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Abstract— Low Power Wide Area (LPWA) connectivity, a 
wireless wide area technology that is characterized for 
interconnecting devices with low bandwidth connectivity and 
focusing on range and power efficiency, is seen as one of the 
fastest-growing components of Internet-of-Things (IoT). The 
LPWA connectivity is used to serve a diverse range of vertical 
applications, including agriculture, consumer, industrial, logistic, 
smart building, smart city and utilities. 3GPP has defined the 
maiden Narrowband IoT (NB-IoT) specification in Release 13 
(Rel-13) to accommodate the LPWA demand. Several major 
cellular operators, such as China Mobile, Deutsch Telekom and 
Vodafone, have announced their NB-IoT trials or commercial 
network in year 2017. In Telekom Malaysia, we have setup a NB-
IoT trial network for End-to-End (E2E) integration study. Our 
experimental assessment showed that the battery lifetime target 
for NB-IoT devices as stated by 3GPP utilizing latest-to-date 
Commercial Off-The-Shelf (COTS) NB-IoT modules is yet to be 
realized. Finally, several recommendations on how to optimize 
the battery lifetime while designing firmware for NB-IoT device 
are also provided.   

Keywords—Low Power Wide Area Network; NB-IoT; Energy 
Consumption Evaluation; Data over Non-Access Stratum (NAS) 

I. INTRODUCTION 

The number of LPWA network deployments is continuing 
to increase, with 85 new commercial networks announced in 
2016 [1]. Various LPWA technologies have been proposed 
either utilizing unlicensed spectrum, such as LoRaWAN [2] 
and Sigfox [3], or utilizing licensed spectrum backed by 3rd 
Generation Partnership Project (3GPP) known as NB-IoT and 
Cat-M1. LPWA networks are designed mainly for IoT and 
machine-to-machine (M2M) applications that are characterized 
to support long range operations and with devices supporting 
low data rates and low power consumption. An analyst firm, 
Machina Research, anticipates that there will be 3 billion 
LPWA connections by 2025 [4] serving different verticals, 
such as utilities, agriculture, manufacturing, wearable and 
transport.  

NB-IoT first standardized by 3GPP in its Rel-13 is intended 
to fulfill the design target of additional 20 dB coverage 
extension compared with legacy General Packet Radio Service 
(GPRS) while limiting the maximum transmit power of device 
to 23 dBm. Besides, it should have the ability to power up by 
battery technologies used for low cost IoT products. It is also 

an ultra-low complexity device implementation that is 
designed to be deployed in minimum system bandwidth of 200 
kHz and tight interworking with LTE. It is optimized on 
overall capacity supporting different LPWA coverage classes. 
Paving its way to 5G massive IoT, 3GPP has continue its 
standardization efforts on NB-IoT with additional new features 
on Rel-14 [5] and Rel-15 [6].  

NB-IoT technology allows operators to deploy it inside its 
LTE carrier using only one single Physical Resource Block 
(PRB) of 180 kHz either at guard-band or in-band. In addition, 
the standard also supports standalone mode at other re-farmed 
GSM frequency bands. The advantage of deploying NB-IoT 
for LTE operators is the ability to reuse almost all the LTE 
network elements, starting from Remote Radio Unit (RRU), 
eNodeB (eNB) to Evolved Packet Core (EPC) and only 
software upgrade on the above mentioned network elements is 
required. Besides, IoT security for the connected devices can 
be safeguarded using 3GPP LTE grade security framework.  

Besides, the NB-IoT device should be able to be powered 
up by using battery with low self-discharge rate. No labour 
cost is required to replace the battery once the sensor is 
deployed. This is essential for use case, such as water metering 
solution that has no constant power source to power up the 
NB-IoT device. Based on energy consumption evaluation in 
3GPP technical report [7], the battery life for Maximum 
Coupling Loss (MCL) 164 dB for 200 bytes with 2 hours 
reporting interval is 1.5 years and with 1 day reporting interval 
is 12.8 years. For the best case scenario with MCL 144 dB, the 
battery life time can last for 18.2 years with 2 hours reporting 
interval and 34.9 years with 1 day reporting interval. To the 
best of our knowledge, there is no experimental assessment to 
study the energy consumption using Commercial Off-The-
Shelf (COTS) NB-IoT module. For our current measurement 
study, we have successfully integrated E2E NB-IoT network 
using COTS NB-IoT modules, commercial NB-IoT network 
and our application server. Hence, our experimental 
assessment can serve as preliminary result for optimizing the 
LTE network parameters to further extend the battery lifetime 
[8]. 

The remainder of this paper is organized as follows. The 
energy consumption methodology is introduced in section 2, 
including the description of data transmission over NAS.  
Section 3 describes our experimental setup and results. Finally, 
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section 4 summarizes our paper with conclusion and 
discussion. 

II. ENERGY CONSUMPTION METHODOLOGY 

A. 3GPP Based Energy Consumption Evaluation 

3GPP has defined different events that affect the energy 
consumption for IP packet exchange including a device 
sending an IP packet and receiving an IP acknowledgement of 
that packet [7]. Transmit (Tx) event includes the Random 
Access Channel (RACH) transmission and the IP reporting. 
Meanwhile, the Receive (Rx) event consists of network 
synchronization, broadcast information detection, Layer 2 (L2) 
acknowledgement and neighboring cell monitoring. The 
energy consumed per data report in Joule can be derived based 
on the power consumption during Tx event, Rx event and idle 
state as follow:       E1 = (eTx + eRx + eIdle) / 1 000 000          (1)  
where eTx, eRx and eIdle represent the power consumption in 
mWatt × ms during Tx event, Rx event and idle state 
respectively. The idle state is the duration that the device does 
not transmit or receive but yet to enter the Power Saving State 
(PSS). The energy consumed per day is derived as follow:                    E2 = (n × E1) + (ePSS × 3600 × 24 / 1000)        (2) 
 

where ePSS denotes the power consumption during PSS while 
n indicates the number of data reports per day. Using equation 
(2) and assuming a battery capacity of 5Wh, days or years of 
battery lifetime can be determined.  

S11

IoT Platform/
Application Server

UE

eNodeB

MME

S-GW/P-GW

HSS

S1-MME

SGi

 
Figure 1.  Network Diagram for Data over NAS 

B. NB-IoT Data Transmission over NAS 

The number of NB-IoT devices with infrequent small data 
transmission is estimated to be 50,000 within a cell site sector 
[7]. To efficiently utilize the radio and network resources in 
3GPP system, data over NAS is proposed to release the burden 
of core network and radio interface. As illustrated in Figure 1, 
the User Equipment (UE) or NB-IoT device utilizes the S1-
MME interface to send the data towards Mobility Management 
Entity (MME). Then, the MME reroutes the traffic towards 
Service Gateway (S-GW) and Packet Data Network Gateway 
(P-GW) via S11 interface before going to the IoT platform or 
application server. Thus, no establishment of dedicated radio 
bearers (DRB) and S1-U bearers linked between eNB and S-

GW are required. Hence, the signaling procedures over Uu 
interface and S1 interface are significantly reduced. 

Figure 2 further illustrates mobile originated (MO) data 
transport in NAS Protocol Data Unit (PDU) [9]. During the 
Radio Resource Control (RRC) connection establishment, the 
NAS PDU carrying the uplink (UL) data from the NB-IoT 
device is sent to the eNB. The eNB relays the NAS PDU using 
a S1-AP Initial UE message to the MME. The MME then 
sends UL data to the P-GW via the S-GW. Meanwhile, 
downlink (DL) data is encapsulated in a NAS PDU and sent to 
the eNB using a downlink S1-AP message. The eNB sends a 
RRC DL message including the DL user data encapsulated in 
NAS PDU to the NB-IoT device. More detailed RRC 
procedure for data over NAS is illustrated in Figure 3.  

The procedures for NB-IoT data reporting can be 
summarized as follow: 

- Network Registration and Evolved Packet System 
(EPS) Bearer Activation 

- RRC UL Data Transmission 

- RRC DL Data Transmission 

- S1 Release 

Network registration and EPS bearer activation include cell 
specific information acquisition, network synchronization and 
also random access procedure. These activities are partially 
belonged to the Tx event and the Rx event that we have 
discussed in previous section. The L2 or MAC layer 
acknowledgement is sent by either UE or eNB after each 
successful RRC signaling transmission. UL data transmission, 
DL data transmission and S1 release are all occupying the 
transmission time and the reception time. Thus, these activities 
are also belonged to the Tx event and the Rx event.    

 
Figure 2.  Mobile Originated (MO) Data Transport in NAS PDU 
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Figure 3.  RRC UL/DL Transmission for NB-IoT using Data over NAS 

III.   EXPERIMENTAL RESULTS 

To measure the energy consumption using COTS NB-IoT 
module, we have acquired both NB-IoT modules from Ublox 
[10] and Quectel [11]. Both of them are using Huawei’s 
HiSilicon Boudica chipset and claimed to be 3GPP Rel-13 
compliance. The NB-IoT module has been integrated to our 
designed Printed Circuit Board (PCB) as shown in Figure 4. 
Both NB-IoT modules support up to 27.2 kbps UL and up to 
62.5 kbps DL with transmit power of 23 dBm. Both of 
modules claimed to support deep-sleep power mode to 
maintain extremely low current consumption. The Radio 
Access Network (RAN) that we have used to perform our 
measurement study is Huawei Baseband Unit (BBU) with 
eRAN firmware 12.0 equipped with Remote Radio Unit 
(RRU). The core network is virtual EPC from Huawei. The 
network configuration for our current measurement is 
summarized in Table I. The tracking area update (TAU) timer, 
T3412 is configured as 54 minute. T3412 timer is the duration 
of NB-IoT device staying in Power Saving Mode (PSM). 
Another important timer, T3324 is the active time duration for 
the NB-IoT device staying in idle mode before entering PSM. 
However, T3324 timer is not configured in our network setup. 
The PSM flow is illustrated in Figure 5.  

Meanwhile, Python scripts [12] with relevant AT 
commands have been created to emulate the required 
procedures for NB-IoT module and application server to 
complete the data reporting as discussed in previous section. 
Our application server replies the same number of bytes 
received from the NB-IoT module. We have configured 200 

bytes of data transmission and reception for our measurement 
as according to 3GPP TR 45.820. The measurement is 
performed using Tektronix TDS5054B Digital Phosphor 
Oscilloscope by capturing the current over a 10 seconds period. 
The 10 seconds duration is sufficient to complete 1 cycle of 
data reporting. Our measurements are captured with signal 
strength around -36 dBm or MCL 59 dB. Our measurement is 
considered the best case scenario since the setting of the UE 
transmit power for a Narrowband Physical Uplink Shared 
Channel (NPUSCH) transmission is based on the estimated 
downlink path loss [13]. Lastly, the nominal supply voltage for 
Ublox and Quectel are both 3.6V and 3.8V respectively. 

 
Figure 4.  NB-IoT Module with USB Interface  

TABLE 1. RAN PARAMETERS  FOR NB-IOT 

Network 
Parameters 

LTE Cell NB-IoT Cell 

Frequency Band Band 5 or 850MHz 

NB-IoT Mode N/A Guard-Band 

DL Bandwidth 10MHz 180kHz 

DL EARFCN 2450 2416 

DL Frequency 874MHz 869.2MHz 

UL Bandwidth 10MHz 180kHz 

UL EARFCN 20450 20402 

UL Frequency 829MHz 824.2MHz 

DL MCS 256QAM QPSK 

UL MCS 64QAM BPSK/QPSK 

Max. Tx Power 20W per antenna 

Tx Mode 2T2R 
      * EARFCN: E-UTRA Absolute Radio Frequency Channel Number 

The measurement results of DC current consumption with 
forced Public Land Mobile Network (PLMN) selection and 
auto PLMN selection for both Quectel and Ublox are shown in 
Figure 6. For auto PLMN selection, the NB-IoT module 
attempts to select and register to an NB-IoT network using the 
installed SIM card. We have highlighted the duration of Tx 
event and the Rx event in our measurement results using green 
line. Before the Tx/Rx events, the NB-IoT module reboots its 
firmware and proceeds with network registration and EPS 
bearer activation.  To calculate the energy consumption, we 
have decided to ignore the idle state and PSS immediately after 
the Tx/Rx event. This is due to the inconsistent UE behavior in 
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our measurement and thus, it is difficult for us to determine the 
exact time for each NB-IoT module entering idle state and 
PSS. 

Connected Tx/Rx Data

Idle
Power Save 

Mode

RRC Connection 
Release

Timer T3324 
Expired

Timer T3412 
Expired

 
Figure 5.  Timer related to NB-IoT’s Power Saving Mode 

The total current consumptions for 1 cycle data reporting 
are 184 mA for Quectel using auto connect, 214 mA for 
Quectel using forced PLMN selection, 150 mA for Ublox 
using auto connect and 175 mA for Ublox using forced PLMN 
selection. Using the equation (1) and (2), we have calculated 
the energy consumed per day with 2 hours reporting interval as 
43.92 Joules for Quectel using auto connect, 77.14 Joules for 
Quectel using forced PLMN selection, 58.04 Joules for Ublox 
using auto connect and 59.68 Joules for Ublox using forced 
PLMN selection. Table II summarizes the energy consumed 
per data report. Assuming battery capacity of 5Wh, the battery 
life can only last for 409 days, 233 days, 310 days and 301 
days respectively. This assumes that the NB-IoT module needs 
to perform the network registration and EPS bearer activation 
again whenever it is powered up. If this is performed only 
once, then the battery life of NB-IoT module can last longer 
with the results of 11.8 years, 11.2 years, 12.6 years and 12.3 
years respectively. However, based on calculated energy 
consumption, the battery life time of our NB-IoT module is 
still unable to meet the estimated 18.2 years [7] stated by 
3GPP.  

TABLE 2. ENERGY CONSUMPTION FOR NB-IOT MEASUREMENT 

NB-IoT Module / 
Registration Mode 

Energy Consumed per Data Report (Joules) 
Network Registration and 
Default EPS Activation 

Tx/Rx 

Quectel Auto 
Connect 

3.3134 0.3462 

Quectel Forced 
PLMN Selection 6.0622 0.3662 

Ublox Auto Connect 4.5109 0.3259 
Ublox Forced PLMN 
Selection 4.6384 0.3448 

IV.   CONCLUSION AND DISCUSSION 

Based on our measurement result, the firmware design for 
NB-IoT module is critical to prolong the battery lifetime. If the 
NB-IoT module is required to register to NB-IoT network and 
activate the default EPS bearer for each reporting, the battery 
life time is drastically reduced from 12 years to merely 1 year. 
We have found out that this repetition of network attach and 
detach is quite common for most firmware in microcontroller 

interfacing with 2G/3G embedded module. Thus, we need to 
avoid this when interfacing with NB-IoT module. NB-IoT 
module consumes as low as 5 µA and 6 mA in PSM and idle 
mode respectively. To enter the PSM, one has to make sure 
that the T3324 timer in range of 0 up to 11,160 seconds (3.1 
minutes) is configured at the EPC. By entering PSM, the NB-
IoT module does not need to perform network registration and 
default EPS bearer activation again whenever it wakes up for 
data transmission. T3412 timer can be configured up to 186 
minutes. This can ultimately save 2 minutes or 48 hours of 
battery lifetime if the NB-IoT module stays in idle mode or 
enters the PSM compared to repeating the network registration 
and EPS bearer activation. However, longer PSM can further 
delay the data reporting and may not be suitable for real-time 
reporting application. 

Non-IP data transmission over NAS can also be considered 
to prolong the battery lifetime. The UDP/IP header constitutes 
28 bytes for IPv4-based transmission or 48 bytes for IPv6-
based transmission. Removing UDP/IP header for non-IP data 
transmission shortens the channel occupying time by NB-IoT 
module. Besides, the microcontroller has less data to process 
and thus consumes less energy in overall. Unfortunately, this 
feature is not yet available in our released firmware. So, we 
will revisit this 3GPP compliance feature in our future study. 
3GPP has also continued its standardization efforts on further 
power consumption reduction, such as quick release of RRC 
connection after the last data transmission, early data 
transmission, RACH optimization and etc. In conclusion, the 
energy consumption for COTS NB-IoT module has failed to 
meet the estimated battery lifetime. But we believe that 
continuous development and standardization efforts will 
definitely help to achieve its estimated battery lifetime.     
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Figure 6.  DC Current Comsunption for Quectel (a) Auto Connect (b) Forced 
PLMN Selection; Ublox (c) Auto Connect (d) Forced PLMN Selection 
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