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Abstract—Terahertz band communication is envisioned as a key
technology to satisfy the increasing demand for ultra-high-speed
wireless links. In this paper, a multi-wideband waveform design
for the THz band is proposed, by exploiting the channel peculiar-
ities including the distance-varying spectral windows, the delay
spread and the temporal broadening effects. This scheme allows
the dynamical variation of the rate and the transmit power on
each sub-window and improves the distance. Moreover, the closed-
form expressions of the signal-to-interference-plus-the-noise and
bit-error-rate for the multi-wideband waveform are derived, by
considering the inter-symbol and inter-band interferences. Then,
an optimization framework is formulated to solve for the multi-
wideband waveform design parameters of the transmit power and
the number of frames, with the aim to maximize the communica-
tion distance while satisfying the rate and the transmit power con-
straints. Four sub-optimal solutions are proposed and compared.
The results show that the SINR increases with the transmit power
and the number of frames, at the cost of the power consumption
and the rate decrease. With the transmit power of 10 dBm, the
largest distance to support 10 Gbps for the multi-path propagation
is 4 m, which is realized via the power allocation scheme to mini-
mize the power/bit on each sub-window and is 10% improvement
over the fixed scheme. However, for the directional transmission,
this scheme under-exploits the transmit power severely. Instead,
the allocation scheme that minimizes the number of frames outper-
forms the other three schemes. In terms of the maximum distance
that achieves 30 Gbps, this scheme reaches 22.5 m.
Index Terms—Distance-adaptive, interference, terahertz band,

waveform, wideband.

I. INTRODUCTION

I N recent years, the wireless data traffic grew exponentially,
which was further accompanied by an increasing demand

for higher data rates [1]. Advanced physical layer solutions
and, more importantly, new spectral bands will be required
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to support these high data rates for future wireless commu-
nications. Amongst others, the (0.06–10) Terahertz band is
identified as one of the promising spectrum bands to enable
ultra-high-speed communications [2]. Recently, Terahertz
technologies are rapidly advancing, and the development of
new transceiver architectures and antennas built upon novel
materials are bringing THz band communications one step
closer to the reality [3]. The primary advantage of the THz band
is the very broad bandwidth, which is at the order of tens of
GHz depending on the transmission distance [4]. The use of this
frequency band is envisioned to address the spectrum scarcity
and capacity limitations of current wireless systems, and boost
a plethora of applications, including ultra-high-speed wireless
backhaul to the small cells, ultra-high-speed data transfers
among proximal devices, and secure wireless communication
for military applications [5].
The THz band communication has been a subject of study

in the latest years and contributions in the literature ranging
from the antenna and transceiver technologies [6], to the channel
modeling [7] and MIMO techniques [8], among other commu-
nication theories. However, to the best of our knowledge, there
are only few solutions which proposed on the way to design
the THz signal waveform. In [9], a single-band pulse-based
scheme is proposed at the THz frequencies. However, this mod-
ulation is mainly valid for very short transmission distances,
e.g., nanonetworks, in which the distance-varying spectral win-
dows do not appear. In our preliminary study, a multi-narrow-
band system is developed. However, the resulting number of
sub-bands is quite large and the MQAM is complicated. More-
over, the interference in the multi-narrowband system is ne-
glected [10].
For the waveform design in the THz band, the channel

uniqueness needs to be best-exploited in the waveform design,
which includes the distance-varying spectral windows, the large
coherence bandwidth due to the delay spread and the temporal
broadening effects. Hence, the waveform for transmission
needs to be tailored for the channel. The additional challenges
and requirements to be addressed for the THz band waveform
design remain and can be summarized as follows:
• The transmission distance for ultra-high-speed communi-
cation is very limited due to the very high path loss. More-
over, the spectral windows are highly distance-dependent.
Hence, an adaptivemodulation scheme needs to be adopted
to improve the transmission range and support ultra-high-
speed links.
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• The ultra-broad bandwidth of the individual spectral
window at the order of tens of GHz, which motivates the
multi-wideband transmission by dividing each spectral
window into a set of sub-windows or sub-bands. However,
the interference, including the inter-symbol and inter-band
interferences of the multi-band systems, need to be inves-
tigated thoroughly and incorporated in the performance
evaluation.

To address the challenges above, we propose a multi-wide-
band waveform design for distance-adaptive THz band
communications, which can dynamically adjust the rate and
the transmit power on each sub-window. In this paper, we first
describe the channel characteristics of the THz band spectrum,
which includes an overview of propagation model in the THz
band and the characteristics. In particular, the distance-varying
spectral windows, the delay spread and the temporal broadening
effects are investigated. To overcome these channel impair-
ments, we propose a multi-wideband waveform design for the
distance-adaptive THz band communication, which includes
the features of the pseudo-random time-hopping sequence and
the polarity randomization. The carrierless version of such
transmission scheme was studied for ultra-wideband communi-
cations by using a single transmission window, which optimizes
the spectral shape of the transmitted signal and mitigates the
inter-symbol interference [11], [12]. To cope with the unique
characteristics and improve the distance, the pulse waveform
design in the distance-adaptive multi-wideband system for the
THz band includes the development of the waveform model
and the dynamical adaptation of the rate and the transmit power
on each sub-window.
Furthermore, we analyze the inter-symbol interference (ISI)

between the consecutive symbols and inter-band interference
(IBI) among the neighboring frequency sub-bands associ-
ated with the developed multi-wideband system, which need
to be considered for the distance improvement. We further
provide the close-form expressions for the signal-to-interfer-
ence-plus-noise-per-bit (SINR-per-bit) and the bit-error-rate
(BER) to analyze the system performance. Moreover, we for-
mulate an optimization framework to solve for the multi-wide-
band waveform design parameters of the transmit power and
sub-window rate (i.e., the number of frames for each symbol),
based on the system model and the waveform design. The aim
is to maximize the communication distance while satisfying the
rate and the transmit power constraints. To avoid solving the
non-convex optimization problem with the prohibitive compu-
tational complexity, four sub-optimal solutions are proposed
and compared for the optimization problem. An extensive
numerical analysis is performed to evaluate the multi-wideband
system performance.
The remainder of this paper is organized as follows. In

Section II, an overview of the THz band channel and the
characteristics that affect the communication system design are
described. In Section III, the multi-wideband waveform design
with the associated ISI and IBI are analyzed. Moreover, the
closed-form expressions for the SINR and the BER are pro-
vided in this section as well. Then, an optimization framework
based on the developed waveform design for single-user com-
munication is formulated and four sub-optimal solutions are

proposed and compared in Section IV. An extensive numerical
analysis is performed to evaluate the multi-wideband system
performance in Section V. Finally, the paper is concluded in
Section VI.

II. TERAHERTZ BAND CHANNEL CHARACTERIZATION

In this section, we provide an overview of the THz band
channel and its associated characteristics. In particular, the dis-
tance-varying spectral windows, the delay spread, and the tem-
poral broadening effects are investigated for the THz frequen-
cies. Based on these characteristics, we point out the design im-
plications for the THz band communication.

A. Overview of the Terahertz Band Channel

Due to the frequency dependency appears in the propagation
channel and antennas, a multi-path propagation model in the
THz band is developed as the combination of many individual
sub-bands in our previous work [7]. The line-of-sight (LoS) and
the reflected rays are included in this multi-path model, while
scattered and diffracted rays are neglected since they have
insignificant contributions to the received signal power [4].
We denote as the time and as the communication distance.
For reflected rays, the channel response of the multi-path
model in the frequency sub-band is given by

(1)

where is the indicator function that is equal to 1 or 0 for the
presence of LoS path or not. For the LoS path, refers to the
attenuation, and stands for the delay. For the reflected
path, is the attenuation and is the delay. In the
frequency sub-band, the center frequency is denoted by . The
path loss of the channel is computed as

(2)

The total number of multi-path components is given by
, with [7]. On the one hand, the THz

band transmission is omni-directional and the multi-path signal
consists of the LoS and multiple reflected paths, when the gains
of the transmitting and receiving antennas are

. On the other hand, with the use of high-gain antenna or
very large antenna arrays to overcome the very high path loss,
the number of multi-path rays and the delay spread decrease,
while the total received signal power increases. In particular,
when the gains of the transmitting and receiving antennas are

, the THz band transmission is highly di-
rectional and the number of multi-path components reduces to
a small number, i.e., [10].

B. Distance-Varying Spectral Windows

To analytically characterize the distance-varying spectral
windows, we further define the path loss threshold, . The
spectrum that has smaller path loss than this threshold forms
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Fig. 1. Distance-vayring path loss and total usable bandwidth for multi-path and directional transmissions in the THz band. (a) Path loss. (b) Total usable band-
width.

TABLE I
PHYSICAL PARAMETERS USED IN THIS PAPER

the spectral windows. This path loss threshold is computed by
invoking the link budget equation, as

(3)

where refers to the transmit power, stands for the
minimum SINR, and represents the noise and interference
power. The parameter values used in this paper are listed in
Table I [13]. Using this threshold, we determine the spectral
windows and the total usable bandwidth in the THz Band for
the different transmission cases.
1) Spectral Windows for : In the

multi-path propagation model, we consider the received signal
is a superposition of the LoS and four reflected paths, over the
frequency band 0.06 to 1 THz, where the material parameters
are readily available [7]. Additionally, the reflection loss grows
drastically as the frequency becomes very large, so that the
high frequency bands (above 1 THz) apparently do not satisfy
the path loss threshold. The path loss values for the different
distances are shown in Fig. 1(a), where the path loss threshold
in this case is equal to 80 dB. The communication distance
is limited for multi-path propagation based on this threshold.
At the distance above 8 m, there is no usable spectrum in the
THz band. Below 8 m, the total usable bandwidth is illustrated
in Fig. 1(b), which is equal to 0.29 THz at . The
decreasing rate from to 8 m is 40.91 GHz/m.
2) Spectral Windows for : With high

antenna gains, the transmission is directional through the LoS

path in one narrowbeam. The path loss in the THz Band for
different distances are shown in Fig. 1(a). From (3), the path
loss threshold equals to 120 dB. The path loss peaks caused by
the molecular absorption create spectral windows, which have
different bandwidth, and drastically change with the variation of
the distance. A few path loss peaks appear over this frequency
band, such as at 0.56 THz, 0.75 THz, and 0.98 THz, and the
number of peaks increases with the distance. According to this
threshold value, the total bandwidth over the THz spectrum is
identified in Fig. 1(b), for the different separation distance. For
example, the total bandwidth over the 0.06–1 THz band shrinks
from 0.94 THz, 0.90 THz, 0.87 THz to 0.50 THz, when the
distance rises from 1 m, 5 m, 10 m to 30 m. The decreasing
rate of the total usable bandwidth from 1m to 30 m this range is
approximately 14.7 GHz/m.

C. Delay Spread and Temporal Broadening
In the multi-path channel, the delay spread is a measure of

how dispersive the channel is, which reduces as the antenna di-
rectivity increases. This temporal parameter relates to the per-
formance degradation caused by ISI and useful for the physical
system design. Moreover, the coherence bandwidth, that is de-
fined as the range of frequencies over which channel correla-
tion exceeds 50%, is given by where refers to the
rms delay spread of the multi-path channel. Due to the decrease
of the beamwidth in the directional antenna case, the number
of significant multi-path components decreases. Hence, the rms
delay spread reduces by more than a factor of 60 when the di-
rectional antenna is used. For example, at and

, The coherence bandwidth for the multi-path propaga-
tion is 1 GHz, and it reaches over 60 GHz when the directional
antenna is used [14]. This indicates a very large range of fre-
quencies over which the channel can be considered as flat.
In addition to the delay spread, the temporal broadening

effects describe the broadening on the transmitted pulses,
when they experience the frequency-selectivity in the THz
wideband channel. The frequency-selective attenuation causes
broadening effects on the transmitted signals, which restricts
the minimum spacing between consecutive pulses and results
in additional coherence bandwidth. The broadening effects
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increase for the higher center frequency, the wider pulse band-
width and the longer communication distance, since the level
of frequency-selectivity in the channel increases under these
variations. Moreover, the reflected propagation affects the
temporal broadening, since the reflection introduces additional
loss as well as distortion on the transmitted signals, particularly
at higher frequencies. If we define the broadening factor as the
ratio between the pulse duration of the received pulse and that
of the transmitted pulse, this factor at the THz frequencies is
found to be 5, when the pulse bandwidth is below 10 GHz. This
indicates that the received pulse becomes 5 times as wide as
the transmitted pulse.

D. Design Guidelines

The design guidelines based on the channel characteristics are
highlighted as follows. The very strong relationship between the
distance and the spectral windows at THz frequencies motivates
the design to be distance-adaptive and in the form ofmulti-wide-
band. According to the link budget analysis in (2), the guide of
the total usable bandwidth is provided. Moreover, the utiliza-
tion of the sub-bands needs to be intelligently selected to avoid
spectrumwith the path loss peaks. Specifically, in the multi-path
propagation with , the spectrum above 0.1 THz has sig-
nificantly large path loss and cannot be used. In the directional
propagation, the communication around 0.56 THz, 0.75 THz,
and 0.98 THz needs to be prevented.
In terms of the transmission over each sub-band, wideband

pulses can be used, for the features of ultra-low power, compact-
size and ultra-low complexity design. These pulses were firstly
proposed for ultra-wideband communication [11] and then was
tailored for THz band communication [9]. By occupying the
bandwidth , each sub-window experiences frequency-selec-
tive fading for multi-path propagation, while undergoes flat-
fading for directional transmission with a much larger coher-
ence bandwidth, as discussed in Section II-C. Furthermore, in
accordance with the temporal broadening, the minimum sepa-
ration between the consecutive pulses to avoid the pulse over-
lapping is , where denotes the pulse waveform duration.

III. MULTI-WIDEBAND COMMUNICATIONS IN THE
TERAHERTZ BAND

In this section, we first propose a multi-wideband waveform
model for the distance-adaptive THz band communication by
exploiting the channel peculiarities. Furthermore, we analyze
the inter-symbol interference (ISI) between the consecutive
symbols and inter-band interference (IBI) among the neigh-
boring frequency sub-bands associated with the developed
multi-wideband system. We further provide the close-form
expressions for the signal-to-interference-plus-noise-per-bit
(SINR-per-bit) and the bit-error-rate (BER) to analyze the
system performance.

A. Pulse Waveform Model

In the multi-wideband communication, each sub-window
experiences frequency-selective fading, since the width of the
sub-window is greater than the coherence bandwidth, as studied
in the previous section. To combat the frequency selective

fading and increase the received SINR-per-bit, each informa-
tion symbol on the sub-window is represented by a sequence
of very short pulses, which provides the pulse combing gain
[11]. Within one sequence, the positions of the pulses are
determined by a pseudo-random time-hopping sequence that is
specific to each sub-window. Furthermore, pulse-based polarity
randomization is utilized to provide further robustness against
the interference and help optimize the spectral shape, which
was studied for ultra-wideband communications in [11], [12].
We tailor this pulse waveform to the THz band to cope with the
unique characteristics at the THz frequencies and improve the
SINR or equivalently, the distance.
For the transmission on the sub-window, the baseband

signal consists of different symbols. For the information
symbol, frames are used to describe this symbol with one
pulse in one frame. This is represented as

(4)

where and denote the time duration for one frame and one
pulse, with their ratio defining the number of pulse positions in
a frame, i.e., . Additionally, stands for the allo-
cated power in the sub-window, is the number of frames
to represent one information symbol. In the signal model with
polarity randomization and time hopping, is
the binary information symbol, denotes the random
polarity code that takes with equal probability, and
refers to the time hopping code where

with equal probability of the frame. is the trans-
mitted wideband pulse with the duration and unit energy.
By combining the signal model in (4) and the THz band

channel model in (1), the received signal is described as

(5)

where is the Gaussian noise with the power spectral density
, and we define

(6)
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with , and is the re-
ceived pulse with the unit energy, which includes the THz band
channel effects on , as defined in (4).
To combine the multi-path signals for the sub-window, a

Rake receiver is usedwith being
the Rake combing weights.
The output of the Rake receiver for the binary information

symbol can be obtained in the form of

(7)

where the first term is due to the desired signal propagating
through the LoS path, the second term is from the desired sig-
nals through the reflected paths, the third term is the ISI from the
pulses in the adjacent frames due to the multi-path and temporal
broadening effects, the fourth term describes the IBI from the
surrounding sub-windows, and the last term refers to the output
noise.
In particular, the parameters in the multi-wideband waveform

design in (4) include the transmit power and the number of
frames. Moreover, these parameters interact with each other and
will be investigated in-depth in Section IV.

B. Interference
We analyze the two types of interference associated with the

multi-wideband transmission as described in the previous sec-
tion, namely, ISI and IBI, which account for the interference
effects among different symbols and different sub-windows.
1) Inter-Symbol Interference (ISI): The interference for the
information symbol can be obtained as a sum of the interfer-

ence effects on the individual pulses that consist of this symbol

(8)

where the interference on the pulse, , is

(9)

Note that when , . In the above
equation, represents the cross-correlation between and

, as

(10)

where is given in (6), represents the weighted sum of the
delayed version of the received pulse, in the form of

(11)

Fig. 2. Probability density function of the ISI amplitude, in comparison with
the empirical realizations. (a) . (b) .

where the weights are the Rake receiver coefficients. The
expected value of the interference is equal to zero due to the
random polarity code that takes with equal probability. The
variance can be calculated from (9) and (10), as

(12)

where is the vector of the channel attenuations and
is the vector of the Rake receiver weights, as defined in

Section III-A. denotes the auto-correlation function of
in (5).
In light of the results in (8) and (12), for the multi-path

propagation is approximately distributed as

(13)

In (9), denotes the random polarity code and is
the binary information symbol, which both take with
equal probability, as defined in Section III-A. Moreover, the
channel response in the sub-window in (1) as a function of
the distance, the Rake receiver coefficients and the number of
frames are included in this expression. Figs. 2(a) and 2(b) de-
pict the probability density function (pdf) of the ISI amplitude,
for and 10. The approximation in (13) shows a good
agreement with the empirical realizations of . As
increases, the accuracy of the approximation improves.
As the distance increases, the delay spread and the temporal

broadening effects increase. However, the increase of the dis-
tance reduces the path gains, particularly of the reflected paths
since they travel through additional distances and suffer from
the reflection loss. Hence, the resulting ISI becomes weaker.
The above analysis for the ISI is for the multi-path propagation.
With the use of high-gain antennas, the beamwidth of the trans-
mission is small and the number of the multi-path components
reduces drastically. As studied in Section II-C, the delay spread
with the 20-dB-gain antennas is negligible with . Fur-
thermore, the temporal broadening effects are reduced thanks to
the smaller path loss and frequency selectivity in the channel.
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Hence, the ISI effects can be neglected in the directional trans-
mission.
2) Inter-Band Interference (IBI): The inter-band interfer-

ence occurs in the multi-wideband systems which causes from
the power leakage from the neighboring sub-windows. In the
THz band, the number of sub-windows is at the order of mul-
tiple-tens. To model this interference, we invoke the central
limit theorem to approximate the IBI with a Gaussian process.
The IBI accounts for the power leakage from the surrounding
sub-windows. It is shown in [15]–[17] that the interference from
the adjacent frequency bands can be approximated as Gaussian
distributed random variable. Hence, the distribution of the inter-
ference power on the sub-window that superimposes from
the other sub-windows has the expression

(14)

where describes the interference on the sub-window
that is contributed from the sub-window, with .
The IBI mainly contributes from the neighboring sub-win-

dows, i.e., and in this case. Hence, we re-
arrange the by using in the above approximation, by
considering the channel quality and the resulting transmit power
for the neighboring sub-windows are similar. This approxima-
tion is useful to obtain in (20).Moreover, is the frequency
response from the sub-window, based on the received pulse

in (5). The interaction with the THz band channel and the
receiver coefficients are also captured in the above expression,
which influences the IBI.
The IBI captures the power leakage from the surrounding

sub-windows, and increases if the separation between the con-
secutive sub-windows (i.e., the bandwidth of the sub-window
that is denoted by ) decreases. As the distance increases, the
frequency selectivity becomes more severe. Consequently, the
temporal broadening makes the transmitted pulse in the time
domain wider, which thereby leads to a reduction of the IBI in
the frequency domain. With the use of high-gain antennas, the
delay spread reduces significantly and the channel frequency re-
sponse varies less frequency-selective. However, the path loss
of the channel is reduced and hence, the IBI becomes more sig-
nificant in this case. These effects are captured in (14).

C. Signal-to-Interference-Plus-Noise-Ratio-Per-Bit
(SINR-per-bit)

The noise based on the Rake receiver in (7) is the weighted
sum of the Gaussian noise from the different paths. The power
spectral density of the noise is distributed as

(15)

Hence, by combining (7), (13), (14) and (15), the
SINR-per-bit in the sub-window at the receiver is calcu-
lated as

(16)

where the interference and noise terms in the above equation are
stemmed from (13), (14), and (15), respectively

(17)

(18)

(19)

Correspondingly, for a given SINR-per-bit and the number of
frame, the required transmit power on the sub-window is given
by

(20)

where .
The above analysis for the ISI is for the multi-path propaga-

tion with . With the use of high-gain antennas,
the transmission becomes directional and consequently,
and .Moreover, the ISI term becomes negligible while
the IBI term becomes more important. The SINR-per-bit for the
directional transmission, , is given by

(21)

As a function of the desired SINR, the required transmit power
on the sub-window for the directional transmission is

(22)

where
.

D. Bit-Error-Rate (BER)
In light of the SINR for the designed multi-wideband wave-

form, the error performance of the system can be computed.
Particularly for the pulse-based systems by incorporating the
interference and the noise effects jointly, the Q-function of the
SINR was shown to capture the error behavior [11], [18]–[20].
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Hence, starting with the SINR expression in (16), the BER over
the sub-window for the multi-path propagation can be ap-
proximated as

(23)

where denotes the Q-function.
For the directional transmission, the ISI can be omitted while

the IBI increases with the use of high-gain antennas. According
to the SINR expression in (21), the BER over one sub-window
is given in the similar fashion, as

(24)

From the above equations, the BER decreases with the in-
crease of the SINR. Consequently, the BER decreases with the
increase of the transmit power and the number of frames. More-
over, the BER in the directional transmission is greatly reduced
thanks to the additional antenna gains as well as the elimination
of the ISI.

IV. MULTI-WIDEBAND WAVEFORM DESIGN

To cope with the unique characteristics in Section II and
improve the distance, we dynamically adapt the rate (i.e., the
number of frames) and the transmit power on each sub-window
in the pulse waveform model of the distance-adaptive
multi-wideband system in (4). To solve for these parameters, we
formulate and solve the optimization framework with the aim
to maximize the distance while satisfying the rate and transmit
power constraints. Noticeably, this problem can be solved by
solving the rate maximization problem for a given distance
iteratively, by which the maximum distance is obtained when
the maximum rate in the first problem reaches the threshold,

. In this section, we present the problem formulation and
the solution to these two problems.

A. Rate Maximization for the Fixed Distance
For a distance , we consider the total number of sub-win-

dows is , which is the ratio between the total usable band-
width (see Fig. 1(b)) and the sub-window bandwidth, . The
total rate is equal to the sum of the rate over each sub-window,
as

(25)

where by using the wideband signal model in (4), the rate over
the sub-window is equal to the inverse of the number of the
symbols in one second, which is given by

(26)

The computation of is a function of the number of frames.
The number of frames is included in the SINR-per-bit in (16)
and (21), for the multi-path and directional propagations, re-
spectively. Moreover, the BER, in (23) and (24), are functions
of the SINR-per-bit and the computed . Therefore, takes
the SINR-per-bit as well as the BER into account implicitly. In
fact, a tradeoff as an outcome of the waveform design is that the
increase of the number of frames leads the decrease of the rate,
the increase of the SINR-per-bit, and the decrease of the BER.
According to the waveform design in Section III-A, when

is the theoretical upper bound to
the data rate. However, this solution is infeasible due to the con-
straints on the transmit power and the SINR. To maximize the
rate, the transmit power, , and the number of frames, ,
need to be determined over each sub-window. As the power
needed to achieve a certain rate on one sub-window is indepen-
dent of the rates on other sub-windows, we decouple the alloca-
tion of the transmit power with the distribution of the number of
frames to obtain a sub-optimal solution. Furthermore, the spec-
tral windows that are used for transmission are distance-adap-
tive and in particular, the sub-windows whose path loss exceeds
the path loss threshold are not used (see Section II-B). After
the transmit power allocation is accomplished, the number of
frames on each sub-window , , can be determined as the
smallest number that fulfills the SINR requirement. In partic-
ular, four power allocation schemes are considered in our anal-
ysis, as follows.
1) Min power/bit: The first scheme allocates the transmit

power by minimizing the power-per-bit, which is also
suggested in [21]. Relating to our waveform design,
this scheme targets to minimize power/bit for each
sub-window, i.e., minimize as the rate is inversely
proportional to . This scheme allows an effective and
fair utilization of the transmit power. The resulting power
allocation increases steadily as the frequency increases
and the SINR decreases. The resulting allocation is equiv-
alent to the power inversion scheme, where more power is
allocated to the higher frequency bands.

2) Min : The second scheme allocates the power starting
from the lower frequencies, i.e., to

, due to the monotonic increase of the path loss
values, as shown in Section II-B. At each sub-window,
the transmit power satisfies the SINR requirement with the
lowest possible , i.e., . This allocation con-
tinues until the transmit power requirement in (30) is satis-
fied. This may result in an unfair utilization of the transmit
power by allocating no power to the high THz frequencies.
This scheme is equivalent to the truncated power inversion
scheme in [22].

3) Water-filling: The third scheme follows the water-filling
principle [22], which results in the fact that the sub-win-
dows with better quality are distributed with more power.
To implement the water-filling allocation scheme, the
SINR on each sub-window in (16) is computed by as-
suming the same number of frames, for example, .
After the power distribution is determined, the smallest

is computed for each sub-window to achieve the
possible largest rate.
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4) Equal-power: The fourth scheme follows the equal-power
principle [22], by letting . Then, the smallest
is computed for each sub-window. This scheme allows the
transmit power and the number of frames to be obtained
offline and greatly reduces the computational complexity.

The complexities of sub-optimal algorithms are significantly
reduced since the allocation of the transmit power is decou-
pled with the distribution of the number of frames, i.e., the rates
over each sub-window. The four schemes yield different system
performance as well as the computational complexity. The rate
performance and the operation regions of the four schemes are
investigated in the numerical section in Section V, for both
the multi-path propagation and the directional transmission, as
studied in Section II.

B. Distance Maximization
In the previous section, the maximal rate is obtained for

a given distance and the constraints on the transmit power
and the SINR-per-bit. In light of these results, we formulate
an optimization to find the largest distance by solving the
previous problem iteratively, by which the maximum distance
is obtained when the maximum rate in the first problem reaches
the threshold, .
1) Optimization Framework Formulation: For the

multi-wideband system in the THz band, we formulate an op-
timization problem to maximize the communication distance,
, as follows:

(27)
(28)
(29)

(30)
(31)

(32)

In the above framework, stands for the expectation oper-
ator. Moreover, denotes the total number of sub-windows at
the distance with the sub-window bandwidth , which is at
the order of . In (31), is given in (16). In (32), the data
rate is obtained from (26).
2) Solution to the Optimization Problem: This optimization

requires prohibitive computational complexity for an optimal
solution, for the following reasons. First, this is a non-convex
optimization problem with a non-convex constraint (32), since
the Hessian of this constraint is not positive semi-definite.
Furthermore, the complexity grows exponentially with the

number of constraints and variables. There are constraints
and the number of variables is , where is at the order of

. Instead of searching for an optimal solution, we use algo-
rithms developed in Section IV-A to obtain the sub-optimal so-
lutions for the design parameters. Initially, we select the Rake
receiver coefficients by pursuing the maximum ratio combining
principle. The amplitude and the phase satisfy [23]

(33)

Moreover, we compute the pulse width, , the
number of pulse positions in one frame, , and the
bandwidth of the sub-window, , to satisfy the
THz channel peculiarities as shown in Table I, which are
common for all the sub-windows. Particularly, the separation
between the consecutive pulses needs to sufficiently large
to avoid the temporal broadening effects, and the selection of
the spectral windows at any distance to satisfy the link budget
equation in (3).
So far the offline parameters of the optimization problem

in (29) have been obtained. Next, the distance maximization
problem is addressed by solving the rate maximization problem
for a given distance iteratively, by which the maximum distance
is obtained when the maximum rate reaches the threshold. The
detailed solution to the rate maximization problem is detailed
in Section IV-A, in which the power allocation and the rate
assignment are decoupled. In particular, four power allocation
schemes are considered in our analysis, namely, min power/bit,
min , water-filling and equal-power. Based on these power
allocation schemes, the number of frames on each sub-window
can be obtained, which completes the solution of the distance
maximization problem.

C. Design Tradeoffs

The channel peculiarities and the multi-wideband waveform
design are fully captured in the optimization problem. In partic-
ular, the SINR-per-bit in (31) and the data rate in the constraint
(32) are obtained based on the functions of the channel in (1),
the waveform signal in (4), and the interferences in (13) and
(14).
The optimization problem has two variables that appear

in the waveform signal in (4) and are closely interacted with
each other, which are: the transmit power, , and the number
of frames, , over each sub-window, which The number of
frames can also be understood as the rate computation over
each sub-window. The increase of the transmit power allows
a smaller number of frames in one sub-window to satisfy
the SINR-per-bit constraint. This consequently increases the
rate on that particular sub-window. However, the relation-
ship between the transmit power and the data rate on one
sub-window is not linear. Moreover, increasing the transmit
power in one sub-window suggests a reduction of the available
power to other sub-windows. From another perspective, large
numbers of frames on the sub-windows require less power to
fulfill the SINR-per-bit constraint. Although the rate over each
sub-window is reduced, more sub-windows can be utilized in
this case.
To increase the communication distance and the rate over

the THz band, the tradeoff between the transmit power and the
number of frames on the sub-windows, that are realized in the
four allocation schemes in Section IV-A, need to be investigated
throughly. Furthermore, the impact of the propagation peculiar-
ities in the THz band such as the antenna gains, path gains, the
delay spread and the temporal broadening influence the wide-
band waveform design and ultimately the THz system perfor-
mance. Lastly, the complexity of this algorithm is significantly
reduced since the allocation of the transmit power is decoupled
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Fig. 3. The wideband THz pulse waveform properties. (a) Time response. (b) Frequency response. (c) Auto-correlation function.

Fig. 4. SINR for the different distances and frequencies. (a) Multi-path propagation with , . (b) Multi-path propagation with ,
. (c) Multi-path propagation with , . (d) Directional transmission with , .

with the distribution of the number of frames, i.e., the rates over
each sub-window.

V. NUMERICAL ANALYSIS

In this section, we perform numerical analysis on the
multi-wideband waveform design for the multi-path propaga-
tion and directional transmission, respectively. In particular,
the SINR and the BER for the different transmit power, the
different number of frames, and the different waveforms are
studied. By using the THz band channel and the waveform
design, the rate is analyzed, which is dependent on the transmit
power, the communication distance, and the power allocation
scheme. Finally, the improvement of the distance to achieve the
data rate requirement, , is investigated.
The simulation parameters are listed in Table I. Specifically,

we choose , , and
for the multi-path and 30 Gbps for the directional propagations.
These parameter values are consistent with the state-of-art
system and hardware design in the Terahertz band, in [7],
[13], [14]. The feasible solutions are obtained by using these
parameters.
Two types of pulses are used in the simulation for compar-

ison. The pulse shapes are given by [18]

(34)

(35)

The pulses in the time domain and the frequency domain are
plotted in Figs. 3(a) and 3(b), respectively. has a narrow
time response and thus a wide frequency response. The band-
width for is 10 GHz. In contrast, the rectangular pulse

has the main lobe is 4 GHz wide and many sidelobes appear
even at 20 GHz around the center frequency. The normalized
power leakage values are 0.18% and 17.47% for the two pulses,
respectively. This would cause the IBI in (14). Moreover, the
auto-correlation functions of the two pulses are demonstrated
in Fig. 3(c), whose values at are used in the computation
of the ISI in (13).

A. SINR
By using (16) and (21), the SINR values for the different

transmit power and the different number of frames are inves-
tigated. The observations are summarized as follows. First,
the SINR increases with the transmit power and the number
of frames, although the ISI and IBI rise at the same time.
In Fig. 4(a), the SINR for the multi-path propagation at the
distance of 5 m and at the sub-window of 60 GHz is shown.
To reach the targeted signal strength requirement, for example

, the possible solutions to the constraint (31) are
, and

.
Second, as the frequency increases, the THz band channel

has higher path loss over the same distance. The resulting SINR
reduces since the path gains decrease in the SINR express in
(16), as shown in Fig. 4(b). To achieve the same signal strength,
the minimum number of frame becomes 5 instead of 1 for the
60 GHz case, with the transmit power of 20 dBm. On the other
hand, the minimum transmit power is 17 dBm instead of 9 dBm
for the 60 GHz case, with the number of frames of 10. If the
frequency further increases to 1 THz, cannot be
satisfied for . Hence, Fig. 4(c) shows the SINR for

, and the possible solutions to (31) are
, and
.
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Fig. 5. BER for the multi-path propagation with , .

Third, with the use of the high-gain antennas, the SINR is
greatly improved. In particular, when , the
communication distance can be enhanced to for

, as shown in Fig. 4(d). In the SINR expression in (21),
the ISI is omitted since only the LoS path is considered for the
directional transmission. Based on these parameter values, the
SINR requirement is satisfied for the solutions

and , among others. Fourth,
the influences of the transmit power and the number of frames
are comparable. In particular, when the transmit power increases
from 0 dBm to 10 dBm, the SINR value increases by 10 dB. This
improvement of SINR is approximately the same if we send 10
frames instead of 1 frame for one symbol, as given in (4).
To maintain the required SINR, the tradeoff between the

power efficiency and the rate effectiveness needs to be de-
termined, since SINR is affected by the combination of the
number of frames and the transmit power.

B. BER

Then, the BER is related to the SINR by using (23) and
(24). The BER decreases with the increase of the SINR. Con-
sequently, the BER decreases with the increase of the transmit
power and the number of frames. To realize the error rate below

, the SINR needs to be greater or equal to 9 dB, while in
particular, suggests . For the
multi-path propagation at 0.3 THz over 5 m, the BER is given
in Fig. 5. A drastic decrease is observed for the BER and when

is no less than 4 and is no less than 16 dBm, the BER is
below .

C. Power Allocation Schemes

By using the THz band channel and the waveform design, the
rate is analyzed in this section. Four power allocation schemes
are considered for and . The first
scheme that minimizes power/bit allows an efficient utilization
of the transmit power, as shown in Fig. 6(a). With the increase
of the operating frequency, the path loss increases and the SINR
decreases. To achieve the same power-per-bit, the allocated
power increases steadily. More power is allocated to the higher
frequency bands. The second scheme in Fig. 6(b) minimizes
the number of frames over each sub-window. The transmit
power is allocated only to the sub-windows with the small

carrier frequencies, i.e., up to 0.53 THz, while no power is
provided for the higher frequency bands, which is equivalent to
the truncated channel inversion scheme [22]. The third scheme
follows the water-filling principle, which allocates more power
to the sub-windows that have better SINR, as illustrated in
Fig. 6(c). However, this scheme requires a feedback path to
supply the channel information at the transmitter [10], which
is very costly since the channel variation can be very fast over
time at THz frequencies due to the mobility or the transmission
medium changes. The fourth schemes allocates the transmit
power equally over the sub-windows from 0.06 THz to 1 THz,
as shown in Fig. 6(d). This scheme allows the offline allocation
of the transmit power and consequently the number of frames.

D. Achievable Rates
The total rate over the 0.06-1 THz band for the multi-path

propagation is analyzed for the aforementioned four power
allocation schemes with , as shown in Fig. 7(a).
When the distance is below 4 m, the equal-power scheme
outperforms the others and requires no channel information.
However, the decreasing rate of this scheme is the largest.
The first scheme and the water-filling scheme have very close
performance until . Above this distance, the path loss
and the frequency selectivity degrade significantly as shown in
Fig. 1(a). As a result, the fist scheme has the largest throughout
since it has the most efficient utilization of the transmit power
over the 0.06-1 THz band. In contrast, the second scheme
allocates the transmit power up to 0.25 THz (see Fig. 6(b)),
and has the worst rate performance among the four schemes.
Quantitatively, at , the rate values for the four schemes
are 18.2 Gbps, 11.6 Gbps, 20.1 Gbps, and 27.3 Gbps, respec-
tively. Furthermore, the decreasing rates for the four schemes
are approximated as 1.67 Gbps/m, 1.02 Gbps/m, 2.06 Gbps/m,
and 3.00 Gbps/m, separately, from 1 m to 10 m.
In addition to the multi-path propagation, we analyze the rate

for the directional transmission case, by exploiting the spectral
windows discussed in Section II-B2. Surprisingly, the rate per-
formance of the first scheme that minimizes degrades
significantly and is the worst among others. This is due to the
fact that the first scheme allocates more power to the sub-win-
dows that have worse attenuations, as shown in Fig. 6(a). This
power allocation scheme performs well for the multi-path prop-
agation, when the SINR at the receiver is low. However, for the
directional transmission at 20 m, this scheme uses 16.06 dBm
of the total power, which is 4.3% of . The underexploited
use of the transmit power leads to the severe rate degradation of
this scheme. On the contrary, the other three schemes take the
advantages of the antenna gains, (i.e., ). The
rate and the communication distance are significantly enhanced.
Fig. 7(b) shows the rate over the distance up to 50 m. The min

, water-filling and equal-power schemes perform approxi-
mately the same in this case. However, the equal-power scheme
allows the offline computation of the transmit power and hence
the number of frames. As a result, the equal-power scheme is
desired for the directional transmission.
In Fig. 8, the rate values are evaluated for the different mean

transmit power, , in (30), by adopting the first power alloca-
tion scheme in the multi-path propagation. The decreasing rates
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Fig. 6. Transmit power over the 0.06–1 THz spectrum for the different allocation schemes, with , . (a) Min power/bit. (b) Min . (c)
Water-filling. (d) Equal-power.

Fig. 7. Data rates for the different allocation schemes over 0.06–1 THz band, and . (a) Multi-path propagation. (b) Directional transmission.

of the rate are comparable for the different transmit power. In
particular, the average rate over the distance 1 m to 10 m is 9.07
Gbps, when the mean transmit power is 10 dBm. The rate values
reduce by 29.0% and 50.5%, to 6.44 Gbps, and 4.49 Gbps, when
the transmit power changes to 5 dBm and 1 dBm, respectively.
If we use , due to the increase of the ISI and IBI, the rate by
using the rectangular pulse is slightly worse than . In partic-
ular, the average rates are 9.00 Gbps, 6.39 Gbps and 4.41 Gbps
for the given transmit power. From this analysis, the pulse type
makes insignificant influence on the system performance.

E. Distance Improvement
Based on the analysis on the wideband signal model, the

SINR, and dynamic allocation of the power and the number
of frames, we obtain the solutions to the optimization problem
in Section IV-B. By using the four allocation schemes, the
maximum distances that can be supported are shown in
Fig. 9(a) for the multi-path propagation, and in Fig. 9(b) for the
directional transmission, respectively. With the transmit power

, the largest distance to support
for the multi-path propagation is 4 m, which is realized via
the first allocation scheme. As seen in Fig. 9(a), the scheme
to minimize power-per-bit outperforms than the other three
allocation schemes, except when , the second
scheme to minimize the number of frames can reach the largest
distance of 1.28 m. Compared to the fixed power scheme, the
distance is improved by 25% for 1 dBm and 2.6% for 10 dBm.
On the other hand, when the high-gain antennas are used,

the first scheme that minimizes power-per-bit under-exploits the

Fig. 8. Data rates for the different transmit power and waveforms. The min
power/bit scheme is used in the multi-path propagation.

transmit power severely. Instead, the other three schemes have
comparable performances and the second scheme that mini-
mizes the number of frames slightly outperforms. In terms of the
maximum distance that achieves , the second
scheme reaches 22.5 m when . This coverage
reduces with the transit power, and drops to 10 m when

. Although the equal-power scheme achieves 5%–10%
less distance than the water-filling and the min schemes, it
has the lowest complexity by allowing the offline power alloca-
tion and rate computation.
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Fig. 9. Maximum distance for the different transmit power, over 0.06–1 THz band. (a) for the multi-path propagation. (b) for
the directional transmission. The scheme under-exploits the transmit power severely and is excluded for comparison.

VI. CONCLUSION
In this paper, we proposed a multi-wideband waveform

design for the THz band, which includes the features of the
pseudo-random time-hopping sequence and the polarity ran-
domization, and allows the dynamical variation of the rate and
the transmit power on each sub-window. Moreover, we derived
the ISI and the IBI and provided the closed-form expressions
of the SINR and BER for the developed multi-wideband wave-
form. Based in the system model and the waveform design,
we formulated an optimization framework to solve for the
multi-wideband waveform design parameters of the transmit
power and the number of frames, with the aim to maximize
the communication distance while satisfying the rate and the
transmit power constraints. Four sub-optimal solutions are
proposed and compared via extensive numeral analysis.
The results showed that the SINR increase with the transmit

power and the number of frames in the multi-wideband wave-
form design, at the cost of the consumption of the power and
the decrease of the rate. With the transmit power of 10 dBm,
the largest distance to support 10 Gbps for the multi-path
propagation is 4 m, which is realized via the power allocation
scheme to minimize the power/bit on each sub-window and
is 10% improvement over the fixed scheme. However, for
the directional transmission, this scheme under-exploits the
transmit power severely. Instead, the allocation scheme that
minimizes the number of frames outperforms. In terms of the
maximum distance that achieves 30 Gbps, this scheme reaches
22.5 m. Although the equal-power scheme achieves 5%–10%
less distance than the water-filling and the min schemes,
it has the lowest complexity by allowing the offline power
allocation and rate computation.
The future work may include the joint design of modulation

and coding for the multi-wideband communication in the THz
band, to further improve the SINR and the distance. Moreover,
a tailored medium access control scheme based on the proposed
pulse waveform design is attractive. Furthermore, a resource al-
location scheme can be developed, which captures the peculiar-
ities of distance-varying spectral windows and efficiently ex-
ploits the Terahertz spectrum.
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