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Terahertz and millimeter wave communications
5G NR-U: 5G New Radio on Unlicensed Bands
Dynamic spectrum sharing and policy for 5G and beyond mobile networks
Cognitive radio networks and spectrum sensing techniques
Co-channel interference analysis, mitigation, avoidance, and cancellation strategies
In-building small cell network planning, design and deployment
Planning, design and development of spectrum sharing algorithm for homogeneous (mobile
networks) and heterogeneous networks (mobile networks and satellite networks)
Radio resource allocation and scheduling policy and algorithm
Mobile MAC layer and physical layer issues
Proof-of-concept evaluation of virtualization and Slicing of 5G radio access network (RAN)
Cloud RAN (CRAN) in 5G era
Fronthaul design for CRAN
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Problem Statement and Contribution (1)
PROBLEM

To address the scarcity of available spectrum, the operating spectrum of
small cells of one mobile generation shifts toward higher carrier
frequencies than that of its predecessor one.

EFFECT

As the signal propagation characteristics vary significantly with a
change in carrier frequency, the performance of small cells also varies
accordingly.
This necessitates a deep understanding of how the channel
performances within in-building environments vary with a change in
the carrier frequency of small cells.

RELATED
WORK
3/30/2021

Numerous studies addressed the performance evaluation of small cells in
multistory buildings, mostly in terms of signal propagation measurements,
at different carrier frequencies.

• Chandra [2] carried out propagation measurements in an indoor
5
building environment at 900 MHz and 450 MHz.

Problem Statement and Contribution (2)
RELATED
WORK

PROBLEM
STATEMENT

3/30/2021

• Al-Samman, et al. [3] presented a comparative study of two bands,
including 3.5 GHz and 28 GHz.
• Deng [4] presented 28 GHz and 73 GHz millimeter-wave (mmWave)
propagation measurements in a typical office environment.
• Abbasi et al. [5] performed channel measurements and path loss
modeling in the Terahertz (THz) band.
Since the future Sixth-Generation (6G) network is expected to operate
in low, as well as very high, frequency bands to address both coverage
and capacity demands, instead of a certain frequency band discussed
above,
a common understanding of how the performance of small cells is
affected with a change in the operating carrier frequency (and hence
signal propagation characteristics) over a vast range, including very
high THz band, is not obvious in the existing studies.
6

Problem Statement and Contribution (3)
To address this concern, in this paper, we present the performance analysis of in-building small
cells over a vast range of carrier frequencies as follows:
• from a microwave band (i.e., 2 GHz used in the former Second-Generation (2G) up to
Fourth-Generation (4G)),
• through a number of mmWave bands (i.e., 28 GHz used in the existing Fifth-Generation
(5G) and 60 GHz expected to be used in the enhanced version of the existing 5G),
• to a THz band (i.e., 140 GHz) proposed to be used in the upcoming 6G mobile networks.
More specifically, we contribute the following:
 We vary the carrier frequency of small cells as aforementioned and derive the
corresponding average capacity, Spectral Efficiency (SE), Energy Efficiency (EE),
and throughput per in-building small cell user performance metrics.
 We carry out extensive simulation results and evaluate these performance metrics.
 Finally, we present a performance comparison against both SE and EE requirements
3/30/2021 expected for the 6G mobile networks.
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Assumption and Consideration
Because of the occurrence of high small-scale fading effects, the Non-Line-of-Sight (NLOS)
channel model for the 2 GHz microwave band, whereas the Line-of-Sight (LOS) channel model
for the 28 GHz and 60 GHz mmWave bands and the 140 GHz band, are considered and given for a
distance d in m in Table I.
Table I. Channel models for different carrier frequency bands.

Channel Model
Path loss

Carrier Frequency

Lognormal Shadowing standard
deviation (dB)
Small-scale fading model
3/30/2021

Value

2 GHz1,2

127  30log10  d 1000

28 GHz5
60 GHz3

61.38  17.97log10  d 

140 GHz4

75.89  21.17 log10  d 

68  21.7log10  d 

10 (for 2 GHz)1,2, 9.9 (for 28 GHz)5, 0.88 (for 60 GHz)3,
and 0.5712 (for 140 GHz)4
Frequency selective Rayleigh for 2 GHz1, no small-scale
fading effect for 28 GHz5, 60 GHz3, and 140 GHz4

taken 1from [6], 2from [7], 3from [8], 4from [5], 5from [9].
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System Architecture
• A simple system architecture for the performance
evaluation is considered as shown in Figure 1.
• A number of Macrocell User Equipments (UEs) are
considered indoors and all other outdoor Macrocell
UEs (MUEs) are either served by the MBS or
offloaded to nearby PBSs.
• However, all Small Cell UEs (SUEs) are served only
by in-building SBSs.
• Both MBSs and PBSs operate in the 2 GHz band,
whereas all SBSs operate at either 2 GHz, 28 GHz,
60 GHz, or 140 GHz band at any time.

3/30/2021

A building of SBSs
oMU

iMU

MBS
PBS

SBS

offMU

Figure 1. System architecture. oMU, iMU, and offMU
define outdoor, indoor, and offloaded MUEs,
respectively.
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Problem Formulation
Using Shannon’s capacity formula, a link throughput at RB i
in TTI t in bps per Hz is given by,
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The system-level average capacity, SE, and EE per macrocell
of the MNO when SBSs operate in the 2 GHz band are given
by

2,L >1  MU   L SU,2,L =1 
 2,L >1  2,L >1

The total capacity of all MUEs

MU   t 1  i 1 t ,i  t ,i 
Q

M MC

The aggregate capacity served by all SBSs in a single
building when operating only in the 2 GHz band is then
given by,

SU,2,L =1   s F 1  i 12 t ,i  t ,i 
S

M

tT

We consider similar indoor signal propagation
characteristics for all L buildings per macrocell
3/30/2021

2,L >1

 M MC  M 2   Q 

  L  SF  P2  

 

  SM  PM  SP  PP  

 2,L >1 Q 

Assume that each SBS can serve one SUE at any time in all
carrier frequencies. Then the average throughput per SUE
when SBSs operate in the 2 GHz band can then be expressed

2,s  SU,2,L =1 SF
Following the above procedure for the 2 GHz band, the systemlevel average capacity, SE, EE, and average throughput per SUE
when small cells operate in the 28 GHz, 60 GHz, and 140 GHz
10
can also be derived.

Performance Evaluation and Comparison (1)
Default simulation parameters and assumptions for SBSs are given in Table II. For MBSs and PBSs, detailed
parameters and assumptions can be found in [10].
We assume that each MNO in
a country is allocated to a
dedicated spectrum in the 2
GHz, 28 GHz, and 140 GHz
bands such that no CCI effect
is experienced by any inbuilding SBS due to operating
in the spectrum by SBSs of
another MNO.
Also, it is assumed that no
CCI effect is experienced by
any in-building SBS when
operating in the 60 GHz band
due to coexisting with the
IEEE
802.11ad/ay,
also
termed as Wireless Gigabit
(WiGig), 3/30/2021
access points.

Table II. Default parameters and assumptions
Parameters and Assumptions
Value
Transmit direction
Downlink
SBS operating bandwidth
50 MHz (for each carrier frequency)
Number of RBs in the SBS bandwidth
250 (for each carrier frequency)
Number of SBSs
48 (per building)
Transmission power (dBm)7
10 (for each carrier frequency)
Antenna configuration
Single-input single-output for all SBSs and SUEs
SBS antenna gain7
21 dB
SUE antenna gain7 and noise figure
21 dB and 10 dB
Scheduler and traffic model6
Proportional Fair (PF) and full buffer
Type of SBSs
Closed Subscriber Group (CSG) femtocell BSs
Building and small cell models:
Number of buildings, floors per building,
L, 6,
apartments per floor, small cells per apartment, 8, 1,
area of an apartment
10×10 m2
TTI8 and scheduler time constant (tc)
1 ms and 100 ms
Total simulation run time
8 ms
11
taken from 6from [7], 7from [5], 8from [6].

Performance Evaluation and Comparison (2)
Figure 2(a) shows the path loss response for a SBS with distance d of its SUE.
• It can be found that the path loss at distance d from a SBS is the most when the
SBS operates in the 140 GHz band, and the least, when it operates in the 2 GHz
microwave band.
• This implies that to address high capacity and data rate demands of the future
mobile networks, the availability of large spectrum bandwidth in the highfrequency bands such as THz bands will play a vital role.
Figure 2(b) shows the response of the average throughput per SUE in different
carrier frequencies.
• For LOS signal propagations in the high-frequency bands, the average
throughput per SUE decreases with an increase in the carrier frequency. This is
because an increase in carrier frequency causes to increase in the distantdependent path loss as shown in Figure 2(a).
• However, the average throughput per SUE is the lowest when SBSs operate in
the 2 GHz low-frequency band. This is due to the NLOS signal propagation that
occurs from the presence of large multipath fading components in the lowfrequency band.
3/30/2021

Figure 2. (a) Path loss and (b) average throughput per
SUE responses with a variation in the carrier
12 frequency
of in-building SBSs.

Performance Evaluation and Comparison (3)

• However, due to the NLOS signal propagation effect, the 2 GHz band provides
the worst performance in the average capacity (Figure 2(b)), resulting in realizing
the worst system-level SE and EE performances in NLOS 2 GHz carrier frequency
as shown in Figures 3(a) and 3(b).

Assume that the prospective average SE and EE requirements for 6G mobile
networks are, respectively, 10 times (i.e., 370 bps/Hz) [11] and 10-100 times (i.e.,
0.3µJ/bit - 0.03µJ/bit) [12] higher than that of 5G mobile networks [13]-[14].
• From Figures 3(a) and 3(b), it can be found that all high carrier frequency
bands, i.e., 28 GHz, 60 GHz, and 140 GHz, can achieve both SE and EE
requirements expected for 6G mobile networks by reusing spectrum in their
respective bands for a reuse factor (i.e., L) of 26, 30, and 33, respectively.
3/30/2021

Spectral Efficiency (bps/Hz)

• From Figure 2(a), since the path loss increases with an increase in LOS carrier
frequency, the system-level SE and EE improve with a decrease in carrier
frequency. Hence, the maximum and minimum improvements in both SE and EE
are obtained when SBSs operate in the 28 GHz and 140 GHz bands, respectively.
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Figures 3(a) and 3(b) show, respectively, the system-level SE and EE performances
for the 10 MHz bandwidth of all MUEs.
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Figure 3. System-level performances with a variation
in the carrier frequency of in-building
13 SBSs. (a)
spectral efficiency and (b) energy efficiency.

Conclusion
As the signal propagation characteristics vary significantly with a change in carrier frequency, in this paper, we have
presented the performance of in-building small cells with the variation of carrier frequency from a low microwave
band to a very high Terahertz (THz) band expected for the future Sixth-Generation (6G) mobile networks.
We have derived the average capacity, Spectral Efficiency (SE), Energy Efficiency (EE), and throughput per small
cell UE (SUE) and carried out extensive simulation results with a change in carrier frequency from a microwave band
(i.e., 2 GHz), through a number of mmWave bands (i.e., 28 GHz and 60 GHz), to a THz band (i.e., 140 GHz).
• It has been shown that due to the presence of LOS
components, high-frequency signals offer high
average capacity and hence SE, as well as average
throughput per SUE. Moreover, due to an increase in
average capacity, the average energy required per bit
transmission is also reduced, resulting in improving
EE as well.

• However, due to the NLOS signal propagation
effect, the 2 GHz band is affected considerably by
the multipath fading effect from the reflection,
refraction, and scattering phenomenon such that the
2 GHz band provides the worst performance in the
average capacity. This results in achieving the worst
system-level SE and EE performances.

• Finally, it has been shown that all high carrier frequency bands, i.e., 28 GHz, 60 GHz, and 140 GHz, can achieve
both SE and EE requirements expected for 6G mobile networks by reusing spectrum in their respective bands
for a reuse factor (i.e., L) of 26, 30, and 33, respectively.
3/30/2021
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