
 

   

 

 

 

 

  

                                                           
Manuscript received January 3, 2018; revised May 12, 2018. 
The first author is sponsored by the CAS-TWAS President’s 

Fellowship Program. 
*Corresponding author email: songch@ustc.edu.cn. 

doi:10.12720/jcm.13.6.293-302

 

293©2018 Journal of Communications

Journal of Communications Vol. 13, No. 6, June 2018

Narrowband Internet of Things: Repetition-Based Coverage 

Performance Analysis of Uplink Systems 
 

Md Sadek Ali, Yu Li, Song Chen, and Fujiang Lin 
Micro-/Nano-Electronic System Integration R&D Center (MESIC), Department of Electronic Science and Technology, 

University of Science and Technology of China (USTC), Hefei, Anhui, 230027, PR China 

Email: sadek@mail.ustc.edu.cn; yuli1@mail.ustc.edu.cn; songch@ustc.edu.cn; linfj@ustc.edu.cn 

 

 
Abstract—A novel narrowband and low-power wide area 

network (LPWAN) technology named Narrowband Internet of 

Things (NB-IoT) based on Long Term Evolution (LTE) has 

been standardized by 3rd Generation Partnership Project (3GPP) 

in Release-13 to provide massive connectivity for Internet of 

Things (IoT). In NB-IoT systems, repeating same signal over 

additional period of time has been taken as a key technique to 

enhance radio coverage up to 20 dB compared to the legacy 

General Packet Radio Service (GPRS). NB-IoT system 

modeling and optimization of system performance is still 

challenging particularly coverage improvement in the case of 

practical applications. In this paper, we develop a repetition-

dominated system model and evaluate the link-level coverage 

performance of NB-IoT uplink systems. Coverage performance 

based on signal repetition is also depended on the channel 

estimation accuracy. Besides, narrowband demodulation 

reference signal (NDMRS) assisted channel estimation and 

frequency-domain equalization are exploited on the receiver 

side. Link-level extensive simulations are performed to validate 

the uplink coverage performance for both single-tone and multi-

tone transmissions. The results show that our proposed system 

model with repetition-dominated approach guarantees the 

transmission reliability in worse channel conditions of NB-IoT 

uplink systems as well as enhance the radio coverage. 
 
Index Terms—Least Square (LS) estimation, Machine-to-

Machine (M2M) communications, narrowband internet of 

things (NB-IoT), Resource Unit (RU), repetitions, Single 

Carrier Frequency Division Multiple Access (SC-FDMA), Zero 

Forcing (ZF) equalization. 

 

I. INTRODUCTION 

Internet of Things (IoT) is the network of physical 

objects such as devices, vehicles, Radio-Frequency 

Identification (RFID) tags, sensors, and consumer-

electronics that are connected to the internet through 

embedded devices and software. Nowadays, IoT is one of 

the important strategic industries in the world. The 

massive number of connected IoT devices is growing to 

enable the future Fifth Generation (5G) wireless 

communication systems. Ericsson predicts that there will 

be around 28 billion connected devices by 2021, of which 

more than 15 billion will be connected Machine-to-

 
  

 
  

 

Machine (M2M) and consumer-electronics devices [1]. 

According to Nokia [2] based on Machina research 2015, 

an estimated 30 billion connected devices will be 

deployed by 2025, of which cellular IoT and low-power 

wide area (LPWA) modules are around 23%. Increasing 

number of smart devices and connections as those having 

advanced computing and multimedia capabilities that 

requires more capable and intelligent networks. On the 

other hand, LPWA connections specifically for M2M and 

consumer-electronics devices those need narrow 

bandwidth, wide geographic coverage, and low delay 

sensitivity [3]. 

Connectivity is the main objective of IoT, and the type 

of access required will be depended on the nature of 

applications. However, a significant share of devices will 

be served by short-range (e.g., tens or hundreds of meters) 

radio technologies such as Wi-Fi, Bluethooth low energy 

(BLE), ZigBee, Z-Wave, and so forth [4], [5]. There are a 

number of LPWA technologies allow devices to be 

connected to the internet that operate in unlicensed 

spectrum such as SigFox [6], and LoRa [7] and licensed 

band such as Global System for Mobile Communication 

(GSM), and 3rd Generation Partnership Project (3GPP) 

standard Long Term Evolution (LTE) with very limited 

demands on throughput and reliability. On the GSM side 

the so called Extended Coverage GSM (EC-GSM) 

standard was released whereas on the LTE side two new 

device categories were standardized in Release-13: LTE 

Cat-M1 and LTE Cat-NB1 also called Narrowband 

Internet of Things (NB-IoT) [8]. Both new LTE 

categories reduce the communication bandwidth from 20 

MHz (LTE Cat-1) to 1.4 MHz for Cat-M1 and to 200 

kHz for Cat-NB1 [9], [10]. Among these technologies, 

NB-IoT is designed as a key enabling technology 

specifically for ultra-low-throughput IoT applications. 

NB-IoT has a wide range of use cases in the future can be 

categorized as smart metering, smart cities, smart 

buildings, agriculture and environment, consumer, and so 

on. The motivation behind the new standard was 

designed to enable energy efficient operation of 

communication devices while reducing their cost and 

extending their coverage range. To meet the extremely 

demanding low energy requirements of IoT applications, 

the 3GPP specifications target devices with ten years of 

battery life. Study item regarding NB-IoT was created to 

attain the performance objectives [11], [12]: improved 
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indoor coverage, support massive number of low-

throughput devices, ultra-low-cost and complexity 

devices, improved power efficiency, and low delay 

sensitivity. Despite it being a key enabling technology for 

IoT, NB-IoT system modeling and optimization of 

system performance is still challenging particularly 

coverage enhancement. According to the specifications of 

3GPP in Release-13, repetition of user data has been 

taken as a key technique to enhance coverage and 

improve transmission reliability. Although large number 

of same signal repetition enhances coverage but reduces 

spectral efficiency. 

Since NB-IoT is still in its infancy, coverage analysis 

research is rather limited in current literature. In literature, 

most of the NB-IoT research focuses on frame structure 

design [11], scheduling and link adaptation [13], 

equalization and interference analysis [14], and system 

acquisition [15]. M. Lauridsen et al. [16] presented 

coverage comparison of GPRS, NB-IoT, LoRa, and 

SigFox in a 7800 Km
2
 area. The authors showed that NB-

IoT provides best coverage among four technologies. R. 

Ratasuk et al. [17] studied uplink and downlink data 

channel design and its performance for LTE NB-IoT. In 

[18], the authors evaluated the performance of different 

channel estimation algorithms for NB-IoT uplink systems. 

A. Adhikary et al. [19] evaluated the coverage 

performance of NB-IoT systems. This is the first time 

that a coverage performance was evaluated for both 

uplink and downlink. For the uplink only single-tone 

transmission was taken into account for evaluation. 

However, our study is entirely different from this work. 

To the best of our knowledge, coverage performance of 

NB-IoT uplink for multi-tone transmission has not been 

investigated yet.  

In this paper, we focus on developing a novel LTE-

based repetition-dominated NB-IoT uplink system model 

to evaluate the link-level coverage performance for both 

single-tone and multi-tone transmissions. We focus on 

uplink because uplink transmission of NB-IoT system is 

more complicated than downlink transmission. The major 

contribution of this paper can be summarized as follows: 

1. We provide a brief overview of NB-IoT systems 

including deployment options, multiple access 

schemes, and uplink resource unit (RU) definition. 

An analytic repetition-dominated NB-IoT uplink 

baseband signal model including narrowband 

demodulation reference signal (NDMRS) is derived 

based on our proposed system model. The purpose 

of signal repetition is to ensure the transmission 

reliability (i. e., block error rate (BLER) <10%) at 

low signal-to noise ratio (SNR) condition. 

2. We analyze NDMRS-based channel estimation and 

frequency-domain equalization (FDE) to combat 

multipath fading effect at the receiver. Least Square 

(LS) estimation and Zero Forcing (ZF) equalization 

are employed. 

3. Extensive computer simulations are performed to 

validate the link-level coverage performance of 

repetition-dominated NB-IoT uplink systems. The 

simulation results indicate that the radio coverage 

can be enhanced up to 20 dB compared to legacy 

LTE technology. 

The rest of the paper is organized as follows. In section 

II, a brief overview of NB-IoT systems is provided. 

Repetition-dominated NB-IoT uplink signal model is 

derived in section III. In section IV, theoretical analysis 

of channel estimation and frequency-domain equalization 

are provided. Simulation results and analysis are 

presented in section V. Finally, concludes the paper in 

section VI. 

Notations: Bold face lower-case (upper-case) letters 

are used to represent (time/frequency-domain) vectors 

and matrices, respectively. Superscripts T)(  and 

H)( denote the transpose and Hermitian of a vector, a 

scalar, or a matrix respectively and 1)(  denotes matrix 

inversion. The operator * and   denote the convolution 

operation and the absolute value respectively. 

II. OVERVIEW OF NB-IOT SYSTEMS 

NB-IoT is a new radio interface technology which 

occupies system bandwidth of 180 KHz for both uplink 

and downlink with half duplex frequency division 

duplexing (FDD). There are three deployment options 

defined by 3GPP standard such as stand-alone, in-band, 

and guard-band [20]. In stand-alone case, NB-IoT can be 

used one or more efficiently re-framed 200 KHz GSM 

carriers. For the in-band and guard-band deployment, 

NB-IoT supports most of the LTE functionalities with 

some simplification [21]. It therefore uses 180 KHz 

bandwidth, which corresponds to one physical resource 

block (PRB) of LTE transmission for in-band. It utilizes 

unused resource blocks within an LTE carrier’s guard-

band for guard-band deployment. The three deployment 

scenario of NB-IoT is shown in Fig. 1. 

 
Fig. 1. NB-IoT deployment options. 

In the downlink, NB-IoT completely allows downlink 

numerology from existing LTE technology. Thus, 

orthogonal frequency division multiplexing (OFDM) 

with 15 KHz sub-carrier spacing is used in the downlink. 

For baseband modulation in NB-IoT uplink two different 

schemes are possible [22]: multi-tone transmission is 

according to single-carrier frequency division multiple 

access (SC-FDMA) and single-tone transmission 

(FDMA). Both schemes are based on the separation of 

the available spectrum into orthogonal subcarriers, each 
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of which is then used to transfer a stream of data. In the 

case of SC-FDMA, multiple subcarriers are 

simultaneously used by the same user while for single-

tone transmissions each user only uses one subcarrier at a 

time. For single-tone transmission, two different 

subcarrier spacing are possible: 15 kHz and 3.75 kHz. 

The first one is the same as LTE standard and leads to a 

total of 12 subcarriers whereas the second one leads to a 

total of 48 subcarriers. Multi-tone transmissions can only 

use the 15 kHz subcarrier spacing [22]. 

TABLE I: NPUSCH RESOURCE UNIT (RU) FORMAT 

Subcarrier 

spacing 

No. of 

subcarriers 

No. of 

slots 

No. of SC-FDMA 

symbols 

3.75 KHz 1 16 112 

15 KHz 

1 16 112 

3 8 56 

6 4 28 

12 2 14 

 

Repetitions of user data block over a specified number 

of slots is the key technique allowed for NB-IoT to 

achieve deep penetration in excessive bad radio 

conditions. In the case of Narrowband Physical Uplink 

Shared Channel (NPUSCH) repetitions, the number of 

repetitions depends on the coverage enhancement level 

needed by low-end IoT devices [23]. However, 

repetitions for NPUSCH transmission can only be chosen 

from the set {1, 2, 4, 8, 16, 32, 64, 128}, where the 

numerical value indicates the repetition number of the 

same transport block. The 3GPP [22], introduces a new 

concept for NB-IoT uplink systems called Resource Unit 

(RU) as a basic unit for NPUSCH allocation. The Table I 

shows the characterization of NPUSCH resource unit. In 

3GPP [23] defined the Transport Block Size (TBS) with 

different number of RUs where TBS index represents the 

Modulation and Coding Scheme (MCS) level. The 

maximum supported TBS is 1000 bits in Release-13 of 

the NB-IoT specification. 

 

Pilot 

(NDMRS) 

P
h

y
si

ca
l 

R
es

o
u

rc
e 

D
em

a
p

p
in

g
 a

n
d

 

E
q

u
a
li

za
ti

o
n

 

S
cr

a
m

b
li

n
g
 

CP: Cyclic Prefix 

TU: Typical Urban 

M
o

d
u

la
ti

o
n

 

. .
 . 

 

    

F
F

T
 

. .
 .  

    

P
h

y
si

ca
l 

R
es

o
u

rc
e 

M
a

p
p

in
g
 

. .
 . 

 

    

IF
F

T
 

. .
 . 

 

    

A
d

d
 C

P
  

. .
 .  

    

P
a

ra
ll

el
-t

o
- 

S
er

ia
l 

(P
/S

) 

R
F

 F
ro

n
t-

E
n

d
 

(T
x

) 
R

F
 F

ro
n

t-
E

n
d

 

(R
x

) 

S
er

ia
l-

to
- 

P
a

ra
ll

el
 (

S
/P

) 

. .
 .  

    R
em

o
v

e 
C

P
 

. .
 .  

    

F
F

T
 

   
   

  .
 . 

.  

 

    

Channel 

Estimation 

. .
 .  

    

IF
F

T
 

S
er

ia
l-

to
- 

P
a

ra
ll

el
 (

S
/P

) 

. .
 .  

     P
a
ra

ll
el

-t
o

-

S
er

ia
l 

(P
/S

) 

D
em

o
d

u
la

ti
o

n
 

D
es

cr
a

m
b

li
n

g
 

Est. Output 

Codeword 

Input 

Codeword 

Channel 

(TU+AWGN) 

 
Fig. 2. Block diagram of NB-IoT uplink system model. 

III. NB-IOT UPLINK SYSTEM MODEL 

The proposed system model of NB-IoT uplink with 

channels, reference signal sequence, and the associated 

estimation and equalization blocks is shown in Fig. 2. 

The baseband signal processing in the transmitter of an 

uplink system is a combination of transport channel 

which is also known as uplink shared channel (UL-SCH) 

and data channel (NPUSCH) processing. Binary 

information arrives to the channel coding unit in the form 

of one TBS over a number of RUs. The number of 

resource unit is scheduled according to [23]. In UL-SCH 

processing [24], we perform transport block Cyclic 

Redundancy Check (CRC) attachment (e. g., 24 bits with 

generator polynomial gCRC24A(D)), turbo coding based on 

a 1/3-rate code, and rate matching to generate a codeword 

input to the NPUSCH. We assume that for a single 

codeword transmission, a block of bitN  transmitted bits 

  Tbit )1(),...,2(,1  Nbbbb  drawn from the output of 

the channel coding. The codeword bits b  are scrambled 

with the NB-IoT user equipment (NB-IoT UE) specific 

scrambling sequence. The output )(
~

ib can be expressed 

as 

2mod))()(()(
~

icibib   (1) 

where 1,,1,0 bit  Ni  , and )(ic  is the scrambling 

sequence defined by a length-31 Gold sequence [22]. The 

initialization value of the first sequence is specified with 

a unit impulse function of length-31. The second 

scrambling sequence can be initialized with 

  Ncell
ID

9
s

1314
RNTIinit 2222mod2 Nnnnc f   (2) 

where RNTIn denotes the index of radio network 

temporary identifier (RNTI), sn  is the first slot index of 
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the transmission  of the codeword, and Ncell
IDN is the 

narrowband physical cell identity number. For the 

repetitions of NPUSCH, the scrambling sequence will be 

reinitialized according to (2) after every NPUSCH
identicalN (i. e., 

same signal) transmission with sn  and fn set to the first 

slot and the frame respectively. 

The block of bits )(
~

ib  are modulated by exploiting 

NB-IoT supported modulation schemes (e. g., 2/ -

BPSK, and 4/ -QPSK) and yielding a block of 

complex-valued symbols T
symb )]1(),...,1(),0([  Nssss , 

where symbN  represents the number of modulated 

symbols. The block of modulation symbols s  is divided 

into NPUSCH
scsymb MN  groups, each corresponding to one 

SC-FDMA symbol. The quantity RBNPUSCH
RB

NPUSCH
sc . scNNM   

represents the number of scheduled subcarriers for 

NPUSCH transmission, where NPUSCH
RBN denotes the 

bandwidth of NPUSCH in terms of PRB, and RB
scN is the 

number of subcarriers in a PRB. The modulation 

constellation is transformed into frequency-domain by 

means of discrete Fourier transform (DFT) as 

NPUSCH
sc

NPUSCH
sc

21

NPUSCH NPUSCH
sc scNPUSCH

sc 0

NPUSCH
sc

NPUSCH
symb sc

1
( ) ( ) ,

0 1

0 1

ikM j
M

i

X l M k s l M i e
M

k M

l N M

 



    

  

  



 (3) 

yielding a block of frequency-domain symbols 
T

symb )]1(),...,1(),0([  Nxxxx . 

In NB-IoT uplink systems, known reference pilot 

symbols also known as NDMRS are multiplexed together 

with the user data symbols to estimate channel impulse 

response (CIR). A NDMRS sequence )(nud  for number of 

subcarriers in a resource unit 1RU
sc N  can be defined as 

RU
UL
slots

NPUSCH
rep0

),16mod())(21)(1(
2

1
)(

NNRn

nwncjnu



d
 (4) 

where  nc  is the binary sequence defined by a length-31 

Gold sequence, NPUSCH
repR  denotes the repetition number 

of the same signal, UL
slotsN  represents number of uplink 

slots, and RUN  is the number of resource units. The 

initialization value of the first sequence is specified with 

a unit impulse function of length-31. The initialization of 

the second sequence is denoted 35init c  at the start of 

the NPUSCH transmission [22]. The quantity  nw  is 

defined in [22] where the base sequence index 

16modNcell
IDNu   for NPUSCH format-1 without 

enabling group hopping. Thus, the NDMRS sequence 

)(ndu  for NPUSCH format-1 can be written as 

)()( nndu ud . (5) 

The NDMRS sequence )(ndu  for number of subcarriers 

greater than one in a RU is defined by a cyclic shift   of 

a base sequence as 

RU
sc

4)( 0,)( Nneend njnj
u    (6) 

where  n  is defined in [22] for  the scheduled number of 

subcarriers in a RU. We assume that there is no higher 

layer signaling, the base sequence index u  can be 

obtained as 

















12for 30mod

6for 14mod

3for 12mod

RU
sc

Ncell
ID

RU
sc

Ncell
ID

RU
sc

Ncell
ID

NN

NN

NN

u . (7) 

The cyclic shift   for 3RU
sc N  and 6 is defined in [22]. 

For 12RU
sc N , 0 . 

The physical resource element mapping is performed 

by placing frequency-domain symbols within the 

resource grid. NPUSCH can be mapped to one or more 

than one RU according to [23], each of which can be 

transmitted NPUSCH
repR  times. The block of frequency-

domain symbols X are mapped in sequence (i. e., 

localized mapping) to subcarriers assigned for 

transmission [22], [25]-[27]. The mapping to resource 

elements ),( lk will be accomplished at the first slot in the 

assigned RU in increasing order of the first subcarrier 

index k , then the symbol index l and finally the slot 

number. After mapping to slotsN slots, the slotsN  repeats 

NPUSCH
identicalN  additional times, before continuing the 

mapping of ( )X  to the following slot. The variable 

NPUSCH
identicalN  can be defined as 

 NPUSCH RU
rep scNPUSCH

identical
RU
sc

min / 2 ,4 1

1 1

R N
N

N

      
 

 (8) 

 










kHz 152

kHz 75.31
slots

f

f
N  (9) 

where, f denotes subcarrier spacing. The mapping of x  

is then repeated until UL
slotsRU

NPUSCH
rep NNR  slots have been 

transmitted.  
In each NB-IoT uplink slots, NDMRS are mapped in 

scheduled number of subcarriers in a RU of the fourth 

SC-FDMA symbols for 15 KHz subcarrier spacing 

whereas the fifth symbol for 3.75 KHz subcarrier spacing. 

Fig. 3 shows, for example, the NB-IoT uplink resource 

grid mapping of NPUSCH format-1 including NDMRS, 

where a RU contains 12 subcarriers for 15 KHz 

subcarrier spacing and only one subcarrier for 3.75 

subcarrier spacing. 
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Fig. 3. NB-IoT uplink resource grid mapping. 

The physical resource element mapping is followed by 

an inverse discrete Fourier transform (IDFT) to convert 

the data into time-domain signal. After the Cyclic Prefix 

insertion of length lNCP, , the time-domain signal )(tyl  in 

SC-FDMA symbol }6,...,1,0{l in an uplink slot for 

multi-tone transmission can be written as 

     

 

 






 

12/

2/

212
,

RU
sc

RU
sc

s,CP
)(

N

Nk

TNtfkj
lkl

leaty   (10) 

for   s,CP0 TNNt l   where  2RU
sc

)( Nkk  , 

2048N , kHz 15f , sT is the basic time unit specified 

for NB-IoT  as a factor of )204815000/(1s T  seconds, 

and 
lk

a
,

is the content of resource element  lk, . Note 

that only normal CP length lNCP, of existing LTE is 

supported in Release-13 of the NB-IoT specification. 

For single-tone transmission, the time-domain signal 

 ty lk , for the k -th subcarrier in SC-FDMA symbol l  in 

an uplink slot can be represented as  

 2RU
sc

)(

)()21(2
,,

lcp,,
)(

Nkk

eeay slk TNtfkjj
lklk












 (11) 

for   s,CP0 TNNt l   where parameters for 

kHz 15f  and kHz 75.3f  are given in Table II, 

lka ,)(  is the modulation value of symbol l  and the phase 

rotation lk ,  is defined  according to [22] 

TABLE II: SC-FDMA PARAMETERS FOR 1RU
sc N  

Parameter Subcarrier spacing 

 3.75 KHz 15 KHz 

N  8192 2048 

Cyclic prefix 

length lN ,CP  256 
0for    160 l  

6,...,2,1for    144 l  

Set of values for 

k  -24,-23,…,23 -6,-5,…,5 

   

      

UL
symb

UL
symb

UL
slotsRU

NPUSCH
rep

s,

,

mod
~

1,...,1,0
~

0
~

2/121
~

ˆ

0
~

0~
ˆ

QPSKfor 
4

BPSKfor 
2

~
ˆ2mod

~

Nll

NNNRl

lTNNkfl

l
l

ll

lCPk

k

klk







































 (12) 

where l
~

 is the symbol counter that is reset at the start of 

a transmission and incremented for each symbol during 

the time of transmission. 

The time-domain baseband signal is upconverted by a 

RF front-end and then propagates through a multipath 

fading channel whose delay speared is considered to be 

smaller than the CP length. The received signal for both 

multi-tone and single-tone transmission is composed of 

the signals from different channel paths and additive 

noise which can be modeled as the convolution of 

transmitted signal and CIR 

)()(*)()(tone-M twthtytr l   (13) 

 

)()(*)()( ,tone-S twthtytr lk   (14) 

where )(tw is the Additive White Gaussian Noise 

(AWGN) with zero mean and noise variance 2 , 

)(tone-M tr and )(tone-S tr  represents the received signal for 

multi-tone and single-tone transmission respectively, and 

)(th denotes the CIR of the multipath fading channel with 

a finite number of L distinct taps can be expressed as 

)()(

1

0

i

L

i

i tth  




 (15) 

where i  and i represents the attenuation and the delay 

of the i -th path respectively. Hence, the distorted and 

delayed version of the received signal can be written as 

)()()(

1

0

tone-M twtytr il
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i

i 




  (16) 
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i 




 . (17) 

After removing CP, the receiver performs inverse 

operations of the NPUSCH and the UL-SCH processing 

including NDMRS assisted channel estimation and 

frequency-domain equalization which are described in 

section IV. 

IV. CHANNEL ESTIMATION AND EQUALIZATION 

Channel estimation is performed based on the known 

NDMRS symbols. This can be accomplished by using 

Least Square (LS) algorithm, which is one-dimensional 

(1D) estimator. We assume that all the subcarriers RU
scN  



 

  

  

 

  

  

 

  

  

  

  

  

 

  

  

  

  

  

  

  

  

  

  

 

 

  

  

  

  

  

 

298©2018 Journal of Communications

Journal of Communications Vol. 13, No. 6, June 2018

in a RU are occupied by pilot symbols, and we arrange p  

as a group of pilot symbols for RU
scN subcarriers as 

TNppp )]1(...)1()0([ RU
sc p . (18) 

Let P  is a RU
sc

RU
sc NN   matrix with elements of p  on 

its diagonal can be expressed as 





















)1(0

0)0(

RU
scNp

p







P . (19) 

The LS channel estimator estimates the channel 

impulse response LSĥ  by minimizing the square error 

 as 

2

LS
ˆ

RU
sc

hPWy N  (20) 

and 

)ˆ()ˆmin(argˆ
LS

H
LSˆLS RU

sc
RU
sc

hPWyhPWyh
LSh NN   (21) 

where RU
scNW is the RU

sc
RU
sc NN    DFT matrix, and y is the 

received vector which has the dimension 1RU
sc N . The 

estimated channel impulse response that minimizes  as 

yPMWh HH
LS RU

sc

ˆ
N

  (22) 

where 

1HH )( RU
sc

RU
sc

 NN
WPPWM . (23) 

The frequency-domain representation of (22) can be 

expressed as 

yPMWW

hWH

HH

LSLS

RU
sc

RU
sc

RU
sc

ˆˆ

NN

N




. (24) 

Finally, from (23) and (24), the channel impulse response 

can be estimated as 

yPH 1LS
ˆ  (25) 

where P contains only the pilot symbols and y represents 

received pilot symbols excluding data symbols. Thus, the 

LS estimation estimates the channel impulse response in 

frequency-domain by simply dividing the received pilots 

by the known transmitted pilots. The channel impulse 

responses for the remaining SC-FDMA symbols of the 

resource grid are estimated by using 1D time-domain 

interpolation. 

The equalizer gain in frequency-domain can be 

computed by means of Zero-Forcing (ZF) algorithm as 

LS

ZF
Ĥ

y
H   (26) 

where y  represents received pilot symbols and LSĤ  

denotes the frequency-domain channel impulse response 

estimated by LS algorithm. ZF is the simplest algorithm, 

in which the gain is found as the ratio of the resource 

element to the estimated channel at each subcarrier. 

V. SIMULATION RESULTS AND ANALYSIS 

We consider LTE-based NB-IoT uplink systems 

according to block diagram as shown in Fig. 2 to evaluate 

the link-level coverage performance of NPUSCH format-

1. To evaluate the achievable coverage performance 

through computer simulations, we set the fundamental 

parameters as listed in Table III and referred to figure 

captions for better understanding. In this case, we 

consider a simple single-input single-output (SISO) 

system for both single-tone with 15 KHz and 3.75 KHz 

subcarrier spacing and multi-tone transmissions. Link 

performance is evaluated under Typical Urban (TU) 

channel and Doppler of 1 Hz. 

TABLE III: SIMULATION PARAMETERS 

Parameter Value 

System bandwidth 180 KHz 

Carrier bandwidth 900 MHz 

Subcarrier spacing 15 KHz, 3.75 KHz 

Transmission mode Singe-tone, multi-tone(3, 6, and 12) 

Channel coding Turbo(1/3-coding rate) 

Modulation schemes BPSK, QPSK 

CRC 24 bits 

Antenna 

configuration 

SISO (1Tx×1Rx) 

Propagation channel TU, fd=1 Hz 

Channel estimation LS (NDMRS-based) 

Equalization Zero Forcing 

Number of iterations 105 

Simulation tool MATLAB (R2016b) 

 

Simulation results of the performance for our proposed 

repetition-dominated system by employing both 2/ -

BPSK, and 4/ -QPSK modulations with different 

simulation settings for single-tone transmission are 

shown in Fig. 4 and Fig. 5. We set the repetition number 

to make sure the transmission reliability (i. e., 

BLER 10 percent) at low SNR. As shown in Fig. 4, we 

compare the performance of NPUSCH between 15 KHz 

and 3.75 KHz subcarrier spacing for same transmission 

time and resources. Transmission time and resource 

utilization are the main objective in our coverage 

investigation because small transmission time and high 

rate of resource utilization can enhance the data rate of 

NB-IoT systems. The results indicate that the BLER 

increases with as the receive SNR decreases (i. e., worse 

channel condition). For RU=10 as shown in Fig. 5, 

coverage performance is slightly less than or equal to the 

performance of RU=1 due to same transmission time. 

Furthermore, coverage performance with the 15 KHz 

subcarrier spacing is always better than the 3.75 KHz 

subcarrier spacing in any repetition. Performance results 

for single-tone transmission are summarized in Table IV. 
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Fig. 6 shows the coverage investigation of NPUSCH 

for multi-tone transmission by exploiting QPSK 

modulation scheme. The simulation result shows that the 

coverage performance increases with as the subcarrier 

and repetition number increases. The summery of our 

investigations for multi-tone transmission are given in 

Table V. 

TABLE IV: PERFORMANCE OF NPUSCH FOR SINGLE-TONE TRANSMISSION 

Subcarrier spacing Modula-tion MCS 
Tx- time (ms) 

Repetition 
SNR (dB) (BLER=10-1) 

RU=1 RU=10 

15 KHz 

BPSK 
0 32 4 7 6 

0 512 64 -3.6 -2.4 

QPSK 
4 32 4 10 13 

4 512 64 -2.4 -2.2 

3.75 KHz 

BPSK 
0 32 1 10 14 

0 512 16 -2.4 -1 

QPSK 
4 32 1 12 14.5 

4 512 16 -1.2 -1 

TABLE V: PERFORMANCE OF NPUSCH FOR MULTI-TONE TRANSMISSION 

No. of Subcarriers Modula-tion MCS Tx- time (ms) Repetition SNR (dB) (BLER=10-1) RU=1 

3 

QPSK 

4 4 1 12.5 

4 128 32 -1 

6 
4 4 2 10 

4 128 64 -2.5 

12 
4 4 4 6 

4 128 128 -3.2 

 

 
(a)                                                                                                                   (b) 

Fig. 4. BLER performance of NPUSCH with single-tone transmission for both 15 KHz and 3.75 KHz subcarrier spacing using repetitions. Resource 

unit RU=1. (a) 2/ -BPSK , and TBS=16. (b) 4/ -QPSK, and TBS=56. 

 
(a)                                                                                                                   (b) 

Fig. 5. BLER performance of NPUSCH with single-tone transmission for both 15 KHz and 3.75 KHz subcarrier spacing using repetitions. Resource 

unit RU=10.  (a) 2/ -BPSK , and TBS=256. (b) 4/ -QPSK, and TBS=680.  

(b) 

(b) 
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Fig. 6. BLER performance of NPUSCH for multi-tone transmission 

with QPSK modulation when TBS=56. 

Moreover, the simulation curves in Fig. 7 show the 

relationship between repetition and received SNR for 

different numbers of resource unit. The results suggesting 

that with large number of repetitions up to 128, the 

transmit data block can be decoded even when the noise 

power is greater than the signal power. Finally, we 

conclude that user data can be transmitted in extremely 

bad radio conditions by utilizing signal repetition as well 

as our developed uplink system model is feasible to 

practical implementation of  low-complexity NB-IoT  

systems. 

 
Fig. 7. Relationship curves between repetition number and receive SNR 

for NB-IoT uplink systems. 

VI. CONCLUSION 

In this paper, we provide a brief overview of NB-IoT 

systems and identify different parameters and operations 

required to evaluate the uplink coverage performance. An 

analytic repetition-dominated baseband signal model is 

derived for LTE-based NB-IoT uplink systems. A simple 

single-input single-output (SISO) system is considered 

for our analysis and investigation. Coverage performance 

is investigated for both single-tone and multi-tone 

transmissions. LS channel estimation and ZF equalization 

is performed in the receiver side which can be fit with 

low-complexity NB-IoT systems. Rigorous link-level 

computer simulations are provided to evaluate the 

coverage performance using signal repetition techniques. 

Our evaluations show that coverage performance can be 

significantly improved as with the large number of same 

signal repetitions. The coverage performance also 

depends on channel estimation quality. In the future, we 

will conduct channel estimation by means of noise power 

and channel covariance matrix and take into account the 

receive diversity for NB-IoT uplink systems performance 

analysis. 
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