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AbstrAct

In the millimeter-wave (30–300 GHz) and ter-
ahertz (0.1–10 THz) frequency bands, the high 
spreading loss and molecular absorption often 
limit the signal transmission distance and cover-
age range. In this article, four directions to tack-
le the crucial problem of distance limitation are 
investigated, namely, a distance-aware physical 
layer design, ultra-massive MIMO communication, 
reflectarrays, and intelligent surfaces. Addition-
ally, the potential joint design of these solutions 
is proposed to combine the benefits and further 
extend the communication distance. Qualitative 
and quantitative evaluations are provided to illus-
trate the benefits of the proposed solutions. The 
feasibility of mmWave and THz band communi-
cations up to 100 m in both line-of-sight and non-
line-of-sight areas are demonstrated.

IntroductIon
Wireless communication systems are experiencing 
a revolution due to the change in the way today’s 
society creates, shares, and consumes information. 
The need to provide ubiquitous wireless connec-
tivity will result in over 11 billion mobile-connect-
ed devices by 2020, mainly brought about by 
the Internet of Things (IoT) paradigm. In parallel 
to the growth in the number of interconnected 
devices, there has been an increasing demand 
for higher data rates of at least 100 times beyond 
current networks, lower latency of around 1 ms, 
reduced energy consumption, improved reliability 
and security, and higher scalability. Following this 
trend, hundreds of gigabits per second and even 
terabit per second links are expected to become 
a reality within the next five years [1].

New spectral bands as well as advanced phys-
ical layer solutions are required to support these 
demands for future wireless communications. 
Specifically, millimeter-wave (mmWave) com-
munication systems (30–300 GHz) have been 
officially adopted in fifth generation (5G) cellular 
systems, and several mmWave sub-bands have 
been allocated for licensed communications [2]. 
While the trend for higher carrier frequencies 
is clear, the total consecutive available band-
width for mmWave systems is still less than 10 
GHz, which makes it difficult to support terabit 
per second data rates. In this context, terahertz 

band (0.1–10 THz) communication is envisioned 
as a key wireless technology to satisfy the future 
demands within 5G and beyond  [3, 4]. For many 
decades, the lack of THz transceivers and anten-
nas made the THz band one of the least explored 
frequency ranges in the electromagnetic (EM) 
spectrum. However, major progress in the last 10 
years is enabling practical THz communication 
systems [5, 6].

The use of the mmWave and THz frequen-
cy bands will address the spectrum scarcity and 
capacity limitations of current wireless systems, 
and enable new applications, including ultra-high-
speed indoor wireless links (e.g., for virtual and 
augmented reality), and wireless backhaul and 
access in small cell networks [4]. In addition to 
macro/micro-scale applications, the THz band 
will also enable wireless communication among 
nanoscale machines or nanomachines. The state 
of the art in nanoscale transceivers and antennas 
points to the THz band as their frequency range 
of operation.

Nevertheless, a major challenge at mmWave 
and THz-band frequencies is posed by the very 
high propagation loss, which drastically limits the 
communication distance. Specifically, the free 
space path loss of a 10-m link at THz frequencies 
can easily exceed 100 dB, which makes communi-
cation above tens of meters extremely challenging 
[7]. On one hand, the very high path loss arises 
from the spreading loss, which increases quadrat-
ically with the frequency, as defined by Friis’ law. 
On the other hand, the molecular absorption loss, 
which accounts for the attenuation resulting from 
the fact that part of the wave energy is converted 
into internal kinetic energy of the molecules in the 
propagation medium, also contributes to the path 
loss in the mmWave and THz bands [8]. Caused 
by oxygen and water vapor at the mmWave and 
THz frequency bands, respectively, the absorption 
peaks create spectral windows, which have differ-
ent bandwidths and drastically change with the 
variation of the distance, as shown in Fig.1.

In this article, we investigate four solutions to 
combat the distance problem at mmWave and 
THz-band frequencies (Table 1). Specifically, 
we discuss the state of the art in terms of dis-
tance-aware physical layer design, in which the 
physical layer parameters including the THz spec-
trum allocation, the pulse waveform, and the trans-
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mit power are dynamically adapted according to 
the transmission distance [7]. Then we design and 
analyze the performance of ultra-massive multi-
ple-input multiple-output (UM-MIMO) communi-
cations, which are enabled by the integration of 
a very large number of antenna elements in very 
small footprints and are able to increase the com-
munication distance by simultaneously focusing 
the transmitted signal in space and frequency [9]. 
Third, we demonstrate the deployment of reflec-
tarrays in the propagation medium, which can effi-
ciently overcome the case with line-of-sight (LoS) 
blockage and enhance the signal coverage [10]. 
Fourth, we introduce a new type of intelligent sur-
face called HyperSurfaces that utilize novel meta-
materials with high spatial resolution to extend the 
transmission distance through dynamic control of 
wireless communication environments [11].

Furthermore, we investigate the benefits of 
jointly designing of the aforementioned solutions. 
We provide numerical evaluations to demonstrate 
the communication distances of up to 100 m.

dIstAnce-AdAptIve desIgn
The very strong relationship between the distance 
and the spectral windows at mmWave and THz 
frequencies motivates the development of dis-
tance-adaptive communication techniques [12]. 
Moreover, each spectral window has an ultra-
broad bandwidth ranging from multi-gigahertz 
to THz, which can be divided into narrower but 
still broadband sub-windows and allow parallel 
multi-wideband transmissions. This property can 
be leveraged in two ways, namely, distance-adap-
tive multi-wideband waveform design and 
distance-aware bandwidth-adaptive resource allo-
cation [7].

dIstAnce-AdAptIve MultI-WIdebAnd pulse WAveforM

In [12], we proposed for the first time to dynam-
ically adapt the waveforms being transmitted to 
match the channel available bandwidth defined 
by molecular absorption. This solution allows the 
dynamic variation of the rate and the transmit 
power on each sub-window. More specifically, we 
formulate an optimization framework to derive 
the waveform characteristics and repetition rate 
that maximize the communication distance while 
maintaining the rate and transmit power con-
straints by taking into account the inter-symbol 
and inter-band interferences. The results show 
that the communication distance can be effec-
tively enhanced as the transmit power and the 
number of frames increase, at the cost of power 
consumption and rate decrease.

dIstAnce-AWAre 
bAndWIdth-AdAptIve resource AllocAtIon

Besides improving the individual user achievable  
data rates, the very large available bandwidth can 
be leveraged to efficiently allocate multiple users. 
In this direction, in [7], we developed a resource 
allocation scheme that takes into account the 
physical parameters including the mmWave and 
THz spectrum allocation, the modulation tech-
niques, and the transmit power. Since the broad 
bandwidth in the mmWave and THz band enables 
very high data rate transmissions, distance maximi-
zation becomes the objective, which is different 
from the traditional resource allocation problem, 

which either minimizes the energy consumption 
or maximizes the data rate.

As the distance decreases, the path loss drops, 
and hence the received power and the usable 
bandwidth of a spectral window increase. Thus, 
the strategic spectrum utilization principle for 
one spectral window operates as follows. First, 
the center sub-windows are allocated to the 
long-distance links. Then the side sub-windows 
are allocated to the short-distance transmissions. 
The resource allocation model that incorporates 
the aforementioned spectrum allocation principle 
is formulated in the mmWave and THz network, 
and the detailed solution is provided in [7].

The proposed solutions can effectively increase 
the communication distance at the cost of hard-
ware complexity. Currently, only single-band 
mmWave and THz-band have been demonstrat-
ed. To experimentally demonstrate the proposed 
solutions, very high-speed digital-to-analog and 
analog-to-digital converters are needed. The fast-
est converters demonstrated to date can support 
up to 100 giga-samples-per-second, which can 
support transmission bandwidths of up to 50 
GHz, that is, less than the actual bandwidth of the 
channel. For this, sub-Nyquist sampling strategies 
are needed.

ultrA-MAssIve MIMo
The concept of massive MIMO has been intro-
duced in recent years, in which antenna arrays 
with tens to hundreds of elements are utilized 
to increase the spectral efficiency. The current 
development of massive MIMO communication 
has demonstrated a testbed at 28 GHz with 256 
antenna elements by Anokiwave in 2017 (Anoki-
wave Introduces 5G mmWave Reconfigurable 
256-Element Active Antenna Array in October 
2017; http://www.microwavejournal.com/arti-
cles/29235-anokiwave-introduces-5g-mmwave-re-
configurable-256-element-active-antenna-array). 
Going one step further, in [9], we introduced for 
the first time the concept of ultra-massive MIMO 
communications (1024 × 1024), by equipping 
1024 antenna elements at the transmitter side and 
1024 at the receiver side, respectively. This could 
be enabled by novel plasmonic nano-antenna 
arrays and can drastically increase the communi-
cation distance at mmWave and THz frequencies 
by simultaneously focusing the transmitted signals 
in space and in frequency. As a result, wireless 
terabit-per-second links can be established over a 
communication distance of several tens of meters 
[9]. With current fabrication processes (based on 
photolithography, electro beam lithography, etc.), 

Figure 1. Path loss of the LoS and multipath channels in the THz band.
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the cost of making one front-end or hundreds of 
them in the same wafer is effectively the same.

plAsMonIc nAno-AntennA ArrAys

Plasmonic materials are metals or metal-like materi-
als that support the propagation of surface plasmon 
polariton (SPP) waves. SPP waves are confined 
EM waves that appear at the interface between a 
metal and a dielectric as a result of global oscilla-
tions of the electrical charges. Different plasmonic 
materials can support SPP waves at different fre-
quencies. In particular, graphene, a one-atom-thick 
carbon-based nanomaterial with unprecedented 
mechanical, electrical, and optical properties, has 
been experimentally proved to support the propa-
gation of SPP waves at THz-band frequencies [5, 6, 
13]. Metamaterials can support plasmonic waves at 
mmWave frequencies [5]. Since SPP waves prop-
agate at a much slower speed than EM waves in 
free space, the resulting wavelength of SPP waves 
is much smaller than that of EM waves, hence 
enabling the design of a much smaller plasmon-
ic antenna compared to metallic antennas. The 
advantage of having much smaller antennas is the 
ease in integrating large 2D antenna arrays, which 
enables the dynamic control of both azimuth and 
elevation domains efficiently [9]. Nevertheless, hav-
ing so many elements requires the development of 
innovative ways to operate the array. One option 
to reduce the number of control elements is to use 
an array of sub-arrays architecture, but fully digital 
architectures can potentially be developed, as dis-
cussed in [4].

The resulting very large antenna arrays can be 
simultaneously utilized in transmission and recep-
tion to enable ultra-massive MIMO schemes. The 
conceptual design of an end-to-end UM-MIMO 
system is illustrated in Fig. 2. Each antenna ele-
ment is connected to a wideband THz analog 
phase shifter, which can be implemented by dig-
itally controlled graphene integrated gates.

dynAMIc uM-MIMo Modes

By properly feeding the antenna array elements, 
dynamic array modes can be adaptively gener-
ated. In particular, we investigate different oper-
ational modes by grouping the sub-arrays. The 
large number of antenna arrays can be grouped 
together and hence be capable of steering high-
gain narrow beams toward the strongest propaga-
tion path as beamforming (BF). This BF design can 
effectively overcome very high attenuation at the 
mmWave and THz frequencies and, important-
ly, enhance communication distance. The spatial 
multiplexing (SM) scheme uses multiple streams 
on a single carrier to increase the capacity per 
user, but is most effective when radio links oper-

ate in a high signal-to-noise ratio (SNR) regime 
and are bandwidth-limited.

The benefits of BF and SM can be achieved 
at the same time by adopting a combination of 
these two schemes, thanks to the very large band-
width in the THz band and the very large antenna 
arrays with thousands of antenna elements. Partic-
ularly, multiple antenna elements can be grouped 
for BF to increase SNR in power-limited situations. 
At the same time, unique data streams are provid-
ed for the different subarrays on the same carrier 
frequency for SM to increase the user data rates, 
as long as the THz channel has sufficiently uncor-
related propagation paths in the spatial domain. 
The trade-off among BF, SM, or their combination, 
in terms of the capacity, the spatial degree of free-
dom, and the distance improvement at mmWave 
and THz frequencies, significantly affects the sys-
tem performance. The objective is to support 
multiple ultra-high-speed and long-distance links 
simultaneously.

MultI-bAnd uM-MIMo
To maximize the utilization of the THz channel 
and enable the targeted terabit-per-second links, 
more than one spectral window might be need-
ed and utilized at the same time [4]. Multi-band 
UM-MIMO enables the simultaneous utilization 
of different frequency bands. Following this direc-
tion, by using different length antennas in the 
same array or, in the long term, frequency-tun-
able graphene-based nano-antennas, multi-band 
UM-MIMO systems can be enabled by introduc-
ing a new dimension of frequency, which facili-
tates multiple transmission windows and even the 
entire THz band being simultaneously utilized as a 
combination of many subbands. The advantage is 
that the multi-band approach allows the informa-
tion to be processed over a much smaller band-
width, thereby reducing overall design complexity 
as well as improving spectral flexibility.

reflectArrAys
Reflectarrays have been widely utilized in radars, 
point-to-point links, and satellite communications 
because of their flexibility and low cost [10]. 
Based on principles of phased arrays and geo-
metrical optics, electronically tunable reflectar-
rays can realize dynamically adjustable radiation 
patterns. Specifically, the phase shift of each ele-
ment in the reflectarray can be controlled elec-
tronically and will jointly form an array pattern to 
receive or transmit the signal to or from desired 
directions. Compared to phased arrays, which 
require complicated phase shifter circuits and suf-
fer from high transmission line loss at mmWave 
and THz frequencies, reflectarrays are simpler in 

Table 1. An overview of four different directions to combat the distance problem in mmWave and THz bands.

Distance-adaptive design UM-MIMO Reflectarrays HyperSurfaces

Theoretical basis Waveform design Multiple-input multiple-output Ray optics Sub-wavelength ray optics

Material N/A Graphene Patch antenna arrays Metamaterial

Features
High SNR and distance 
improvement

High spectral efficiency and 
distance improvement

Minimum signal processing
High spatial resolution and distance 
improvement

Challenges Efficiency in dynamic channels Implementation complexity Limited efficiency for frequency > 120 GHz High price
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mass production and have higher energy efficien-
cy because there is no need for transmission lines. 
Under communication scenarios where receivers 
are expected to move, antenna arrays should also 
be flexibly adjustable in order to maintain a satis-
fying SNR at the user end.

In environments with dense multipaths at 
mmWave and THz bands, reflectarrays can be 
deployed to serve single and multiple transmitter 
and receiver pairs to communicate simultaneously 
and to extend the transmission range. For exam-
ple, in an indoor environment where the direct 
path from a transmitter to a receiver is blocked, 
as shown in Fig. 3a, a reflectarray close to the THz 
source can be used as a reflector to bounce off the 
signal toward the UE. The reflectarray can dynami-
cally tune the phase of the elements that can sense 
the transmitted signal to direct the reflected rays 
toward the users, without any complicated sig-
nal processing techniques at the user equipment 
(UE) side. Additionally, since multiple reflectarray 
elements will form sharp beams targeting specific 
users, the interference among users will be mitigat-
ed. Compared to the HyperSurface, reflectarrays 
are an economic choice for improving coverage 
probability and extending transmission distance for 
relative ease of installation. The reflectarrays can 
be installed close to access points (APs), or around 
turning points or blockage areas.

However, reflectarrays also show some limits 
in their applications. First, the efficiency of elec-
tronic tuning is highly dependent on the array 
size and the characteristics of the environment. 
Especially in mmWave and THz bands, where the 
signal transmission paths can be easily distorted 
by any movement in the environment, the time 
efficiency and accuracy of channel estimation is 
critical in providing satisfying link quality to users. 
Second, at THz band the material for building 
reflectarrays needs to be reconsidered because 
studies show that 120 GHz is deemed as the 
upper limit for micro-electro-mechanical systems 
(MEMS), which are the most commonly seen in 
current antenna architecture [10].

hypersurfAces
Besides the intelligent surfaces that aim to con-
trol the electromagnetic behavior of the envi-
ronment or with sub-wavelength resolutions, 

recent research advances aim to control the 
characteristics of the propagation environments 
in order to improve the transmission distance 
and solve the non-line-of-sight (NLoS) problem. 
In this direction, the concept of HyperSurfaces 
or software-defined meta-surfaces has been pro-
posed [11]. Use cases include indoor meeting 
rooms or corridors with multiple sensors and 
devices connected and a single AP not suffi-
cient to satisfy the connectivity requirements, as 
shown in Figs 3a and 3b.

The HyperSurface is a new type of planar 
metasurface that can be coated on the surface of 
indoor environments and controlled via software 
to change its EM behavior. The key technology 
is enabled by metasurfaces, which consist of hun-
dreds of elements called meta-atoms, conduc-
tors smaller than half a wavelength. Metasurfaces 
can control the EM waves that impinge on it at a 
very high spatial resolution. These elements are 
networked by a set of miniaturized controllers 
that connect the switches of the metasurfaces, 
and a gateway serves as the connectivity unit to 
provide inter-element and external control [11]. 
As illustrated in Fig. 3b, the signal propagation 
routes can be optimized for each communica-
tion link with the novel design of HyperSurface 
tiles using metamaterials. Compared to reflectar-

Figure 2. UM-MIMO communication system architecture with hybrid beam-
forming. Each subarray is composed of P  Q tightly packed antenna ele-
ments.
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rays, metasurfaces can exhibit unconventional 
electromagnetic properties by interacting with 
electromagnetic waves at a sub-wavelength scale. 
Metasurfaces allow one to manipulate incoming 
waves in ways that are not possible with conven-
tional reflectarrays, including wave steering, wave 
absorption, and wave polarization [11].

A HyperSurface tile has three layers to realize 
functionalities of communications, namely, the 
metasurface layer, the intra-tile control layer, and 
the tile gateway layer, respectively [11]. Specifical-
ly, the metasurface layer comprises the meta-at-
om with sub-wavelength size whose configuration 
is adjustable according to the EM function. The 
meta-atoms are controlled by active complemen-
tary metal oxide semiconductor (CMOS) switches 
and passive conductive patches. The intra-tile con-
trol layer is the electronic hardware component 
that can control the HyperSurface via software. 
This layer comprises a network of multiple con-
trollers, each of which is connected to an active 
meta-atom element. In particular, the key informa-
tion, such as switch configurations among tiles, is 
exchanged within the network of controllers. The 
tile gateway layer determines the communication 
protocols between the controller network in the 
intra-tile control layer and the external network. 
This architecture of three layers guarantees flexi-
bility and accuracy in the operation workflow of 
HyperSurfaces.

In general, hundreds of tiles are embedded 
behind large areas of walls. As in the default 
mode, all tiles stay parallel to the walls in which 
they are embedded and also perpendicular to the 
ground. When activated, the networked tiles will 
turn to various angles in both azimuth and eleva-
tion in order to provide possible reflection paths 
from the transmitter to the receiver. Through the 
optimization process in the third layer, all tiles will 
eventually find their best angles in azimuth and 
elevation to maintain paths, minimize path loss, 
mitigate undesired multipaths, and extend the 
transmission distance.

As opposed to traditional reflectors, HyperSur-
faces serve as a delicate medium to reflect EM 
waves with ultra-high spatial resolution, and the 
dominant advantage of HyperSurfaces is the flexi-
ble control brought by the networked architecture 
of metasurfaces. Additionally, HyperSurfaces are 
embedded behind common construction materi-
als, and thus will not affect the aesthetics and lay-
out of the environment, while reflectarrays often 
occupy much space and influence its appearance.

JoInt desIgn of the four solutIons
To combine the benefits of the individual solu-
tions, we exploit the possibilities to form a joint 
force and target maximum distance improvement. 
In this section, we propose a joint design of the 
four solutions. Despite the uniqueness of each 

Figure 4. Simulation results in an indoor hallway with one Tx and 15 Rx locations: a) the layout and transceiver locations of the “E” 
shape simulation environment with ray-tracing results shown for a pair of Tx-Rx link in the LoS area. The LoS path is shown in red, 
and reflected paths are shown in various colors to represent multipaths from first and second order reflections; b–d) comparison of 
SNR at various distances with and without utilizing different techniques (UM-MIMO, HyperSurfaces, and the joint design) at center 
frequencies of 0.06, 0.3, and 1 THz, respectively.
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technique, a joint design based on their strengths 
can yield even better performance. For example, 
since HyperSurfaces and reflectarrays are based 
on the same foundation of ray optics, they can be 
dynamically combined to formulate a hybrid intel-
ligent surface with the ability to accommodate 
different user density and resolution requirements. 
In real-world design and implementation, the intel-
ligent surfaces can be divided into different areas 
to adapt to specific user density and resolution 
requirements.

Moreover, as illustrated in Fig. 3c, UM-MIMO 
can be deployed at both AP and UE to work 
along with HyperSurfaces to ease the signal pro-
cessing overhead and increase the time efficiency. 
Even when the UE is in motion, the HyperSurfac-
es can provide a reliable link to the dynamic chan-
nel. Additionally, the distance-adaptive design, 
which provides optimal resource allocation design 
for multi-band channels, can be compatible with 
UM-MIMO or HyperSurfaces to increase the 
spectral efficiency in mmWave and THz band net-
works. For example, with the high beamforming 
and spatial multiplexing gain brought by UM-MI-
MO, the adaptively modulated signal is more 
robust when propagated in complicated environ-
ments in both indoor and outdoor scenarios, thus 
extending the transmission distance.

In terms of joint hardware design of the four 
solutions, the walls equipped with HyperSurfaces 
or reflectarrays can be coordinated with the large 
number of antenna elements at the UM-MIMO 
transceivers to achieve the joint control and oper-
ation that lead to maximal gains. The hardware on 
both the end user side and on the walls will be 
able to not only control EM wave radiation and 
signal detection, but also the propagation chan-
nel, which ultimately leads to full control of EM 
communications.

perforMAnce evAluAtIon
In this section, we provide numerical results to 
quantitatively illustrate the benefits of the afore-
mentioned four technologies and the joint design 
to extend the communication distance. The simu-
lation environment is an “E” shape indoor hallway 
as shown in Fig. 4a, which resembles the layout 
of the Van Leer building at Georgia Tech. When 
users are blocked by walls, LoS transmissions are 
obstructed, and only paths through reflections 
can provide viable links. In our simulation environ-
ment, the indoor space has a height of H = 3 m. 
All walls, floors, and ceilings are regarded as pla-
nar surfaces made up of concrete and plywood 
coverings.

Specifically, as shown in our simulation envi-
ronment in Fig. 4a, there are in total 15 Rx loca-
tions including nine in the LoS area and six in 
NLoS areas, as well as one Tx location located in 
the hallway on the ceiling. The Rx locations are 
chosen in order to compare the same distance 
in both LoS and NLoS areas. Due to the specific 
environment layout, some Rxs with distances less 
than 40 m and of 70 m cannot be found in NLoS 
areas. The nine Rxs in the LoS area have distances 
of 10–90 m from the Tx, while six Rxs in NLoS 
areas have distances of 40–60 m and 80–100 
m from the Tx, all with a spacing of 10 m. The 
Tx is located at (5 m, 5 m, 2.95 m) and the Rx 
has a uniform height of H = 1.5 m. We utilize a 

3D dynamic ray-tracer developed for mmWave 
and THz bands, specifically to perform ray trac-
ing from the Tx to all Rx locations in 3D space 
[14], which has been used to support the simu-
lation work in [15]. This map-based ray-tracer is 
built based on 3D channel models in mmWave 
and THz frequency bands, and is validated against 
field measurements. In this simulation, we eval-
uate three distinct frequency bands at 0.06, 0.3, 
and 1 THz, and the bandwidth is set as 10 per-
cent of the center frequency in each simulation 
case. The transmitted signal power is 10 dBm. In 
the case of UM-MIMO, the gain of antenna arrays 
is 30 dBi at both Tx and Rx where in the baseline 
case, omnidirectional antennas are used at both 
sides. We assume the reflectance values of the 
walls, floors, and ceilings are 0.75, 0.5, and 0.8, 
respectively [15]. The noise power spectral densi-
ty is –160 dBm/Hz [8].

Based on the 3D ray-tracing simulation results, 
we are able to examine the transmission distance 
improvement in mmWave and THz frequency 
bands. As shown in Fig. 4b, the distance to reach 
a threshold of 10 dB SNR is around 18 m in the 
baseline case at 60 GHz in LoS (with no tech-
niques utilized). After applying either the UM-MI-
MO communication technique, HyperSurfaces, or 
the joint design, the distance to reach the same 
threshold of SNR is increased to more than 90 m. 
Even for Rxs located in NLoS areas, the distance 
improvement is significant. A similar trend can be 
observed in both cases at 300 GHz and 1 THz. 
As shown in Fig. 4c, at 300 GHz, the SNR thresh-
old of 10 dB cannot be reached without any tech-
niques deployed, while the joint design provides 
a satisfying link up to 85 m for UEs in both LoS 
and NLoS areas. Moreover, the joint design offers 
robust transmission up to 60 m for both cases 
even at 1 THz, as shown in Fig. 4d.

conclusIon
This article analyzes the distance limitation prob-
lem faced by both mmWave and THz bands 
caused by atmospheric attenuation and molecular 
absorption in wireless communication systems. 
Through in-depth studies on current research 
advances on physical layer distance-adaptive 
design, ultra-massive MIMO, reflectarrays, and 
HyperSurfaces, we demonstrate directions to 
solve the limited transmission distance problem. 
Moreover, joint design based on the four direc-
tions is highlighted to fully address the issue of 
limited transmission range and blockage effect. 
Based on the analyses, simulation results demon-
strate at least five times distance improvement 
in utilizing individual technology and 10 times 
improvement in joint design in real-world commu-
nication scenarios.
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