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Abstract—The 3GPP Narrowband Internet of Thing (NB-
IoT) is the promising technology that can provide multiple
types of resource unit (RU) with a special repetition mecha-
nism to improve the scheduling flexibility and transmission
reliability. Since the IoT devices need to operate for a very
long time, the energy consumption becomes a critical issue.
In this paper, we study how to guarantee the quality of
service (QoS) while minimizing the energy consumption for
IoT devices. We first model the problem and then propose
an energy-efficient scheme, which consists of two stages.
The first stage tries to incur the lowest energy consumption
of devices and satisfy their QoS requirement. The second
stage determines the scheduling order to ensure the delay
constraint while maintaining energy efficiency. Simulation
results show that our scheme can serve more devices while
saving their energy.

Index Terms—energy saving, NB-IoT, repetition mecha-
nism, resource unit, uplink scheduling

I. INTRODUCTION

The 3rd generation partnership project (3GPP) has
developed a new technology, Narrowband Internet of
Thing (NB-IoT) [1], as the communication standard for
IoT, which supports massive connectivity and enhance
the benefit of spectrum reuse. Specifically, it supports
multiple types of Resource Unit (RU) with specific rep-
etitions for data transmission to improve the scheduling
flexibility and enhance communication reliability. Since
IoT devices need to operate for a very long time [2],
energy consumption becomes a key issue. Besides, the
reliability of transmission is also a key issue in QoS
for uplink transmission especially for mission critical
applications, voice applications, and the high timing
precision factory automation.

In this paper, we study how to ensure the strict QoS
for devices based on the RU scheduling and transmission
repetition while minimizing their energy consumption.
We first model the problem. Then, we propose an energy-
efficient heuristic, which consists of two stages. The first
stage tries to conduct the lowest energy consumption
and ensure QoS requirements for uplink transmission.
The second stage determines the precise scheduling order
of uplink requests based on the scheduling emergency
and inflexibility. Simulation results show that our scheme
can enlarge the number of serving devices while saving
energy.

II. RELATED WORK

In the literature, the reference [3] proposes a new
procedure for cell search and initial synchronization in

NB-IoT which can speed up the access operation for the
devices with low SNR. In [4], it proposes a new channel
equalization algorithm to optimize the sampling rate of
devices when NB-IoT and LTE share the same spectrum.
However, they neglect the QoS and reliability of trans-
missions. The research [5] leverages the Modulation and
Coding Scheme (MCS) and repetition number to enhance
the QoS satisfaction and transmission latency. However,
it does not leverage different types of RUs; thus, it
will reduce the service coverage of NB-IoT and cannot
allocate resource flexibly and effectively. In [6], the
authors develop a new detection mechanism for random
access procedure to enhance the coverage and access
efficiency of NB-IoT. However, it does not consider the
transmission reliability and energy efficiency. In [7], it
leverages Non-Orthogonal Multiple Access (NOMA) to
allocate common subcarriers to multiple devices and thus
to enhance the spectrum efficiency. However, it does
not discuss how to ensure the energy efficiency and
transmission reliability, which are the key issues in NB-
IoT.

III. PRELIMINARY
A. Resource Unit (RU)

In NB-IoT, the resource is divided into frames, where
each frame consists of 10 subframes. The length of a
subframe is 1 ms, which is further divided into two slots.
For the uplink transmission, data is transmitted through
Narrowband Uplink Shared Channel (NPUSCH). The
resource unit (RU) is the basic transmission resource unit
allocated in the bandwidth of 180 KHz. The transmission
data can be carried by one or multiple RUs depending on
the request size and MCS. Specifically, NB-IoT supports
multiple types of RUs based on the subcarrier spacing
as shown in Table I. Since the subcarrier spacing of 15
KHz is mandatory in the standard, we focus on it in this
paper. For the subcarrier spacing of 15 KHz, there are
4 types of RUs that are classified as single-tone (1-tone)
or multi-tone (3-tone, 6-tone and 12-tone). Each type of
RU is with a specific number of subcarriers and time
slots, as shown in Fig. 1.

B. Repetition Mechanism

In NB-IoT, one of the key features is the repetition
mechanism, which is designed to enhance the reliability
of transmission and enlarge the network coverage. Ac-
cording to the NB-IoT standard, the transmission RUs



TABLE I
THE TYPES OF RESOURCE UNITS (RUS) SUPPORTED IN NB-I0T.

TABLE II
MAIN PARAMETERS OF DCI (FORMAT NO).

Subcarrier Number of Classification Number of Parameter Value
spacing tones (subcarriers) slots subcarrier indication (I7°) 0~ 63
1 single-tone 16 resource assignment (INV; RU) 0~7
15 KHz 3 ) 8 modulation and coding scheme (MCS;) | 0~10
162 multi-tone g repetition number (N °P) 2!, 1€ {0..7}
3.75 KHz 1 single-tone 16
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Fig. 1. Multiple types of RUs.

of each device i (also called user equipment i (UFE;)
in the following) can associate with a specific number
of repetition N; " = 2!, where | € {0..7}. Thus, each
UE can ensure the transmission reliability based on the
individual physical status, such as channel quality, path
loss, bit-error-rate (BER), and transmission power.

C. Downlink Control Information (DCI)

Downlink Control Information (DCI) is the control
message in NPDCCH, which is responsible for de-
scribing the scheduling results for both downlink and
uplink transmissions. Each DCI is with the length of 1
ms. When the eNB completes the RU scheduling, each
scheduling result will be carried by one DCI to inform
the corresponding UE about its uplink transmission with
the designate RU type, subcarrier set, allocation time,
and the number of repetitions. Table II shows the main
parameters in DCI (format NO), which is for uplink grant
and scheduling in NPUSCH. Specifically, the subcarrier
indication (I;¢) describes the RU type and the corre-
sponding subcarrier set to locate RUs. The resource
assignment (N2U) represents the number of allocated
continuous RUs for this transmission schedule excluding
repetition. The modulation and coding scheme (M C'S;)
means which MCS is applied on this RU transmission.
Note that NB-IoT supports 11 types of modulation and
coding schemes for uplink, which depend on the bit-
error-rate and received signal-to-noise ratio (this will be
clear later on). The repetition number (N, ") represents
the number of repetitions for the scheduled RUs. So, the
total amount of RUs assigned to UE; is N2V x NP

Specifically, subcarrier indication (IF¢ € {0 ~ 63}) is
used for the description of RU types and their subcarrier
set, as shown in Table III. When the subcarrier spacing is
15 KHz, I7° € {0 ~ 11} represents that the RU type is
single-tone and locates at the subcarrier set of S7¢ = I

Thus, it has 12 possible locations. When I7¢ € {12 ~
15}, the RU type is 3-tone and locates at S¢ =
3(I7¢ —12) + {0, 1,2}, which has 4 possible locations,
e, S¢ € {{0,1,2},{3,4,5},{6,7,8},{9,10,11}}.
When If¢ € {16 ~ 17}, it indicates the RU
type of 6-tone, which has 2 possible locations,
ie., S¢ e {{0,1,2,3,4,5},{6,7,8,9,10,11}}. Fi-
nally, when I’ = 18, the RU type is 12-
tone, which has a unique location, ie., S;¢ =
{{0,1,2,3,4,5,6,7,8,9,10,11}} and thus |SSC| —1.

TABLE III
SUBCARRIER INDICATION AND THE CORRESPONDING SUBCARRIER
SETS.
Subcarrier indication (1;°) | Set of Allocated subcarriers (S:°)
01T =
12-15 315 —12) +{0,1,2}
16-17 6(15C — 16) + {07172737 47 5}
18 {071,2 3,4,5,6,7,8,9,10,11}
19-63 reserved

D. Problem Definition

In this paper, we consider an NB-IoT network with a
base station (eNB) serving N UEs. Each UE;, i = 1..N,
has an uplink request with data size D; > 0 (bits),
required reliability R; € [0, 1], and strict delay constraint
d; (ms). To guarantee QoS, assume that the arrival time
of the UE;’s request is at T “/-th (ms), then the data
must be uploaded to the base station before the delay
deadline T, °? 4 d;. For each UE}, the transmit power
is denoted as P; (mW) which is constrained by the
maximum transmit power P;%%.

When scheduling, each U E; has to be assigned one
type of RUs, N° € {1,3,6,12}, according to the
designate subcarrier indication I7¢ € {0 ~ 18}, i.e.,

1 if 0<IE <
w_ )3 it 12<IF <15
N=36 it 16<re<ir M
12 ,if  I;° =18,

For each UFE;’s RUs, the amount of data that UFE;
can carry depends on the modulation and coding scheme
MCS,; € {0..10}. Specifically, the bit-error-rate of the
data received by the base station relies on the received
signal-to-noise ratio SNR,p(i), ie., SNRyp(i) =

P(P;)
101log;, h) > SNR¥(MCS;, BER;), where
i’(H) = G;GenpP;/L(i,eNB) is the received power

at base station; G;, Genp, and L(i,eNB) are the
transmitter gain, receiver gain, and the path loss between
UE; and the eNB, respectively; B is the subcarrier



bandwidth, i.e., 15 KHz, Ny is the noise power, [
is the interference perceived at the eNB. Note that
SNRYS(MCS;, BER;) is the SNR threshold to apply
MC'S; with the measured bit-error-rate (BER;).

According to Table I, the number of required RUs
(NY) for each UE; is

D; : sc __
L(Mcsi)me Jf Nje=1
N = , @

L(MCPW—‘ , otherwise
where r(MC'S;) is the data rate of M C'S; (bits per sub-
carrier X slot). To guarantee the transmission reliability
R;, we have to leverage the number of repetitions N, "
and the successful probability of data transmission PS,
ie,1—(1—P5)N"" > R;, where Pf = (1— BER;)"
is the successful probablht;/ if data D is transmitted one
time and 1 — (1 — P#)Ni " is the successful probability
after NV repetitions. Thus, to ensure the reliability
requirement R; of D;, this is the necessary requirement.
Note that the scheduling results will be carried by the
DCI message, which is scheduled at Tl-DCI (subframe)
for each UE;. Thus, it has to satlsfy the delay deadline

of UE“ ie. TDCI_|_(NRU N XNT&;D) < Treq_i_d“
where Nf“)t is the number of slots of single RU (two

slots constitutes one ms), which depends on the RU type,
ie.,

16 ,if Np=1
wor ) 8 Lif  NF=3

NE"=N4 it Ne=6 )
2 if N =12,

Now, we consider the current scheduling subframe is
T¢ (ms), the feasible subcarrier set is K (e.g., |K| = 12
if subcarrier spacing is 15 KHz), and the available
earliest subframe for each subcarrier k to allocate re-
source to devices is Sk, k = 1..|K|. Our problem
asks how to optimize the uplink scheduling results for
each UE;,7 = 1..N, and satisfy the strict QoS while
minimizing the total energy consumption.

IV. THE PROPOSED SCHEME

In this section, we introduce an energy-efficient
scheme, which consists of two stages. The first stage will
determine the scheduling parameters of UEs by quantify-
ing the consumed energy for each UE and then choosing
the one with minimal energy cost while satisfying the
required reliability. The second stage will determine the
scheduling order by considering the emergency level of
requests and inflexibility of the scheduling transmission.
The details of the scheme are described as follows.

A. Stage 1

The first stage is to determine the default parameters
for each UE, including the type of RUs (IV;/¢), the
number of RUs (N/V), the best number of repetitions
(N;?), and transmit parameters (MCS; and P)), to
guarantee QoS and the transmission reliability. These
operations are described as follows.

Step 1. For each UE;,: = 1..N, we first calculate the
required number of RUs N/ based on the available
RU types and MCS selections. Specifically, the required
transmit time to carry the amount of data D; cannot
be greater than the delay requirements. These results
are collected as the feasible setting pairs of RU type
and MCS setting for each UE;, denot?d as set A4;, ie.,

A = {(N;5,MCS; ;) | NEV x MTJ<d N3G e
{1,3,6,12}, MCS” € {o0.. 10}} where j is the index
of feas1b1e setting pair of RU type and MCS for each
UE; and N, Slj"t is the number of required slots when
the RU type is N;;. Note that NV, Slj"t is divided by 2
because two slots constitutes 1 ms, which is the unit of
delay constraint d;.

Step 2. For each UE;,+ = 1..N, consider the feasible
RU type and MCS setting pair (ij,MCS i) € A,
we calculate the allowed repetition numbers N; 5" in
which each N/, € N7 can make UE; not only
satisfy the required reliability R; but also ensure the
corresponding transmission power P; ;; in the feas1ble
ranges, i.e., N 5" = {N/h |1 - (1 - P, DY ik >
R;,0 < P(NSc MCS’”,BERZ k) < Pm‘” Nrjpk €

7,77
slot
(20 | 1 e {07} NV x T x NI
1
d‘}, where BERle =1—-(1- (1 — Ri)N"!j”‘
and P(Nf?,MC’S”,BER”_’k) is a function which
returns the minimum transmit power for the RU
type N;5, MCS setting MCS;;, and target bit-
error-rate BER; 1, i.e., P(NSC MCS, ;,BER; ;i) =

Re
105 q<MClSO y (BN0+I) L(z eNB) N:

After that, we have all the feas1ble Ru type and
MCS setting pairs with each of their allowed repetition
numbers N; 5"

S A

J>BER; j 1)

Step 3. Based on the results of steps 1
and 2, we calculate the most energy-saving
repetition  number N7 " for each feasible
combination pair (Nf?, MCS i) € A;, where
N;;p* = argminyres ¢ nrer E(ij,MCSJ,N:jpk)
and E(Nf?,MCS J,Nzrjpk) =
P(N$S, MCS; j, BER; ;1) x NEV x N NI

Then, reform A; as a set of triplets

(N7, MCS; ;, N; Py Each triplet in A; is a feasible
conleguratlon of R{J type, MCS setting, and repetition
number.

Step 4. Then, we choose the best triplet of
(N, MCS},N;P") from A; as the default pa-
rameter of UE;, which incurs the minimum energy
consumption.

Through the above steps, we can determine the best
RU type Nfc:, MCS setting MC'S}, and repetition
number IN; “P " that can incur the least energy consump-
tion and meet the reliability requirement R; of each UE;.

B. Stage 2

The second stage is to optimize the scheduling results
of requests from UEs, including the subcarrier set of RUs
(57°) and the start time of RUs (7). In addition, if



needed, it can adaptively adjust the transmission param-
eters of UEs to ensure the delay constraint and enhance
spectrum utilization. The detailed steps are depicted as
follows.

Step 1. We first define a score function to evaluate
the emergency and inflexibility for each UE; with uplink
transmission request, i.e., Score; = W1 x Em; + Wo X
Inf;, where Wy € [0,1] and Wy € [0,1] are the
weighting factors of the emergency and inflexibility,
respectively, that satisfy Wy + Wy = 1. Note that E'm;
is the urgent level of UE;’s request compared to others,

. Em; = max]{TR} TR h TR is th
m; = e {77} i, {TF) where T* is the
remaining time from the scheduling subframe 7' to the
delay deadline T;“ + d; of UE;.

In fl is the number of RU types that UE; can choose,

which is defined by In fZ = W, where
4 if Unse(4;) =1
)3 i Uee(Ay) =2
Infi=199 Tif Unee(A)) = 3 *
1 if Uyee(A;) > 3,

and W sc(A4;) is the number of choices of RU types for
the feasible setting pair A;. That means if the UE; has
fewer choices, its inflexibility is higher and needs to be
scheduled earlier.

Now, for each UE;,7 = 1..IN, we calculate its Score;
and sort them in descending order. For the UEs without
any request, define its Score as -oco. Without loss of
generality, we use List L to represent the sorted sequence
of the UEs.

Step 2. Before determining the subcarrier set of
RUs, we first define a function Waste(i, Si°) to re-
flect the potential waste of resource if UE;’s RUs are
allocated at subcarrier set S7€, i. Waste(z’ See) =

2w —spe (maxkes; C{Sk}+(NRU MNPy~
Se)t + ZkeSSC(makaS“{Sk} — Sk, Where () =
max{-,0} outputs the value larger than or equal to
0; maxkegsc{Sk} means the earliest available resource
allocation start time of RUs if the subcarrier set is S,
where S), = max{S}, TPCT +1} is to ensure allocating
RU after DCI.

Then, we choose the best subcarrier set SZ-SC*
that makes UE; have the minimal Waste(i, S7¢)

without  violating its delay deadline, i.e.,
Sge = argming.ccgyser){Waste(i, S7°)

~ . ‘ Nslot™ *
manGSfC {Sk} + (N,LRU X IT X NiTep) <

(T/°? 4 d;)}, where ©(N7°") is the set of available
subcarrier sets when default RU type Nfc* is used.

If S5 # @, we set the subframe index of DCI;
by 7,71 = T* and start time T7° = max;¢ gc- {5k}

Then, update the available scheduling subframe for
subcarriers £ € S$¢ and k' € O(N<) — Sp¢
~ « slo t*
by Sk = max{max;cgse- {Sk} + (V" x NT X
NT?") TPCT 4 1} and Sy = S, respectively. Finally,
update T = TPC! +1 and then remove UE; from List
L. However, if S = @, it means that the current

transmission parameter setting is infeasible, then we
check whether or not UE; has other feasible triplet in
A; other than the default parameter. If yes, go to step 3
for further adjusting. If no, we remove such UE; from
List L and go back to step 2 to schedule the next UE.
The above steps are repeated until List L is empty and
then terminate this stage.

Step 3. Here, we try to change the type of RUs and/or
MCSs of UE; by referring A; and choose the new triplet
that can satisfy the delay deadline while incurring the
least extra energy consumption and resource as follows.

First, we define a cost ratio C’?"B to reflect the
results of extra consumed energy over the extra required
resource space when the original pair of RU type and
MCS, denoted as « = (N, MCS}, N;P),
changes to the new pair, denoted as (3 .=
(Nz<',MCS;, N]"") for (N7, MCS;, N]"") ¢
A; — (N#<" MCS;, NP, e,

b _ {AAAEi Jif AArea?’B >0 )
' AEO‘B ,if AAreaf"ﬂ —0

where the extra consumed energy is AEO"ﬁ = (E(B)—
E(a))Jr and the extra resource space is AArea” =
(N3¢ x T(8) = N3¢ x T(e)) "

Then, we choose the new pair 3* which incurs the
minimal cost ratlo and replace the default parameters
by N;c = Nfc , MCS; = MC’S and N"ep

NP accordingly. Finally, go back to step 2 for further
allocation.

Through the above steps, we can determine each UE;’s
subcarrier set S;, start time 777, and the corresponding
configurations of MCS;, N and P, while ensuring
the delay deadline and reducing the waste of spectrum
resource and energy.

V. SIMULATION RESULTS

In this section, we develop a simulator in C++ lan-
guage to verify the efficiency of the proposed scheme.
The parameters of the simulation are shown in Ta-
ble IV. We compare our scheme (Ours) with the stan-
dard scheme (Spec) [1], Narrow-Band Link Adaptation
scheme (VBLA) [5], random scheduling scheme (Ran-
dom), and Round Robin scheme (RR). Note that the

weighting factors of our scheme is W; = 0.5 and
Wy =0.5.
TABLE IV
THE SIMULATION PARAMETERS.
Parameter Value
maximum transmit power (P;7"?%) | 23 dBm
antenna gain of transmitter (G;) -4 dBi
antenna gain of receiver (GenB) 18 dBi
thermal noise density (INg) -174 dBm/Hz
path loss (L(%,e N B)) 120.9+30.76log(d) dB,
d in Km
distance from the base station 0 ~ 15 (Km)
number of UEs (N) 3000 ~ 30000
request data size (D;) 50 ~ 200 bytes
delay constraint (d;) 50, 100, 150, 300 (ms)
required reliability (R;) 90% ~ 99%
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Fig. 2. Comparisons on the number of serving UEs of all schemes.

A. Number of Serving UEs

We first investigate the effects of number of request
UEs on number of serving UEs. As shown in Fig.
2, similarly, Random performs the worst because it
randomly schedules the UEs with a random repetition
number; thus, the QoS and reliability of UEs may not be
met. Spec and RR perform slightly better than Random
scheme because they prefer to choose single-tone with
the fixed repetition number for UEs; thus, it could
potentially satisfy more UEs with small data request
and lower reliability requirement. Spec(2) is better than
Spec(1) because a larger repetition number can achieve
higher reliability. NBLA is better than the above schemes
because it can adjust the repetition levels and MCSs
interactively to satisfy the transmission reliability and
delay. Note that our scheme outperforms all others be-
cause our scheme can optimize the number of repetitions
to satisfy the transmission reliability in stage 1 and apply
the best configuration pair of RU type and MCS to ensure
QoS while enhancing the spectrum utilization in stage 2.

B. Energy Consumption per UE

Finally, we investigate the effects the number of
request UEs on energy consumption per UE. As shown
in Fig. 3, we can see that the energy consumption
per UE of all schemes increases when the number of
request UEs increases. This is because the network is
saturated and most satisfied UEs are with higher MCS,
which require less resource but consume more energy.
Random scheme performs the worst because it randomly
choose the number of repetitions that may potentially
increase the transmission time, thus consuming more
energy. Spec and RR are better than Random scheme
because they only serve the UEs with small size request
which consumes less energy. NBLA performs slightly
better because it can determine the number of repetitions
appropriately but neglects to minimize the transmission
power. Note that our scheme performs the best because
our scheme can choose the best scheduling parameters
of RUs with least energy consumption in stage 1, and
leverage the cost ratio to reduce energy consumption in
stage 2, thus saving energy more efficiently.
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Fig. 3. Comparisons on energy consumption per UE of all schemes.

VI. CONCLUSION

In this paper, we have addressed the problem of energy
saving with QoS consideration in NB-IoT networks. We
first model this problem and then propose an energy-
efficient scheme with two stages. The first stage chooses
the default scheduling parameters with least energy con-
sumption and the second stage serves the UEs with least
potential resource waste. Simulation results have verified
that our scheme can satisfy more UEs while saving their
energy.
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