 6.829 THz 1.721 - 2.162 THz 0.756 - 0.984 THz

6.832 - 7.612 THz 2.167 - 2.194 THz 0.991 - 1.086 THz

7.616 - 9.082 THz 2.198 - 2.219 THz 1.120 - 1.147 THz

Table I: The first five transmission windows for communica-

tion at 0.1m, 1m and 10m.

munication. However, in order to best utilize the ultra-broad

bandwidth in the THz Band, there is a need for an analyti-

cal investigation on the distance-dependence of transmission

windows, in which modulation schemes operate.

We define the path loss threshold, PLTH , as the maximum

path loss value that can be tolerated for transmission. Above

this threshold, the frequency bands are not used in our design.

An analytical solution to the path loss threshold in dB can be

obtained by solving the link budget equation, as

PLTH PT GT GR PR, (1)

where PT and PR stand for the transmit power and receive

power, GT and GR denote the transmit and receive antenna

gain, respectively. In addition, PR γ Pw, where γ is the

signal-to-noise ratio (SNR) in dB, and Pw represents the total

noise power at the receiver.

In THz Band communication, highly directional antennas

or antenna arrays are advocated to overcome the very high

path loss [17]. Therefore, we consider GT GR 30 dB,

PT 10 dBm, γ 10 dB and Pw 80 dBm [15]. The

resulting maximum path loss value is computed as PLTH

160 dB, which will be used throughout our analysis.

Next, the available transmission windows are identified by

having smaller path loss values than the path loss threshold,

as shown in Table I. The transmission windows have strongly

distance- and frequency-dependent bandwidth, which ranges

from several GHz to THz. In particular, the first transmission

window is 4.411 THz wide when r 0.1 m, while it shrinks

to 1.559 THz and 0.452 THz for distances at 1 m and 10 m,

respectively. There are 6 transmission windows for r 0.1 m,

and the total aggregated bandwidth is 9.87 THz. By contrast,

there are 98 non-consecutive transmission windows for r 10
m, while the total available bandwidth decreases to 5.90 THz.

The increase of communication distances leads transmis-

sion windows to dwindle their bandwidth, and even become

unavailable (i.e., bandwidth shrinks to zero). This motivates

the design of distance-aware (i.e., bandwidth-adaptive) modu-

lation.

III. DISTANCE-AWARE MULTI-CARRIER (DAMC)

MODULATION

In light of the behavior of the THz Band channel, we

develop the distance-aware multi-carrier modulation scheme,

which can take advantage of the distance- and frequency-

dependent transmission windows, and provide adaptive uti-

lization of the ultra-broad bandwidth.
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Figure 2: Architecture of the DAMC modulation control unit

in THz Band communication.

Orthogonal frequency division multiplexing (OFDM) is

suggested for 60 GHz systems to enhance the spectral effi-

ciency [19]. However, the bandwidth is not scare in the THz

Band. Furthermore, the very complex transceivers, high peak-

to-average power ratio (PAPR), and strict requirements for

frequency synchronization make OFDM very challenging in

the THz Band, where digital processors that can handle such

very high data rates (e.g., over 1 Tbps) do not exist to date.

Instead, multi-carrier modulation in the DAMC scheme

permits adaptive transmissions of different symbols on non-

overlapping and equally spaced sub-windows in parallel. As a

result, each carrier occupies smaller bandwidth and supports

slower data rates. This effectively relaxes the design require-

ments of individual carriers, and is helpful for THz Band

communication to process very high data rates. Nevertheless,

many parallel modulators for different carriers and very fast

signal generator to switch between carriers, are required to

support multi-carrier modulation [20], [21].

The number of carriers is equal to the ratio between the total

aggregated bandwidth and the bandwidth of each sub-window.

Small sub-window bandwidth results in a large number of

carriers, which reduces the complexity on each carrier and

enhances the system capability to support high data rates.

However, many carriers in parallel increase the complexity of

the multi-carrier modulator design. This study of the optimal

bandwidth of sub-windows is beyond the scope of this paper,

and in this work, we consider Bg 1 GHz.

In the following, we develop the DAMC modulation

scheme, to dynamically adapt the data rates and power on

each sub-windows, for both single-transmitter single-receiver
(STSR) and single-transmitter multiple-receiver (STMR) cases

in THz Band communication.

A. STSR Communication

The operation of the developed DAMC modulation scheme

is realized in a control unit as shown in Figure 2. In STSR

communication, the DAMC scheme consists of three steps, as

follows.

Multi-Carrier 
Modulator

DAMC 
Modulation 
Control Unit 

Terahertz 
Band Channel

Multi-Carrier 
Demodulator

Channel 
Estimator

Feedback 
Channel

( )
mn

mn

mn

x

g t

f

( , )s r t ( , )y r t

ˆ( , )h r t

 bpsR  bpsR

Figure 3: The system model of DAMC modulation communi-

cation.

1) At a given communication distance and a path loss

threshold value, we select the transmission windows and

obtain the available bandwidth, which are explained in

Section II. The adaptive modulation requires a feedback

path between the transmitter and receiver for the channel

estimation.

2) The DAMC modulation scheme further divides the

transmission windows into many non-overlapping sub-

windows for multi-carrier modulation.

3) According to total transmit power and targeted error rate

constraints, we can adaptively modulate the information

and allocate transmit power to each sub-window, in order

to maximize the data rate. The DAMC modulation control

unit determines the modulation schemes (e.g., MQAM),

multi-carrier frequencies and phases, which are used

to generate the transmitted signal on the selected sub-

windows.

The system model containing the DAMC modulation

scheme control unit is illustrated in Figure 3, at a data rate R
bps. The adaptive modulation is achieved based on the channel

estimation, ĥ r, t , via the channel feedback path. We define r
as the communication distance, Ts as the symbol duration, and

t as the time to satisfy 0 t Ts. The output of the control

unit is fed into the multi-carrier modulator, which generates

the transmitted signal, s r, t , given by

s r, t

M r

m 1

Nm

n 1

xmn r g t cos 2πfmn r t φmn r ,

(2)

where M refers to the total number of transmission windows

that is distance-adaptive, Nm is the number of sub-windows in

the mth transmission window. In the nth sub-window of the

mth window, xmn denotes the complex symbol, fmn is the

carrier frequency and φmn represents the phase offset. g t is

a raised cosine pulse with rolloff factor β, which relates to the

sub-window bandwidth Bg
1 β
Ts

.

In the system model, the received signal, y r, t , is

y r, t s r, t h r, t w t , (3)

where h is the Terahertz Band channel, and w denotes the

total noise with power spectral density Nw, which includes

the molecular absorption noise [7] and the thermal noise at

the receiver, and satisfies Pw
M r
m 1

Nm

n 1 Bg
Nw.
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Figure 4: STMR communication, with r1 r2 r3 . . . rV .

Next, we evaluate the performance of the DAMC scheme in

the THz Band in terms of data rates. In STSR communication,

all satisfying windows are allocated for transmission. The data

rate, R, equals to the sum of the data rates on individual sub-

windows, Rmn, as

R r, Pb

M r

m 1

Nm

n 1

Rmn r, Pb , (4)

where Pb stands for the targeted BER.

The channel gain on a sub-window is denoted by hmn. We

define γmn h2
mnPT BgNw , and K 1.5 ln 5Pb .

Since the channel information is known at the transmitter, the

optimal water-filling strategy is adopted for power allocation.

In our analysis, we apply the variable-rate variable-power

MQAM modulation scheme, while other options are also

possible. The optimal data rate that satisfies the targeted BER

is expressed by

R r, Pb Bg

M r

m 1

Nm

n 1

log
γmn

γ0 K
, (5)

where the power for each sub-window, Pmn, satisfies

Pmn

PT

1
γ0

1
Kγmn

if γmn γ0 K

0 if γmn γ0 K
(6)

and
M r
m 1

Nm

n 1 Pmn PT . The cutoff fade depth, γ0 K, is

M r

m 1

Nm

n 1

K

γ0

1

γmn
K. (7)

More than one order of magnitude improvement in data rates

can be achieved in the DAMC modulation scheme, at the

costs of design complexity for the control unit, multi-carrier

modulator and channel feedback path. The numerical analysis

of the derived data rate is discussed in Section IV-A, in contrast

with the single-band pulsed-based modulation as well as the

fixed-bandwidth adaptive modulation.

B. STMR Communication

For long-distance communication, much bandwidth in the

THz Band is not being used, because of the high path loss and

small bandwidth in the transmission windows. For example at

r 10 m, 4 THz-wide bandwidth is not being used. To better

exploit the bandwidth in the THz Band, we advocate to allow

simultaneous transmissions to multiple closer receivers, with-

out compromising the transmission to long-distance receivers.

We consider a THz Band communication network where there

are one transmitter and V receivers. If rv denotes the distance

between the vth receiver and the transmitter, Figure 4(a)

illustrates the network with r1 r2 r3 . . . rV . In

this section, we investigate the DAMC modulation scheme in

STMR communication.

As the communication distance decreases, the path loss

drops and as a result, the receive power and the available

bandwidth are increased. By studying a transmission window

in Figure 4(b), we have the following observations. On one

hand, the transmission opportunities for long-distance com-

munication are also useful for short distances, e.g., bandwidth

for r1 is part of bandwidth for r2 and r3. On the other hand,

the sides of the transmission window can be used for short-

distance communication, which do not affect the long-distance

transmission using the center part of the window.

In light of these observations, the DAMC modulation

scheme is used in STMR communication, by following the

principle to accommodate long-distance communication first.

In one transmission window, the resulting bandwidth occu-

pation is illustrated in Figure 4(c), in which long-distance

communication occupies the center of the transmission win-

dow first, while short-distance transmission uses the sides. As

a result, the transmitted signal for multiple receivers in this

transmission window in the frequency domain is illustrated as

SM f , where each sub-window has the bandwidth Bg .

This bandwidth allocation strategy closely interacts with the

operation of the three steps in the design of the control unit

in Figure 2. First, the channel characterization is performed

for the long-distance communication first. Second, the trans-

mission windows are allocated without interfering with the

already occupied portion. Finally, the power and modulation

on sub-windows are adaptively selected for each receiver.

By adopting this DAMC modulation scheme, the transmit-
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ted signal in STMR communication, sM t , is given by

sM t
V

v 1

Mv

m 1

Nv
m

n 1

xv
mng t cos 2πfv

mnt φv
mn , (8)

where xv
mn, f

v
mn, φ

v
mn are the complex symbol, carrier fre-

quency and phase designated for the vth receiver. Moreover,

Mv is the total number of transmission windows allocated for

the vth receiver, and Nv
m is the number of sub-windows in the

mth transmission window. After filtering out the unintended

carriers, the signal at the vth receiver, yv t , is given by

yv t
Mv

m 1

Nv
m

n 1

xv
mng t cos 2πfv

mnt φv
mn h rv, t

wv t , (9)

where h rv, t is the channel response between the transmitter

and the vth receiver, and wv is the additive white Gaussian

noise with power spectral density Nw.

In STMR communication with V receivers satisfying r1
r2 r3 . . . rV , the total data rate, RM , is equal to the

sum of data rates for individual receivers, as

RM Pb

V

v 1

Rv rv, Pb , (10)

where Rv rv, Pb is the data rate of the link between the

transmitter and the vth receiver in the STMR network, which

can be computed using (4) - (7) with Mv and Nv
m.

C. Data Rates Comparison

The comparison of data rates in STSR and STMR com-

munication is studied as follows. First, Rv rv, Pb is less than

R rv, Pb in the STSR link obtained in (5), because the center

of transmission windows for the vth receiver are partially used

by long-distance receivers. This relation is expressed as

Rv rv, Pb R rv, Pb , for v 1, 2, . . . , V. (11)

Second, RM Pb is bounded by R r1, Pb and R rV , Pb .

On one hand, compared to the STSR link with r1, the data

rate is improved since additional bandwidth is used in STMR

communication. On the other hand, the total number and

bandwidth of transmission windows used for communication

are dependent on the smallest distance, i.e., rV . Hence, in

both STSR (r rV ) and STMR communication, the occupied

bandwidth is equal. However, the centers of the transmission

windows are occupied by long-distance links in STMR com-

munication, which have worse path loss values compared to

the STSR channel h rV , t . Therefore, the inequalities are

given by

R r1, Pb RM Pb R rV , Pb . (12)

As a result, by using the DAMC scheme in STMR communi-

cation, the data rate can be further improved compared to the

STSR case.

IV. NUMERICAL ANALYSIS

In this section, we numerically evaluate the performance

of the DAMC modulation scheme in terms of data rates, in

both STSR and STMR communication regimes. Moreover, the

achievable information rates of the single-band pulsed-based

modulation [18] and fixed-bandwidth adaptive modulation [3]

are analyzed in contrast with the DAMC scheme.

A. Data Rates of STSR Communication

Figure 5(a) illustrates the data rate as a function of the

distance in STSR communication. The transmit power PT

is equal to 1 dBm, the antenna gains are GT GR 30
dB, and the noise power is Pw 80 dBm. As the distance

rises, the channel path loss surges and hence, less transmission

windows can be utilized and smaller data rates are achieved. In

particular, the data rates of DAMC modulation scheme using

variable-rate variable-power MQAM are plotted for targeted

BER Pb 10 3, 10 6, 10 9, which are upper-bounded by

the Shannon capacity. The selection of MQAM changes with

distances, because of the variation of SNR over each sub-

window. As the BER becomes stricter, the order of MQAM

that can be supported by the same SNR drops and hence, the

data rates shrink. Specifically, at r 1 m, the capacity reaches

10.49 Tbps, while data rates dwindle to 7.10 Tbps, 5.40 Tbps,

and 4.63 Tbps for the three targeted BERs, respectively.

The interrelation between the data rates and the average

SNR, is shown in Figure 5(b), for a fixed communication

distance 1 m. The average SNR is computed as the mean

of the received SNR on the available transmission windows.

Specifically using the parameter values in Figure 5(a), the

average SNR is 49.1 dB. Higher data rates are achieved

with larger average SNR, e.g., the capacity reaches 11.18

Tbps at 50 dB. To compare the data rates of the DAMC

scheme using adaptive MQAM with the Shannon capacity,

a power loss of K is observed. Specifically, given targeted

BERs Pb 10 3, 10 6, 10 9, additional 5.5, 9.1, 11.1 dB

are needed for the DAMC scheme with adaptive MQAM to

achieve the same rate.

Moreover, we compare the performance of the DAMC

scheme with the single-band pulsed-based modulation and

fixed-bandwidth adaptive modulation in terms of the achiev-

able data rates in Figure 5(a), as follows.

First, the information rate of the single-band pulse-based

modulation in [18] is numerically studied. At small distances

(below 1 m), the THz Band channel have small path loss and

the pulse can be transmitted without being distorted. Compared

to the DAMC scheme, this information rate is less than 10

times worse, because with a similar aggregated bandwidth,

the pulse-based modulation has maximum 1 bit/symbol while

MQAM has log2 M bits/symbol. At large r, the transmission

windows are narrow, which drastically distorts the pulse and

degrades the performance of the single-band modulation. By

contrast, the DAMC scheme intelligently determine the trans-

mit power and modulation over transmission windows, which

can lead 2 orders of magnitudes advantage over the single-

band pulse-based modulation. The results show that the data
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Figure 5: Data rates in STSR communication.

rate improvement is achieved particularly at large distances,

at the costs of design complexity for the control unit, multi-

carrier modulator and channel feedback path.

Second, we numerically analyze the achievable data rate

of a fixed-bandwidth adaptive modulation, with the centered

frequency at 0.35 THz and bandwidth of 51 GHz, as con-

sidered in [3]. Similar to the DAMC scheme, water-filling

principle is used in this fixed-bandwidth adaptive modulation

to compute the achievable data rate. For small communication

distances, due to the restricted bandwidth, the achievable

data rate of this fixed-bandwidth adaptive modulation is one

order of magnitude less. For large distances, the bandwidth of

transmission windows dwindles. Gradually, the difference of

the two schemes wanes. Therefore, the DAMC scheme outper-

forms the fixed-bandwidth adaptive modulation, particularly at

small distances.

B. Data Rates of STMR Communication

In STMR communication, data rates are enhanced by uti-

lizing the unused frequency bands without compromising the

long-distance transmissions. In our analysis, we consider all

the receivers are distant from the transmitter between 0.1

m and 10 m, i.e., r1 10 m and rV 0.1 m, where

V is the number of receivers. Following the principle to

accommodate the longer distance communication first, the

DAMC modulation scheme is adopted to ameliorate the data

rates.

In Figure 6(a), one transmitter communicates with two

receivers at r1 10 m and r2 0.1 m. The THz Band

is allocated for the long-distance receiver at r1 first, and

then the unoccupied frequency bands are used to transmit

to the receiver at r2. Compared to the STSR case, one

order of magnitude of data rates is enhanced by using the

DAMC scheme in STMR communication. The data rates for

the second receiver are less than R 0.1, Pb in Figure 5(a).

Moreover, the overall data rates in STMR communication are

bounded by R r1, Pb and R r2, Pb . Hence, the inequalities

(11) and (12) are satisfied.

Alternatively, Figure 6(b) illustrates the impact of the

number of receivers on data rates for a fixed targeted BER

10 6. In this study, receivers are logarithmically uniformly

located, e.g., distances are 0.1, 1, 10 m for V 3. The

observations are summarized as follows. First, by exploiting

unused bandwidth, simultaneous transmissions to multiple

receivers increase data rates. Second, as more receivers are

in the network, the allocated bandwidth for each receiver is

reduced and hence, the slope of increase on data rates lessens.

Third, as more receivers are in the network, much bandwidth is

occupied by long-distance receivers in the DAMC modulation

scheme. These receivers have large path loss values and hence,

the total data rates in STMR communication abate. Hence,

the balance between the number of receivers that can be

simultaneously supported and the total data rates need to be

further investigated.

V. CONCLUSION

Terahertz Band (0.1 10 THz) communication is envisioned

to meet the demand for ultra-broadband wireless communi-

cation. THz Band communication will address the spectrum

scarcity and capacity limitations of current cellular systems,

and enable a plethora of applications both in classical networks

and novel nanoscale networks.

In this paper, we have developed a novel DAMC modulation

scheme for both STSR and STMR cases in THz Band com-

munication. The developed DAMC scheme takes advantage of

the distance- and frequency-dependent channel peculiarities,

and provides adaptive utilization of the ultra-broad bandwidth

in the THz Band. Moreover, we have analytically and nu-

merically investigated the data rate of the DAMC scheme,

as a function of the targeted bit error rate, average signal-to-

noise ratio and number of receivers. We have compared the

performance of the DAMC scheme in contrast with the single-

band pulse-based modulation and fixed-bandwidth adaptive

modulation.

The results show that the DAMC modulation scheme can

provide up to several Tbps data rates over 10 m, which

outperforms existing single-band pulse-based modulation and

fixed-bandwidth adaptive modulation by more than one order

of magnitude. Furthermore, compared to the STSR case, one

order of magnitude of data rates can be enhanced by using

the DAMC scheme in STMR communication. However, these

improvements by using the DAMC modulation scheme are

at the costs of design complexity for the control unit, multi-

carrier modulator and channel feedback path.
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Figure 6: Data rates in STMR communication.

ACKNOWLEDGEMENT

The authors would like to thank Dr. Josep Miquel Jornet for

his constructive criticism, which helped to improve the quality

of the paper.
This work was supported by the U.S. National Science

Foundation (NSF) under Grant No. CCF-1349828.

REFERENCES

[1] S. Cherry, “Edholm’s Law of Bandwidth,” IEEE Spectrum, 2004.
[2] M. Koch, “Terahertz Communications: A 2020 Vision,” Terahertz Fre-

quency Detection and Identification of Materials and Objects, 2007.
[3] R. Piesiewicz, T. Kleine-Ostmann, N. Krumbholz, D. Mittleman,

M. Koch, J. Schoebel, and T. Kurner, “Short-range Ultra-broadband
Terahertz Communications: Concepts and Perspectives,” IEEE Antennas
and Propagation Magazine, vol. 49, no. 6, pp. 24–39, 2007.

[4] H. Song and T. Nagatsuma, “Present and Future of Terahertz Commu-
nications,” Terahertz Science and Technology, IEEE Transactions on,
vol. 1, no. 1, pp. 256–263, 2011.

[5] T. Rappaport, J. Murdock, and F. Gutierrez, “State of the Art in 60-
GHz Integrated Circuits and Systems for Wireless Communications,”
Proceedings of the IEEE, vol. 99, no. 8, pp. 1390–1436, 2011.

[6] G. R. Aiello and G. D. Rogerson, “Ultra-Wideband Wireless Systems,”
IEEE Microwave Magazine, vol. 4, no. 2, pp. 36–47, 2003.

[7] J. Jornet and I. Akyildiz, “Channel Modeling and Capacity Analysis for
Electromagnetic Wireless Nanonetworks in the Terahertz Band,” IEEE
Transactions on Wireless Communications, vol. 10, no. 10, 2011.

[8] M. Wolf and D. Kreß, “Short-range Wireless Infrared Transmission: The
Link Budget Compared to RF,” IEEE wireless communications, 2003.

[9] T. Nagatsuma, H. Ito, and T. Ishibashi, “High-Power RF Photodiodes
and Their Applications,” Laser & Photonics Reviews, vol. 3, no. 1-2,
pp. 123–137, 2009.

[10] K.-C. Huang and Z. Wang, “Terahertz Terabit Wireless Communication,”
IEEE Microwave Magazine, vol. 12, no. 4, pp. 108–116, Jun. 2011.

[11] E. Ojefors, B. Heinemann, and U. Pfeiffer, “Subharmonic 220-and 320-
GHz SiGe HBT Receiver Front-ends,” IEEE Transactions on Microwave
Theory and Techniques, vol. 60, no. 5, pp. 1397–1404, 2012.

[12] M. Micovic, A. Kurdoghlian, A. Margomenos, D. Brown, K. Shinohara,
S. Burnham, I. Milosavljevic, R. Bowen, A. Williams, P. Hashimoto
et al., “92–96 GHz GaN Power Amplifiers,” in IEEE MTT-S Interna-
tional Microwave Symposium Digest, 2012, pp. 1–3.

[13] T. Otsuji, S. Tombet, A. Satou, H. Fukidome, M. Suemitsu, E. Sano,
V. Popov, M. Ryzhii, and V. Ryzhii, “Graphene-based devices in tera-
hertz science and technology,” Journal of Physics D: Applied Physics,
vol. 45, no. 30, p. 303001, 2012.

[14] J. M. Jornet and I. F. Akyildiz, “Graphene-based Plasmonic Nano-
antennas for Terahertz Band Communication in Nanonetworks,” to
appear in IEEE Journal of Selected Topics in Communications, 2013.

[15] T. Kleine-Ostmann and T. Nagatsuma, “A review on terahertz communi-
cations research,” Journal of Infrared, Millimeter and Terahertz Waves,
vol. 32, no. 2, pp. 143–171, 2011.

[16] M. Tonouchi, “Cutting-edge Terahertz Technology,” Nature photonics,
vol. 1, no. 2, pp. 97–105, 2007.

[17] I. Akyildiz, J. Jornet, and C. Han, “Terahertz Band: Next Frontier
for Wireless Communications,” to appear in Physical Communication
(Elsevier) Journal, 2013.

[18] J. M. Jornet and I. F. Akyildiz, “Information Capacity of Pulse-based
Wireless Nanosensor Networks,” in Proc. of the 8th Annual IEEE
Communications Society Conference on Sensor, Mesh and Ad Hoc
Communications and Networks, SECON, Jun. 2011.

[19] R. C. Daniels and R. W. Heath, “60 GHz Wireless Communications:
Emerging Requirements and Design Recommendations,” IEEE Vehicular
Technology Magazine, vol. 2, no. 3, pp. 41–50, 2007.

[20] T. Keller and L. Hanzo, “Adaptive Multicarrier Modulation: A Conve-
nient Framework for Time-Frequency Processing in Wireless Commu-
nications,” Proceedings of the IEEE, vol. 88, no. 5, pp. 611–640, 2000.

[21] T. Ohtsuki, “Multiple-Subcarrier Modulation in Optical Wireless Com-
munications,” IEEE Communications Magazine, vol. 41, no. 3, pp. 74–
79, 2003.

IEEE ICC 2014 - Wireless Communications Symposium

5467



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


