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Department of Electrical In urban areas, the network operators deploy small-cell sites and install a large num-
Engineering, IIT Hyderabad, ber of base stations to support densely populated cellular users. A similar small-cell
Hyderabad, India deployment in rural areas is not feasible for the operators, as it will significantly increase

the capital expenditure, and the return on the investment will also be comparatively
lower. Hence, the most feasible way to provide cellular connectivity to rural areas is the
deployment of large-cell sites. However, the technology developed for International
Mobile Telecommunications (IMT)-Advanced standard (or 4G) was evaluated for an
inter-site distance of 1.732 km, making the large-cell connectivity required for rural
areas an afterthought. For cellular last-mile rural connectivity to be a reality through
IMT-2020 (or 5G), the key is to have future technologies supporting large cells. In
large-cell sites, the users experience comparatively more path loss, and thus, have poor
signal coverage. Further, compared to downlink, the transmission power in uplinkis
limited, and therefore, uplink transmissions define the coverage of the communica-
tion system. Motivated by this, we propose several coverage solutions for uplink,
considering an extremely large-cell site scenario. We initially analyze the received
signal-to-noise ratio with 4G/5G systems at various distances based on the link budget
evaluation. At larger inter-site distances, we show that it is infeasible to achieve cellular
coverage with the current 4G/5G specifications. We then propose enhancements
related to the waveform, modulation and coding schemes, resource allocation, and
power control mechanisms. We evaluate the proposed enhancements through sys-
tem- and link-level simulations, and show a significant improvement in the coverage
for cell-edge users. We also show that our proposed enhancements achieve close to
two times the improvement in the network capacity when compared to the currently
available 5G specifications.
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1 Introduction

Digital connectivity is an important driver for modern day economies, and in the cur-
rent times, it is a quintessential necessity for day-to-day living. The mobile connectivity
has become popular with the advent of 4G-long-term evolution (LTE), a wireless stand-
ard that vastly improved the connectivity speeds and reduced the price per bit. Increas-
ing capacity, reliability, and higher data rates have been the main focus of the cellular
industry, and the new 5G-New Radio (5G-NR) standard is a reflection of this paradigm.
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Massive multi-input-multi-output (MIMO) has been introduced in the new cellular
standard to increase the network capacity. This increased capacity translates to a better
user experience and better throughput, leading to higher average revenue per user. An
important and practical manner for achieving higher capacity (and per-user through-
put) that is used by operators is to reduce the cell size. Smaller cell sizes lead to a higher
bandwidth per user in the downlink, thereby increasing the per-user throughput. A
smaller cell would also increase the received signal power by the users, thereby enabling
higher modulations for the cell-edge users, thus further enhancing the data rates. Hence,
in the urban areas, we see a large number of the base station (BS) towers that provide the
necessary infrastructure to support a large number of cellular users.

In contrast, mobile broadband connectivity in rural areas is not very encouraging. This
is mainly because of the huge capital expenditure (CapEx) needed to establish and main-
tain cellular mobile towers in rural areas. And also, the return on investment might be
lower as compared to the cities. However, in developing countries like India, most of the
population is rural, and the availability of broadband connectivity is critical for bridging
the digital divide. To improve rural connectivity, the government of India has taken the
initiative to provide optical fiber connectivity to 250,000 gram-panchayats (GPs) across
India [1]. However, with a possible BS deployment at each such GP, the last-mile connec-
tivity is still an issue because of the large geographical area. In Fig. 1, we present a cumu-
lative distribution function (CDF) of maximum distance between a village and a possible
BS deployment (at GP) [2]. From Fig. 1, to provide 95% coverage to the rural villages in
India, the minimum feasible inter-site distance is 12 km. Most of the technology devel-
oped for IMT-advanced (4G-LTE) was designed and evaluated for an inter-site distance
of 1.732 km. Such small-cell deployment will require the network operator to install a BS
in every village, which significantly increases the CapEx costs and is impractical. Hence,
the villages in developing countries such as India were severely under-served, or the cost
of the rural deployment was significantly high. For cellular last-mile rural connectivity to
be a reality through IMT-2020 (5G-NR), the key is to have future technologies support-
ing large cells.

In large-cell sites, the users are at a large distance from the BS, and thus, experience
more path loss. Further, in sub-6 GHz range, as compared to LTE, 5G-NR is expected to
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Fig. 1 CDF of maximum distance between a village and a feasible BS in rural Indian scenario
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be deployed in higher frequencies like 4 GHz. Note that with higher frequencies as well,
the users will observe comparatively more path loss. Hence, with higher operating fre-
quencies and large inter-site distances, there is a significant impact on the cell coverage.
Thus, large-cell sites will require novel enhancements to ensure successful communica-
tion. Till the recent releases of 3GPP specifications, the coverage enhancement has been
addressed only in the context of machine-type communications and was not treated for
the enhanced mobile broadband services [3]. 3GPP has considered coverage enhance-
ments in 5G-NR as a new work area for the Release 17 specifications [4]. However, there
has been very little work on the design aspects of cellular systems for large cells. We
need novel physical layer procedures to address the issue, and further, these novel ideas
require changes to various parts of the current specifications accordingly. These are the
key motivations for this work.

When compared to the transmission power of 43 dBm in the downlink, the transmis-
sion power in the uplink is limited to 23 dBm at the user equipment (UE) [5] because of
hardware limitations and regulatory constraints. Thus, uplink transmissions define the
coverage area. Hence, in this paper, we present proposals for coverage enhancements in
the uplink for large-cell sites. The main contributions of this paper are as follows.

+ We present the link budget analysis for large-cell sites considering the rural scenario
and show that at such larger inter-site distances, it is infeasible to achieve cellular
coverage with the current 5G-NR specifications.

+ We show that 7/2-BPSK with spectrum shaping filter has a significantly low peak-
to-average power ratio (PAPR). We then propose to use m/2-BPSK waveform for
enhanced coverage in large-cell sites.

+ We propose novel transmit power boosting and resource allocation techniques to
improve the SNRs of cell-edge users.

+ We also define new modulation and coding scheme entries for the users operating at
poor SNRs.

+ We propose a transport-block scaling mechanism to improve the coverage of the
cell-edge users.

+ Through system- and link-level simulations, we show that the proposed enhance-
ments significantly improve the cell coverage.

The rest of the paper is organized as follows. In Sect. 2, we present the related work in
the literature. Section 3 presents the link budget simulations and coverage related analy-
sis. In Sect. 4, we propose various enhancements for large-cell scenario. Section 5 pre-
sents system-level simulations and results. In Sect. 6, we present conclusion and discuss
the possible future work.

2 Related work

In [6], authors have analyzed the coverage enhancements features of machine-type
communications (MTC) and have provided link and system-level evaluation for vari-
ous physical layer channels. An optimal selection of repetitions, resource allocation,
modulation, and coding schemes for enhancing the coverage in NB-IoT has been pre-
sented in [7]. In [8], authors have discussed all the coverage enhancement techniques
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of machine-type communications in detail. A design of the narrowband communica-
tion system on the unlicensed spectrum has been discussed in [9]. The authors have
shown significant improvements in coverage of the devices with the proposed design.
In [10, 11], authors have presented constellation and channel decoder-based improve-
ments to enhance the coverage of MTC devices. However, all these works are in the
context of low power wide area network technology and cannot be directly applied to
the enhanced mobile broadband (eMBB) services.

The coverage enhancement evaluation and the network performance results with
pre-5G deployment in the sub-6 GHz frequency range have been presented in [12]. In
[13], authors have investigated the coverage enhancement features like hybrid-ARQ
and TTI bundling for improving the voice over LTE performance. In [14], authors
have proposed digital beamforming techniques for 5G-NR deployed in the sub-6 GHz
range and have shown an improvement in the coverage of the users. However, to the
best of our knowledge, none of the existing works has addressed the issue of coverage
enhancement with eMBB for large-cell sites. 3GPP has also considered this issue as a
work area for the Release 17 specifications [4]. Hence, in this paper, we propose vari-
ous solutions to improve the coverage for large-cell sites.

3 Uplink coverage analysis in large-cell sites

In this section, we initially discuss a newly introduced rural channel model for low
mobility large-cell scenario, and then, we present link budget analysis for the large-
cell sites.

3.1 Low-mobility large-cell configuration
International telecommunications union (ITU) is an international body that defines
the capabilities and requirements of a wireless technology and ratifies the same for
wireless standards developed by other standardization bodies like the 3GPP. Cur-
rently, ITU defines indoor-hotspot, dense-urban, rural, mMTC, and URLLC as the
test case environments. Indoor-hotspot and dense-urban test environments focus on
urban scenarios and target very high data rates. mMTC targets loT applications, while
URLLC focuses on low latency reliable applications [15]. 3GPP also uses these chan-
nel models and test cases for the purpose of evaluation and technology development.
Till IMT-2020, the rural models consider vehicles moving at high speed of
120 kmph and inter-site distance not greater than 1732 m. However, in IMT-2020, a
new test case named low-mobility-large-cell (LMLC) was introduced as a sub-config-
uration of rural test case. This new configuration focuses on low-mobility users (a mix
of the pedestrian with speeds less than 3 kmph and vehicles at 30 kmph) and an inter-
site distance of 6 km. Unlike other rural cases, LMLC does not focus on high-speed
mobility. In addition to the test configuration, a new channel model was introduced
for the LMLC rural scenario to aid in the simulation of large cells, which is valid until
21 kms. However, as mentioned in [16], we assume that the same LMLC path loss
is valid beyond 21 kms and use it in our link budget analysis and the system-level

evaluation.
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3.2 Link budget analysis

The SNR observed by a user defines the coverage in any wireless communication system.
In large-cell sites, with the increasing distance, the impact of the interference decreases,
and thus, the transmit power and thermal noise dominate the cell capacity. In such sce-
narios, the performance observed in the link budget is close to the real life. Hence, in
this section, we present the link budget evaluation and analyze the operating SNRs of
users in a large-cell site.

The parameters considered for link budget simulation are presented in Table 1. We
consider a carrier frequency of 700 MHz with 16-element antenna configuration at the
BS [18]. Typically, the antenna configuration is defined as M x N x P, where M and N
are the antenna elements in the horizontal and vertical directions, respectively, and P
represents the polarization of the antenna elements. We present an appropriate antenna
array in Table 1 as per [18]. While evaluating the downlink, we assume that the BS trans-
mit power is used across entire 10 MHz bandwidth. In case of uplink, we consider a
worst-case scenario of one resource block allocation and use entire transmit power on
one resource block. In this paper, we target our simulations for an inter-site distance
(ISD) of 30 kms [16]. However, note that the analysis in this paper can be extended to any
configuration of carrier frequencies, antenna configurations, and inter-site distances.

The path loss and antenna gains are the key factors that significantly impact the SNR
of a user and are heavily dependent on the user location. The maximum antenna gain
(Ag) in the boresight direction is 8 dB [17], but the antenna gain varies with the user
position. In a worst-case scenario, with a sector of 120°, a user can be located at £60°.
Hence, for the analysis, we consider the antenna gain at £60° from the boresight,
which results in Ag = —2 dB [17]. Further, the shadow fading is dependent on line
of sight (LoS)/non-LoS (NLoS) scenario. The standard deviation for shadow fading
in LoS and NLoS scenarios is 6 dB and 8 dB, respectively [15]. The path loss models
follow a log-normal distribution, and hence, at 95% of the CDF, the distribution has
the value equal to 1.645 times the standard deviation. Considering a 95% coverage for

Table 1 Link budget simulation parameters

Parameters Value

Carrier frequency (fo) 700 MHz

Antenna at BS (Ngs) [4x2x2]=16
Antennae at UE (Nyp) 2

Path loss model RMa-LMLC (ITU M.2412)
Transmit power (Ptgs /Pty 46 dBm/23 dBm
Bandwidth while evaluating downlink 10 MHz

Bandwidth while evaluating uplink 1 resource block (180 KHz)
Sub-carrier spacing 15 KHz

Noise power density —174 dBm/Hz

Noise figure (NF) 5dB

Maximum BS antenna element gain (Ag) 8dB

UE height (hyt) 15m

BS height (hgg) 35m

Antenna pattern TR 36.873 [17]
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Fig. 3 SNR versus distance for the simulation assumptions in Table 1

calculating the maximum shadow fading margin, we have SF = 1.645 x 6 = 9.87 dB
and 1.645 x 8 = 13.16 B for LoS and NLoS scenarios, respectively.
We then calculate the SNR as follows.

SNR = Ptyg + Ag + 10 x log,((Nps x Nyg) )
— PL — SF — [N + NF] (1)

where PL is dependent on distance and is calculated as per RMa-LMLC path loss model
presented in [15]. SF, Ag represent the shadow fading, antenna gain, respectively, and are
calculated as mentioned earlier. Ngs, Ny represent the number of antenna elements at
the BS, UE, respectively, and are presented in Table 1. Apart from the basic antenna ele-
ment gain Ag, the factor 10log;,(NpsNyg) captures the maximum additional gain that
can be achieved with the total number of antenna elements. Ny, NF represent the noise
and noise figure, respectively. All the parameters are considered in dB scale.

In Figs. 2 and 3, we present the variation of path loss and SNR with the distance. As
shown in Fig. 2, the path loss increases with an increase in the distance, and the users
in NLoS experience more path loss as compared to LoS. With an ISD = 30 km, the
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ISD
maximum distance of any user from the BS is 7 = 17.325 km. As shown in Table 3,

the current LTE/NR specifications require a minimum operational SNR of —6.9 dB. In
[19], the authors have presented a summary of link-level evaluation by various indus-
trial operators and have shown that a minimum SNR of —6 dB is required to decode
the control channel in LTE. From Fig. 3, at an ISD of 30 km, the downlink SNRs are in
the feasible range for communication, whereas the uplink SNRs are as low as —15 dB.
Even though only one resource block is considered for the transmission in uplink, the
SNRs are very low because of the limited transmit power at the user.

1 Remark

Thus, uplink transmissions define the coverage of large-cell sites, and it is infeasible to
achieve cellular coverage with the current LTE/NR specifications. To address the issue,
in this paper, we present various enhancements to the waveform, modulation and coding
schemes, resource allocation, and power control mechanisms to achieve communication
at these long distances.

Next, we explain our proposed enhancements in detail.

4 Proposals for uplink coverage enhancement
In this section, we propose various solutions to enhance the uplink coverage and provide
the implementation details for the same.

4.1 Proposed waveform

In a cellular network, as compared to the downlink transmission power of 43 dBm at the
BS, the uplink transmission power at the user terminal is limited to 23 dBm. This limitation
is mainly because of the battery size at the user terminal and the regulatory constraints.
Hence, in the uplink, the limited power has to be carefully utilized to enhance coverage.
Considering these battery constraints, in LTE, instead of a regular OFDM, a discrete Fou-
rier transform spread OFDM (DFT-s-OFDM) is used for the uplink transmissions. The
PAPR with DFT-s-OFDM is less compared to the OFDM signal. Thus, the user terminal
can have a less power amplifier back-off and transmit at higher signal power.

Based on a similar approach, in this section, we propose to use low PAPR 7/2-BPSK
waveform to enhance the uplink coverage in large-cell sites. In 5G-NR, along with the
QAM modulations of order (4, 16, 64, 256), 7 /2-BPSK is supported in the uplink. 7 /2-
BPSK is obtained by phase rotating the every odd BPSK symbol by 77 /2 degrees as shown
below [20].

Xz /2(m) = %.eﬂm mod2) x(m), mel0,...,.M—1] )

where x is a BPSK sequence of length M, and x> is corresponding 7 /2-BPSK sequence.
The 7/2-BPSK modulation has a similar constellation to that of QPSK. However, note
that only one bit is transmitted with 7 /2-BPSK. As per the design of 7/2-BPSK in (2), we
find no zero cross-overs, and hence, the PAPR is comparatively less. When we introduce
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Fig. 5 Magnitude response of various spectral shaping filters

an appropriate spectrum shaping filter on the 7/2-BPSK modulated data, we see a
further decrease in the PAPR. In the frequency domain, the spectrum shaping can be
implemented like a precoder with weights Wy = Dy/w;, where Dy represents the DFT
matrix and w; represents the time-domain impulse response of the spectrum shaping
filter [21]. A comparison of the magnitude response of spectrum shaping filter with coef-
ficients[1, —1]and [—0.28, 1, —0.28] is presented in Fig. 5.

A transmitter chain for 7/2-BPSK with spectrum shaping filter is presented in
Fig. 4. Initially, the data are modulated using BPSK scheme, and then, the 7/2 rota-
tion is performed on every odd BPSK symbol. The data are then transmitted through
a spectrum shaping filter. The resultant data after spectrum shaping are passed
through a DFT-s-OFDM chain. We have evaluated the PAPR for various modulation
schemes with DFT-s-OFDM, and a complementary cumulative distribution function
(CCDF) for the same is presented in Fig. 6. The 7/2-BPSK modulation has signifi-
cantly less PAPR when compared to the other standard modulation schemes. Fur-
ther, with spectrum shaping, at 1% CCDEF, we observe close to 3 dB difference when
compared to the QPSK modulation scheme.

In Table 2, for a power amplifier that saturates at 25 dBm, we present the maxi-
mum possible transmit power with various modulation schemes [22] to reach the
allowed adjacent channel leakage ratio (ACLR) limit of =30 dBm as per 3GPP speci-
fications. It can be observed that 77 /2-BPSK with spectrum shaping can be transmit-
ted at 3 dB high power as compared to the QPSK modulation scheme.

In an extremely large cell, as presented earlier in link budget analysis (in Sect. 3.2),
the SINRs observed for an ISD = 30 km are as low as —15 dB.
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Table 2 Tx power and ACLR comparison for various modulation schemes [22]

Scheme Tx power [dBm] ACLR
Random OFDM signal 19.1 —304
QPSK 217 —30.86
7 /2-BPSK 23 —30.5
7 /2-BPSK with spectrum shaping 248 =327
1 Remark

Hence, in such scenarios, the user terminal can use 7w /2-BPSK with spectrum shaping,
transmit at comparatively high power, and achieve better coverage.

Next, we explain a novel power boosting and allocation procedures for the uplink in
a large-cell scenario.

4.2 Proposed power boosting and resource allocation
In this section, we initially explain the existing power control mechanism in the
uplink and then propose the power boosting and resource allocation procedures.

4.2.1 Power control

The same time—frequency resource elements are allocated for various users across
multiple sectors because of the frequency reuse. The transmission of one user will
cause interference to the other users. Hence, there is a need for a mechanism that
ensures the users closer to the BS transmit with minimal power and cause less inter-
ference to the users in other sectors. This is achieved by the uplink power control
mechanism in 4G-LTE/5G-NR systems. The power control makes sure that the
users transmit with adequate power, minimize interference for the other users in the
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network, and maximize the user equipment’s battery life. As per 3GPP specifications
[23], the user equipment sets the transmit power P based on the following formula,

P = min{Pnax, 10log,y Nr + Po + oPL + f(§;) + Smcs}) (3)

where Py is the maximum power that a user can transmit, Ngp is the number of
resource blocks that a user has to transmit the data, Py is a cell/user-specific parame-
ter that considers the average interference in the network and the target signal strength
from the user, PL is the path loss of the user, « is the factor for the fractional power con-
trol, and f(8;) and Spics are the closed-loop power control parameters. Equation (3) is
termed as a closed-loop power control because a BS decides f(§;) and Sp1¢cs based on the
feedback received from the user. An open-loop version of the power control is defined as
follows,

P = min{Pmax, 10log;, Nrg + Po + oPL} (4)

In (4), there is no user feedback, and the transmit power is completely defined by the BS
based on Py and Ngg.

4.2.2 Power boosting

As presented in Sect. 4.1, the PAPR of QPSK is high compared to 7/2-BPSK. Thus,
a power amplifier designed for QPSK can transmit 7 /2-BPSK with additional power,
as it can have less back-off with 7/2-BPSK. This power boosting can be realized by
adding Spoost to P in (4) whenever the user is transmitting 7 /2-BPSK. Further, even
after this power boosting, the average transmit power over a time duration should be
same. Hence, based on the time division duplexing (TDD) configuration, considering
the active uplink sub-frames duration (duty cycle), we propose a proportional power
boosting for 7 /2-BPSK as follows.

P = min{Pmax, 10 loglo NRB + PO + aPL} + (Sboost

+ For a 50% duty-cycle scenario, i.e., when there are 50% of uplink sub-frames in a
radio frame, 8pp0sr = 3 dB.

+ For a25% duty-cycle scenario, ppost = 6 dB.

+ Fora 25-50% duty-cycle scenario, dpoost = 3—6 dB.

Note that in all the above proposed power boosting scenarios, the average user trans-
mit power over time does not exceed the existing Pmax (= 23 dBm) power-limit.
1 Remark

Since the large-cell scenario is noise limited, the increased transmit power with proposed
power boosting directly translates to an improvement in the SNR of the link. Thus, the
proposed power boosting improves coverage for the cell-edge users.
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4.2.3 Resource allocation

Typically, a scheduler allocates the resources based on the weightage/reward assigned
to a particular user. In real life, this weightage can be defined to ensure proportional
fairness among the users, equal allocation to all users, biased allocation to priority
users, or maximum throughput achieving allocation, etc. For example, let a vector
W be of size 1 x U, where each element W(i) represents reward of the ith user, U
represents the number of users attached to the sector, and I'rps is the total number of
available resource blocks. A heuristic way of allocating resources to the users can be
defined as follows.

+ Equal resource allocation:

1

The scheduler allocates W (i) x I'rgs to each attached user.
+ Proportional Fair:

R(t)
R;vg(t) ’

R o= (2R D)+ 2R
@) = (T R = D+ 2R

W (i) =

where F is the averaging window length and R and Réwg are the instantaneous and aver-
age rates of ith user. The scheduler allocates W (i) x I'rps to each attached user.

Note that when the user transmits at the maximum power on one resource block, the
user still observes SNRs as low as —15 dB in a large-cell scenario (shown in Sect. 3.2).
Hence, most of the time, users are capable of transmitting on less number of resource
blocks in a large-cell site. The scheduling algorithm should consider this limitation
while allocating the resources to a user. Otherwise, the user will transmit at maxi-
mum power and still finds the transmission unsuccessful most of the time. Thus, we
define the maximum resource blocks that can be allocated to a user (Ngy™) based on
the power control in (4) as follows.

Prax — Po — aPL

We propose to allocate resources to the users in two steps. In the first step, each user is
assigned with Lmin(W(l’) x 'RBs» NI‘{“]*‘SX (i))J resource blocks. In the next step, we allo-

cate the left-over bandwidth to the other users that are capable of transmitting in more
number of resource blocks.
1 Remark

This way, the proposed allocation ensures that the whole bandwidth is filled, while each
user is allocated with resource blocks based on their transmitting capability.
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Algorithm 1: Proposed power-scaling and re-
source allocation

Input : W, I'rgs, PL, PO, @, dbo0st

Output: Resource allocation and power-setting: Ngg, P

A. Restricting the allocation to maximum possible resource
blocks for each user

1i=1; /* i represents the user index */
fori=1,...,U do
Punax — Po — aPL(i)
Nmax(i) = 10 10
Nrn () = [min(W(i) x e, NEE< ()
s end

N

B. Allocating left-over resource blocks to the other users

while 3V | Nrg(i) < I'rps do
7 fori=1,...,Udo
if Ngp(i) + 1 < NIE<(i) and

-

o (ZiU:I NR.B(i)) +1 < T'rbs
then
10 ‘ Ngrp(i) = Nre(i) +1
11 end
12 end
13 end

C. Power-scaling appropriately for each user

142 fori=1,...,U do

15 P(i) = min{Pmax, 10log1oNRrB (1) + Po + DLPL}

16 if P(i) = Pmax and modulation is 7/2 — BPSK then
| P() = P() + Bboost i)

18 end

19 end

1

3

In Algo. 1, we present the implementation of the power boosting and resource alloca-

tion procedures in detail.

4.3 Proposed code rates

In 4G-LTE/5G-NR, the channel quality index (CQI) is a metric reported by user about
the SNRs observed in the downlink. Based on this CQI report, the BS assigns the mod-
ulation and coding scheme (MCS) and allocates resource blocks to the user. The user
reports CQI as a four-bit value, and thus, it can convey the channel quality in 16 levels/
steps. For this reason, the possible SNR values are grouped into 16 entries, and a one-
to-one mapping is performed with these 16 CQI levels or code rates. Similarly, the MCS
is conveyed as a five-bit value to the user, and thus, the MCS table has 32 entries. In
Table 3, we have presented the CQI table used in the current 4G-LTE/5G-NR systems.
As shown in Table 3, the minimum SNR for the least possible CQI is —6.9 dB. In a large-
cell scenario, the operating SNRs are much lower, and hence, we need new CQI entries.
Similar to the new CQI entries at lower SNRs, we need new MCS entries for the lower
SNRs appropriately. Motivated by this, in this section, we present a procedure for exten-
sion of CQI and MCS tables to support lower SNRs.

4.3.1 CQltables
The current 5G-NR CQI table is presented in Table 3. The CQI entries are defined with
equal spacing considering an SNR range of —6.9 to 20 dB. Each CQI entry is separated by
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Table 3 CQl table from the existing LTE/NR specifications

cal Modulation Code rate x 1024 Efficiency SNRin dB
[BLER =0.1]

0 Out of range

1 QPSK 78 0.1523 —6.9

2 QPSK 120 0.2344 —5.10

3 QPSK 193 0.3770 —3.15

4 QPSK 308 0.6016 —1.25

5 QPSK 449 0.8770 —0.8

6 QPSK 602 1.1758 27

7 16QAM 378 14766 4.7

8 16QAM 490 1.9141 6.55

9 16QAM 616 24063 8.6

10 64QAM 466 2.7305 104

11 64QAM 567 33223 123

12 640AM 666 3.9023 14.2

13 64QAM 772 45234 159

14 64QAM 873 51152 17.85

15 64QAM 948 55547 19.85

1.892 dB from one another [24]. The CQI table considers QPSK, 16 QAM, and 64 QAM
modulation schemes. Based on the link-level simulations, the block error rates (BLER)
are calculated for each modulation scheme and varying code rates. At each SNR entry
in the CQI table, the code rate is chosen such that the BLER at that code rate is 10%.
While adding new entries into the table for large-cell sites, we have also adopted a sim-
ilar procedure. Since the users in large-cell sites observe poor SNRs, we removed the
higher modulation scheme (64 QAM) and introduced entries with 7 /2-BPSK modula-
tion. Further, instead of relying on the link-level simulations for BLER, we have used the
BLER approximation formulated in [25]. In [25], the authors have performed link-level
simulations and have formulated the approximation equation for mapping the spectral
efficiencies and SNRs. We have used this equation to decide the code rates for the new
CQI entries, and the same is presented in (6).

SE = 9.6 x 107> x SNR® + 0.00533232 x SNR?

(6)
+9.89 x 1072 x SNR + 0.629993

The approximation in (6) maps the SNR to a spectral efficiency such that the desired
BLER is 10%. Thus, using (6), we calculate the code rates and the spectral efficiencies at
every 1.892 dB interval and formulate Table 4. Since the CQI has to be conveyed through
4 bits, we introduce six new CQI entries for the lower SNRs by removing the CQI entries
with 64 QAM. Note that the CQI entries from 1 to 12 in Table 4 are allowed to be either
QPSK/BPSK, g = 1 for 7 /2-BPSK, and g = 2 for QPSK. For a given number of resource
block allocation, the QPSK is allowed to have half the code rate of the BPSK, and thus,
both the entries will have the same spectral efficiencies. However, when 7 /2-BPSK is
activated, as mentioned earlier, the user can transmit with more power. A similar exten-
sion has to be carried out for including the MCS entries for low SINRs as well. Next, we
present the MCS tables for the large-cell sites.
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4.3.2 MCS tables

The MCS table for uplink, as per current NR specifications [26], is presented in Table 5.
The entries in Table 5 are carried out as follows. Initially, all the CQI entries (modulation
choices and their respective code rates) in Table 3 are included in Table 5 as well. The
relation between code rate (or spectral efficiency) of CQI entries in Table 3 and MCS
entries in Table 5 can be formulated as follows.

MCS(2xi+2)=CQI@F), Vi=1,...,12

The other entries in Table 5 are obtained by interpolating the adjacent code rates as
follows.

MCS(2 x i +2) + MCS(2 x i + 4)

MCS(2 x i+ 3) = :

Vi=1,...,12

For example, the spectral efficiencies of CQI 1 and 2 in Table 3 are 0.1523 and
0.2344, respectively. They are included as MCS 4 and 6 in Table 5 with same spec-
tral efficiencies, respectively. Then, the MCS 5 is included in Table 5 such that it has
spectral efficiency equal to average of the spectral efficiencies of MCS 4 and 6, i.e.,
((0.1523 + 0.2344)/2 = 0.1934). The same holds for all the other MCS entries as well.

We follow a similar procedure for the new MCS entries to accommodate lower code
rates in a large-cell scenario. We remove the higher modulation entries and include all
the code rates from the proposed CQI in Table 4. We then interpolate the other entries,
as mentioned earlier. The newly formed MCS table is presented in Table 6.

1 Remark

Thus, the proposed CQI and MCS tables with lower code rates can ensure communication
to users with SNRs as low as —17.7 dB with 10% BLER.

Next, we propose a novel scaling of transport blocks to improve the user throughputs.

4.4 Proposed transport-block scaling

The transport block is the actual data-carrying payload transmitted by the user in the
uplink. The user attaches a cyclic-redundancy check (CRC)-based parity bits to the pay-
load before channel encoding and transmitting. This helps the receiver perform a CRC
check after decoding the payload and ensure all the decoded bits are error-free. How-
ever, in a large-cell scenario, the users are limited by transmit power and hence are capa-
ble of transmitting on fewer resource blocks most of the time. In such scenarios, the
transport block will be of smaller size, and adding CRC parity bits in every slot will be
additional overhead. To address this issue, we propose a transport-block scaling proce-
dure as follows.

In case of eMBB transmissions, we calculate a transport block for multiple slots and
attach the CRC parity bits once per this transport block transmitted over multiple
slots. In case of voice-over-IP (VoIP) transmissions, typically, the transport block is of
size 320 bits. In each slot of VoIP transmissions, the CRC parity bits are attached to
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Table 4 Proposed CQl table for coverage enhancements

cal Modulation Code rate x 1024 Efficiency SNRin dB
[BLER =0.1]

0 Out of range

1 QPSK/BPSK 11/q 0.0107 —17.7

2 QPSK/BPSK 14/q 0.0136 =159

3 QPSK/BPSK 21/q 0.0205 —14.1

4 QPSK/BPSK 36/q 0.0351 —123

5 QPSK/BPSK 63/q 0.0615 —10.5

6 QPSK/BPSK 106/q 0.1036 —8.7

7 QPSK/BPSK 156/q 0.1523 —6.9

8 QPSK/BPSK 240/q 0.2344 —5.10

9 QPSK/BPSK 386/q 03770 —3.15

10 QPSK/BPSK 716/q 0.6016 —1.25

11 QPSK/BPSK 898/q 0.8770 —0.8

12 QPSK/BPSK 1204/q 1.1758 2.7

13 16QAM 378 14766 4.7

14 16QAM 490 1.9141 6.55

15 16QAM 616 24063 8.6

the payload. In such scenarios, instead of transmitting the payload with CRC in each
slot, we propose to attach a single CRC to the payload and rate-match (or repeat) the
data over multiple slots. A pictorial representation of the proposed procedure is pre-
sented in Fig. 7. Further, in both the above scenarios, in case of an unsuccessful trans-
mission of a transport block, we allow the transmitter to perform regular hybrid-ARQ
procedures on this multi-slot transport-block transmission. We explain the signifi-
cance of the proposed algorithm with an example as follows.

Consider a user allocated with one physical resource block, where 2 and 12 OFDM
symbols in the slot are allocated for reference signals and data transmissions, respec-
tively. Thus, there are 12 x 12 = 144 resource elements available for the user’s data
transmission. In the case of QPSK modulation, 2 bits can be transmitted in each
resource element, and hence, the user can transmit 288 bits in total. The least pos-
sible transport-block size as per the current 5G-NR specifications is 24 bits. The
user appends 16 bits of CRC, and thus, the effective payload size is 40 bits before
the channel encoding. When the user performs rate matching and fits the data into
the available 144 resource elements, the effective code rate of the transmission is
40/288 = 0.139. In the case of the proposed algorithm, we append CRC once per
four slots, and thus, the transport block will be of size 24 x 4 = 96. Further, a total
of 144 x 4 = 576 resource elements are available for the transmission. Thus, with the
proposed scheme, the effective code rate for the transmission is 112/1152 = 0.097.
This decrement in the code rate with the proposed scheme significantly improves the
user’s link performance.

Further, by allocating fewer resource blocks to the user in each uplink sub-frame,
the network operators can significantly increase the cellular coverage. In the uplink,
the available transmit power is spread across the allocated resource blocks. Con-
sider allocating fewer resource blocks to the cell-edge user at any time instant and
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Table 5 Existing MCS table

MCS Modulation Code rate x 1024 Efficiency
0 q 60/q 0.0586
1 q 80/q 00781
2 q 100/q 0.0977
3 q 128/q 0.1250
4 q 156/q 0.1523
5 q 198/q 0.1934
6 2 120 0.2344
7 2 157 03066
8 2 193 0.3770
9 2 251 0.4902
10 2 308 0.6016
M 2 379 0.7402
12 2 449 0.8770
13 2 526 1.0273
14 2 602 1.1758
15 2 679 1.3262
16 4 378 1.4766
17 4 434 1.6953
18 4 490 1.9141
19 4 553 2.1602
20 4 616 24063
21 4 658 2.5703
22 4 699 27305
23 4 772 3.0156
24 6 567 33223
25 6 616 3.6094
26 6 666 3.9023
27 6 772 45234
28 q Reserved

29 2 Reserved

30 4 Reserved

31 6 Reserved

implementing the proposed algorithm of transmitting the transport block across mul-
tiple slots. In such a scenario, the cell-edge user can comparatively transmit more
power on each allocated resource block and reduce the error rate of data transmis-
sions. Additionally, there is also CRC overhead reduction which further improves the
cellular coverage. This gain in the transmit power can be explained as follows. Let the
number of resource blocks allocated and the repetitions assigned for the data trans-
mission in the uplink be Nrg and Niep, respectively. Then, the transmit power on each
resource block is formulated as

Prp = Pix — 10log(NrB) (7)

In the proposed algorithm, we avoid the repetitions and assign resource blocks as follows
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Table 6 Proposed MCS table

MCS Modulation Code rate x 1024 Efficiency
0 q 11/q 0.0107
1 q 12/q 00117
2 q 14/q 0.0136
3 q 17/ 0.0166
4 q 21/q 0.0205
5 q 28/q 0.0273
6 q 36/q 0.0351
7 q 49/q 0.0478
8 q 63/q 0.0615
9 q 84/q 0.0820
10 q 106/q 0.1036
1 q 131/q 0.1279
12 q 156/q 0.1523
13 q 198/q 0.1934
14 2 120 0.2344
15 2 157 0.3066
16 2 193 0.3770
17 2 251 0.4902
18 2 308 0.6016
19 2 379 0.7402
20 2 449 0.8770
21 2 526 1.0273
22 2 602 1.1758
23 2 679 1.3262
24 4 378 14766
25 4 434 1.6953
26 4 490 19141
27 4 553 2.1602
28 4 616 24063
29 q Reserved

30 2 Reserved

31 4 Reserved

N’ — LNRB/NrepJv if Nrp > Nrep, )
RB |—NRB/Nrep-|: if Ngrg < Nrep-

Thus, the gain in the transmit power with the proposed algorithms is proportional to the
number of repetitions.
1 Remark

The proposed algorithm reduces the overhead because of the parity bits, improves the cel-
lular coverage by allowing more transmit power on each resource block, and, thus, signifi-
cantly improves the user throughput.

Next, we present the simulation set up and explain the results in detail.
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Slot 1 Slot 2 Slot 3 Slot 4

TBS + TBS + TBS + TBS +
CRC CRC CRC CRC

(a) Transport block allocation with the existing
3GPP scheme

| sot1 | siot2 | sot3 | slotd |

TBS + TBS +
CRC CRC

(b) Transport block allocation with the proposed 2 slot
aggregation

Fig. 7 Comparison of the proposed transport-block scaling with the existing 3GPP scheme

5 Simulation results and discussion

In this section, we initially present the calibration of the system-level simulator used for
the evaluation. Then, we explain the system-level and link-level simulation procedures
for evaluating all the proposed enhancements and discuss the results in detail.

5.1 Calibration of system-level simulator

The simulation parameters considered for the calibration are shown in Table 7 [28]. We
initially drop the users randomly in each sector following the user distribution presented
in Table 7. We then generate the distant dependent path loss and shadow fading between
each user and BS considering LMLC path loss model in [15]. For the fast-fading channel,
we implement the rural macro (RMa) model as per 3GPP specifications [27]. We calcu-
late the reference signal received power (RSRP; ) for each user () from each BS () as
follows [17].

RSRP;;, = Pix.PLpyi-SFpu Y = 1N (|Hpuil®) ©)
k

where Py is the BS transmit power; PLy, ,, SF;, ,, and Hp, , x are path loss, shadow fading,
and channel experienced by the user u from the BS b on sub-carrier k, respectively. We
then attach every user to a BS from which it has maximum RSRP value. The remaining
BSs are considered as interference for that user.

The wideband signal-to-interference-plus-noise power ratio (SINR) is defined as the
ratio of the received signal power from the attached BS to the interference from the
other BSs plus noise. Thus, we calculate (SINR,, ,) for each user as follows.

RSRP,,,

SINR,,, =
P Sy 2 RSRPy, + (KT x BW)

(10)

where u is the user index, b is the attached BS, k is the Boltzmann constant, 7 is the tem-
perature, and BW is the bandwidth.

The coupling loss of a user is defined as the power loss in the received signal, as com-
pared to the transmitted signal. It includes path loss, shadow fading, antenna gains, and



Reddy et al. J Wireless Com Network (2022) 2022:57

average small-scale fading. We calculate the coupling loss (CLy,,) of a user () from its
attached BS () as follows.

CLp,, = RSRPy,, — Ptgs (11)

In Figs. 8 and 9, we present the CDF of wideband SINR and coupling loss generated
with our simulator and compare them against other companies’ curves that participated
in the 3GPP calibration activity [28]. The curves generated with our simulator com-
pletely align with the reference curves for both SINR and coupling loss.

5.2 System-level evaluation of proposed enhancements
The simulation parameters assumed for the evaluation of the proposed enhancements
are presented in Table 8. We assume an inter-site distance of 30 km and consider two
scenarios to capture the 4G-LTE/5G-NR deployments. In Scenario 1, we consider an
operating carrier frequency of fc = 700 MHz and antenna configuration of 16 elements
to suit the 4G-LTE deployment [16, 18]. In Scenario 2, we consider fc = 4 GHz and a
64 element antenna configuration to suit 5G-NR deployment [16, 18]. We also consider
TDD configurations with 40% and 20% duty cycle for the evaluation. We perform the
simulation with the existing 3GPP procedures and compare the performance against the
proposed enhancements. All the other general parameters like small-scale fading, large-
scale fading, user attach procedures, etc., are similar to the procedures followed in the
calibration.

In Fig. 10, we present a pictorial overview of the simulation procedure. We initially drop
10 users randomly in each sector and perform the user attach procedure. Then, we con-
sider an equal allocation of available resources to the attached users while evaluating the

Table 7 Simulation parameters for the calibration

Parameter

Value

Antenna at BS

Antenna at UE

Path loss model
Fast-fading model
Inter-site distance
System bandwidth

User density

User distribution
Mechanical/electrical tilt
BS/UE height

BS/UE transmit power (Pr)
BS/UE antenna gain
BS/UE noise figure
Interference modeling
Thermal noise

Sector boresight

User attachment
General parameters

MxNxP=8x4x?2
MxNxP=1x2x?2
RMa-LMLC as per [15]

RMa as per 3GPP TR 38.901 [27]
6 km

10 MHz

10 per sector

40% indoor 40% outdoor 20% outdoor in-car
90°in GCS/92°in LCS
35m/1.5m

46 dBm/23 dBm

8 dBi/0 dBi

5dB/7 dB

Explicit

=174 dBm/Hz

30/150/270 degrees

Based on RSRP

Parameters not mentioned explicitly are as per [28]

Page 19 of 29
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existing 3GPP scheme. For the proposed enhancements case, we consider maximum trans-
mit power based allocation presented in Sect. 4.2. We consider Tables 5 and 6 to assign
MCS to the users while evaluating 3GPP scheme and proposed enhancements, respectively.
We then set the transmit power to each user based on the power control mentioned in (4).
In the proposed enhancements, we consider an additional power boosting based on the
configured duty cycle for 77 /2-BPSK transmissions (discussed in Sect. 4.2). We then explic-
itly capture the interference from the users in other sectors and calculate the SINR at the
receiver assuming a minimum mean-squared error (MMSE) equalization for both the sce-
narios. We also account for the channel estimation errors while calculating the SINR for
each user. Based on this SINR, we decide ack/nack for the transmission. We continue this
procedure until we reach the required simulation time and then generate the desired per-
formance metrics.

Further, in real life, the channel estimation errors have a significant impact on the SINRs
of users. Hence, while evaluating the SINR, the channel estimation errors have to be
abstracted in the system-level simulations. Based on the approach mentioned in [29], we

define the abstraction as follows.

y=hx+n
h= yx*

=h+n

E(h — )= |E(x"n)| (12)
1
= |x|?0% = —— (. x is unit-modulus)
SNR
A 1
h=h+¢,¢e~ 0, —
ree~ N ( SNR)

Thus, we consider an additional noise because of channel estimation error (¢), while cal-
culating the interference for each user.
We then calculate the user throughput and cell throughput as follows.

Bits delivered by the user

User Throughput = - — (13)
Simulation time
100
80
60 r
I
[a)
@]
40
20 1
— 3GPP Reference
—— Simulated
0 | | | I I
-20 -10 0 10 20 30 40 50
SINR in dB

Fig. 8 Calibration of SINR with LMLC
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40 +
20 -
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-160 -140 -120 -100 -80 -60 -40

Coupling Loss in dB
Fig. 9 Calibration of coupling loss with LMLC

Table 8 Simulation parameters for system-level evaluation

Parameter Scenario 1 Scenario 2
Carrier frequency (fc) 700 MHz 4 GHz
Antenna at BS [M x N x P] 4x2x2 8x4x2
#TXRUs per sector 4 8
Antenna at UE 1
Inter-site distance 30 km
Receiver type MMSE
Resource allocation Equal allocation to attached users
Duty cycle Configuration 1: 40% UL

Configuration 2: 20% UL
Other parameters Parameters not explicitly

Mentioned here are as per Table 7

Bits delivered by all the users in a sector

Cell Throughput= (14)

Simulation time

In Figs. 11 and 12, the CDF of SINR is presented for the configurations of 40% and 20%
duty cycle, respectively. In both the figures, fc = 700 MHz represents a 4G-LTE scenario,
and fc = 4 GHz represents a 5G-NR scenario. With an increase in the carrier frequency,
the user observes comparatively more path loss. However, with higher frequency, the
BS can accommodate more antenna elements and compensate for this path loss. Thus,
despite more path loss, the SINR values are better for the fc = 4 GHz scenario because
of the 64 antenna elements at the BS. Further, when compared to the 3GPP scheme, with
the proposed enhancements, the user can transmit with an additional 8405t = 3 dB for
40% duty-cycle and 8po0st = 6 dB for 20% duty-cycle configurations, respectively. Since
large-cell sites are noise limited, this additional transmission power directly improves
the SINR values, as shown in Figs. 11 and 12.

In Figs. 13 and 14, the CDF of user throughput is presented for 40% duty-cycle and
20% duty-cycle configurations, respectively. The throughput values observed by the
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Drop the users randomly in
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v

Generate large-scale and
small-scale fading for each
BS-UE link [28]

v
Calculate RSRP for each
user from each BS
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Attach the user to the BS
with higher RSRP
!
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!

Generating channel for
current TTI
1
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¥
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!

MMSE Equalizer and SINR
estimation
!
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procedures

Yes

Simulation

Generating results

Fig. 10 Overview of the simulation procedure

users have a similar trend as that of the SINR values. Thus, the proposed enhance-
ments significantly improve user throughput. Note that compared to 40% duty-cycle
configuration, the throughput values are low in the 20% duty cycle because of the
fewer active uplink sub-frames.

We have summarized the cell-edge, mean, and median throughput values for all the
scenarios in Table 9. In Configurations 1 and 2, the proposed enhancements achieve
a close to 2 times and 4 times improvement in network capacity, respectively. For
the VoIP transmissions, a target throughput of 16 Kbps is required for the cell edge
[18]. Our proposed enhancements achieve the target cell-edge throughput for both
the 40% and 20% duty-cycle scenarios. Thus, the proposed enhancements can signifi-
cantly improve cell-edge coverage and achieve target data rates in extremely large-cell
sites.
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5.3 Link-level evaluation of proposed enhancements

The simulation parameters assumed for the link-level evaluation are presented in
Table 10. The evaluation is carried out as follows. In the case of the existing 3GPP
scheme, we assume one resource block allocation, calculate the transport-block size for
MCS = 0, attach a CRC to the transport block in each slot, and perform the link-level
evaluation. In the case of the proposed enhancements, we calculate the transport-block
size to fit in 2 slots and 4 slots. We then attach a CRC to the transport block once for the
payload transmitted in the 2 slots and 4 slots, respectively, and perform the link-level
evaluation. In the proposed enhancements scenario, reduced CRC overhead improves
the code rate for the user, and thus, achieves better performance. In Fig. 15, we compare
the BLER performance of the proposed enhancements against the 3GPP scheme. With
a slot aggregation of 4, the reduced CRC overhead results in close to 3 dB improvement.
This 3 dB gain results in a coverage improvement similar to the 3 dB power boosting
with the 77 /2-BPSK presented in Sect. 5.2. Further, note that the improved performance
with the transport-block scaling is significant at the lower code rates and smaller trans-
port-block sizes. This is the scenario in case of the large-cell sites, as the cell-edge users
typically transmit at fewer resource blocks and operate at lower code rates. Thus, our
proposed enhancements can significantly improve the coverage when compared to the
existing 3GPP schemes.

Further, we have evaluated the proposed enhancements for both VoIP and eMBB sce-
narios. In Fig. 16, we have presented the comparison of BLER with the 3GPP scheme and
the proposed enhancements for the VoIP scenario. We have considered the “DDDSU”
format, a code rate of 0.1533, and the transport-block size of 352 bits for the transmis-
sions. For evaluating the 3GPP scheme, we consider eight resource blocks for the user.
We then repeat the transport block eight times over time since we have eight uplink slots
in a 20 ms duration. While implementing the proposed enhancements, we assign only
one resource block and consider the resources available in all the eight uplink slots to
obtain one transport-block size. We then append one CRC and transmit it over eight
uplink slots. As shown in Fig. 16, with the proposed enhancements, there is a decrease in
the number of repetitions by a factor of eight, and hence, there will be a degradation of
7 dB in the performance at the 2% BLER. However, note that we are transmitting on the

100

fc=700 MHz
90 3GPP Scheme

fc=700 MHz
Proposed Enhancements

70 fc=4 GHz
3GPP Scheme

601 fe=4GHz
Proposed Enhancements
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Fig. 11 Uplink SINR CDF with 40% duty cycle
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Table 9 Summary of throughput results

Configuration 1 40% duty Configuration 2 20% duty
cycle cycle
3GPP scheme Proposed 3GPP scheme Proposed
enhancements enhancements
Scenario 1 5% user throughput  20.50 Kbps 39.26 Kbps 10.25 Kbps 35.42 Kbps
fc =700 MHz 50% user through-  45.71 Kbps 94.86 Kbps 22.85 Kbps 79.56 Kbps
put
Mean user through-  53.64 Kbps 103.8 Kbps 26.82 Kbps 84.61 Kbps
put
Mean cell through-  536.4 Kbps 1.038 Mbps 268.2 Kbps 846.1 Kbps
put
Scenario 2 5% user throughput  12.26 Kbps 21.00 Kbps 6.130 Kbps 21.79 Kbps
fc=4GHz 50% user through-  74.47 Kbps 142.2 Kbps 37.23 Kbps 100.4 Kbps
put
Mean user through-  83.75 Kbps 149.2 Kbps 41.87 Kbps 104.9 Kbps
put
Mean cell through-  837.5 Kbps 1.492 Mbps 418.7 Kbps 1.049 Mbps
put

lesser number of resource blocks in the proposed scheme. This helps the user increase
the transmit power by 9 dB, thus improving the cell coverage. We have used this link-
level evaluation of VoIP and have carried out the link budget evaluation to quantify the
improvement in the cell coverage. As shown in Table 11, the proposed enhancements
achieve an improvement of 452 m in the cell radius. Further, note that with the proposed
scheme, we are using 12.5% (or one-eighth) of the resources as compared to the current
3GPP scheme. We have carried out a similar evaluation for the eMBB scenario consider-
ing the desired data rates as 100 Kbps. Similar to the VoIP scenario, we observe degra-
dation in the link-level performance as shown in Fig. 17. However, with the increased
transmit power available at the user, considering this link-level evaluation, in Table 11,
we show an improvement of 158 m in the cell radius for the eMBB scenario. Thus, the
proposed enhancements help in achieving significant improvement in the network per-
formance and cell coverage.
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6 Conclusion and future work

In this paper, we have initially discussed various reasons why the latest cellular tech-
nologies could not improve rural connectivity in developing countries like India.
We have shown that large-cell sites are a practically feasible solution to significantly
enhance rural connectivity. We have performed a link budget evaluation of large-cell
sites in a rural scenario and have shown that it is infeasible to achieve cellular cover-
age with the current LTE/NR specifications. To address this issue, we have proposed
various enhancements related to waveform, code rates, resource allocation, and
power control mechanisms. We have then evaluated the proposed algorithms through
link and system-level simulations considering various configurations that are close to
real-life deployment. Our proposed enhancements significantly improve the signal-
to-noise power ratios and user throughputs compared to the existing 3GPP specifi-
cations. We have shown that our proposed solutions achieve minimum data-rate
requirements specified by 3GPP in a large-cell scenario and have shown 2—-4 times
improvement in the cell-edge coverage. In the future, we plan to implement and vali-

date the proposed enhancements on hardware test beds.
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Table 10 Simulation parameters for

link-level evaluation
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Parameter Value

System bandwidth 100 MHz

Sub-carrier spacing 30 KHz

Channel model Rural, TDL-D, 30 ns
Waveform DFT-s-OFDM

Modulation QPSK

Coding rate VolIP: 0.1533 eMBB:0.3008
Data rates VolIP: 320 bits in 20 ms

Resource blocks

eMBB: 100 Kbps
1

Repetitions VolIP: 8 eMBB:4
Number of tx chains 1
Number of rx chains 4
Number of reference symbols in a slot 3
Number of data symbols in a slot 9
Frame structure DDDSU
3GPP Scheme
[Slot aggregation = 1]
-x _Proposed Enhancements
[Slot aggregation = 2]
Proposed Enhancements
[Slot aggregation = 4]
% 107! 1
|
m
10-2 1 L
-14 -12 -10 - 2
SINR in dB
Fig. 15 Link-level evaluation of proposed transport-block scaling scheme
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Fig. 16 VolIP evaluations used for calculating cell radius in Table 11
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Fig. 17 eMBB evaluations used for calculating cell radius in Table 11

Table 11 Comparison of achievable cell coverage with the 3GPP scheme and proposed
enhancements

Scenario VolIP (m) eMBB (m)
3GPP scheme 4240 4173
Proposed enhancements 4692 4331

Gain 452 158

Abbreviations

3GPP 3rd-generation partnership project
4G-LTE 4G-long-term evolution

5G-NR 5G-new radio

o Fractional power control parameter
Ag Antenna gain
BLER Block error rate
BPSK Binary phase shift keying
BS Base station
CCDF Complementary cumulative distribution function
CDF Cumulative distribution function
cal Channel quality index
DFT-s-OFDM Discrete Fourier transform spread orthogonal frequency division multiplexing
eMBB Enhanced mobile broadband
GP Gram-panchayat
IMT International mobile telecommunications
mu International telecommunications union
LMLC Low-mobility large cell
LoS Line of sight
MCS Modulation and coding scheme
MIMO Multiple input multiple output
MMSE Minimum mean squared error
mMTC Massive machine-type communication
NBS Number of antennae at base station
NuEe Number of antennae at user equipment
Nrp Number of allocated resource blocks
NLoS Non-line of sight
NF Noise figure
OFDM Orthogonal frequency division multiplexing
PtBs Transmit power at base station
tUE Transmit power at user equipment
max Maximum transmit power at user equipment

0 Power control parameter
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PAPR Peak-to-average power ratio

PL Path loss

PRB Physical resource block

QAM Quadrature amplitude modulation

QPSK Quadrature phase shift keying

RMa Rural macro

SF Shadow fading

SINR Signal-to-interference-plus-noise power ratio
SNR Signal-to-noise power ratio

DD Time division duplexing

UE User equipment

URLLC Ultra reliable low latency communication
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