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Abstract
Narrowband Internet of Things (NB-IoT) is a cellular-based technology stan-
dardized by the Third Generation Partnership Project (3GPP) in Release-13
with the primary focus to support low-power, low-data rate, and delay-tolerant
applications. The main contributions of this article are: (a) we describe the archi-
tecture of NB-IoT and its evolution in further 3GPP Releases and (b) we develop
a semi-Markov based energy-saving model for the NB-IoT device. Different from
the other existing approaches which focus on the optimization of power con-
sumption of the NB-IoT device, we propose the addition of a novel Auxiliary
State to the conventional NB-IoT Discontinuous Reception (DRX) mechanism.
This state facilitates the reduction in energy consumption of the NB-IoT device,
especially in case of small data transmission. The performance of the proposed
scheme is analyzed in terms of power saving factor and average delay experi-
enced by the device for varying eDRX timer, PSM timer, DRX cycle duration, and
DRX active duration values. The proposed model is also evaluated for different
arrival rates of the data packets and thresholds on the number of data packets.
In this study, we claim that the newly introduced Auxiliary State improves the
power saving of the NB-IoT user on the arrival of very small data packets. Numer-
ical results show that the power saving factor increases up to 97.1% and 98.25%
by varying the eDRX timer and PSM timer, respectively.

1 INTRODUCTION

Internet of Things (IoT) has witnessed a substantial increase in the number of use cases over the last decade. These
applications usually demand low data rate, long battery life, and low power consumption but also require wide coverage
and simultaneous support for a large number of devices.2 The number of smart devices are expected to drastically with
time. To address this huge user demand, along with unlicensed spectrum,3 Low Power Wide Area (LPWA) networks
are being deployed. The vision of LPWA networks lies in delivering high connectivity, low data rate, and low power
requirements. These networks can be driven by either cellular or non-cellular communication technologies. Among the
diverse range of the available technologies, cellular-based NB-IoT is a the prominent solutions, standardized by Third
Generation Partnership Project (3GPP) Release-13.4 There are a wide variety of IoT applications like smart parking,5
e-Health,6 smart cities,7,8 logistics, smart agriculture, smart waste management, and various other emerging applications.
NB-IoT technology is generally considered appropriate for users having a small amount of infrequent and delay-tolerant
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data. NB-IoT devices are best suited for the users transmitting small-sized data, which is also delay tolerant.9 Also, the
deployment of NB-IoT is faster and simpler because the NB-IoT technology co-exists with the legacy LTE network. NB-IoT
now provides group communication, advanced positioning, and limited mobility support.10 Moreover, NB-IoT is used in
the licensed bands and thus, does not suffer from major interference issues. The primary goals of NB-IoT discussed in
3GPP standards11 include

• Support 20+ dB deep coverage (both indoor and outdoor) compared to legacy LTE by supporting a Maximum Coupling
Loss (MCL) of 164 dB.

• Support ultra-low complexity by simplifying the device structure and reducing the network protocol volume, resulting
in the decrease in device cost.

• Support massive number of connections, that is, more than 52 500 connections per cell.
• Support a battery life of more than 10 years for NB-IoT devices.

In this work, we emphasize on increasing the battery life of the NB-IoT device. The power-saving of the NB-IoT
user is one of the major challenges to be dealt with. Efficient energy management also corresponds to cost-saving. The
energy-saving often comes with a trade-off with delay. In this article, we concentrate on the energy-saving mechanism
in the presence of very small data. We consider a supplementary active state, known as Auxiliary State which assists in
saving the power of the NB-IoT users, especially when the data is very small. When the number of incoming data packets
is less than a threshold, the data is served in the proposed Auxiliary State and the device transits back to eDRX or PSM
state to continue the sleep timer. This Auxiliary State prevents the user from going to the RRC_Connected ON state. If
the user goes to the RRC_Connected ON state, it monitors the PDCCH channel for any intimation of the data packet and
after data transmission/reception, further waits for the user inactivity timer to expire before moving to the eDRX and PSM
states. This entire process consumes more energy when compared to our proposed Auxiliary State. Naturally, it helps in
saving the power of the user. The major contributions are as follows: (i) In this work, we model the DRX mechanism
in NB-IoT in both RRC_Connected and RRC_Idle state. We propose the additional Auxiliary State to the existing model
of DRX, which facilitates in power saving of the NB-IoT user; (ii) We propose a six-state semi-Markov model to analyze
the performance of NB-IoT. The primary objective of adding the Auxiliary State is to reduce the power consumed by the
NB-IoT user in the presence of very small data traffic; (iii) Using the proposed state diagram, we derive the analytical
expressions of power-saving and delay to analyze the gain in power saving due to the inclusion of the Auxiliary State; (iv)
We highlight the compromise between the delay and power saving of the user. Numerical results show that the power
saving factor increase up to 97.1% and 98.25% by varying the eDRX timer and PSM timer, respectively.

Organization of the article: The overview of the NB-IoT technology, discussing the major enhancements until 3GPP
Rel-17 with an emphasis on the energy management techniques in NB-IoT is described Section 2. In Section 3, we dis-
cuss the analytical model and describe the proposed algorithm. Subsequently, Section 4 describes the numerical results
obtained from the analytical modeling. Finally, Section 5 concludes the article.

2 OVERVIEW OF NB-IoT

In this section, we review the basic concept of NB-IoT and its enhancements as well as NB-IoT energy saving mecha-
nism. NB-IoT architecture re-uses most of the principles of conventional LTE architecture. An eNB supporting NB-IoT
is connected via Uu interface to the NB-IoT users. Similarly, it is connected to MME via S1-MME interface and to S-GW
via the S1-U interface, as shown in Figure 1. The MME and the S-GW are connected to each other via the S11-C interface
and the S11-U interface over the control and the user planes, respectively. Similarly, the S-GW and the P-GW are con-
nected using the S5-C and the S5-U interfaces over the control plane and the user plane, respectively. Conventional LTE
architecture does not support the S11-U interface. This is a new interface added in NB-IoT architecture to support data
transmission through control plane Cellular- IoT (CIoT) Evolved Packet System (EPS) optimization. There are two opti-
mizations defined for CIoT in EPS for small data transfer: (i) Control Plane CIoT EPS Optimization (CP optimization),
where the data is exchanged between the user and the eNB on the control plane and (ii) User Plane CIoT EPS Optimiza-
tion (UP optimization).4 It is mandatory for NB-IoT users to support CP optimization but the support of UP optimization
is not mandatory. Since NB-IoT is designed to use low data rate, these optimizations help in reducing the signaling load
over the radio network.
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F I G U R E 1 Architecture of NB-IoT

T A B L E 1 Uplink and downlink air interface of NB-IoT (3GPP Rel-13)

Parameters Uplink (UL) in NB-IoT Downlink (DL) in NB-IoT

Access method SC-FDMA OFDMA

Carrier spacing 15 kHz, 3.75 kHz 15 kHz

Modulation QPSK (Multi tone), pi/4 QPSK and pi/2 BPSK (Single tone) QPSK

RX antennas Two/four RX in eNB One RX antenna in UE

Max payload size 1000 bits 680 bits

Channels NPRACH RA to achieve UL synchronization NPDCCH DL/UL scheduling information, NPDCCH
order for RA, paging

NPUSCH UL data TX, UL control information NPDSCH DL data transmission

NPBCH MIB transmission

Signals - Demodulation reference signal NPSS, NSSS Time and frequency synchronization

NRS DL reference signal

Abbreviations: NPBCH: Narrowband Physical Broadcast Channel; NPDCCH: Narrowband Physical Downlink Control Channel; NPDSCH: Narrowband
Physical Downlink Shared Channel; NPSS: Narrowband Primary Synchronization Signal; NSSS: Narrowband Secondary Synchronization Signal; NRS:
Narrowband Reference Signal; NPRACH: Narrowband Physical Random Access Channel; NPUSCH: Narrowband Physical Uplink Shared Channel;
Demodulation Reference Signal.

The NB-IoT channel bandwidth and full carrier bandwidth are 200 and 180 kHz, respectively, in both uplink and
downlink.4 Orthogonal Frequency Division Multiple Access (OFDMA) is used in the downlink with 15 kHz subcarriers,
which is the same as LTE. NB-IoT uses a radio frame of 10 ms containing subframes of 1 ms each. In the frequency domain,
it uses a single Physical Resource Block (PRB) which has 12 sub-carriers. NB-IoT has only three downlink channels and
signals, as explained in Table 1. Unlike conventional LTE, Physical HARQ Indicator Channel (PHICH) is not defined
in NB-IoT and the HARQ uplink ACK/NACK is transmitted using the Downlink Control Information (DCI) through
NPDCCH. Similarly, the Physical Control Format Indicator Channel (PCFICH) of conventional LTE is also not needed
in NB-IoT because NB-IoT uses a fixed control format size. For detailed information about NB-IoT downlink, one can
refer to References 12,13. Single-carrier Frequency-Division Multiple Access (SC-FDMA) is applied in the uplink. It can
support single-tone as well as multi-tone transmissions. Single-tone transmission supports two numerologies: 15 kHz,
which is identical to conventional LTE, and 3.75 kHz, which is not used in conventional LTE. The 3.75 kHz sub-carrier
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spacing, having a 2 ms slot duration and 48 sub-carriers, is newly introduced in NB-IoT. It improves NB-IoT coverage by
allowing the user to transmit in a smaller bandwidth, thus increasing its Signal-to-Noise Ratio (SNR).14 Unlike conven-
tional LTE, NB-IoT has only two uplink channels and one reference signal described in Table 1. NB-IoT also supports
Frequency Division Duplex (FDD) and Time Division Duplex (TDD) modes. The physical channels described in NB-IoT
for both downlink and uplink are summarized in Table 1. Moreover, it reuses the LTE specifications of channel cod-
ing, rate matching, interleaving, etc. It supports three flexible deployments modes: in-band mode, guard-band mode,
and stand-alone mode. In in-band mode, NB-IoT uses one PRB within the LTE bandwidth but does not interfere with
the resources reserved for LTE signal transmission.15 In guard-band Mode, NB-IoT uses one PRB within LTE carrier
guard-band, thus causing minimal impact on LTE.16 In stand-alone Mode, no PRB is reserved for NB-IoT in LTE fre-
quency band and instead, a new frequency is allocated to the NB-IoT carrier, usually by re-farming one or more GSM or
other RAT channels.

NB-IoT provides an extensive range of coverage, where the network can configure up to three coverage enhancement
levels 0, 1, and 2. Coverage enhancement level 0 should support an MCL of 144 dB while coverage enhancement levels
1 and 2 should support an MCL of 154 and 164 dB, respectively. However, the network operator can configure the actual
MCL value, if needed. NB-IoT extends the coverage by supporting multiple repetitions of transmitted data: up to 128 rep-
etitions in uplink and 2048 repetitions in downlink are allowed. Additionally, single-tone transmission which allows the
use of a smaller bandwidth as compared to multi-tone transmission also enhances the coverage of NB-IoT. Authors in Ref-
erence 12 provide a detailed description of NB-IoT radio access, and highlights its difference with the legacy LTE network.
Also, the comprehensive study on the evolution of existing work done in NB-IoT can be found in References 17-19.

2.1 Enhancements in NB-IoT

NB-IoT provides connectivity to a vast variety of IoT devices in the licensed spectrum. To improve the NB-IoT port-
folio, several new functions are introduced in NB-IoT in 3GPP Rel-14 in June 2017.10 The new features are likely
to broaden the scope of NB-IoT by introducing new use-cases and the enhanced functionalities aim to improve sys-
tem capacity, flexibility, and energy efficiency. Some enhancements included in this 3GPP release are the support for
higher data rate, positioning, multicast, multi-carrier enhancement, lower transmission power, and release assistance
indication.10 NB-IoT is intended to deal with diverse traffic scenarios for which CAT NB-2 device category was intro-
duced. It supports higher Transport Block Size (TBS) (2536 bits) in uplink as well as downlink. It also supports a
second HARQ process. 3GPP Rel-14 allows supporting a class of low-power users with a maximum uplink transmis-
sion power of 14 dBm. For the mobile use-cases such as safety monitoring, smart parking, etc., where the knowledge
of user position is crucial, advanced positioning and location estimation features like Observed Time Difference of
Arrival (OTDOA), enhanced Cell ID (eCID) were introduced in NB-IoT in Rel-14. Furthermore, to support massive num-
ber of users while ensuring energy and resource efficiency, multicast functionality of Single-Cell Point-To- Multipoint
(SC-PTM) was added. It enables group communication by enabling the eNB to communicate with a group of NB-IoT
users by a single multicast transmission. The details of the enhancements introduced by the 3GPP Rel-14 can be found in
Reference 17.

There are certain interesting enhancements introduced by 3GPP Rel-15 which continue the progress towards the
enrichment of NB-IoT ecosystem. These enhancements are expected to lead to improvements in latency, user power con-
sumption, measurement accuracy, cell range, and load control.20,21 The enhancements introduced in the release include
the support for mobile-originated Early Data Transmission (EDT), Wake-up Signal (WUS), Time Division Duplexing
(TDD), etc. The concept of EDT is primarily introduced to promote the energy saving and lower the data transmission
latency of the NB-IoT device by utilizing the random access procedure to transmit small amounts of data. The utilization
of the resource spectrum is further optimized by the introduction of TDD mode for both uplink and downlink data. WUS
also further lowers the power consumption of NB-IoT users.

NB-IoT is commercially recognized and the number of NB-IoT device units in service is increasing rapidly. To support
the growing number of devices, 3GPP Rel-16 continues to further enhance NB-IoT features to improve network operation
efficiency. Following 3GPP Rel-15, mobile terminated EDT is introduced in NB-IoT. Different from 3GPP Rel-15, where
the WUS is cell-specific and causes all the users to wake up even if paging is required for only one user in the cell, the
user group WUS will cause the users to wake up only if there is at least one user in the group which requires paging.
The concept of the Self-Organizing Network (SON) function was introduced, which facilitates the reporting of random
access performance, radio link failure, global cell identity, etc. To allow NB-IoT to co-exist with 5G NR, various issues like
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uplink/downlink resource reservation for NB-IoT carriers, coexistence with multiple NR numerologies, NB-IoT carrier
placement and synchronization, etc. are considered in 3GPP Rel-16.

3GPP is working towards broadening the use cases of LPWA IoT. To support these use cases, 3GPP Rel-17 continues
to further enhance NB-IoT features. Uplink/downlink 16-QAM is expected to be supported where the channel quality
reporting mechanism may be modified to support 16-QAM. A new carrier selection scheme based on coverage level,
service, user capability, and carrier-specific configuration may be introduced. NB-IoT may be further enhanced to sup-
port non-terrestrial networks.22 Other enhancements such as frequency hopping between NB-IoT carriers, cross-carrier
scheduling, fine-grained channel quality reporting, escalated paging, very low user power class, early termination of
NPUSCH, etc. are expected to be supported in 3GPP Rel-17.

2.2 Energy management in NB-IoT

NB-IoT devices are primarily designed to have a long battery life, usually more than 10 years. To reduce the energy con-
sumption of the devices, PSM was added by 3GPP in Rel-12 while eDRX was added in Rel- 13, respectively.24 Using these
techniques, the user can enter a low-power state when there is no data to be served, similar to the DRX in LTE.25 Legacy
DRX can be used while the device has an active RRC connection while eDRX and PSM can be used when the device has
no RRC connection. Figure 2 delineates the behavior of NB-IoT in both RRC_Connected and RRC_Idle states.

The NB-IoT user and the eNB communicate by establishing an RRC connection and the user is said to be in
RRC_Connected state.26 The energy consumption by the user in RRC_Connected state is higher as compared to that in
RRC_Idle state. This is because dedicated bearers are established to initiate data transmission and also, PDCCH channel
is monitored for any data intimation in the downlink or data grant in the uplink. The DRX feature is used to save power
in RRC_Connected state. If there is no data intimation, the user goes to the sleep state and saves the power of the device.
However, the user wakes up periodically at defined ON durations or Active durations to monitor any indication of data.
In case there is data available, the user serves it and again transits to the sleep state to wait for the arrival of the next Active
duration. When the user inactivity timer expires, the RRC connection is released and the user moves to RRC_Idle state.

The network configures the NB-IoT user with PSM timer (T3412) and eDRX timer (T3324). Both the timers are started
as soon as the user is in RRC_Idle state. The eDRX timer corresponds to the period in which the user can communicate
with the network by monitoring NPDCCH on regular POs while T3324 is running. The number of POs, NPag, corresponds
to NPag = TeDRX∕Tpag and these POs occur within a Paging Time Window (PTW). In case the device receives the paging
message, it has to perform a random access procedure to receive the downlink data packet. After the expiry of the T3324,
the user transits to the PSM state and remains in it until the expiry of the T3412 timer, whose maximum value can be
413.3 days. So, the user spends T3412-T3324 time in the PSM state, during which time its power consumption is extremely
low. In this state, although the user remains registered to the network, but its radio connection is turned off, making it
inaccessible by the network. This means that the user cannot receive any information from the data and control channel
from the network. Naturally, the energy saved by the user comes at the expense of higher response time of the user, that
is, higher latency.
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2.3 Related work

Energy efficiency is a major concern for NB-IoT devices. To enhance the battery life of the NB-IoT users, PSM and eDRX
modes are introduced in NB-IoT in 3GPP Rel-12 and Rel-13, respectively. Zhu et al9 propose a joint resource allocation for
the cluster-based NB-IoT devices. The major goal of the work is to improve the energy efficiency of the NB-IoT system.
Authors in Reference 26 present and analyze the power consumption model of an NB-IoT user. They use both theoretical
analysis as well as simulations to validate the proposed scheme. Average delay and power consumption of cellular IoT
under periodic uplink traffic are analyzed using a semi-Markov model.27 Moreover, the optimal value of the PSM timer
derived using the proposed optimization model minimizes the energy consumption of the device while maintaining the
delay requirements. Azari et al28 propose a queuing theory-based approach to analyze the impact of data scheduling
model on average delay and energy consumption of NB-IoT device. Their simulation results also validate the analytical
models, indicating that effective scheduling in uplink as well as downlink directions can help in improving the latency
requirements and lifetime of the device.

Research work in Reference 29 explores the energy consumed by a device while transmitting data over NB-IoT network
in different coverage scenarios. Simulation results demonstrate that the energy consumed by the devices when con-
nected to NB-IoT network is less than that by legacy LTE due to the presence of deep sleep mode. A Markov chain-based
NB-IoT energy consumption model is proposed to estimate the power usage and latency of a user sending periodic
uplink reports.30 Authors in Reference 31 propose a group-based DRX for massive number of IoT devices. They use a
semi-Markov based model to evaluate the power saving factor and wake-up latency of group-based DRX. Liang et al32

propose an efficient resource scheduling scheme to guarantee the QoS and transmission reliability of the NB-IoT device
while minimizing its energy consumption. Research work in Reference 33 analyzes, through experimental observations,
the network performance, and energy consumption of the NB-IoT device. The study shows that the energy consumed by
the device majorly depends on the module, the operator, the quality of the signal, the enhancements introduced by 3GPP
(like Release Assistance Indicator (RAI) and eDRX), and the size of the packets. The authors conclude that paging inter-
vals in the connected state majorly contribute to the energy consumed by the NB-IoT device. Authors also claim that the
energy consumption does not depend on the size of the packet and the signal quality.

In the above-mentioned works, the authors describe resource allocation methods and energy consumption optimiza-
tion techniques for the NB-IoT devices. Effective scheduling schemes for both uplink and downlink are also proposed
to improve the latency requirements of the users. However, no research work describes the impact of an auxiliary state
for very small data (ie, very small number of data packets). This motivates us to introduce a novel auxiliary state for very
small data traffic, which further enhances the energy efficiency of the NB-IoT device. We show that in case of small data
packets, the auxiliary state will prevent the user from going to RRC_Connected ON state. Instead, the packet is served
in the auxiliary state and user transits back to eDRX or PSM state to continue the sleep timer. Thus, we (a) redesign the
DRX model of NB-IoT by including auxiliary state and (b) analyze the performance of the DRX model in terms of power
saving factor and average delay.

3 PROPOSED ENERGY-SAVING MECHANISM IN NB-IoT

The proposed scheme for power-saving mechanism while transmission of small data in NB-IoT is discussed in the section.
Here, we present an analytical modeling of the DRX mechanism.

3.1 Energy-saving model of NB-IoT

Conservation of the users’ power is an important concern in NB-IoT devices. In our proposal, we include a novel Auxiliary
State to serve very small number of incoming data packets. To differentiate between incoming traffic, we define a threshold
Dth, based on the number of incoming data packets. If the number of incoming data packets > Dth, the data is served
using the conventional mechanism. However, if the number of incoming packets ≤ Dth, then the data is served by the
proposed Auxiliary State. The intimation of the arrival data can be either in eDRX state, S2 or PSM state, S3. Note that
the states are explained in the following text. Once the data packet is served, the user switches back to the corresponding
state (either S2 or S3). The benefit of including the new Auxiliary State, S6, is that it restricts the user from going to the
RRC_Connected ON state for serving small number of data packets. In RRC_Connected ON state, the user has to wait
for the user inactivity timer to complete and then transit to eDRX or PSM state. The energy spent by the user waiting for
the user inactivity timer to expire before entering the sleep state can be saved by including the new Auxiliary State.
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F I G U R E 3 State transition diagram of proposed DRX in NB-IoT

The steps of the proposed DRX mechanism in both RRC_Connected and RRC_Idle states are described in Algorithm 1.
It also describes the user behavior based on data traffic arrival. Subsequently, by analyzing the time spent by the user in
the sleep and the active states, we can estimate the power saving factor. Moreover, the delay can be calculated by estimat-
ing the average time spent by the user in the sleep states. We model the DRX in NB-IoT using a six state semi-Markov
model, where the current state is used to predict the future state. The semi-Markov model of NB-IoT given in Figure 3 is
explained as follows.

• RRC_Connected ON state (S1): In S1, the NB-IoT user consumes maximum power as it uses dedicated bearers to either
transmit or receive the data packet and/or monitor the NPDCCH channel for downlink data notification, as shown in
lines 4-6 of Algorithm 1. The duration of RRC_Connected ON state is given by Tactive. When there is no data before
Tactive expires, the user periodically transits from RRC_Connected ON state to RRC_Connected sleep state, S5, for NDRX
times and saves power of the device (lines 7-15 of Algorithm 1). In case there is no further intimation of data, the user
inactivity timer expires and the user releases the RRC connection to transit to the eDRX state, S2, and saves power, as
explained in line 17-18 of Algorithm 1. The user inactivity timer is given by NDRX (Tactive + Tsleep).

• eDRX state (S2): The user stays in eDRX state until the eDRX timer, TeDRX , expires. While the eDRX timer is running,
the user receives a regular PO indicating the arrival and size of downlink data. In case of indication of the downlink
data, the user switches to RACH state, S4 to perform random access mechanism (lines 19-20 of Algorithm 1). If there
is no packet arrival before the eDRX timer expires, the user transits to PSM state S3, as mentioned in lines 24-25 of
Algorithm 1.

• PSM state (S3): After the expiration of eDRX timer, the user transits to PSM state until the PSM timer, TPSM , expires.
In this state, the user is connected to the network but is not reachable. At the expiry of TPSM , the user transits to state
S4 to perform random access (lines 26-27 of Algorithm 1). The energy consumed by the device on PSM state is less as
compared to eDRX state, S2.

• RACH state (S4): In case of the data, the user has to execute random access mechanism and request for uplink channel
resources from the eNB. In this state, we assume a deterministic delay TRA incurred in the random access procedure.
The TRA is the time assumed to be spent in random access procedure.30

• RRC_Connected sleep state (S5): On the expiry of the RRC_Connected ON state timer, Tactive, the user switches to state
S5, and remains there until the Tsleep expires (lines 8-9 of Algorithm 1). Upon the expiry of Tsleep, the user transits back
to state S1 and serves the data. This procedure is repeated for NDRX times, until the user inactivity timer expires.

• Auxiliary State (S6): The user transits to Auxiliary State, S6, when the number of data packets are less than a threshold
value, Dth. We denote the time spent by the user in auxiliary state by Taux. When the user is in eDRX state S2 and there
is an indication of data, if the number of incoming data packets ≤ Dth, the user transits to S6 state, after going to RACH
state S4, and serves the packets. After serving the packets, the user transits back to state S2 and saves power. Similarly,
if there is an indication of data while the user is in PSM state S3, the user moves to state S6 only if the number of data
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Algorithm 1. Energy saving mechanism in NB-IoT with Auxiliary State

1: Input: Tactive,Tsleep,TeDRX ,TPSM ,TRA,Taux,NDRX ,Dth
2: Output: Power saving factor and average delay
3: User is in RRC_Connected ON state S1 and checks for data packets in buffer
4: if Data buffer > 0 and Tactive is running then
5: Serve the incoming data packet
6: Reset the NDRX
7: else if Data buffer = 0 and Tactive has expired then
8: S1 → S5 for Tsleep time
9: when Tsleep expires, S5 → S1

10: NDRX = NDRX − 1
11: if Data buffer > 0 then
12: Go to line 5
13: else if NDRX>0 then
14: Go to line 8
15: end if
16: else
17: S1 → S2 for sleeps for TeDRX time
18: Check for packets during paging occasion
19: if Data buffer > 0 then
20: S2 → S4 for TRA time
21: Go to line 28
22: else
23: Remain in S2 until TeDRX times expires
24: When TeDRX has expired
25: S2 → S3 for TPSM time
26: When TPSM has expired
27: S3 → S4 for TRA time
28: if (number of data packets < Dth) then
29: S4 → S6 for Taux time and serve the data packet
30: if Data packet is from S2 then
31: S6 → S2 after serving the data packet
32: else
33: S6 → S3 after serving the data packet
34: end if
35: else
36: S4 → S1 for Tactive time
37: Go to line 5
38: end if
39: end if
40: end if

packets ≤ Dth. After serving the data packets, the user transits back to PSM state (line 34) and saves the power of the
device. This operation is explained in lines 28-34 of Algorithm 1.

3.2 Analysis of energy-saving model

We analytically compute the state transition matrix of the proposed DRX mechanism for NB-IoT and estimate the
power-saving factor and average delay for the proposed DRX mechanism. We assume that the packet arrivals follow
a Poisson distribution of 𝜆 packets per sec and the packet interval time follows an exponential distribution with a
mean value of 1∕𝜆.33 The NB-IoT user remains in RRC_Connected ON state, S1, for Tactive time with the probability
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of P1,1. If no packet arrives before the inactivity timer of the user expires, it transits to the eDRX state, S2, with the
probability of P1,2. The NB-IoT user switches to RRC_Connected sleep state S5 periodically, with the probability of P1,5
after every Tactive interval to save the power of the device. The state transition probabilities P1,1,P1,2, and P1,5 can be
computed as

P1,1 = Pr(T ≤ Tactive) = 1 − e−𝜆Tactive , (1a)

P1,2 = e−𝜆NDRX (Tsleep+Tactive), (1b)

P1,5 = 1 − P1,1 − P1,2. (1c)

In eDRX sleep state, S2, the user wakes up at defined POs to monitor the presence of data packet. In case of packet
arrival, the user moves to RACH state, S4, with the probability of P2,4, and performs random access. If there is no packet
arrival before the expiry of TeDRX , the user switches to the PSM state, S3, with the probability of P2,3. The eDRX timer is
given by TeDRX = NpagTpag. The state transition probabilities P2,4 and P2,3 are as follows

P2,4 = Pr(T > TeDRX ) = e−𝜆TeDRX , (2a)

P2,3 = 1 − P2,4 = 1 − e−𝜆TeDRX . (2b)

The user remains in PSM state S3 for TPSM time. The user switches to state S4 to perform random access with the prob-
ability P3,4 = 1 on the expiry of the PSM sleep timer TPSM . In RACH state S4, there are three possible state transitions: (i)
if the number of the data packet is more than Dth, the user moves to the RRC_Connected ON state S1 with the proba-
bility of P4,1 and serves the packet, (ii) in case of the failed attempt of random access, the user remains in state S4 to the
re-perform the random access with a probability of P4,4, and (iii) if the size of the data packet is less than the Dth value, the
user moves to the Auxiliary State S6 with the probability of P4,6 and serves the packet. The state transition probabilities
P4,1,P4,4, and P4,6 are given as

P4,1 = (1 − e−𝜆TRA)(Dth+1), (3a)

P4,4 = Pr(T > TRA) = e−𝜆TRA , (3b)

P4,6 = 1 − P4,1 − P4,4. (3c)

In the RRC_Connected sleep state, S5, the user stays for a sleep time Tsleep and switches to RRC_Connected ON, S1,
state with the probability P5,1 = 1. In Auxiliary State, S6, the user switches back to either state S2 or state S3 with the
probabilities of P6,2 and P6,3, respectively, depending on the state from where the data arrives. For instance, upon the
arrival of the packet when the user is in state S2, user transits to state S4 and performs random access, and then, switches
to state S6 to serve the packet. In this case, the user switches back to state S2 and restarts the sleep timer TeDRX . The state
transition probabilities, P6,2 and P6,3, are given as

P6,2 = Pr(T > Taux)Pr(T ≤ TeDRX ) = e−𝜆Taux (1 − e−𝜆TeDRX ), (4a)

P6,3 = 1 − P6,2. (4b)

The state transition probability matrix P for the proposed DRX mechanism, given in Figure 3 can be given by

P =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

P1,1 P1,2 0 0 P1,5 0
0 0 P2,3 P2,4 0 0
0 0 0 P3,4 0 0

P4,1 0 0 P4,4 0 P4,6

P5,1 0 0 0 0 0
0 P6,2 P6,3 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)
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Then from the given transition probability matrix P, the steady-state probabilities, 𝜋i∀i ∈ {1, 2, 3, 4, 5, 6}, for staying
in state Si can be obtained by using the equation

∑6
i=1𝜋i = 1 and the balance equation

∑6
j=1𝜋jPj,i = 𝜋i∀i. The steady-state

probabilities are given as

∏
=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

𝜋1 = P4,1

P4,1[1+P1,5+P1,2(1+P2,3)]+(1−P1,1−P5,1P1,5)[1+P4,6(1+P6,3+P6,2(1+P2,3)]

𝜋2 = P1,2P4,1+P6,2P4,6(1−P1,1−P1,5P5,1)
P4,1[1+P1,5+P1,2(1+P2,3)]+(1−P1,1−P5,1P1,5)[1+P4,6(1+P6,3+P6,2(1+P2,3)]

𝜋3 = P1,2P4,1P2,3+P4,6(1−P1,1−P1,5P5,1)(P2,3P6,2+P6,3)
P4,1[1+P1,5+P1,2(1+P2,3)]+(1−P1,1−P5,1P1,5)[1+P4,6(1+P6,3+P6,2(1+P2,3)]

𝜋4 = 1−P1,1−P1,5P5,1

P4,1[1+P1,5+P1,2(1+P2,3)]+(1−P1,1−P5,1P1,5)[1+P4,6(1+P6,3+P6,2(1+P2,3)]

𝜋5 = P1,5P4,1

P4,1[1+P1,5+P1,2(1+P2,3)]+(1−P1,1−P5,1P1,5)[1+P4,6(1+P6,3+P6,2(1+P2,3)]

𝜋6 = P4,6(1−P1,1P1,5P5,1)
P4,1[1+P1,5+P1,2(1+P2,3)]+(1−P1,1−P5,1P1,5)[1+P4,6(1+P6,3+P6,2(1+P2,3)]

(6)

After estimating the steady-state probabilities and the transition probabilities, we now evaluate the state holding times.
The estimation of holding time helps in the analysis of power-saving by calculating the amount of time spent by the user
in the sleep mode. The holding times E[𝜂i] ∀i ∈ {1, 2, 3, 4, 5, 6} for the 6-state DRX denote how long the user will stay in
Si ∀i ∈ {1, 2, 3, 4, 5, 6} of semi-Markov model. The holding times E[𝜂1]34 and E[𝜂2] are given by

E[𝜂1] =
1 − e−𝜆Tactive

(1 − e−𝜆)e−𝜆Tactive
, (7)

E[𝜂2] =

TeDRX

∫
0

tPr[tk = t]dt = 1 − e−𝜆TeDRX

𝜆
. (8)

In state S3, the device is turned off making the user inaccessible by the network. However, in case of the uplink data, the
user transits to state S4, performs random access, and serves the data. The holding times E[𝜂3] and E[𝜂4] are computed as

E[𝜂3] =

TPSM

∫
0

tPr[tk = t]dt = 1 − e−𝜆TPSM

𝜆
, (9)

E[𝜂4] =

TRA

∫
0

tPr[tk = t]dt = 1 − e−𝜆TRA

𝜆
. (10)

Similarly, the user stays in state S5 for the sleep time Tsleep or until there is an indication of data packet arrival in state S5.
When the size of the data packet is less than the given threshold Dth, the user transits to state S6 and serves the packet.
The holding times E[𝜂5] and E[𝜂6] are given as

E[𝜂5] =

Tsleep

∫
0

tPr[tk = t]dt = 1 − e−𝜆Tsleep

𝜆
, (11)

E[𝜂6] =

Taux

∫
0

tPr[tk = t]dt = 1 − e−𝜆Taux

𝜆
. (12)

After computing the steady state probabilities and the holding times, we can estimate the power saving factor, as given
by the Equation (13). The power saving factor of the user is defined as the ratio of the time spent by the NB-IoT user in
the sleep states to the total time spent across all the states.

PS = 𝜋2E[𝜂2] + 𝜋3E[𝜂3] + 𝜋5E[𝜂5]∑6
i=1𝜋iE[𝜂i]

. (13)
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The power saving of the user during the eDRX and PSM is accompanied by an increase in the delay. The data packets
arriving during the eDRX, PSM, and RRC_Connected sleep states are buffered and are served only when the user transits
to RRC_Connected ON state or Auxiliary State. Using the concepts given in References 25,35, the average delay (Δ) is
given as

Δ =
𝜋2E[𝜂2]

TeDRX
2

+ 𝜋3E[𝜂3]
TPSM

2
+ 𝜋4E[𝜂4]

TRA
2

+ 𝜋5E[𝜂5]
Tsleep

2
+ 𝜋6E[𝜂6]

Taux
2∑6

i=1𝜋iE[𝜂i]
. (14)

4 NUMERICAL RESULTS

In this section, we provide numerical results to validate the performance of DRX in both RRC_Connected and RRC_Idle
states. The user transits between the RRC_Connected and RRC_Idle states depending upon the traffic activity. We con-
sider the DRX activity duration, Tactive, varying from 1 ∼ 10 s, eDRX timer, TeDRX , varying from 90 ∼ 180 s, PSM timer,
TPSM , varying from 200 ∼ 600 s, and auxiliary state timer, Taux = 1 ms. Number of DRX cycles is equal to NDRX = 10.
The results are analyzed for different values of data packet arrival rate 𝜆 = {1∕600, 1∕1200, 1∕3600}. The values of these
parameters are in accordance with the 3GPP standards.4,36 The other parameters considered in the analysis are summa-
rized in Table 2. The primary objective of our study is to show the effect of an Auxiliary State in the power saving of the
NB-IoT device. To show the advantage of the proposed scheme, we consider two cases: (i) when one packet is served by
the Auxiliary State (ie, Dth = 1) and (ii) when up to 10 packets are served by the Auxiliary State (ie, Dth = 10). We have
extensively analyzed the performance of the two cases under different conditions and by varying the packet arrival rate
𝜆. Intuitively, the power saving incurred is more for the higher value of data threshold and is invariably achieved at the
cost of delay.

4.1 Performance metrics

The metrics used for performance evaluation are as follows:

• Power saving factor (PS) is defined as the ratio of the total time spent by the NB-IoT user in the sleep state (eDRX state,
PSM state, and RRC_Connected sleep state) to the time spent across all the states and is given by Equation (13). A
higher value of power saving factor results in a longer battery life of the user.

T A B L E 2 Performance parameters

Parameter Values

Data packet arrival rate (𝜆) [1∕600, 1∕1200, 1∕3600]26

Subframe length (TTI) 1 ms

No of DRX cycle (NDRX ) 10

DRX cycle duration (Tactive + Tsleep) [1280, 2560, 5120, 10 240] ms36

DRX activity timer (Tactive) 1 ∼ 10 s

Random access timer (TRA) 640 ms37

eDRX timer (TeDRX ) 90 ∼ 180 s4

PSM timer (TPSM) 200 ∼ 600 s4

Auxiliary state timer (Taux) 1 ms

Duration between two POs (Tpag) 10.24 s

No of paging occasions (NPag) TeDRX∕Tpag

No of data packets Dth 1 ∼ 10
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• Average delay (Δ) is defined as the waiting time experienced by the data packets in the buffer. The data packets arriving
during the eDRX, PSM, and RRC_Connected sleep states are buffered and are served only when the user transits to
RRC_Connected ON state or Auxiliary State. Therefore, the average delay experienced by the NB-IoT user is given by
Equation (14).

4.2 Impact of DRX active duration

Figure 4A shows the power saving factor for two cases, Dth = 1 and Dth = 10, with varying DRX active durations for
different values of data arrival rate. The DRX active duration varies from 1000 ∼ 10 000 ms. The power saving factor
declines as the active duration increases. This is because more power is spent when the user is in active state. For instance,
Figure 4A shows that the power saving factor for 𝜆 = 1∕600 decreases from 98.5% to 92% when the value of active timer
increases from 1 to 10 s. The power saving factor is improved with the decrease in the packet arrival rate 𝜆. Intuitively,
a high arrival rate and a long value of DRX active duration refrains the user from moving to the sleep state. The power
saving factor is slightly improved with the increase the number of packets served by the auxiliary state Dth.

Figure 4B shows that the delay experienced by the device decreases with the increase in the active duration. This is
because the device remains in active state for a long time while the user is in RRC_Connected state. The value of the delay
also decrease with the increase in the value of 𝜆. For instance, delay experienced by the user for the DRX active duration
of 10.24 s and data arrival rate 𝜆 = 1∕600, is approximately 38.4 s, which increase to approximately 39.7 s for 𝜆 = 1∕3600.
The delay slightly increases with the increase in Dth from 1 to 10.

4.3 Impact of DRX cycle duration

Figure 5A demonstrates the power saving factor for varying DRX cycle durations for different values of data arrival rate.
Figure 5A delineates that the power saving factor decreases with an increase in the DRX cycle duration. Naturally, with
the increase in DRX cycle duration, the user remains in RRC_Connected ON state for a longer span, leading to less power
saving of the device. Moreover, it is also evident that the power saving factor decreases as the packet arrival rate𝜆 increases.
In other words, as the data arrival rate decreases, there are higher chances that the user will transit to the sleep state and
save its power. For instance, the power saving decreases from approximately 99.15% to approximately 98.97% as the data
arrival rate increases from 𝜆 = 1∕3600 to 𝜆 = 1∕600, for the DRX cycle duration of 10 240 ms, shown in Figure 5A. On the
other hand, there is improvement in the power saving factor by increasing the threshold of the number of packets served
in the Auxiliary State, that is, Dth = 1 to Dth = 10, as demonstrated in Figure 5A.
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F I G U R E 4 A, Power saving factor and B, Average delay vs DRX active duration for different arrival rates
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F I G U R E 5 A, Power saving factor and B, Average delay vs DRX cycle duration for different arrival rates

The delay experienced by the user with varying DRX cycle timer is shown in Figure 5B. We consider the same param-
eters as in Figure 5A. The delay experienced by the NB-IoT user decreases with the increase in the DRX cycle duration.
This is because the user stays in RRC_Connected ON state for a long time. Naturally, the data can be served immedi-
ately if it arrives while the user is in RRC_Connected ON state, reducing the delay involved in serving the data packet.
Also, more number of DRX cycles increase the chance of serving the data packet with lesser delay. Delay experienced by
the user for the DRX cycle duration of 10.24 s and data arrival rate 𝜆 = 1∕600, is approximately 55.5 s, which increase
to approximately 57.2 s for 𝜆 = 1∕3600, and Dth = 1 as shown in Figure 5B. Moreover, Figure 5B shows that there is a
increase in delay when the Dth increase from 1 to 10.

4.4 Impact of eDRX timer

Figure 6A show the power saving factor with varying eDRX timer. The power-saving factor for 𝜆 = 1∕600 is approximately
94.7%, for Dth = 1, which increases to 95% for Dth = 10. This is because the large number of packets incoming in either
eDRX or PSM state can be served in the proposed Auxiliary State, rather than going to the conventional RRC_Connected
state S1. Once the packets are served, the user goes back directly to the eDRX or PSM state and saves power. With the
increase the data arrival rate 𝜆, more power is consumed by the user. This is because the user requires high power for
transmission and reception of data and also, the frequent arrival of data results in more power consumption of the user.

Figure 6B depicts the delay observed by the user with varying eDRX timer. We consider the same parameters as in
Figure 6A. A longer value of eDRX timer leads to an increase in delay. This is because a longer eDRX timer keeps the user
in sleep state for a longer duration and postpones its transition to RRC_Connected ON state. For example, for 𝜆 = 1∕600,
the delay observed by the user increases from 76 s to approximately 91.5 s as the eDRX timer varies from 90 to 180 s, and
Dth = 1, as shown in Figure 6B. It can also be noted from Figure 6B that the delay observed by the user decreases with
the increase in arrival rate as the higher arrival rate prevents the user from transiting to sleep state. This implies that the
users stays in active duration for a longer timer and can immediately serve the packet.

4.5 Impact of PSM timer

In addition to DRX cycle duration, length of the PSM timer also play an important role in analyzing the performance
of DRX mechanism. Figure 7A delineates the power saving factor vs PSM timer for different values of data arrival rates.
Long values of PSM timer naturally leads to relatively more power saving as the user tends to remain in the sleep state
for more time. The numerical results are obtained from the same setting as Figure 6A, where the power saving factor is
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F I G U R E 7 A, Power saving factor and B, Average delay vs PSM timer for different arrival rates

obtained for different values of Dth. Similar to the variation with eDRX timer, the power saving factor decreases for higher
data arrival rate, as demonstrated in Figure 7A. Also, the frequent arrival of data refrains the user from going to deep sleep
and a lot of power is spent in the transmission and reception of data. However, the power saving factor improves when
the threshold in the number of packets served in the Auxiliary State is increased. The power saving factor also increases
with decrease in the value of packet arrival rate 𝜆. For instance, Figures 7A shows that the power saving factor for the
data arrival rate of 𝜆 = 1∕600 improves from 94.8% to approximately 97%, with the decrease in the value of 𝜆 from 1∕600
to 1∕3600, and Dth = 1.

Figure 7B depicts that the delay increases with an increase in the value of the PSM timer. As the PSM timer varies
from 200 ∼ 600 s, the average delay increases from approximately 77 ∼ 238 s for 𝜆 = 1∕600. This is because a high value
of the PSM timer postpones the transition to RRC_Connected ON state, leading to an increase in delay. The delay also
decreases with the increase in data arrival rate. However, the change in the delay is less, as the parameters are mostly
dominated by the high value of PSM timer.
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5 CONCLUSION

The primary contributions of the article are 2-fold. First, we introduce the architecture of the NB-IoT followed by its
evolution in the recent 3GPP releases. Next, we propose a semi-Markov based energy efficiency model for NB-IoT to
conserve the device power in both RRC_Connected and RRC_Idle states. We introduce the addition of an Auxiliary State
to the conventional DRX mechanism, especially for serving small-sized data packets. Analytical results demonstrate that
this state facilitates the energy saving of the NB-IoT device, especially when the number of incoming packets is within a
threshold limit. The power saving factor and the delay experienced by the device for varying eDRX timer, PSM timer, and
DRX ON duration timer values are analyzed. We also evaluate the performance of the NB-IoT device for different packet
arrival rates and threshold sizes. Numerical results show that the power saving factor increases up to 97.1% and 98.25%
by varying the eDRX timer and PSM timer, respectively. The work can further be extended by optimizing the performance
parameters and by improving the energy efficiency while maintaining the delay experienced by the NB-IoT users.
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