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Spatial-spectral Terahertz Networks

Zheng Lin, Lifeng Wang, Bo Tan, and Xiang Li

Abstract

This paper focuses on the spatial-spectral terahertz (THz) networks, where transmitters equipped
with leaky-wave antennas send information to their receivers at the THz frequency bands. As a directional
and nearly planar antenna, the leaky-wave antenna allows for information transmissions with narrow
beams and high antenna gains. The conventional large antenna arrays are confronted with challenging
issues such as scaling limits and path discovery in the THz frequencies. Therefore, this work exploits
the potential of leaky-wave antennas in the dense THz networks, to establish low-complexity THz
links. By addressing the propagation angle-frequency coupling effects, the transmission rate is analyzed.
The results show that the leaky-wave antenna is efficient for achieving the high-speed transmission
rate. The co-channel interference management is unnecessary when the THz transmitters with large
subchannel bandwidths are not extremely dense. A simple subchannel allocation solution is proposed,
which enhances the transmission rate compared with the same number of subchannels with the equal
allocation of the frequency band. After subchannel allocation, a low-complexity power allocation method

is proposed to improve the energy efficiency.

Index Terms
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I. INTRODUCTION

The emerging services such as edge computing, immersive communication and tactile internet
demand high-speed data transmissions. In an attempt to achieve these services, large millimeter
wave (mmWave) frequency bands have been leveraged in 5G (currently 24-50 GHz [1]). However,

with the increasing numbers of smart devices and autonomous vehicles in the Internet-of-Things,
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more bandwidths are always required to strengthen the ultra-reliable and low latency communi-
cations (URLLC). Since the terahertz (THz) frequency bands are abundant, THz communication
is viewed as a promising 6G technology for reaching unprecedentedly high data rates [2—4].

In order to counteract the severe path losses in the higher frequencies, large antenna ar-
rays with narrow beams have been adopted in 5G and its evolution [5]. In light of sparse-
scattering mmWave channel environments, hardware costs and power consumptions etc., analog
beamforming or hybrid beamforming approaches are recommended in the mmWave systems [5,
6]. The implementations of antenna arrays in the THz communications are investigated in [7—
11], where various beamforming/precoding designs are proposed. However, using conventional
antenna arrays has encountered many challenging issues in the THz frequencies, e.g., array
architecture for accommodating highly dense THz antennas [3], phase modulation technique
for developing THz phase shifters [12, 13], and path discovery [14]. In addition, efficient feed
network designs [15] and beam squint mitigation [16] may also be required for developing
wideband THz phased arrays. Therefore, it is essential to appropriately choose the THz antennas
without adding significant link budgets and power consumptions [4, 8].

The leaky-wave antenna enables the wave to travel along the guiding architecture, in order to
intensify the radio energy in preferred directions [17-19]. As a low-cost and easy-to-manufacture
traveling-wave antenna, the leaky-wave antenna can provide frequency-dependent narrow beams
with high antenna gains [19] and frequency-scanning capability [20,21]. It has been utilized
in many areas including frequency-division multiplexing THz communication [22], THz radar
sensing [23-25], and physical layer security enhancement [26]. Different from the beam man-
agement with conventional large arrays in which an exhaustive search for the best beam is
required [27], the extensive beam training in the THz link discovery with leaky-wave antennas is
unnecessary [14,28]. One key feature of the leaky-wave antenna is that it enables the information
transmissions in a spatial-spectral manner, i.e., frequencies are correlated with the transmission
directions. There are also other directional antenna designs such as horn and lens antennas.
In particular, horn antenna has been used in the mmWave and THz channel measurements [3,
29] and fixed wireless access for THz communication systems [2]. Unlike leaky-wave antenna,
these antennas are inherently fixed beam solution with a single direction, and integrating them
for expanding coverage needs to be properly addressed [4].

The aforementioned works only study the case of point-to-point THz communication with

leaky-wave antenna [22,26]. When there exist large numbers of transceivers in the THz networks



with massive connections, the co-channel interference has an adverse effect on the transmission
rate, which has to be evaluated. Moreover, THz transmissions utilize much larger frequency
bandwidths, and subchannel allocation plays an essential role in controlling the number of
subchannels while guaranteeing the targeted performance, to keep the peak-to-average power
ratio (PAPR) at a low level. Unfortunately, few research contributions investigate the subchannel
allocation when applying the leaky-wave antenna in the THz communications. In addition, energy
efficiency enhancement is of importance, to reduce power consumption. Therefore, we adopt
the leaky-wave antennas to harness the THz waves in the dense THz networks, and the main

contributions are concluded as follows:

o THz Networks with Leaky-wave Antennas: In the considered THz networks, each trans-
mitter equipped with a leaky-wave antenna (TE; mode) sends information to its corre-
sponding receiver with an omnidirectional antenna. Since none-line-of-sight (NLoS) links
heavily depend on the reflectors in the THz frequencies [3,30,31] and the interference
from NLoS links in dense THz networks can be negligible similar to the dense mmWave
networks [32], we focus on the dominant line-of-sight (LoS) links. As a useful tool to
evaluate the performance behavior in large-scale wireless networks [33], stochastic geometry
is employed to model the spatial distributions of transmitters.

o Average Transmission Rate and Subchannel Allocation: In light of the spatial energy
distribution under the leaky-wave antenna radiation, the average transmission rate is quan-
tified for an arbitrary THz subchannel. Considering the fact that different THz frequencies
have different subchannel bandwidths and undergo distinct channel conditions, a closed-
form solution for subchannel allocation is proposed to enhance the transmission rate with
the minimum number of subchannels. Then, a low-complexity power allocation is designed
to maximize the average energy efficiency (EE) over the number of subchannels.

o Design Insights: Our results show that high-speed transmission rates are achievable in the
dense THz networks with leaky-wave antennas, and noise-limited phenomenon occurs when
the transmitters are not super dense. The average transmission rate can vary dramatically
with slightly different values of aperture length or attenuation coefficient. The proposed
subchannel allocation improves the average transmission rate in the leaky-wave antenna
systems, compared with the same number of subchannels with the equal allocation of the

frequency band. Our power allocation method can improve the EE. It is demonstrated
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Fig. 1. An illustration of leaky-wave antenna with the lowest transverse-electric (TE1) mode
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Fig. 2. An illustration of THz network with leaky-wave antennas, where the interfering antenna gains depend on the propagation

angles and the frequencies of the interfering links.
that center frequencies with the maximum radiated energy may not be the best option
when ignoring the channel gains. The slight increase in the attenuation coefficient can

dramatically improve the average transmission rate for large frequency bandwidths, since

more frequencies are in the main-lobe that captures large radiated energy.
The rest of this paper is organized as follows. The considered system model is described

in Section II, and the average transmission rate is analyzed based on stochastic geometry in
Section III. Subchannel allocation is determined in Section IV. Section V focuses on the EE

enhancement. Section VI covers the simulation results. Finally, some concluding remarks are

presented in Section VII.
II. SYSTEM DESCRIPTIONS
As shown in Fig. 1, the guiding structure of a 1D leaky-wave antenna consists of a rectangular

waveguide with a longitudinal slit, where d, L and 6 denote the inter-plate distance, aperture
length and propagation angle, respectively. In the large-scale THz networks illustrated by Fig. 2,



each transmitter equipped with a leaky-wave antenna communicates with its corresponding
receiver equipped with an omnidirectional antenna (namely single-input single-output)!, and
they are randomly located following a homogeneous Poisson point process (PPP) &y, with
density Ary,.

Given a THz frequency f and the propagation angle 6 (0 < 6 < 90°)?, the far-field radiation

pattern of the considered leaky-wave antenna is given by [34]
L
G (f,0) = Lsinc (—ja—kocosﬁ+ﬁ)§ , (1)

where 7 = +/—1, « is the attenuation coefficient resulting from the power absorption in the

structure, kg = 27f/c with the speed of light ¢ is the wavenumber of the free-space, § =

kor/1 — <%>2 is the phase constant of the TE; mode based traveling wave, in which f., = %9
is the cutoff frequency [35]. The available frequencies should be higher than the cutoff frequency
(i.e., f > feo), to enable that THz wave propagates away from the antenna structure, namely fast
wave radiation [34]. Given a LoS direction 6 of a receiver, the maximum level of the radiation

can be achieved by using the the following frequency [19,22]:
o fCO

sinf’

fmax (9) (2)

As shown in Fig. 3, the frequency for maximizing the radiation is reliant on the beam angle,
and lowering attenuation coefficient results in a narrower beam.

Although transmitters may have different propagation angles and send information messages
with the maximum antenna gains in the different THz frequencies based on (2), co-channel
interference still exists in the large-scale THz networks, where the nearby transceivers may use
the same subchannels for the low propagation angle difference Af. As measured in [22], for a

given A6, its corresponding frequency bandwidth is

B(0) = _Jeol0 3)

~ sinftan@’
which can be interpreted as the range of the frequencies whose levels of radiation are close to
the frequency f™*(#). In addition, different transmitters may have different cutoff frequencies

and propagation angles, however, they may leverage the same frequency band, as indicated in

'This work can be easily extended to the case of both transmitters and receivers equipped with leaky-wave antennas where

the effective end-to-end antenna gains are considered [28].

>The propagation angle can be estimated by using the method of [14] without extensive beam training.
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Fig. 3. Examples of the leaky-wave antenna’s radiation pattern with L = 5.5cm and d = 3.5mm.

(2). Therefore, the transmission rate of a subchannel at a typical receiver (at the origin) can be
expressed as

Qté ([Oa 0,) £ (o)
D ichpn, /o @G (fipi) L(ri) + 0

where B, is the subchannel bandwidth, ¢; is the transmit power spectral density (PSD), G (f,0) =

R, =B,log, | 1 + , %)

EG (f,0) with a constant £ is the effective antenna gain, 0, is the typical propagation angle, ¢ (r)
is the path loss function with the communication distance r, f, and f; are the frequencies used by
the typical transmitter and the ¢-th interferer, respectively, ¢; is the interfering link direction from
the i-th transmitter (interferer) to the typical receiver, which is assumed to be independently and

2 is the PSD of the noise. Here, ¢ (r) = p(f) (max (D,r))""

uniformly distributed in (O, g), (o

with the intercept p (f) = (;%5)?, reference distance D and path loss exponent 7 [29,36]. In

77
practice, THz coverage area is usually not much larger than the mmWave (the coverage radius
of mmWave is about 200m [37, 38]), in such a limited THz coverage, the molecular absorption
loss can be negligible compared to the high path loss [39,40]. Moreover, the THz path loss is

more significant than the mmWave and thus THz co-channel interference mainly comes from

3Through measuring the effective antenna gain for a particular leaky-wave antenna structure, £ can be easily obtained and

known a priori.



the typical receiver’s neighboring transmitters. Therefore, the effect of molecular absorption loss
on the level of interference is also negligible. The small-scale fading effect is omitted since it is
insignificant in LoS links by using directional antennas at the higher frequencies [41]. It should
be noted in (4) that the frequency f; solely depends on the link between the ¢-th transmitter and

its corresponding receiver.

III. AVERAGE TRANSMISSION RATE

In this section, we evaluate the average transmission rate in the dense THz networks with leaky-
wave antennas, which is an important performance indicator. Like mmWave, THz communication
is also susceptible to the blockage. There are empirical (e.g., 3GPP) and analytical (e.g., random
shape theory) blockage models [36], hence we consider the generalized case, i.e., the LoS
probability function for a THz link at a distance r is denoted as Pp.s (7). The average transmit

rate is calculated as [42,43]

Ro =K [Ro]

B, [*1 L 2
— o ~ (1= —sY (max(D,ro)) Los> —s03 4
1n2/0 —(1-e O (s) e ds, 5)

where O (s) = E [e™*'], nies is the LoS path loss exponent, ¥ = @G (f,,0,) p, and the
interference [ = > .5 @G (f:,0:) £ (r;). The frequency of the typical transmission link
is assumed to be f, = f™**(0,), i.e., main-lobe gain can be obtained at the typical receiver. It
is obvious that co-channel interference occurs when the frequencies used by the interferers are
in the range [ fo— %, o+ %} We consider the worst-case scenario that all the transmitters are
homogeneous (namely identical cutoff frequency). As such, there are more co-channel interfering
links and the typical receiver is more likely to be covered by the main-lobes of the interferers’

leaky-wave antennas. According to (3), the probability that a transmitter uses the frequency

A0
°2
P
0

T
_ 2B,sinf,tan6,
B 7 feo '

Based on the thinning theorem [33], the density of the PPP EISTHZ is Aru,F,. Since the

band B, at f, is given by

(6)

interference caused by NLoS links in the dense network is negligible at the THz frequencies,

the LoS interferers can be modeled as the non-homogeneous PPP with the density function



B % B 0
R = / 1 (1 _ —sY(max(D,ro)) "LOS) exp (—303 — 27 A rw, Py, / Pros (r) (1 =Z (1)) Td?”) ds
0 0
(1)

with = (r) given by (10).

Az Pr, Pros (), which is another important feature for large-scale THz networks with leaky-
wave antennas. Therefore, by using the Laplace functional of the PPP, O(s) can be evaluated

as

O(s) = exp (—271‘)\THZPfO/ Pros(r) (1 —=Z(r)) rdr) , (7)
0
where = (r) is
- (7’) =K |:€—sth~¥(fo,@i)p(max{D,r})fnLoS] . (8)
To solve (8), we first need to determine the directions of the interfering links in the spatial-

domain, which have a detrimental effect on the transmission rate. It is seen from (3) that the

interfering link direction ¢; meets the following condition:

A Af
i € 90 - —07 90 - 9 9
@ { 5 + } ®)
where Af, = W. Based on (9), = (r) is explicitly given by
B0t A0, /2 _
=(r) = / Z e~ 3atG(fo,p)p(max{D,r})~ oS de. (10)
0o—AO,/2 T

Substituting (7) and (10) into (5), we can obtain the average transmission rate given by (11).

Considering the fact that G (fy,©) < G (f,,0,) as ¢ € [0, — 22§, + £2], the lower bound

of the average transmission rate is

EL B, /OO 1 (1 . e—sY(max(D,rO))ﬂ?LoS) 6_80‘2)
0

° :1n2 S

2A0,

™

X exp [— 27T)\THszo/ PLoS (7’) (1 —
0

X e—sY(max{D,r})nLos)rdT] ds. (12)



The average transmission rate given by (5) is derived for an arbitrary subchannel. In practice,
it is essential to properly determine the number of subchannels and each subchannel bandwidth
for a large number of THz bandwidths. In the next section, we provide an efficient subchannel

allocation solution.

IV. SUBCHANNEL ALLOCATION

In the THz systems, the abundance of bandwidths needs to be divided into many subchannels,
and the bandwidth of each subchannel depends on the effective antenna gain of the leaky-
wave antenna and the channel condition. However, multi-carrier transmissions result in a PAPR
issue and large number of subchannels could create higher PAPR [44,45]. The use of large
mmWave bandwidths with high PAPR waveforms has already posed demanding power amplifier
requirements in 5G systems [46,47]. Therefore, one of our aims is to determine the minimum
number of subchannels for maximizing the transmission rate given the THz bandwidths, which
is helpful to tune the number of subchannels for PAPR control. Moreover, the center frequency
of each subchannel has to be appropriately selected. The reason is that frequency given by (2)
for obtaining the maximum radiation energy may not be the best option since different THz
frequencies have varying THz channel gains with significant path losses [3]. In addition, not all
available THz bandwidths can be applied under the quality of service (QoS) constraint when
using the leaky-wave antenna.

As mentioned above, the considered subchannel allocation problem is formulated as

max Y B, log, (1 + 7”;5")) (13)

o

s.t. Cl . ZBn S Btotal7

n

C3: In (5”) > Yths Vn,
UO
B, B,
C4: ‘ Tn (fn - 7) |dB — Tn (fn + 7) |dB <e, Vn,

Chs:B,>0, Vn,

where B = [B,], f = [f.], and 7, (fn) = @G (fn,0) £ (r) is the receive PSD. Constraint C1

describes the total available bandwidth B;.,;; C2 avoids overlap between subchannels; C3 is the
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QoS constraint with the threshold ~;,; C4 ensures that the received signal power (signal strength)
difference is below a small value ¢ in the frequencies of a subchannel; C5 ensures that B,, is non-
negative value. In problem (13), interference is negligible because of noise-limited THz networks,

as confirmed in Section VI. Since the antenna gain cannot be explicitly calculated, solving the
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Fig. 4. Heatmaps to illustrate the leaky-wave antenna’s angle-frequency coupling behaviors in terms of the normalized radiation
pattern and receive signal-to-noise ratio (SNR), where L = 5.5cm, d = 3.5mm, ¢; = —71.76dBm/Hz, 03 = —168dBm/Hz, the

free-space path loss model is adopted with a fixed distance r, = 50m [39,40].

combinatorial problem (13) is challenging. Thus, we provide a low-complexity approach to cope
with it. One feature of using leaky-wave antenna is that a large range of THz frequencies (above
0.1 THz) have a nearly identical level of radiation and similar signal strength along a propagation
angle, as seen in Fig. 4 (Similar result also seen in Fig. 10 of [14]).

Moreover, the recent THz channel modeling works [39,40] have demonstrated that given the
low range communication distance, pure free-space path loss (FSPL) model can well predict
the channel of LoS THz link. It is also shown in Fig. 5 that the molecular absorption loss is
relatively marginal for the below 0.35 THz frequency bands, which are the potential 6G frequency
bands [3]. Therefore, based on FSPL model, constraint C4 in (13) can be rewritten as

105/20 — 1

B < 2fu g

(14)
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Fig. 5. Attenuation levels for the 100GHz-350GHz channels based on the models of [39] and FSPL, respectively. It is seen that
FSPL plays a dominant role and the molecular absorption losses with different humidity values are relatively marginal within

250m distance at below 0.35 THz frequency bands.

We note that different values of the attenuation coefficient a primarily influence the main-lobe
and its nearby side-lobe levels, and have little effect on their trend in the frequency range of
interest [18], which is also shown in [34]. Thus we can approximate problem (13) by setting
a = 0. In addition, frequencies of interest need to be close to f™* (), to achieve large radiated
energy. As such, by applying the Taylor series expansion truncated to the first order at f™** (0),

G (f,0) with a = 0 in the frequency range of interest can be evaluated as

LS
G(f,H)zL—ﬂ(ﬁ—kocose)z. (15)
By considering (14), (15) and § = k <1 — g;f‘g), problem (13) is rewritten as
ngégz By, log, (1 + Foxg (fn)) (16)

st. C1, €2, C5,

63 . Fsnr (fn) > Yeh, VN,

C4: (14), Vn,

: 2
where Fgnr (fn) = %@W L — L;fg (1 — g;g — Cos 9) . To deal with the combinatorial con-
straint C2, we propose a greedy-based solution. We first find the best f;" by solving the following

subproblem

rr;c?XFSNR (f1) (17)
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s.t. 63,

which means the best center frequency that has the largest signal strength is chosen first. Based
on (17), we have

Theorem 1: The optimal solution of the subproblem (17) is given by

fi=1 (FSNR (ff”) > ’Yth) £, (18)

2 . . . .
where f 1(1) _ Jeo , and 1(A) represents the indicator function that returns one if
\/ngfz +2(1—cos 6,) f2,

the condition A 1s met.

Proof 1: See Appendix A.

It is shown from Theorem 1 that although the frequency given by (2) has the maximum
radiated energy, it may not necessarily achieve the largest signal strength without considering
the channel environments. Based on Theorem 1 and problem (16), the optimal bandwidth of
the first subchannel with the center frequency f; is By = 2 ffig%zgj. As such, we can obtain
the center frequency of the n-th subchannel and the corresponding subchannel bandwidth as

follows:

Theorem 2: The optimal center frequency of the n-th (n > 2) subchannel is given by

fo =1 (Fsxgr (fn) = %) fo, (19)
where
A foins i F (A i) > F (A fax)
Afmax, oOtherwise,
with A = 106/20’ fmin = min{ffa"'a :;—1}’ fmax = max{ff,"', :;_1}, and F(f) =

-2 L372f2 f2 2 . . .
f L— = (1 — g% —COs 9) . The corresponding subchannel bandwidth is

R G T S
Bn = min 2fnm7 Btoml - ; Bb ) (21)

respectively.

Proof 2: See Appendix B.

Based on Theorem 1 and Theorem 2, we obtain a low-complexity solution of problem (13),
which is concluded in Algorithm 1.

Proposition 1: The proposed Algorithm 1 can achieve the minimum number of subchannels

for maximizing the transmission rate under QoS constraint.
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Algorithm 1 Solution of Problem (13)
1: Initialize the number of subchannels n = 1.

2. if n =1, then

3. Calculate the center frequency f; and bandwidth B} = 2f; }gijiﬁ;} of the first subchannel

based on Theorem 1.

4: else

5:  Repeat

6: n=mn-++ 1.

7: Calculate the center frequency f; and bandwidth B} of the n-th subchannel based on
Theorem 2.

g: Until B = 0.

9 N<+n-—1

10: end if

Output: Subchannel allocation(f, B),n=1,---,N.

Proof 3: Suppose that there is one subchannel 7 with the center frequency f5 and bandwidth
Bj;. If the SNR Fisnr (f7) < Fsnr (fx) where f5 is the center frequency of the /N-th subchannel
obtained from Algorithm 1, the subchannel n cannot be added since N subchannels with larger
signal strength at center frequencies have already been selected under the total bandwidth
constraint; If Fsnr (f7) > Fsnr (f), the subchannel n should be part of one subchannel
determined by Algorithm 1. The reason is that under the total bandwidth constraint, there
are only N subchannels with different Fsng (f) (n = 1,---, N) values that are greater than
Fsnr (f4) and meet |Fsng (fi41) 02 |as — Fsnr (f3) 02 las | > €, as indicated in Theorem 1 and
Theorem 2. Hence Fgnr (f5) value should belong to [Fsng (fx), Fsnr (ff)], which completes
the proof.

The above subchannel allocation is designed based on the leaky-wave antenna’s radiation
pattern and channel quality (namely same transmit PSD value for all the subchannels). As such,
the proposed Algorithm 1 provides an efficient approach to select the number of subchannels
and their bandwidths for very large THz frequency bands under QoS constraint. In the follow-

ing section, we proceed to improve the energy efficiency after accomplishing the subchannel

allocation.
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V. ENERGY EFFICIENCY ENHANCEMENT

The prior section has shown that the number of subchannels N and the bandwidth of each
subchannel can be easily determined with the help of Algorithm 1. To reduce the power
consumption in the THz systems with leaky-wave antennas, we seek to maximize the average
EE with respect to the transmit PSDs {¢,} of the subchannels. Based on Sections II-1V, the

considered problem is formulated as

log, (1 + gn=n)
22
sy Z Py @2)

st. Cl1:0< Gn < Qumax, VN,
C2 . QnEn 2 Yth, vna
where q = [¢,], E, = %, and ¢, is the PSD due to the hardware’s power consumptions.
Constraint C1 is the transmit PSD’s feasible range with the maximum value gp,.x, and (2 is the

QoS constraint. Problem (22) can be decomposed into N subproblems:

| 1 non
- 02y (1 + ¢nZn)

23
qn dn + qc ( )
s.t. C1, (2.
Then, we have the following theorem:
Theorem 3: The optimal transmit PSD of the n-th subchannel is given by
« Qmax Zf F\EE (Qmax> 2 07
G = (24)

max {qo, g‘—:} , otherwise,

where ﬁEE (q) = l‘f:;qECn =, —In(1+¢=,), and g, with ﬁEE (¢o) = 0 can be easily obtained by

using a one-dimension search in ¢, € (0, Gumax] Since ﬁEE (q) is a decreasing function.
Proof 4: See Appendix C.

Thus, we obtain a closed-form power allocation solution for enhancing the EE.

VI. SIMULATION RESULTS

This section provides numerical results to validate our analysis and the efficiency of the

proposed solution for subchannel allocation and EE enhancement. In the simulations, the transmit
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PSD is ¢, = —71.76dBm/Hz (namely the total transmit power is 1W in a 15GHz bandwidth)*,
the noise’s PSD is 02 = —168dBm/Hz’, the inter-plate distance is d = 3.5mm, ¢ = 1, the
free-space path loss model is applied with the LoS path loss exponent 7,5 = 2 [39,40], and
the reference distance D = 1. Based on the 3GPP blockage model [50], the LoS probability

function Pp.s (r) with a distance r is given by
Pros (r) = e/* + (1 — e"/*) min (—“2, 1) , (25)
r

where a; = 63m and a; = 18m. The other simulation parameters are detailed in the following
simulation results. In addition, the Monte Carlo simulation results are obtained by averaging

over 3 x 10* trials.

A. Average Transmission Rate Analysis

In this subsection, we analyze the effects of different system parameters on the average

transmission rate. The analytical results for average transmission rate are obtained from (11).

- = - SNR-based
SINR-based, Analytical

©  SINR-based, Simulation

Average transmission rate (Ghits/s)

10 20 30 40 50
Distance r (m)

Fig. 6. The average transmission rate versus communication distance r, for different o with Arp, = 5% 10~Y/m?, L = 0.06m,

B, = 5GHz and f, = 270GHz (namely the LoS direction of the typical receiver is 6, = 28.7° based on (2)).

Fig. 6 shows that our analytical results have a good match with the Monte Carlo simulations

for different communication distance and attenuation coefficient values. The use of leaky-wave

*Higher transmit power can be achieved, for instance, the existing work [48] has demonstrated that a CMOS-based source
signal power can be about —40dBm/Hz. In addition, it is shown in [15] that leaky-wave antenna is better than the conventional

phased array from the perspective of radiation efficiency.

SNote that some existing THz testbeds such as [49] have shown the level of noise’s PSD in certain THz frequency bands.
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antenna enables the THz networks to be noise-limited in the presence of highly dense transmit-
ters. In the THz frequencies, slightly increasing the communication distance between a typical
transmitter and its receiver can significantly reduce the average transmission rate, due to the
higher path loss. In addition, different attenuation coefficients has a negligible effect on the level

of interference.

S
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O SINR-based, Simulation
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Fig. 7. The average transmission rate versus density At for different subchannel bandwidth B, with r, = 30m, L = 0.06m,

o = 120rad/m and f, = 270GHz(namely 6, = 28.7°).

Fig. 7 shows that THz networks with leaky-wave antennas become interference-limited only
when extremely dense transmitters (e.g., Aty, = 10°/m? in this figure) utilize large subchannel
bandwidth. Moreover, we see that increasing the subchannel bandwidth results in a higher level
of interference as Ay, > 107'/m2. The reason is that large subchannel bandwidth corresponds
to higher propagation angle difference A6, (See (3)), the effects of which are two-fold: 1) More
interferers use the same frequency band; 2) The typical receiver is covered by more interferers.

Fig. 8 shows that the average transmission rate significantly decreases in higher center frequen-
cies, due to the fact that spectral efficiency (bits/s/Hz) decreases in higher frequencies with higher
path losses under the same radiation pattern. Again, we see that the analytical results match with
the Monte Carlo simulations for different values of THz center frequency and aperture length.
For higher THz frequencies (e.g., above 300GHz in this figure), the effect of aperture length on

the interference is marginal.
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B. Subchannel Allocation

In this subsection, we focus on the efficiency of the proposed subchannel allocation solution
through comparison with the same number of subchannels with the equal allocation of frequency
band. In the simulations, the propagation angle from the transmitter to the receiver is uniformly
distributed, i.e., 0 € U (O, g), the communication distance is uniformly distributed within the
coverage radius 7.y, the aperture length L = 0.06m, v, = —6.5dB [S51], ¢ = 0.2dB, the
continuous broadband spectrum ranging from 100 GHz to 350 GHz is considered, namely
f € [100,350](GHz). The proposed solution is provided based on Algorithm 1, which is in
comparison with the equal allocation method (namely equal allocation of frequency band with
the same number of subchannels and center frequency given by (2)).

Fig. 9 shows that the proposed solution outperforms the equal allocation method for different
total bandwidths. Slightly increasing the « value leads to the higher average transmission rate
when adding the frequency bandwidths. The reason is that based on [18, eq. (7.25)], increasing
the o value creates larger beamwidth, which means more frequencies are in the main-lobe that
captures large radiated energy. It is seen from Fig. 9(b) that the proposed solution can well
control the number of subchannels, e.g., in this figure, the number of subchannels increases by
about 60% when doubling the total bandwidth. There exist more subchannels for larger o and
total bandwidth, due to the fact that more frequencies in the main-lobe satisfy the QoS constraint

and can be applied.
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Fig. 10 shows that the proposed solution achieves better performance than the equal allocation
method for different coverage areas. When the coverage area of the transmitter is expanded,
the performance difference between the far-away receiver and the nearby one is significant,
due to the higher path losses in the THz frequencies. An interesting phenomenon is seen in
Fig. 10(b), i.e., the average number of subchannels decreases for larger coverage radius and

lower attenuation coefficient values. The reason is that lower attenuation coefficient value creates
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narrower beamwidth, thus more frequencies are in the side-lobes (lower signal strength), which

means that more frequencies cannot meet the QoS constraint.
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Fig. 11. The average transmission rate and number of subchannels versus aperture length for different o with the coverage

radius rmax = 100m and the total bandwidth Biotq; = 15GHz.

Fig. 11 shows that the proposed solution achieves better performance than the equal allocation
method for different aperture lengths. We see that slightly changing the aperture length can have
a big impact on the average transmission rate. Such an impact is more significant when increasing
the « value. It is indicated from Fig. 11(b) that slightly changing the aperture length also has a

big impact on the number of subchannels.

C. Energy Efficiency

In this subsection, numerical results are presented by using Theorem 3, and the efficiency
of the proposed power allocation solution is confirmed in comparison with the equal power
allocation (namely ¢, = @¢uax, » = 1,---, N) under the same subchannel allocation obtained
by using Algorithm 1. In the simulations, ¢n.x = —71.76dBm/Hz, ¢. = —81.76dBm/Hz, the
communication distance is uniformly distributed within the coverage radius 7, = 100m and
other basic simulation parameters are the same as those mentioned in subsection VI-B.

Fig. 12(a) shows that the proposed solution achieves better EE than the equal power allocation
method for different total bandwidths, and the advantage of the proposed solution is more
significant when increasing the total bandwidths or o value. The reason is that the increase of

the total bandwidths or « value enables more available subchannels (See Fig. 9). The proposed
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Fig. 12. Energy efficiency (EE) enhancement.

solution can reduce more power consumption. Fig. 12(b) shows that the proposed solution
performs better than equal power allocation method for different attenuation coefficients. As
mentioned before, the proposed solution saves more energy when increasing the « value. We

see that slightly changing the aperture length has a big impact on the EE.

VII. CONCLUSIONS AND FUTURE WORK

This paper concentrated on the benefits of using the leaky-wave antenna in the THz networks,
where each transmitter leveraged a single leaky-wave antenna to create high antenna gain. We
first derived the average transmission rate in the dense THz networks and demonstrated the
noise-limited behavior of using the leaky-wave antenna. Our results have shown that the effect
of interference becomes significant only when the subchannel bandwidth is large enough and
the transmitters are extremely dense. Then, we addressed the subchannel allocation issue for
large THz frequency bands, which is crucial for meeting the QoS constraint and tackling the
PAPR issue. In light of the leaky-wave antenna’s characteristics, a closed-form solution for
subchannel allocation was developed. The results confirmed the efficiency of the proposed
subchannel allocation solution compared to the equal allocation method. These results also
indicated that the attenuation coefficient of the leaky-wave antenna has a substantial effect

on the subchannel allocation. Furthermore, we developed a low-complexity power allocation
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method for EE enhancement, and the results showed that the proposed method achieves better
EE performance than the equal power allocation.

While this work has shown the opportunities of using leaky-wave antennas in large-scale THz
networks, more research efforts are required to further evaluate the performance behaviors from
different perspectives and develop various transmission designs with leaky-wave antennas. In
particular, the spatial-spectral feature of the leaky-wave antenna means that the value of the at-
tenuation coefficient has to be properly designed. The reason is that larger attenuation coefficient
values allow more frequencies to be in the main-lobe, which enables higher transmission rate.
However, it also brings in more interference for the ultra-dense THz networks. Another area that
warrants further research is the transmission design in the scenarios where each transmitter has
multiple leaky-wave antennas. In this case, multiplexing gains are more likely to be achieved in
the frequency-domain. But it may be hard to achieve large array gains due to the leaky-wave
antenna’s spatial-spectral feature, which differs from the beamforming/precoding designs with
conventional large arrays in the sub-6 GHz and mmWave frequencies. In addition, further studies
are needed for the scenarios such as multi-user transmissions, multi-tier transmissions with sub-6
GHz, mmWave and THz tiers, cognitive radio, wiretap channels, integrated access and backhaul

etc.

APPENDIX A: PROOF OF THEOREM 1

Since £ (r,) = (%)% (max (D, r,))” ", problem (16) is equivalently transformed as

Arf1
n;axﬁ (f1) (A.1)
1
s.t. 63,
where
r- — L37T2f12 (:20 ?
F(fl):f12<L— 6 (1—2f12—(3089) . (A.2)
Taking the first-order and second-order derivatives of F (f1) with respect to f; yields
OF L3722 2
— =-2f(L ©(1— 2% —cosd A3
and
32]} —4 L37T2 c20 —6L37T2 c40
o =6/ (L + 62 (1 —cos 9)) —5f; Gz (A4)
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of?

a _ o As

1 - > ) ( . )
\/ngfrg +2(1—cosf) f2

respectively. Then, the solutions of g—jf: =0 and = 0 are given by

and

@ _ Vo e,

1 \/23;22+6(1—0089) fo’
respectively. According to (A.4) and (A.6), we see that % < 0as f; € (0, fl(Z)), and % >0
as f; € (f1?,00). Since " < f%, we have g—z > g—£|f1:f1<1) —0as fi € (0, /"), and g—ﬁ <0
as f1 € ( 1(1), o0). Therefore, fl(l) is the optimal solution for maximizing the objective function

(A.6)

of problem (A.1). Considering (A.5) and the constraint C3, we obtain Theorem 1.

APPENDIX B: PROOF OF THEOREM 2

As mentioned in Appendix A, frequencies are selected to maximize the F (f) given by (A.2),
and F' (f) is the increasing function of f as f € (0, f;), and the decreasing function of f as
f € (ff,00). Let finw =min{ff,---, fi_,}, if the center frequency f, of the n-th subchannel
satisfies f,, € (0, f7), it should meet the following condition

Bn Bmin
fn_l_?_fmin_ 92 9

(B.1)

where B, is the bandwidth of the subchannel with the center frequency f.,;,. Based on (16),

we see that B, = 2£,2272=1 and B = 2fumin -2 =1 Thus, (B.1) is rewritten as

108/2041° 105/20 41
fo=1072f 0. (B.2)
Likewise, let fpa.x = max { fi, f;_l}, if the center frequency f, of the n-th subchannel
satisfies f,, € (ff,00), we have
fr = 1077 frna. (B.3)

Based on (A.1), (B.2) and (B.3), we find that the optimal f,, is 10~/ f,.;, when F' (10~5/% f,.;.) >
a (105/ 20 finax), otherwise it is 105720 f, .. As such, we obtain Theorem 2.
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APPENDIX C: PROOF OF THEOREM 3

Let Fgg (q,) = ﬁ%, which is the objective function of problem (23). Taking the

first-order derivative of Fxg yields

OFgg 1 F\EE (qn)

=T (C.1)
8q” In2 (Qn + QC>2
where
-~ Adn + de — —_
+ qnn
Since a(;?; LR = — E‘fi}q’ga)% <0, ﬁEE (gn) is a decreasing function of ¢,. Based on the constraints

(1 and 62, we see that 'ét—: < @n < (max- Then, two cases need to be considered as follows:
o Case 1: When F\EE (Gmax) > 0, ﬁEE (¢n) > 0 and thus 8;% > 0 for ¢, € (g—:,qmax}, ie.,
Fgg (gy) is an increasing function of ¢, hence the optimal ¢ is ¢} = ¢max-
o Case 2: When ﬁEE (Gmax) < 0, g, with ﬁEE (go) = 0 can be easily obtained by using a
one-dimension search for g, € (0, ¢max]- Then, we see that % > 0 for ¢, € (0,q,] and
8;% < 0 for ¢, € (G, Gmax)- Therefore, ¢¢ = max {qo, g%‘} is the optimal solution.

As such, we get the optimal ¢ given in Theorem 3.
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