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Abstract—Sub-THz-based communication needsultra-large an-
tenna arrays to generate pencil-like beams under the stringent re-
quirements of line-of-sight (LoS) to overcome the effect of the rapid
attenuation of signal strength, including atmospheric attenuation.
In addition, the complexity of attaining narrower beamwidth,
whichalsorequires fast and perfect alignment between the TX-
RX pair, makes the sector sweeping-based beam discovery ap-
proach no longer suitable. To solve these challenging problems,
in this paper we propose a leaky waveguide (LWG)-assisted, high-
resolution codebook-based beam discovery, precoding, and com-
bining schemetogether with an adaptive frequency hopping spread
spectrum (FHSS) for a network with relays and small base stations
(SBS). The proposed method can help the transmitter quickly
determine a suitable beam pattern for an LoS path requiring only
limited feedback information. In the beam discovery phase, we use
LWG to attain valuable information about the angle of departure
(AoD) and angle of arrival (AoA). LWG has also been used to
identify frequency selective attenuated regions, which can change
from time to time depending on the local atmospheric moisture
conditions. To mitigate the impact of such attenuations, we opt for
an adaptive Frequency Hopping Spread Spectrum (FHSS). The
simulation results indicate that our beam discovery and FHSS
based method can achieve a much higher performance thanbaseline
methods.

Index Terms—Sub-THz, relay, leaky wave guide, beam
discovery.

I. INTRODUCTION

W ITH the rapid growth in wireless traffic and the con-
tinuing trendstoward faster data communications, the

next generation wireless standard is anticipated to move further
towards higher frequency bands [1]. Sub terahertz (sub-THz)
communications and massive multiple input multiple output
(massive MIMO) are two key technologies that can support the
extreme performance requirements beyond 5th generation cel-
lular networks (B5G) [2]. Thanks to the recent development of
semiconductor technology, widely tunable sub-THz generators
can transmit broadband signals at room temperature [3], [4].
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However, compared with the sub-6 GHz and sub-100 GHz spec-
trum, transmissions on the sub-THz bands suffer from higher
path loss, higher system complexity, and frequency selective
atmospheric attenuations [5]. Therefore, new technologies for
communications on the sub-THz spectrum need to be investi-
gated to overcome these challenges [6].

In order to compensate for the higher path loss during signal
transmission on the sub-THz spectrum, transmitters are required
to be equipped with larger antenna arrays [7]. Recently there
has been a growing interest in massive MIMO with hybrid
precoding for THz and sub-THz communications [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21]. For
instance, a series of technologies, such as THz signal genera-
tion, modulation, and radiation methods, including the devel-
opment of channel models, noise, and hardware-impairment,
have been studied in [8]. Three representative THz precoding
techniques, i.e., analog beamforming, hybrid precoding, anda
delay-phase precoding, have also been investigated in terms
of different structures and designs [9]. The authors of [10]
propose a switches-assisted dynamic array-of-subarrays hybrid
precoding architecture to reduce the power consumption while
meeting the data rate requirement in THz ultra-massive MIMO
systems. To compensate for the array gain loss caused by beam
splitting, the authors of [11] introduce a new hybrid precoding
architecture called delay-phase precoding (DPP). To solve the
beam splitting problem in the proposed DPP, an additional
time delay network is connected to the phase shifters, which
converts phase-controlled analog precoding into a delay-phase
controlled analog precoding. In [12] two new sparse radio fre-
quency (RF) chain antenna structures, including fully connected
and subarray, are designed for wideband THz massive MIMO
orthogonal frequency division multiplexing (OFDM) systems
with beam squint. Moreover, the authors of [12] formulate an
average rate maximization problem by jointly designing hybrid
analog/digital precoding at the transmitter and analog combining
algorithm at the receiver. In this work, they also evaluate the
performance of a candidate B5G scenario with THz-enabled
massive MIMO access points mounted on street lampposts to
servepedestrian. Furthermore, in [13] the authors use spectral
efficiency (SE) and energy efficiency (EE) as the metrics to
assess the performance of three precoding schemes; namely
analog-only beamforming, hybrid precoding with baseband
zero-forcing, and singular value decomposition precoding. To
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analyze the best beam steering direction, [14] uses a closed-form
expression to find the lower-bound of the achievable rate in a
large subarray antenna regime.

A single carrier minimum mean square error (MMSE) pre-
coding and detection algorithm for frequency selective THz
channels is proposed in [15]. Furthermore, the sparsity prop-
erty of the channel is utilized to reduce the complexity of the
proposed algorithm [15]. To enable massive connections in
THz micro-scale networks, the authors of [16] offer a novel
hybrid beamforming (BF) scheme with distance-aware multi-
carrier (DAMC) modulation and beam division multiple access
(BDMA). In their approach an iterative power allocation strategy
is designed to maximize the achievable sum-rate of the network.
The maximization of the energy efficiency (EE) problem in
THz non-orthogonal multiple access (NOMA) MIMO systems
is investigated by the authors in [17] where the original optimiza-
tion problem is divided into user clustering, hybrid precoding,
and power optimization. Then, to enable fast convergence, they
utilize an enhanced K-means machine learning algorithm. Using
a realistic power consumption model, the performance of the
generalized hybrid precoding array structure in a cellular as-
sisted vehicular communication scenario is investigated in [18].
A novel wideband hybrid beamforming scheme with two digital
beamformers is proposed by the authors in [19]. Considering an
imperfect channel state information (CSI), they offer a proba-
bilistic robust hybrid beamforming scheme to combat channel
estimation errors. In [20] two multi-resolution time-delay code-
books are designed for a subarray hybrid precoding structure.
Based on the proposed codebooks, a hierarchical beamforming
training strategy with reduced overhead is then proposed to
enable simultaneous training for multiple users.

While the aforementioned studies reveal substantial progress
in massive MIMO assisted THz and sub-THz communications,
the challenge is how to design a reliable high-speed network
that can compensate the effect of rapid signal attenuation as the
distance between transmitters and receivers increases. Based on
the analysis in [22], when the transmission distance exceeds
one meter, the signal transmitted at 300 GHz frequency will
suffer from a 70 dB path loss. Furthermore, transmissions on
the THz or sub-THz spectrum depend heavily on the availabil-
ity of a line-of-sight (LoS) path between the transmitters and
receivers. Recently, there has been a growing number of pub-
licationsfocused ona new network architecture that can support
longer-range, non-line-of-sight (NLoS) communications [23],
[24], [25], [26], [27], [28], [29], [30], [31]. For example, [23]
introduces a network with both THz and sub-6 GHz transmis-
sions where the latter is used to supplement the shortcomings
of THz transmissions. In [24], hypersurfaces are considered
to control the propagation characteristics of THz communica-
tions in order to improve the transmission distance and solve
NLoS problems. Similar to hypersurfaces, intelligent reflecting
surfaces (IRS), which can smartly reconfigure the propagation
environment,studied in [25]. In this study, the authors propose
using massive low-cost passive reflecting elements integrated
into a planar surface. [26] presents a comprehensive overview
of IRS-aided wireless communications covering channel mod-
els, hardware architecture, and practical constraints, as well as

various forward looking applications in wireless networks. To
facilitate an IRS-based channel estimation, [27] proposes a co-
operative beam training scheme. In particular, the authors offer
two different hierarchical codebooks for their proposed training
procedure to achieve tradeoffs betweenrobustness against noise
and searching complexities. A low complexity phase shift search
scheme is proposed in [28] to reduce the IRS’s computational
complexity for THz communication in indoor environments. To
minimize the total transmit power at the access point (AP), a joint
optimization algorithm is proposed in [29]. The algorithm jointly
optimizestransmit beamforming at the AP and reflect beam-
forming at the IRS under a signal-to-interference-plus-noise
(SINR) ratio constraint. The authors of [30] design a method
to maximize the sum rate with individual rate constraints, in
which the IRS location, IRS phase shift, allocation of THz
spectrum, and power control for user equipments (UEs) are
jointly optimized. An iterative atom pruning based subspace
pursuit (IAP-SP) scheme has also been developed for channel
estimation and data rate maximization in [31]. Compared to the
classical subspace pursuit (SP) scheme, the proposed IAP-SP
algorithm can substantially reduce computational complexity
while maintaining high accuracy channel estimation.

While the NLoS problem can be addressed using IRS, the high
path loss in sub-THz communications still remains a challenging
issue. Based on the analysis in [32], the signal-to-noise-ratio
(SNR) of IRS-assisted transmissions is almost the same as for
forward-only relay-assisted transmissions without the amplifi-
cation. To solve the NLoS and path-loss problems simultane-
ously, we propose a relay-assisted network architecture for THz
communications. Under our proposed scheme all transmitters in
the network are equipped with massive MIMO antenna arrays
where a hybrid precoding is selected to support directional
transmissions. Then, a leaky waveguide (LWG) together with
a codebook assisted hybrid precoding and combining method is
proposed. The proposed method can shorten the beam discovery
phase, hence reducing the complexity of the beam discovery
algorithm. To realize the proposed method, an empirical data-
based THz channel model considering atmospheric attenuation
is investigated. As an example, an adaptive FHSS approach is
invoked to avoid data transmission at vulnerable frequencies.
The contributions of this paper are summarized as follows:

1) We propose a fast LWG-assistedthree dimensional (3D)
beam discovery scheme capable of determining the best
beam direction in a single round trip, i.e., the transmitter
sends a beam discovery signal through LWG and the
receiver sends a feedback message. Moreover, considering
the characteristics of the THz spectrum, the impact of
obstacles is also investigated. Compared with the sec-
tor sweeping based beam discovery scheme, e.g., IEEE
802.11ad, our method indicates a significant reduction in
the time required to achieve beam discovery.To the best
of our knowledge, it’s the first paper that investigates 3D
beam discovery with LWG.

2) To support the proposed beam discovery method, we adopt
a data-based channel model to better evaluateatmospheric
attenuation on the sub-THz band. The proposed channel
model is based on the empirical data available in a public
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database, which is tested by researchers in the field of
spectroscopy. Subsequently, the proposed channel model
has been used to evaluate the frequency selectivity of
atmospheric attenuation on the THz or sub-THz band.
Furthermore, since the complexity of the CSI based hybrid
precoding method is unacceptable when extremely large-
scale antenna arrays are used, we consider a codebook-
based hybrid precoding method to reduce the precoding
complexity of sub-THz transmitters. Moreover, an opti-
mal combining algorithm is developed to support relay-
assisted sub-THz communications.

3) To solve frequency selective attenuation during trans-
missions, an adaptive FHSS based transmission scheme
has been considered for data transmission. Specifically,
hopping sequences will be generated based on the dynami-
cally updated channel map. The simulation results indicate
that the proposed scheme outperforms the transmission
scheme without FHSS.

The rest of the paper is organized as follows: the system
model, channel model, LWG-assisted beam discovery scheme,
codebook-based hybrid precoding method, optimal combining
algorithm, and adaptive FHSS approach are described in Section
II. The derivations of performance indexes are given in Section
III. Simulations results are presented in Section IV. Conclusions
are finally drawn in Section V.

Notation: Throughout this paper, J is the imaginary unit,
min(·) is the smallest value of the given parameters, [·]i,j
represents the corresponding element of a vector or matrix,
phase(·) is the phase value of the given element, Pr is the
probability operation, E(·) is the expectation operation, ‖ · ‖F
is the Frobenius norm,and det(·) is the determinant operation.

II. SYSTEM MODEL

A. Network Architecture

Let’s consider a network consisting of several relays and
obstacles with a small base station (SBS): ΘSB, and a number of
UEs: ΘUE. Only ΘSB is connected to the core network, i.e., the
relays cannot directly obtain data from the core network. A set of
relays is defined as ΦRE = {Θi

RE| i = 1, 2, . . . , Nre}, where
Θi

RE is the i th relay, and Nre corresponds to the number of
relays contained in the network. A set of obstacles is defined as:
ΦOB = {Θm

OB|m = 1, 2, . . . , Nob}, where Θm
OB is the m th

obstacle, and Nob is the number of obstacles contained in the
network. In this paper, the coverage of each obstacle is assumed
to be circular with radius rca (each obstacle will block all
transmission paths that fall within this range). The SBS, UE,
obstacles, and relays are all located on the plane: RP, where
the length and width of the RP are denoted by LP and WP,
respectively. The locations of SBS, UE, obstaclesand relays are
assumed to be uniformly distributed in RP. The network archi-
tecture is shown in Fig. 1. Similar to [33], [34], the transmitters
and receivers are assumed to be located on the same planeso
only Azimuthal coordinates are considered in this paper.

We assume that SBS, and relays can operate in sub-6Ghz
and sub-THz (from 100 GHz to 200 GHz) bands. The sub-
THz band is used by downlink for data transmissionand the

Fig. 1. Network architecture.

sub-6 GHz band is used by uplink to transmit feedback mes-
sages. Sincesub-THz is only used in the downlink, we focus
mainly ondownlink transmissions. The SBS and relays are
equipped with uniform linear antenna arrays (ULA) and om-
nidirectional antennas. The ULA is used to support massive
multiple-input multiple-output (MIMO) technology for data
transmissions on the sub-THz band, and the omnidirectional
antenna is used to transmit feedback messages on the sub-6 GHz
band. Each ULA contains NTR transmitting antennas, while the
number of receiving antennas of SBS, UE, and relaysis NRC.
The fully connected hybrid precoding architecture is used by the
SBS and relays to assist massive MIMO transmissions and the
number of radiofrequency (RF) chains is NRF.

The network operates in a time-slotted manner, and the SBS
and relays are strictly synchronized. LetΔTL denote the duration
of the time slot. Since ΔTL is small, we can assume that UE:
ΘUE, stays static during the ΔTL period. Therefore, there is
no need to consider the mobility of ΘUE. Since we consider a
time-slot based system, synchronization among devices would
require highly accurate time synchronization. For instance, a
link-layer synchronization protocol [46] has been proposed for
ultra-high-speed wireless communication networks in the THz
band. In this approach a receiver initiates a handshake to achieve
synchronization between transmitter and receiver in order to
maximize the channel utilization. However, to enable highly
accurate time synchronization in sub-THz communications,
Precision Time Protocol (PTP) [47] is the currently the most
advanced protocol and can provide sub-microsecond precision.
PTP, which is defined by the IEEE 1588v2 standard [47], uses
a handshake mechanism to exchange messages between two
nodes through the end-to-end delay measurement. It has been
previously applied to 5G time sensitive networks [48] and is
considered here to achieve synchronization for beam discovery,
as well as the proposed FHSS, which also requires tight syn-
chronization between SBSs, relays and UEs. However, further
detail of PTP implantation and its impact on beam discovery
and the packet discard probability is well beyond the scope of
this paper. Therefore, in this paper we assume that SBSs, relays
and UEs are synchronized. Moreover,downlink transmission is
divided into two phases; beam discovery and data transmission.
Theduration of these two phases are denoted by Δtbt and Δtdt,
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Fig. 2. LWG structure.

respectively. In this paper, we use the leaky waveguide (LWG)
to support the beam discovery phase in the sub-THz band.

B. Definition and Configuration of LWG

Although Leaky-Wave devices have been employed in mi-
crowave systems for many years, their application in the sub-
THz rangehas only recently been investigated [35]. In a typical
guided wave implementation, a signal propagating in a wave-
guide can couple through an aperture to “leak”into free spaceif
the guided and free-space modes satisfy a phase-matching con-
dition on their parallel wave vector components. In this paper,
we consider the simplest case, i.e., transmitting sub-THz signals
witha TE1 transverse electric mode through a metal parallel-
plate waveguide with an empty space between plates. In this
case, after sub-THz signals pass through the LWG, different
frequency components of the sub-THz signal will have different
propagating directions due to the phase matching constraint [35].
That is to say, the departing angle of the leaked wave is de-
termined by the frequency of the wave and, if the LWG is
excited with a broadband source, each frequency within this
broad spectrum should emerge from the slot aperture at one
unique angle. The structure of LWG is shown in Fig. 2 [35].

Once a broadband signal passes through the LWG, it will be
transformed into a “rainbow”like beam, where different colors
indicate different transmission frequencies withunique angles.
In this paper, we assume SBS, UE, and relays are equipped with
LWG for beam discovery. Since the maximum coverage range
of a LWG is 90 degrees on the plane [35], at least four LWGs
are needed for each device (if no extra location information of
UEs can be achieved by a transmitter).We use the navigation
information, e.g., GPS, to achieve a rough estimation of the
receivers’ locations. A transmitter can then use the information
to determine which LWG should be used for beam discov-
ery.Notice that the distance between the transmitter and the
receiver is pre-known in [35], and the value of the distance will be
used to evaluate the AoA of the discovered LoS path. However,
this is not practical in sub-THz band since the transmitting
distance of the LoS path is hard to be evaluated due to the
attenuations. Thus, in the following section, we will adopt an
empirical data based sub-THz channel model to address this
issue, and extend the improved LWG-assisted beam discovery
method to both SBS and relays.

C. LWG-Assisted Beam Discovery Scheme

Let’s define the transmitter as Tsi, where i = 0 represents
an SBS, and i = 1, 2, . . . , Nre when the transmitter is a relay.
The “rainbow” like beam generated by Tsi is further defined
as Si

TR, where i = 0 when the transmitter is an SBS, and
i = 1, 2, . . . , Nre when the transmitter is a relay. Similarly, the
receiver is defined as Rcj , where j = 0 corresponds to a UE,
and j = 1, 2, . . . , Nre if the receiver is a relay. Depending on
the receiver’s location, only a portion of the sub-THz rainbow
can be detected by the receiver, and the received spectrum at the

receiver: Rcj , is denoted as: Si,j
RE

Δ
= {f i,j

min, f
i,j
max, P

i,j
FB}, where

f i,j
min and f i,j

max correspond to the lower and upper bounds of the
received spectrum, respectivelyand P i,j

FB represents the power
of the received signal. As soon as Rcj detects Si,j

RE, a feedback
message, M i,j

FB = Si,j
RE, is sent to Tsi. Under these conditions,

the transmitter would be able to know that there is an existing
line of sight (LoS) path between the transmitter and receiver.

Thus, for a simple network where there is a LoS path within
the Sub-THz transmission range and in the absence of any
relay nodes, the beam discovery phase can be carried out using
the following steps: 1) Ts0 generates the sub-THz rainbow
S0
TR, through LWG, 2) Rc0 detects S0,0

TR and sends a feedback
message: M0,0

FB , to Ts0, 3) Ts0 uses the information contained
in M0,0

FB to initiate the beam discovery. It is important to note
that the LWG based method can only be considered when there
is a LoS path [35].However, in the case of a network with relay
nodes and obstacles (see Fig. 1) the beam discovery process
will be carried out with the help of relays. Recall that the
SBS and relays are synchronized, sothey can begin the beam
discovery phase simultaneously. Moreover, since it is unlikely
that different transmission paths from different transmitters have
the same transmission direction. Therefore, the probability that
the UE receives the same spectrum from different relays or
SBSs (if there is more than one SBS) is negligible enough to be
ignored. That is to say, we do not need to considerinterference
duringa beam training phase. Thus, the beam discovery process
can be carried outusing the following steps:

1) At the beginning of each beam discovery phase, the SBS;
ΘSB, and relays: Θk

RE, generate Si
TR independently. Let’s

define a typical transmitter as Tsi. Once the receiver:
Rcj , detects Si,j

TR, a feedback message: M i,j
FB, will be

sent toΘk
RE andΘSB through the omnidirectional antenna

operating on the sub-6 GHz band. If there are no obstacles
between the transmitter and the receiver, the transmitter,
Tsi will receive multiple feedback messages from the
receiver as well asnearby relay nodes. In this case, both
transmitter and receiver will use the information contained
in M i,j

FB to estimate AoD, AoA, and channel information.
Also, if there is no obstacle between ΘSB and ΘUE, ΘSB

will receive a feedback message: M0,0
FB , from ΘUE. In

this case, the beam discovery phase will endand the data
transmission phase will begin.

2) If the ΘSB does not receive M0,0
FB within a pre-defined

period,the beam discovery phase will continue. Let’s
define a set of feedback messages that is received
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by ΘSB as: M0
FB

Δ
= {M i,j

FB}. By checking each M i,j
FB

contained in M0
FB, ΘSB can learn the existence of

LoS paths among relays nodes and ΘUE. If the
M i,j

FB contained in M0
FB that can form a set like

MFB = {M0,i
FB, M

i,j
FB, M

j,k
FB , . . . , M

m,n
FB , Mn,0

FB },
it means that there exists an available relayed
link between ΘSB and ΘUE through relays
{Θi

RE, Θ
j
RE, Θ

k
RE, . . . , Θ

m
RE, Θ

n
RE}. Once ΘSB finds

MFB, the beam discovery phase will be endedand then
the data transmission phase will begin.

3) If ΘSB doesn’t find MFB, it means that there is no
available relayed link between ΘSB and ΘUE. The beam
discovery phase will then be ended, in which case the data
transmission phase cannot be initiated.

Since there may exist multiple available MFBs, the one with
the smallest number of elements will be the selected in order
to minimizetransmission delay. If multiple MFBs, still exist,the
one with the maximum received power, i.e., P i,j

FB, will be se-
lected. Notice that all steps can be done within a single round
trip, i.e., a transmitter,Tsi, only needs to generateSi

TR once, and
the receiver: Rcj , only needs to transmit a feedback message:
M i,j

FB, to Tsi and Ts0 once. Thus, this method is much more
efficient than the sector sweeping based beam discovery method,
e.g., IEEE 802.11ad. Since we don’t consider UEs’ mobility,
Rcj only needs to transmit a feedback message to Tsi once
the attenuated frequency range changes due toslowly varying
weather conditions. Also, the availability of the corresponding
received spectrum will be contained in the feedback messages.
Tsi canthen use this information to improve the performance
of the following data transmission phase (more details will
be presented in Section II-H). In the followingfor the sake of
simplicity in our analysis, we assume a single hop transmission
(i.e., only a single relay node is used in each transmission link).

In this section we willevaluate how ΘSB and Θi
RE use the

information contained in MFB to perform a hybrid precoding.
For a pair of transmitters, Tsi, and receiver, Rcj ,we can de-
fine the azimuth AoD at the transmitter as θi,jDP, the azimuth
AoA at the receiver as θi,jAR, and the distance between Tsi
and Rcj as Ri,j .Let us assume that θi,jDP ∈ [0, π

2 ].Defining
f i,j
FB = {f i,j

θ , f i,j
ϕ }, based on the phase matching constraintthe

relationship of f i,j
θ and azimuth AoD can be expressed by,

f i,j
θ =

CLI

2bPS sin
(
θi,jDP

) , (1a)

whereCLI is the velocity of light ina vaccum, and bPS is the plate
separation of the LWG. Notice that in [35] the distance between
Tsi andRcj is configured to be a fixed value. Thus, in this paper,
the transmission distance Ri,j needs to be estimatedfirst.Then,
based on [35], the value of azimuth AoA, i.e., θi,jAR can be
achieved once the transmission distance Ri,j is estimated.

Based on [36], the LWG shown in Fig. 2 cannot be used for
3D beam discovery. Because we need to increase the width of
the slot, wPS, to make a wider beam on the x-z (i.e., elevation)
plane to realize 3D beam discovery. However, this solution is
practical at lower frequencies, e.g., sub-6 GHz, but not practical

when higher frequencies are used. When the slot width increases,
the sides of the slot act as secondary leaking structures, and the
frequency-angle relationship in (1a) is not obeyed as the energy
at a given frequency is radiated in a broad range of angles. Thus,
to realize LWG-assisted 3D beam discovery, the structure of
the LWG needs to be changed. To address this problem, we
use an alternate slot aperture, in which the slot width increases
linearly along its length (i.e., a trapezoidal shape) [37]. By doing
experiments, the authors of [37] find that with a trapezoidal-
shaped slot, the two sides of the slot as a pair of secondary
leaking structures follow their own phase-matching condition in
the x-z plane without influencing the phase-matching condition
in the y-z (i.e., azimuth) plane.

Then, the relationship of f i,j
ϕ and elevation AoD, ϕi,j

DP, can
be expressed by,

f i,j
ϕ =

CLI

2bPS sin
(
ϕi,j
DP

) . (1b)

Similarly, the value of elevation AoA, i.e., ϕi,j
AR can be

achieved once the transmission distance Ri,j is estimated.

D. Pathloss With Atmospheric Attenuation

To estimate the value of Ri,j , we need to investigate the re-
lationship between P i,j

FB and Ri,j . Moreover, since transmission
onthe sub-THz spectrum is frequency selective, the value of
P i,j
FB is related to the received spectrum. Fortunately, there is no

need to consider the multi-path effect sinceLWG is used. Based
on [38], [40], [41], signal loss on the transmission path can be
expressed as:

αPL (fTS,R) = LSP (fTS,R)LABS (fTS,R)

=

(
CLI

4πfTSR

)2

e−kabs(fTS)R , (2)

where fTS is the frequency of the signal, LSP(fTS,R) is the
spreading loss, LABS(fTS,R) is the molecular absorption loss,
and kabs(fTS) is the frequency-dependent medium absorption
coefficient, which is determined by the composition of the trans-
mission medium at a molecular level. Based on [40], kabs(fTS)
can be expressed as:

kabs (fTS) =
∑
h,g

kh,g (fTS) (3)

kh,g(fTS) stands for the individual absorption coefficient for the
isotopologuehof gasg. For example, the air in an office is mainly
composed of nitrogen (78.1%), oxygen (20.9%) and water vapor
(0.1–10.0%). Each gas has different resonatingisotopologues
within the THz or sub-THz band, i.e., molecules that only differ
in their isotopic composition.kh,g(fTS) can be further expressed
as:

kh,g (fTS) =
P
P0

TSTP

T Qh,gσh,g (fTS) , (4)

where P is the pressure and T is the temperature of the environ-
ment, P0 and TSTP are the Standard-Pressure-Temperature val-
ues, Qh,g is the total number of molecules per volume unit, and
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σh,g(fTS) is the absorption cross-section for the isotopologue
h of gas g in m2/molecule. Simply stated, the total absorption
depends on the number of molecules of a given gasfound along
the path. Based on [40], Qh,g can be further derived by:

Qh,g =
P

RCT
qh,gNA, (5)

where qh,g is the mixing ratio for the isotopologueh of gas g,NA

stands for the Avogadro constant, and RC is the gas constant.
Based on the discussions in [38], ina high-resolution transmis-
sion molecular absorption database (HITRAN), the contribution
of each isotopologueis scaled according to its natural abundance
in the medium. Therefore, the mixing ratio of the specific gas,
qg , should be used for allisotopologues of g, instead ofindividual
mixing ratios qh,g . Furthermore, σh,g(fTS) in (4) can be shown
as:

σh,g (fTS) = Sh,gGh,g (fTS) , (6)

where Sh,g is the line intensity for the absorption of the isotopo-
logue h of gas g, and Gh,g(fTS) is the spectral line shape, which
can be expressed by:

Gh,g (fTS) =
fTS

fC
h,g

tanh
(

HPLCLIfTS

2kBT

)
tanh

(
HPLCLIfC

h,g

2kBT

)Fh,g (fTS) , (7)

where HPL is the Planck constant, and kB stands for the Boltz-
mann constant. fC

h,g is the position of the resonant frequency
that can be expressed as,

fC
h,g = fC0

h,g + δh,g
P
P0

, (8)

where fC0
h,g is the zero-pressure position of the resonance, and

δh,g is the linear pressure shift.Fh,g(fTS) in (7) is the Van Vleck-
Weisskopf asymmetric line shape [42], which is used to represent
the molecular absorption.

Fh,g (fTS) = 100CLI
αLO

h,g

π
fTS

fC
h,g

·(
1

(fTS−fC
h,g)

2
+(αLO

h,g)
2 + 1

(fTS+fC
h,g)

2
+(αLO

h,g)
2

)
,

(9)

with the Lorentz half-width αLO
h,g as:

αLO
h,g =

(
(1− qh,g)α

air
0 + qh,gα

h,g
0

)
·(

P
P0

)(
T0
T

)γT

, (10)

where T0 is the reference temperature, γT is the temperature
broadening coefficient, αair

0 is the air half-widths, and αh,g
0 is

the self-broadened half-widths.
All the aforementioned parameters can be directly obtained

from the HITRAN database. As we know, the absorption coef-
ficient is highly frequency-selective. This feature will also be
reflected in the path loss, e.g., (2). The simulation results of (2)
are shown in Fig. 2.

Due to the atmospheric attenuation, we can see that the value
of the path loss coefficient is highly related to the frequency of
the signal. Notice that not only water vapor, but also nitrogen and

oxygen can cause the frequency selective attenuation. Moreover,
parameter qg also has a strong impact on path loss. In Fig. 2 we
compare the path loss value with four different moisture contents
by changing qg , where g represents H2O.

E. Transmission Range of LWG

Based on the discussion in Sections II-B, C and D, the AoD
and the AoA of the discovered LoS path can be derived based
on the feedback information. Hence, the transmission range of
LWGs needs to be large enough to ensure the receivers can detect
the transmitted signal. However, when the transmission power
is at the microwatt-level, the LWGhas only a centimeter-level
coverage range [35]. To solve this problem, we can narrow the
radiation range of LWGs, i.e., making the LWG beams more
directional.Take the transmission in the azimuth plane as an
example, by reducing the frequency range of the broadband
sources used by Tsi, the transmit power of each frequency com-
ponent contained inSi

TR can be enhanced without increasing the
generating power of the broadband sources. However, based on
the phase-matching constraint, a smaller frequency range of the
broadband source leads to a narrower LWG beam coverage. For
example, based on [35], if we reduce the maximum frequency of
the broadband source from 2 THz to 146 GHz, based on (1) the
coverage of LWG will be narrowed to 10 degrees instead of 90
degrees. On the other hand, to realize a meter-level transmission
range of LWG, the following inequality needs to be satisfied

PreqEh (ϕreq)αPL (fref , dreq) ≥ PrefαPL (fref , dref) , (11a)

where Preq is the required transmit power, αPL(fref , dreq) is
the path loss with reference frequency fref = 100GHz, and
the required transmit distance between the transmitter Tsi and
receiverRcj isRi,j ,Pref = 10μW is the transmit power in [35],
and αPL(fref , dref) is the path loss with reference frequency
fref = 100GHz and dreq = 0.1m. Eh(ϕreq) is the beam width
(i.e., ϕreq) related enhancement on the received power, which is
expressed by

Eh (ϕreq) =

(
f ref
max − fcut

)(
fcut

sin(π(1/2−ϕreq/180))
− fcut

) , (11b)

where fcut = CLI/2bPS is the cutoff frequency of the LWG,
and f ref

max = 2THz is the maximum frequency of the broadband
source used in [35].

By solving (11a), the relation between the required transmit
power and the LWG beam width is shown in Fig. 3.

Based on Fig. 3, the required transmit power Preq increases
with the LWG beamwidth. Specifically, compared with [35],
when ϕreq ≤ 3, the required transmit power Preq is less than
Pref = 10μW. This observation indicates that we don’t need
to increase the transmit power of LWG sources in the beam
discovery phase if we set the beam widthto less than 30 degrees
when Ri,j = 10μm. Moreover, if we can increase the transmit
power to1 mW when Ri,j = 10μm, a beam width of 30 degrees
can be used for beam discovery. Here we set the beamwidth of
LWG as ϕreq = 30 degrees. Since the navigation information,
e.g., GPS, is used to provide rough location estimations of the
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Fig. 3. Path loss coefficient versus signal frequency and moisture content.

receivers, the smaller LWG beamwidth will not influence the
efficiency of the proposed beam discovery method.

F. Codebook-Based Hybrid Precoding

As we can see from Fig. 3, the value of the path loss coefficient
largely depends on the frequency of the signal. The relationship
between the power of the received signal P i,j

FB and transmission
power PTR is,

P i,j
FB = PTR

(
CLI

4πf i,j
C Ri,j

)2

e−kabs(fi,j
C )Ri,j , (12)

where f i,j
C is the received spectrum of Rcj , which is included

in the feedback message. Since the values of P i,j
FB, PTR and f i,j

C

are already known, we can use (12) to evaluate the transmission
distanceRi,j . Based on [35], the LWG receiver can detect signals
at the μW level, which is much lower than the signal power
used to transmit data. Therefore, if the receiver can detect the
beam discovery signal, then the power used for transmitting
data is large enough for the receiver to detect. Without a loss
of generality, we can assume that the transmit power for both
data and beam discovery (after passing LWG) is the same. Now,
we can obtain the value of θi,jDP, αPL(f

i,j
C , Ri,j), and θi,jAR, based

on [35]. The channel matrix between transmitter and receiver can
be shown as (13).

H =

⎡
⎢⎢⎣

h1,1 h1,2 · · · h1,NTR

h2,1 h2,2 · · · h2,NTR

...
...

...
...

hNRC,1 hNRC,2 · · · hNRC,NTR

⎤
⎥⎥⎦
NRC×NTR

, (13)

where hAr,At is the channel gain between the transmitting
antenna, At, and the receiving antenna, Ar. NTR and NRC are
the number of transmitting and receiving antennas, respectively.
Based on [38], H can be obtained as,

H = αPL

(
f i,j
C , Ri,j

)
GTRGAR

× aTR

(
ϕi,j
DP, θ

i,j
DP

)
aAR

(
ϕi,j
AR, θ

i,j
AR

)H
. (14)

Fig. 4. Required transmit power versus LWG beam width with respect toRi,j .

whereGTR andGAR are the transmit and receive antenna gains,
vectorsaTR(ϕ

i,j
DP, θ

i,j
DP) andaAR(ϕ

i,j
DP, θ

i,j
DP) represent the array

steering vectors at the transmitter and receiver sides, respec-
tively.For a Mx ×My elements uniform plane array (UPA), the
array steering vector can be expressed by (15),

aUPA (ϕ, θ) =

[
1, . . . , eJπ(mx sinϕ sin θ+my cos θ),

. . . , eJπ((Mx−1) sinϕ sin θ+(My−1) cos θ)
]T

.

(15)

wheremx andmy are the antenna element index with 0 ≤ mx ≤
Mx and 0 ≤ my ≤ My, respectively; rA is the antenna element
spacing, J is the imaginary unit, and λC is the wavelength.

Now channel matrix H can be estimated with the help of
LWG. As soon as H is estimated, the beam discovery phase
will end. Based on the estimated H, the transmitter needs to
determine the beam pattern for the data transmission phase. Here
we use a codebook based hybrid beamforming method [39]. The
constructed codebook CBS is shown in Fig. 4.

Here {Fi
CB = Fi

RFF
i
BB| i ∈ [1, NRs]} is the codeword of

the codebook CBS, where Fi
RF is the i th codeword of the RF

precoder, Fi
BB is the i th codeword of the baseband precoder,

and NRs is the number of beam patterns contained in CBS.
The construction process of the codebook can be done with the
algorithm used in [43].

The transmitter can then determine the beam pattern F∗
CB

from CBS by,

F∗
CB = argmax

Fi
CB∈CBS

det

(
INRC

+
PTR

σ2
s

HFi
CB

(
Fi

CB

)H
HH

)
,

(16)

wheredet(·) is the determinant of a given matrix and the spectral
efficiency can be expressed by,

CAD = log2 det

(
INRC

+
PTR

σ2
s

HF∗
CB(F

∗
CB)

HHH

)
, (17)

Authorized licensed use limited to: NIST Virtual Library (NVL). Downloaded on August 10,2023 at 11:09:32 UTC from IEEE Xplore.  Restrictions apply. 



734 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 71, 2023

Fig. 5. Transmission between a SBS and a UE through a relayed path.

whereσ2
s is the power of additive white Gaussian noise (AWGN)

of the channel between the SBS and UE and INRC
is an

NRC ×NRC identity matrix. However, based on (16), we need
to compute the determinant of a given matrix before we find the
codeword. This operation has a O(N3

TR) temporal complexity.
Furthermore, this action will repeat NRs times to find the
maximum value among the NRs candidates.It is practical when
NTR and NRs are small, but not acceptable in our case.

Based on [44], the channel matrix can be singular decomposed
and further expressed as,

H = UΣVH =

LPP∑
k=1

Akukv
H
k , (18)

where uk and vk are the kth vectors in matrices U and V,
respectively. The singular values, Ak, are assumed to be in a
descending order. LPP is the rank of the channel andequal to the
number of propagation paths for the transmission scenario. Note
that for sub-THz systems, the channels usually have limited scat-
tering characteristics, which means the number of propagation
paths is far less thanmin(NTR, NRC). In such cases, the channel
rank is equal to the number of propagation pathsLPP. Moreover,
since we are only considering transmissions with LoS paths, (18)
can be further simplified asH = Asuv

H . The optimal codeword
F∗

CB, which maximizes the spectral efficiency,CAD, will satisfy
the following condition:

phase
(
[F∗

CB]:,m

)
= phase ([v]m) ,

∀m = 1, 2, ..., NTR, (19)

where [·]i,j represents the corresponding element of a vector or
matrix, [·]:,m means an arbitrary element in the m th column of
the corresponding matrix, and phase(·) is the phase value of the
element. Comparing equation H = Asuv

H with (14), we can
easily notice that v = aTR(θ

i,j
DP). Thus, the optimal codeword,

F∗
CB depends only on the value of θi,jDP, i. e., the transmitters can

directly use the codeword that corresponds to θi,jDP, instead of
requiring complex optimizations. This method also has another
advantage in that the value of θi,jDP can also be obtained at the
receiver Rcj . In other words, F∗

CB can be obtained at both
receiver, Rcj , and transmitter,Tsi. In addition, Rcj can further
use F∗

CB to perform an optimal combining.

G. Optimal Combining at Relay Side

If there is no LoS path between SBS and UE, then relays
should be used to support the communication. In this paper,
the relay is not connected to the core network for the sake of
reducing installation cost. Also, data transmitted to relays only

Algorithm 1: Construction of Combining Matrix.
1: WRF = EmptyMatrix;
2: Wres = WMMSE;
3: for i ≤ NRF do
4: T = αAR(θ

i,j
AR)E(yy

H)Wres;
5: k = TTH ;
6: WRF=[WRF|[Acan]: , k];

7:
WDG = (WH

RFE(yy
H)WRF)

−1×
WH

RFE(yy
H)WMMSE

;

8: Wres =
WMMSE−WRFWDG

‖WMMSE−WRFWDG‖F
;

9: end for
10: WRE = WRFWDG

‖WRFWDG‖F

needs to be decomposed instead of decoded in order to reduce
the complexity.

In the rest of the paperwe only consider a single relay in order
to simplify the derivations. As shown in Fig. 5, the transmitted
signal from the SBS will be combined at the relay and then
transmitted to the user after hybrid precoding. Since we are
mainly focused on the beam discovery process for SBSs and
relay nodes, the combining process at an UEs has not been
considered. Under these conditions, the spectral efficiency of
transmission from the SBS to the UE through only a single relay
can be expressed as (20).

CAR = log2 det

(
INDS

+
PTR

NDS
HREF

∗
RBR

−1
n WH

REH

× F∗
CB(F

∗
CB)

HHHWRE(F
∗
RB)

HHH
RE

)
, (20)

where HRE is the channel matrix for transmission between
a relay and a UE. WRE is the combining vector at the re-
lay side, F∗

RB is the codeword that is selected by the relay,
and NDS is number of data streams at the transmitter side.
Rn = σ2

sW
H
REWRE is the noise covariance matrix after the

combining process.
Notice that codebook CBR is constructed to supporthybrid

precoding. However, the combining matrixWRE is yet to be de-
termined. Withhelp of the method proposed in [45], the follow-
ing Algorithm 1 can be used at the relay node to obtainoptimal
WRE when codeword F∗

CB is determined.
The received signal, y, can be expressed as,

y = PTRHF∗
CBs+ n , (21)

s is the transmitted data stream, and n is the vector of i.i.d.
AWGN. Thus, E(yyH) can be shown as,

E
(
yyH

)
=

PTR

NDS
HF∗

CB(F
∗
CB)

HHH + σ2
s INTR

, (22)

Authorized licensed use limited to: NIST Virtual Library (NVL). Downloaded on August 10,2023 at 11:09:32 UTC from IEEE Xplore.  Restrictions apply. 



YE et al.: FAST BEAM DISCOVERY AND ADAPTIVE TRANSMISSION UNDER FREQUENCY SELECTIVE 735

where NDS is the number of data streams contained in s. Notice
that a relay node only requires E(yyH) to execute Algorithm
1, as it already has the information of channel matrix, H, and
codeword, F∗

CB. Thus, the exact value of y, which needs to be
decoded at the relay, is not necessary for combining. WMMSE

in Algorithm-1 is expressed by (23).

WMMSE =

(
1

PTR

(
(F∗

CB)
HHHHF∗

CB +
σ2NDS

P 2
TR

INDS

)−1

× (F∗
CB)

HHH

)H

(23)

And Acan is expressed by (24),

Acan =
[
αUPA(0), αUPA

( π

NRs

)
, . . . ,

αUPA

(
(Nca − 2)π

NRs

)
, αUPA

(
(Nca − 1)π

NRs

)]
,

(24)

where Nca is a constant. As an example, we set Nca = 512 in
this paper.

H. Adaptive FHSS Approach

As mentioned in Section II-D, there are severe atmospheric
attenuations at certain frequency ranges due to molecular ab-
sorption (See Fig. 9). Bear in mind that such attenuations are a
function of frequency and molecular absorption lossesand can
fluctuate from time-to-time depending on the local atmospheric
conditions. Under these conditions, selection of an appropriate
carrier frequency can be considered to mitigate such attenua-
tions.This would require feedback from the LWG receiver where
the attenuated regions, at certain frequencies, can be identified
at the LWG receiver (as shown in Fig. 9). At the receiver, the
identified frequency range of the attenuated regions within the
broadband spectrum of the sub-THz can then be transmitted
to the base station. This information will be in addition to the
channel feedback information, such as AoA and AoD. Upon
receiving the feedback, the base station can takethe appropriate
action to avoid transmission at these frequencies. Since humidity
and temperature, especially at a fixed users location, are expected
to change very slowly, the channel condition only needs to be
updated from time to time. In the other words, the range of
attenuated frequencies, within the allocated spectrum, can be
included in the feedback whenever it is needed. We should
point out, however, that under high speed mobility conditions,
the atmospheric channel conditions can lead to faster channel
variation, in which case the vulnerable frequencies within the
allocated spectrum need to be updated more frequently.

The channeling effect can be compensated by shifting the
transmission frequency or changing modulations and coding
to prevent or reduce the impact of any partial overlaps within
an attenuated region. For example, in this paper we consider
Frequency Hopping Spread Spectrum (FHSS) where the carrier
frequency of the transmit signal hops among multiple discrete

carrier frequencies based on a unique spreading sequence. The
main idea is to avoid using hopping frequencies within the
attenuate regions. In addition, FHSS has the advantage of be-
ing resistant to jamming due to its unique frequency-hopping
pattern.

In our adaptive FHSS approach, a channel map is maintained
and updated by all equipment once the frequency range of the
attenuated regions is identified by the LWG receiver and subse-
quently transmitted to the base station. Please note that all UEs
will attain the same channel map since they are in a small area
due to the short range of sub-THz communication and hence,
havethe same local atmospheric conditions. Channels will be
categorized as usable or un-usable according to the dynamically
updated channel map. A set of orthogonal hopping sequences
will be generated by using the same frequency hopping sequence
generator where every UE will be assigned a specific hopping
sequence. For example, the ith UE will be assigned the jth
hopping sequence. This order is distributed to UEs from the
base station in the association process. In this way, UEs can
correctly receive signals from the base station.

III. PERFORMANCE EVALUATION

In this section, we will show the derivation process of perfor-
mance indexes considered in this paper.

A. Obstructing Probability

Recall that the coverage of each obstacle is assumed to be a cir-
cle with a radius, rca, and that it will block all transmission paths
within this range. We also assume that the coordinates of a trans-
mitter,Tsi, a receiver,Rcj , and an obstacle,Θk

OB, are (xi
tr, y

i
tr),

(xj
rc, y

j
rc) and (xk

ob, y
k
ob), respectively. In addition, SBSs, relays,

UEs, and obstacles are assumed to be randomly located on a
plane, RP, with i.i.d. uniform distributions. We assume that RP

is a square area, i.e., LP = WP. Then xi
tr, y

i
tr, x

j
rc, y

j
rc, x

k
ob, y

k
ob

become i.i.d. random variables that are uniformly distributed
in [−LP

2 , LP

2 ]. The coverage range of Θk
OB can be expressed

as; (x− xk
ob)

2 + (y − ykob)
2 ≤ r2ca. By assuming xi

tr > xj
rc, the

line segment passing through Tsi and Rcj is represented by

y − yjrc

yitr − yjrc
=

x− xj
rc

xi
tr − xj

rc

, xj
rc < x < xi

tr . (25)

Here we define the obstructing probability by the probability that
a LoS path betweenTsi andRcj is blocked byΘk

OB. Therefore,
the obstructing probability can be expressed by

POB = Pr
(
B2
ed − 4AedCed > 0

)
× Pr

(
xj
rc < xk

ob < xi
tr

)
, (26)
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Fig. 6. Spectral efficiency versus transmission distance and frequency.

Fig. 7. φBSL versus codebook scale and obstacle density.

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Aed =
(

yi
tr−yj

rc

xi
tr−xj

rc

)2
+ 1

Bed = 2

(
xj
rc + xk

ob − (yj
rc−yk

ob)(yi
tr−yj

rc)
xi
tr−xj

rc

)

Ced =

(
xj
rc(yi

tr−yj
rc)

xi
tr−xj

rc

)2

+
(
xk
ob

)2
− 2xj

rc(yj
rc−yk

ob)(yi
tr−yj

rc)
xi
tr−xj

rc

+
(
yjrc − ykob

)2 − r2ca

, (27)

B. Blocking Probability

In this paper,blocking probability is defined as the probability
that there is no LoS path or relay path between the SBS ΘSB and
the UE ΘUE. In this case,transmission between ΘSB and ΘUE

will fail. Since the location of each SBS, relay, UE, and obstacle
is i.i.d., the obstructing probability of each LoS path is also i.i.d.
Thus, the probability that no LoS path exists between ΘSB and
ΘUE can be expressed by

PDR = 1− (1− POB)
Nob . (28)

Fig. 8. Ergodic spectral efficiency versus transmission frequency and Relay
density.

Fig. 9. Throughput versus transmission frequency and density of relays.

Fig. 10. Ergodic spectral efficiency versus the number of users.

The probability that norelayed path exists between ΘSB and
ΘUE can be expressed by

PRE =

(
1−

(
(1− POB)

Nob

)2)Nre

. (29)
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TABLE I
VALUES OF SYMBOLS USED IN SIMULATION

So the blocking probability can be represented by,

PBL = PDRPRE =
(
1− (1− POB)

Nob

)

×
(
1−

(
(1− POB)

Nob

)2)Nre

. (30)

C. Ergodic Spectral Efficiency

In this paper, ergodic spectral efficiency is defined as the
spectral efficiency when blocking probability is considered.
Based on (17) and (28), the ergodic spectral efficiency when
a LoS path exists between ΘSB and ΘUE can be expressed by
(31).

Cegd = (1− PDR)E (CAD)

= (1− PDR)E

(
log2 det

(
INRC

+
PTR

σ2
s

HF∗
CB(F

∗
CB)

HHH

))
(31)

Based on (20) and (29), the ergodic spectral efficiency when a
relayed path exists between ΘSB and ΘUE can be expressed by
(32).

Cegr = (1− PDR)E (CAR)

= (1− PDR)E
(
log2 det

(
INDS

+
PTR

NDS
HREF

∗
RBR

−1
n WH

REHF∗
CB(F

∗
CB)

H

× HHWRE(F
∗
RB)

HHH
RE

))
(32)

Since the direct path betweenΘSB andΘUE has priority over the
relayed path, the ergodic spectral efficiency can be represented
by,

CEG = (1− PDR)E (CAD)

+ PDR (1− PDR)E (CAR) (33)

D. Average Throughput

In this paper, a time slotΔTL is divided into two phases, beam
discovery and data transmission. The duration of the former,
which is based the LWG-based method, is defined as ΔTLB =
ξLΔTL, where 0 < ξL < 1. For the data transmission phase,
the duration is defined by ΔTLD = (1− ξL)ΔTL. Obviously,
we have ΔTL = ΔTLB +ΔTLD, and the average throughput of
the network during KTS time slots can be shown as,

TrLW =
1

KTSΔTL

KTS∑
k=1

BAVCEG (1− ξL)ΔTL (34)

where BAV is the available bandwidth for data transmission,
where

BAV = BT Pr (αPL (f,R) ≤ –λPL) , (35)

where BT is the total bandwidth used for data transmission and
–λPL is the threshold of the path loss.

IV. SIMULATION RESULTS

The values of the parameters used in our simulations are
shown in Table I. The density of relays and obstacles are defined
by λre = Nre/(LPWP) and λob = Nob/(LPWP), respectively.
For the sake of comparison,we choose the LWG and intel-
ligent reflecting surface (IRS) assisted network to make the
comparison. Configurations of the IRS can be found in [31],
[49]. Also, the IEEE 802.11ad is chosen as the baseline (BSL)
algorithm. Notice that LWG is also used for beam discov-
ery of LWG-IRS assisted networks, so the time spent on one
attempt for beam discovery is the same as for LWG-Relay
assisted network and LWG-IRS assisted networks. Here we
define the time spent on one attempt for beam discovery of
these methods (i.e., LWG-Relay assisted, LWG-IRS assisted,
and the BSL) as; ΔTBSB = ΔTLB = ξLΔTL. Also, the time
spent on the data transmission phase for these three meth-
ods is set at; ΔTBSD = ΔTLD = (1− ξL)ΔTL. For the BSL
andLWG-Relay/IRS-assisted methods, the time spent on beam
discovery before the data transmission phase is defined by TBSB
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Fig. 11. Ergodic spectral efficiency versus the number of users and time.

and TLWB, respectively. Then, the normalized time spent on
beam discovery before a data transmission phase can be defined
byφBSL = TBSB

TLWB
. Also, as an example, large antenna arrays with

1024 antenna units are adopted by the transmitters to generate
pencil-like beams to compensate the high path loss on sub-THz
bands.

The spectral efficiencies CAD and CAR in (17) and (20),
versus transmission distance, with respect to the transmission
frequency, are shown in Fig. 6. As can be expected, CAD and
CAR decrease significantly as Ri,j increases. For a fixed Ri,j ,
the values of CAD and CAR decrease at a higher transmission
frequency. Such a decrease in CAD and CAR could be attributed
to the relationship between transmission distance, frequency,
and path loss, which is represented in (2). When the transmission
distance and frequency are both fixed, the values of CAD and
CAR for relayed transmission are lower than those of direct
transmission. This is because the amplification effect of the relay
is not large enough to compensate for the extra path loss when
the relay is used.

The simulation results of normalized time spent on beam
discovery before a data transmission phase, φBSL, versus ob-
stacle density, with respect to the scale of the codebook NRs
and different beam discovery methods, are shown in Fig. 7.
The simulation result marked by LWG in the figure is the
throughput of our proposed methodand those marked by BSL
are the simulation results corresponding to the baseline method.
As we can see, the value of φBSL increases at higher NRs.
This is because the BSL method will require more time onbeam
discovery when there are more sectors that need to be swept. For
a given NRs, the value of φBSL decreases at a higher obstacle

density, λob as direct or relayed transmission paths will be
blocked by more obstacles. Then, when there is no feasible
transmission path between the SBS and UE, the BSL method
will stop the beam sweeping process instead of sweeping all
the sectors.Our proposed LWG-assisted method can do beam
discovery with one single shot.

The simulation results of ergodic spectral efficiency CEG in
(33), versus transmission frequency, with respect to the density
of relays, are presented in Fig. 8. Since we consider the block
effect caused by obstacles, the ergodic spectral efficiency CEG

is lower than CAD and CAR presented in Fig. 6, for a given
transmission frequency. When the transmission frequency is
fixed, the value of CEG rises as the relay density, Nre, increases.
This is because a higher density of relays may shorten the
distance between the transmitters and receivers, hence further
reducing the impact of the path loss αPL(f,R).

The simulation results of average throughput, TrLW, versus
transmission frequency, with respect to the density of relays,
are shown in Fig. 9 for three methods, i.e., LWG-Relay as-
sisted, LWG-IRS assisted, and BSL. The bandwidth for data
transmission is configured within ±10GHz of the transmission
frequency. Also, the impact of the availability of the bandwidth,
i.e., BAV, is considered. As can be clearly observed from this
figure, the throughput performance of our proposed method is
far superior to that of the baseline method. This is because
we use a codebook that can form a high narrow beam at
Sub-THz/THz resulting in a higher antenna gain. Therefore,
the baseline algorithm needs to spend a great deal of time on
sector sweeping, and only a small amount of time can be used
for data transmission. In addition, we can observe that when
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λre is greater than 0.008, increasing λre does not significantly
improve throughput performance. This result indicates that the
optimal density of λre should consider the value of λob and
the size of the area. Also, the proposed LWG-Relay assisted
method has a higher performance than the LWG-IRS assisted
method. This is mainly because the simulation area in this paper
is as large as 2500m2. The passive beamforming performed by
the IRS can not provide enough antenna gain to compensate
for the high path loss at the sub-THz band within such a large
area.

In our simulation,BPSK modulation is adoptedand the symbol
error caused by low SNR is considered. In Figs. 10 and 11, a
spectrum from 0.12 THz to 0.14 THz is split into 400 frequency
bands, each with 50 MHz bandwidth. According to the feed-
back from LWG, users will perform low frequency hopping
(1000 symbols per hop) on the frequency bands whose chan-
nel conditions have been least affected by frequency selective
attenuations. For example, in the case of 200 users, the 200
channels with the smallest attenuation are selected.Under these
conditions, the corresponding hopping rate is 50 K hops per
second. Assuming that the clock drift of all components was
randomly distributed within 50 parts per million (ppm), the clock
offset between UEs and the base station in one hop period will be
bounded within 2 ns. Conversely, in non-FHSS methods users
are randomly assigned to different frequency bands. When using
frequency bands with high attenuations, the users’ performance
will be significantly degraded.

The environmental parameters, including moisture, pressure
and temperature are varying with time. In Fig. 11, these envi-
ronmental parameters are displayed at a rate of one point per
hour. It can be observed that this is a set of slow-changing
parameters. In our simulation, the base station will periodically
update the channel map according tofeedback from the LWG
receiver every 10 seconds. It is shown that channel conditionsare
mainly affected by moisture; the higher the moisture, the worse
the channel condition and the less spectrum efficiency. As shown
in this figure, the non-FHSS mode is sensitive to environmental
parameters, but the FHSS mode is robust tovarying environmen-
tal parameters when using frequency bands with low attenuation

V. CONCLUSION

This paper mainly focuses on beam discovery, precoding,
and combining issues for sub-THz communications. The main
challenge is how to deal with channel characteristics, precoding
complexities,existence of obstacles, and atmospheric attenua-
tion, which can allgreatly impact the communication perfor-
mance at Sub-THz and THz bands. In this paper an LWG-
assisted high-resolution codebook based method is proposed.
This method aims to effectively reduce the duration of the beam
discovery phase, as well as the complexity ofhybrid precoding.
Moreover, to support the proposed method, an empirical data
based channel model is adopted for the sub-THz band.To prevent
transmission at vulnerable frequencies, wepropose FHSS where
the carrier frequency of the transmit signal hops among multiple
discrete carrier frequencies. The simulation results verify that

our method is capable of achievinghigher throughput perfor-
mancesas compared with the sector sweeping based method,
e.g., IEEE 802.11ad.
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