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Abstract—The narrowband Internet-of-Things (NB-IoT) stan-
dard is a new cellular wireless technology, which has been
introduced by the 3rd generation partnership project (3GPP)
with the goal to connect massive low-cost, low-complexity and
long-life IoT devices with extended coverage. In order to improve
power efficiency, 3GPP proposed a new random access (RA)
waveform for NB-IoT based on a single-tone frequency-hopping
scheme. RA handles the first connection between user equip-
ments (UEs) and the base station (BS). Through this, UEs
can be identified and synchronized with the BS. In this con-
text, receiver methods for the detection of the new waveform
should satisfy the requirements on the successful user detec-
tion as well as the timing synchronization accuracy. This is not
a trivial task, especially in the presence of radio impairments
like carrier frequency offset (CFO) which constitutes one of the
main radio impairments besides the noise. In order to tackle
this problem, we propose a new receiver method for NB-IoT
physical RA channel (NPRACH). The method is designed to
eliminate perfectly the CFO without any additional computa-
tional complexity and supports all NPRACH preamble formats.
The associated performance has been evaluated under 3GPP con-
ditions. We observe a very high performance compared both to
3GPP requirements and to the existing state-of-the-art methods
in terms of detection accuracy and complexity.

Index Terms—3rd generation partnership project (3GPP),
carrier frequency offset (CFO), frequency hopping, narrow-
band Internet of Things (NB-IoT), NB-IoT physical random
access channel (NPRACH), random access (RA), Time of
Arrival (ToA).

I. INTRODUCTION

THE MAIN goal of the upcoming Internet of Things (IoT)
is to interconnect various kinds of devices in order to

make existing systems more intelligent, responsive, and robust.
It is envisioned that IoT will have a considerable economic and
societal impact. Ericsson [1] reported that the number of IoT
connected devices expected to exceed 4.1 billion by 2024. This
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results in a variety of use cases with different requirements and
methodologies leading to a necessity of tailored communica-
tion technology. Correspondingly, many technologies appeared
in both licensed and unlicensed markets, see [2]–[4], and
among them the norrowband-IoT (NB-IoT), which is a recent
cellular technology standardized by 3rd generation partnership
project (3GPP) in 2016 [4], [5]. It aims at providing connec-
tivity to billions of IoT devices, supporting low device cost,
long battery lifetime, and wide coverage. NB-IoT inherits from
the existing long term evolution (LTE) technology. The radio
access is based on orthogonal frequency-division multiple
access (OFDMA) for downlink and single-carrier frequency-
division multiple access (SC-FDMA) for uplink with 180-kHz
system bandwidth. The reason for that was to allow a better
co-existance with Legacy LTE, the reuse of existing infrastruc-
tures, and reduction of time to market. However, some changes
have been introduced in NB-IoT compared to LTE to ensure
the aforementioned objectives. In [6] and [7], these changes
are summarized and discussed.

One of the differences between NB-IoT and LTE is in the
so-called random access (RA) procedure. A new waveform
is designed for the RA in NB-IoT compared to the tradi-
tional signaling using Zadoff–Chu sequences employed in LTE
RA [8]. This change has been introduced in order to reduce
the peak-to-average power ratio (PAPR), thus improving the
battery lifetime of the device and the coverage in the context
of IoT network. It is worth noting that high PAPR requires a
large backoff for the power amplifier (PA) in general, which
leads to a low efficiency of the PA and correspondingly a low
battery lifetime. Moreover, high PA backoff reduces the radi-
ated signal power and reduces the coverage. In contrast, the
new NB-IoT physical RA channel (NPRACH) waveform has
very good PAPR properties. The NPRACH waveform is spec-
ified as single-tone frequency hopping preamble [8]. On the
other hand, the new waveform is still compatible with the LTE
SC-FDMA and OFDMA schemes, and it is typically treated
as an OFDM signal with one subcarrier [8], [9].

Similarly to the RA in LTE, the RA in NB-IoT manages
the uplink synchronization and the requests of scheduling of
data transmissions. In this context, the uplink synchronization
means that the base station (BS) has to detect (and identify) all
active user equipments (UEs) in the coverage area of the BS
and estimate their round-trip delays (RTDs). Through this, the
delay between each UE and the BS is acquired, which repre-
sents a common timing reference. The acquired delay allows
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the BS to perform timing advance needed to keep the orthog-
onality among multiple UEs, which is typically required in
SC-FDMA systems. The estimation of RTD refers to a Time-
of-Arrival (ToA) estimation, whereas the user detection refers
to NPRACH preamble detection. It is worth noting that this
operation is essential for a successful system operation. In
fact, RA is the first phase of system operation and covers
the first messages from each UE to the BS. Hence, a wrong
detection and/or an erroneous ToA estimation would lead to
increased latency and performance degradation for the system.
In practice, when a user is not correctly detected, another
round of RA procedure is started, which implies an increased
power consumption as well as additional delays in data packet
transmission. The latter is also responsible for a decrease of
the overall system throughput. On the other hand, when the
detection is correct and only the ToA is inaccurate, the timing
synchronization might be lost, which may lead to an increased
packet error rate. Furthermore, the performance degradation
depends on the ToA error: large errors can completely damage
the data exchange. In order to avoid this, 3GPP standard [10]
provides the requirements for the maximum rate of wrong
detections and for the maximum ToA error in NPRACH.

One of the challenges in any communication system is the
presence of a random carrier frequency offset (CFO). It can be
produced by imperfect local oscillators (LOs), Doppler shift,
or downlink frequency synchronization errors in case of 3GPP-
based communication.

For the ToA estimation in SC-FDMA system, the CFO con-
tributes to the phase rotation of the received complex signal in
a similar way as the timing offset. Correspondingly, it is diffi-
cult to separate the influence of CFO and ToA on the received
signal, such that the accuracy of the ToA estimation is typi-
cally very low in presence of CFO. In this context, there are
few works that addressed the NPRACH reception design. The
first work in this domain [9] has been filed [11]. The proposed
technique is based on a 2-D fast Fourier transform (FFT) for a
joint estimation of CFO and ToA. Then the preamble detection
is performed comparing the metric used for the ToA estimate
with a predefined threshold. The main drawback of this method
is its computational complexity, which is extremely high due
to the 2-D-FFT, which makes this method impractical.

In [12], a low-complexity NPRACH receiver design has
been proposed. It decouples the detection problem from the
estimation problem. The detection is based on energy detec-
tion scheme and the collected signal energy is compared with
the optimal threshold derived by the authors. The estimation is
based on the CFO estimation and subsequent compensation.
Then, the ToA is estimated from the phase of the received
signal. In [12], the performance of the detection part was
provided with the assumed absent CFO. This is not a real-
istic assumption for practical scenarios, where CFO is present
and impacts the signal-to-noise ratio (SNR). Moreover, the
method has a processing delay that increases with the num-
ber of preamble repetitions leading to a less efficient real-time
system as pointed out in [13]. Another relevant work that has
been recently submitted for a publication is [13]. The author
provides a detailed and useful mathematical model for the
NPRACH signals. However, the proposed method supports

only small ToA values, i.e., ToA ≤ 66.7 us (which is defined
as format 0 in the 3GPP Standard). In this method, at first the
CFO is estimated (with capability limitation, i.e., the maxi-
mum tolerated CFO is ≤ 357 Hz) from the received signal
and then compensated. After that, the ToA estimation is per-
formed using 1-D FFT, which leads to lower computational
complexity compared to [9] and [11]. The detection part is
done by comparing the metric based on ToA estimate with
a predefined threshold, which has been obtained experimen-
tally. Unfortunately, this method has some weaknesses with
respect to both performance and complexity. First, it is lim-
ited to NPRACH format 0 (ToA ≤ 66.7 us), such that users
with larger ToA (e.g., NPRACH format 1) cannot be detected.
Second, the estimation and the compensation of the CFO leads
to a degradation of the ToA estimation performance in case of
inaccurate CFO estimation and compensation. Furthermore,
both CFO estimation and compensation contribute to the
receiver complexity.

Based on this state-of-the-art analysis, it becomes appar-
ent that all the existing techniques follow the classical way of
dealing with a synchronization problem (i.e., either CFO esti-
mation and compensation before timing estimation or joint
frequency and timing estimation). Though this, the system
performance deteriorates in terms of energy efficiency, flexibil-
ity, and/or reliability. In order to mitigate the aforementioned
weaknesses, we propose in this article a novel efficient
NPRACH reception technique, which is resistant to the pres-
ence of frequency errors. The main contributions of this article
are summarized as follows.

1) Design of an efficient NPRACH reception method that
allows to detect the NPRACH preamble and to esti-
mate the ToA. The technique can address all NPRACH
formats, and it is designed in a way that the CFO
present in the received signal is perfectly eliminated.
Hence, no estimation and compensation of the CFO are
required. This allows not only to reduce the computa-
tional complexity, but also to avoid ToA errors coming
from an imperfect CFO estimation and compensation.
An extension of the method is also provided as a gener-
alization of the proposed method to further improve the
performance.

2) Performance evaluation and comparison with 3GPP
requirements as well as with the most relevant state-of-
the-art works [13], [14]. A complexity analysis is also
provided. The obtained results demonstrate a large mar-
gin compared to 3GPP requirements and the superiority
of the proposed method compared to the previous works.
Furthermore, these interesting results are obtained with
less complexity compared to the complexity of the exist-
ing methods. The comparison shows 50% of complexity
reduction compared to [13]. This high performance can
be supposedly exploited in order to reduce the over-
head (e.g., the NPRACH preamble length) leading to
increased spectral and energy efficiencies, which are
very crucial in the context of IoT systems.

The remainder of this article is organized as follows. The
NPRACH scheme as well as the system model are described in
Section II. In Section III, a novel method of preamble detection
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Fig. 1. NPRACH preamble frame structure.

and ToA estimation is proposed. The numerical results, com-
parison with 3GPP requirements and state-of-the-art works,
as well as complexity analysis, are provided and discussed in
Section IV. Finally, Section V concludes this article.

II. SYSTEM MODEL

For the clarity of exposition, we employ the same notation
and same variable definitions as provided in the 3GPP standard
[8], [15] and previous works [13], [14].

The RA preamble in NB-IoT known as NPRACH pream-
ble was originally proposed by [16]–[19] and then adopted by
3GPP and integrated in NB-IoT Release 13 [4]. It is based on
single-tone, frequency-hopping scheme as illustrated in Fig. 1.
The preamble consists of four symbol groups (SGs). Each SG
is composed of five identical symbols with a cyclic prefix (CP)
and occupies one tone of 3.75 kHz in frequency domain. The
CP length is designed according to the targeted cell size. It can
be either 66.67 us for preamble format 0 (i.e., corresponding
to a cell radius of 10 km), or 266.67 us for preamble format
1 (i.e., corresponding to a cell radius of 40 km). Traditionally,
the preamble is considered as a single-tone OFDM symbol
with 3.75-kHz subcarrier spacing. This single-tone OFDM
symbol signal, however, hops between frequency tones from
SG to SG following a predefined pattern to enable a satis-
factory ToA estimation. In the 3GPP standard, four SGs are
treated as the basic unit of the preamble. This basic unit can be
repeated up to 2j, j = {0, 1, . . . , 7} times for coverage exten-
sion. Accordingly, the length L of a preamble equals 4 × 2j

SGs [9]. The hopping pattern is fixed within the basic unit
of four SGs. Between the SGs {0, 1} and {2, 3} the hop-
ping distance equals one subcarrier spacing. Between the SGs
{3, 4} the distance equals six subcarrier spacings. However,
when repetitions are configured, the hopping between the basic
units is no longer fixed, but follows a pseudo-random selection
procedure defined in [8].

In NB-IoT system, each UE determines the time and
frequency resources to transmit the NPRACH preamble based
on the system information block broadcasted by the BS during
the downlink. According to the 3GPP standard [8], [15], the
possible resource configurations are as follows.

1) NNPRACH
period is the period of time within which NPRACH

can be transmitted. Possible values are: NNPRACH
period ∈

{40, 80, 160, 240, 320, 640, 1280, 2560} ms.

2) NNPRACH
rep denotes the number of NPRACH preamble

repetitions per attempt. Possible values are: NNPRACH
rep ∈

{1, 2, 4, 8, 16, 32, 64, 128}.
3) NNPRACH

scoffset corresponds to the index of the
first subcarrier allocated to NPRACH within
180-kHz bandwidth. Possible values are:
NNPRACH

scoffset ∈ {0, 12, 24, 36, 2, 18, 34}.
4) NNPRACH

SC corresponds to the number of subcarriers allo-
cated to NPRACH. Possible values are: NNPRACH

SC ∈
{12, 24, 36, 48}.

5) NNPRACH
start corresponds to NPRACH trans-

mission starting time. Possible values are:
NNPRACH

start ∈ {8, 16, 32, 64, 128, 256, 512, 1024}
ms. NPRACH transmission can start only NNPRACH

start
subframes after the first subframe in radio frames

fulfilling mod (nf , (NNPRACH
period /10)) = 0, where nf is

the system frame number.
In practice, each UE selects randomly the starting subcar-

rier ninit from {0, . . . , NNPRACH
SC − 1} for the first SG. The

next 3 subcarrier locations (corresponding to the next 3 SGs)
are determined by a specific algorithm (based on modulo
sum) which depends only on the location of the first sub-
carrier. For the subcarrier selection of the first SG of the
next repetition, a pseudo-random hopping, which utilizes a
cell-ID as its initial seed, is applied. The subcarrier selec-
tion for the subsequent SGs depends only on the outcome
of pseudo-random hopping [8]. Note that with a single-tone
and subcarrier spacing of 3.75 kHz, a cell can configure 12,
24, 36, or 48 starting subcarriers for the NPRACH within
the 180-kHz NB-IoT system bandwidth. This means that
up to 48 orthogonal preambles are available to transmit an
NPRACH. In short, each UE selects randomly one pream-
ble among the 48 available and transmitted to the BS in the
NPRACH resource. Fig. 2 shows an example of 12 multiplexed
UEs in an NPRACH resource. We note that if the same
preamble is selected by two or more UEs, a collision is
declared.
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Fig. 2. Example of 12 UEs NPRACH multiplexing.

At the receiver side, the BS tries to identify all 48 frequency
hopping patterns (i.e., preamble signatures). The ones suc-
cessfully identified represent the active UEs. In this config-
uration, the kth UE is identified by its ninit in the range
{0, . . . , NNPRACH

SC − 1} that allows to construct the pattern as
explained above.

Based on [9] and [13], the transmitted baseband signal for
the NPRACH preamble can be written as follows:

sm,i[n] =
∑

k

Sm,i[k]ej2π k
N n (1)

where sm,i[n] is the nth sample of the time domain waveform
of ith symbol in mth SG and Sm,i[k] denotes the ith symbol on
the kth subcarrier during the mth SG. Furthermore, n = [Nm,i−
NCP, . . . , Nm,i+N−1], i = [0, . . . , 4], where Nm,i = mNg+iN,
Ng = Ncp + 5N is the size of one SG, Ncp is the size of CP,
N is the size of a symbol.

Before providing the model for the received signal, it is
worth noting that the NB-IoT channel varies extremely slowly
in time. This comes from the fact that NB-IoT is not intended
to support high mobility of the devices [20]. Accordingly, the
channel is assumed to be invariant in time within at least 3
SGs and flat within 45-kHz frequency band (i.e., 12 subcar-
rirs). This means that the channel response does not change at
least during three SGs within 45-kHz bandwidth. The valid-
ity of these assumptions is discussed in the Appendix. Based
on [9] and [13], the nth sample of ith symbol in mth SG of
the received signal ym,i[n] can be written as

ym,i[n] = hmej2π foff(n−D)sm,i[n − D] + wm,i[n] (2)

= hmej2π foff(n−D)
∑

k

Sm,i[k]ej2π k
N (n−D)

+ wm,i[n]

where foff is the CFO normalized by the sampling frequency,
D is the RTD normalized by the symbol duration; hm is the

channel coefficient at mth SG. In addition, wm,i[n] is com-
plex additive white Gaussian noise (AWGN) with zero mean
and variance N0. By removing the CP (i.e., Ncp samples) and
performing FFT, we obtain

Ym,i[l] =
Nm,i+N−1∑

n=Nm,i

ym,i[n]e−j2π ln/N

=
Nm,i+N−1∑

n=Nm,i

hmej2π foff(n−D)

×
∑

k

Sm,i[k]ej2π k
N (n−D)e−j2π ln/N

+ Wm,i[l] (3)

where Wm,i[l] denotes the frequency response of the noise
signal. By exchanging the variables n′ = n − Nm,i, (3) can be
expressed as

Ym,i[l] = hmej2π foff(Nm,i−D)
∑

k

Sm,i[k]e−j2π k
N D

×
N−1∑

n′=0

ej2π foffn′
ej2π

(k−l)
N (n′−Nm,i) + Wm,i[l]

= hmej2π foff(Nm,i−D)Sm,i[l]e
−j2π l D

N

N−1∑

n′=0

ej2π foffn′

+ hmej2π foff(Nm,i−D)
∑

k �=l

Sm,i[k]e−j2π k
N D

×
N−1∑

n′=0

ej2π foffn′
ej2π

(k−l)
N (n′−Nm,i) + Wm,i[l]

= Ysig
m,i[l] + YICI

m,i [l] + Wm,i[l]. (4)

The above equation shows that the received signal consists
of a signal term (Ysig

m,i), intercarrier interference (ICI) term
(YICI

m,i ) and a noise term (Wm,i).
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As specified in [8], the symbols Sm,i[nRA
SC(m)] are all iden-

tically equal to 1 for any m, i and the same (mth) SG. Here,
nRA

SC(m) is the subcarrier occupied by mth SG. Assuming that
ICI is negligible, when l = nRA

SC(m) holds, the received signal
becomes

Ym,i = hmej2π foff(mNg+iN−D)

× e−j2πnRA
SC(m) D

N
1 − ej2π foffN

1 − ej2π foff
+ Wm,i. (5)

By combining the signals within the same mth SG, we get
SG-Sum (SG-S)

Ym =
4∑

i=0

Ym,i = hmej2π foff(mNg−D)

× e−j2πnRA
SC(m) D

N
1 − ej2π foff5N

1 − ej2π foff
+ Wm (6)

where Wm is the noise term. This result will be used in the
next section for the design of the optimal method for preamble
detection and ToA estimation.

III. PROPOSED METHOD FOR PREAMBLE DETECTION AND

TOA ESTIMATION

In this section, the proposed method is described, which
aims at detecting the NPRACH preamble and estimating the
ToA in presence of CFO. Unlike classical synchronization
schemes that either estimate jointly the timing offset with CFO
or estimate and compensate the CFO in the received signal
before estimating the timing, the proposed method eliminates
perfectly the CFO and estimates directly the timing offset (i.e.,
ToA). For the proposed method and its extended version, we
employ different sets of the combinations of SGs. Accordingly,
the core of the proposed method only employs a small num-
ber of combination. We refer to this method as “Differential
processing with minimum combinations.” The extended ver-
sion of the method is based on a more advanced processing,
which includes additional combinations of SGs. Thus, more
information can be extracted from the received signal, which
helps to improve the estimation accuracy. We refer to this
extended version as “Differential processing with extended
combinations.” Both versions are explained in the following.

A. Differential Processing With Minimum Combinations

1) Elimination of the CFO and Signal Preparation: At first,
we perform a differential processing of the neighboring SGs
by multiplying the mth SG-S with the complex conjugated
(m + 1)th SG-S

Zm,1 = YmY∗
m+1 = Q|hm|2e−j2π foffNg ej2π�(m) D

N

+W̃m,1, (7)

Q �
∣∣∣∣
1 − ej2π foff5N

1 − ej2π foff

∣∣∣∣
2

(8)

W̃m,1 � Ysig
m W∗

m+1 + Ysig∗
m+1Wm + WmW∗

m+1 (9)

where �(m) = nRA
SC(m + 1) − nRA

SC(m) is the hopping step
between the mth and (m + 1)th SGs and W̃m,1 is the noise

Fig. 3. Differential processing with minimum combinations.

term of Zm,1. This operation is performed for all SGs, includ-
ing the pseudo-random hopping between the repetitions (if
configured).

Second, we construct a vector v[n] of length 13 in such
a way, that the (7 + �(m))th element of v[n] is equal to
Zm,1. The numbers 13 and 7 are selected according to the
maximum subcarrier spacing between two consecutive SGs,
which is assumed to be 6. Apparently, in order to account
for both positive and negative values of �(m) in the range
between −6 and 6, vector v[n] needs to have 13 elements,
where the 7th element corresponds to �(m) = 0. Note, that
there might be multiple Zm,1 with equal value of �(m), i.e.,
�(m1) = �(m2) with m1 �= m2, their values are summed
up before being inserted in v[n]. To clarify this, Fig. 3 illus-
trates an example of NPRACH preamble with two repetitions
(i.e., two basic preamble units). As an example, we assume
in the figure that the hopping steps of the preamble are
�(m) = [1, 6,−1,−3,−1, 6, 1]. Accordingly, we obtain a
vector v[n] with 13 elements at respective positions between
−6 and 6, i.e., v[n] = [0, 0, 0, Z3,1, 0, (Z2,1 + Z4,1), 0, (Z0,1 +
Z6,1), 0, 0, 0, 0, (Z1,1 + Z5,1)].

Note that the CFO is still present in the vector v[n], since it
affects the phase of the symbols Zm,1 that constitute it. Rather
than estimating the CFO and compensating it in the signal
as performed in [13], we ensure here that the CFO factor is
common for all Zm,1 symbols. This is valid, if we consider
a differential processing only for neighboring SGs (see (7)).
Accordingly, and since the phase rotation of noise does not
affect its probability distribution (due to the circular symmetry
of the noise), we can pull the common factor e−j2π foffNg out
of vector v[n] to obtain

v[n] = e−j2π foffNg v′[n] (10)

such that v′[n] is independent from foff. Obviously, v′[n]
only depends on ToA,1 which has a similar impact on v′[n]
like the classical frequency offset on the received signals in

1Vector v′[n] also contains the noise terms according to the derivations
of Zm,1.
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Fig. 4. Example of post-FFT spectrum of vector v.

traditional wireless communications. Hence, in order to esti-
mate ToA, we perform the well-known Rife&Boorstyn (R&B)
method (see [21]), which resembles an approximation of the
maximum-likelihood frequency offset estimation. Accordingly,
the next step is to perform an 1-D-FFT on v[n], and take the
absolute maximum of the results. This can be written as

U[k] = ∑NFFT−1
n=0 v[n]e−j2πk n

NFFT (11)

where NFFT is the number of FFT points. Since the FFT is a
linear operation, using (11), we can express

U[k] = e−j2π foffNg U′[k], (12)

U′[k] =
NFFT−1∑

n=0

v′[n]e−j2πk n
NFFT (13)

where U′[k] is independent from foff. Hence, by taking the
absolute of U[k] we eliminate the impact of CFO given by
e−j2π foffNg term, since it affects only the phase of U[k], not its
magnitude.

Combining noncoherently over the two receive antennas, we
obtain

X[k] = ∑
Nrx

|U[k]|2. (14)

Fig. 4 shows an example of the 256-FFT spectrum of the
vector v at SNR = −5 dB under AWGN channel. The next step
is to determine Xmax = maxk{X[k]} and kmax ∈ [0, NFFT], for
which Xmax = X[kmax]. Similarly to the frequency estimation
using the R&B method, the resolution of the ToA estimation
(i.e., �D̂) depends on the NFFT, since it can be expressed
as �D̂ = (1/�f /NFFT) where �f is the subcarrier spacing of
NPRACH (i.e., 3.75 kHz). Of course, by increasing the number
of FFT points a much better resolution and estimation accuracy
can be achieved. At this stage, we first make a decision on the
presence of the preamble, then we deduce the ToA value.

2) Preamble Detection: To declare the presence of the
preamble, we compare the metric Xmax to a predefined thresh-
old τ . This threshold is currently set through simulations. In
practice the threshold can be determined experimentally. In
order to determine the threshold, the metric Xmax is first calcu-
lated via multiple attempts to receive a preamble in absence of

Fig. 5. Empirical CDF of Xmax in absence of signal (i.e., only noise).

the useful signal, i.e., only noise is present. Then the cumula-
tive distribution function (CDF) of the Xmax values is obtained.
The threshold τ is set equal to the Xmax value, which pertains
to the probability of 99.9% (corresponding to the false alarm
rate of 0.1%) as shown in Fig. 5. Taking into account all pos-
sible preamble lengths, every preamble repetition has its own
threshold τ calculated as above and stored in a look-up table.
The detection of the preamble (Pdetection) is decided online
(both signal and noise are present)

Pdetection(ninit) =
{

1, if Xmax ≥ τ

0, otherwise
. (15)

If the noise level varies considerably during the system
operation, the predefined threshold τ may need to be calcu-
lated taking into account the noise power. In this case, the
metric Xmax obtained in absence of the useful signal is nor-
malized by the noise power. Then, the threshold is determined
in a similar way by selecting the value, which pertains to the
probability of 99.9%. In this configuration, the decision for
the preamble detection is done with the help of an estimate
of the noise variance, which can be obtained from the col-
lected statistics across SGs, repetitions and antennas. For this,
the metric Xmax is first normalized with the estimated noise
variance. The result is compared with the threshold τ . Note
that the threshold becomes independent from the noise and
preamble parameters due to the normalization. However, this
strategy requires an accurate estimation of the noise variance
during the NPRACH reception as described in [13], which can
be challenging in practice.

3) ToA Calculation: If the presence of the preamble is
declared, the ToA is calculated as follows2:

D̂′(ninit) = kmax
NFFT�f . (16)

In order to further increase the accuracy of the estima-
tion, we perform a well-known and frequently used quadratic
interpolation around the maximum Xmax [22], and compute

2Note, that kmax can obtain values between 0 and NFFT−1, where kmax = 0
implies D = 0.
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Fig. 6. Quadratic interpolation of spectral peak [22].

the location of the maximum of the interpolation function.
Accordingly, the final ToA estimate is given by

D̂(ninit) = D̂′(ninit) + ε
1/�f
NFFT

(17)

where ε = (1/2)[(γ −α/2β−α−γ )] , and α, β, and γ are the
indices corresponding to X[kmax−1], X[kmax], and X[kmax+1],
respectively, as shown in Fig. 6.

It is worth noting here, that for NPRACH format 0, where
the RTD is known to not exceed the CP length of 66.67 us, the
maximum is determined only within the CP-window length
plus the maximum tolerated error, which equals ±3.646 us
for NPRACH according to [10]. This reduces the probabil-
ity of spurious peaks outside of the coverage area that may
outperform the correct peak in some cases. Correspondingly,
the method can be made more robust by reducing the search
range.

B. Differential Processing With Extended Combinations

The method proposed above can be extended in order to
further improve the accuracy of ToA estimation. For this, we
consider more SG combinations within the preamble basic unit
(i.e., 4 SGs) and over repetition (if configured). In particular,
we focus on combinations of SGs with indices that differ by at
most cmax, where cmax is a strictly positive integer. If cmax = 1
holds, only the neighbouring SGs are combined according to
the method described in Section III-A and we end up with
the minimum number of SG combinations. If cmax ≥ 2 holds,
there are more possibilities for the SG combinations and we
refer to these combinations as extended. In this case all combi-
nations c ≤ cmax are considered. The main difference between
the method outlined above and its extended version is the way
of how these extended combinations are incorporated in the
calculation. For the mth combination with the difference c
between the SG indices, we multiply the mth SG-S with the
conjugate of (m + c)th SG-S

Zm,c = YmY∗
m+c = Q|hm|2e−j2π(cfoff)Ng ej2π�c(m) D

N

+W̃m,c, (18)

W̃m,c � Ysig
m W∗

m+c + Ysig∗
m+cWm + WmW∗

m+c (19)

Fig. 7. Differential processing with extended combinations (cmax = 2, i.e.,
c = 1 and c = 2).

where �c(m) = nRA
SC(m + c) − nRA

SC(m) is the hopping step
between the mth and (m+c)th SGs, and W̃m,c is the noise term
of Zm,c. Next, we determine the minimum common multiple
M of all c ≤ cmax. Then, we multiply the phase of each Zm,c

by the factor αm,c = (M/c) in order to obtain the multiple of
the CFO as a common factor for all Zm,c. Thus, we obtain

Z′
m,c = Q|hm|2e−j2π(Mfoff)Ng ej2παm,c�c(m) D

N

+ W̃ ′
m,c, (20)

W̃ ′
m,c = ∣∣W̃m,c

∣∣ejαm,c	W̃m,c . (21)

We can note that e−j2π(Mfoff)Ng (the term containing CFO)
is independent from c and hence it is a common factor for
all Z′

m,c symbols. At this stage, the vector v[n] is constructed
with length of 2Lm,c + 1, and filled with Z′

m,c symbols for
all c ≤ cmax at (Lm,c + αm,c�c(m) + 1)th positions, where
Lm,c � max∀m,c

|αm,c�c(m)|.
Fig. 7 shows an example of extended combinations with

cmax = 2, i.e., c = 1, c = 2 and M = 2. The orig-
inal hopping pattern of the example is the same as the
previous one (i.e., example depicted in Fig. 3), which is
�1(m) = [1, 6,−1,−3,−1, 6, 1]. For c = 1 (black Zm,1
symbols in Fig. 7), we multiply the phase of Zm,1 by
αm,1 = M/1 = 2. The hopping of these symbols becomes
αm,1 × �(m) = [2, 12,−2,−6,−2, 12, 2]. This is why the
black symbols are placed at positions −6,−2, 2 and 12 in
vector v[n]. As a reminder, all symbols with the same position
within v[n] are summed up. For c = 2 (i.e., blue Zm,2 symbols
in Fig. 7), αm,1 = M/2 = 1 and �2(m) = [7, 5,−4, 5, 7]. The
Zm,2 is placed in v[n] at the positions �2(m), and no phase
multiplication is required in this case.

The next steps of the method are the same as with the
minimum combinations. The FFT is performed on v[n], then
the [Xmax, kmax] quantities are determined. If the preamble
detection is declared, the ToA is deduced as described above.
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TABLE I
SIMULATION PARAMETERS

IV. SIMULATION RESULTS AND DISCUSSION

In this section, we provide numerical results for the
performance evaluation of the proposed NPRACH reception
method. When referring to the basic version of the method,
we denote it a proposed method with minimum combina-
tions in order to distinguish from the extended version with
extended combinations. When referring to extended version
of the proposed method, we focus on extended combina-
tions described by cmax = 2 according to Section III-B. The
method has been implemented in MATLAB and simulated
under the 3GPP test conditions. Table I summarizes the link-
level simulation parameters. Both preamble formats 0 and 1
are simulated. Accordingly, the timing offset is selected ran-
domly in the interval [0, 66.67] us for preamble format 0,
and [0, 259] us for preamble format 1. The number of rep-
etitions is set to 8 or 32. We chose a timing offset limit of
259 us rather than 266.67 us for Format 1 in order to keep a
safety interval of ±2 · 3.646 us that helps to avoid the phase
ambiguity. AWGN, extended pedestrian A model with 1 Hz
Doppler (EPA1) and extended typical urban model (ETU) with
1-Hz Doppler (ETU1) radio channel models are considered.
It is worth noting that 3GPP considers only AWGN (without
CFO) and EPA1 (with 200 Hz CFO) channels for NPRACH
test requirements, i.e., not ETU1. Nevertheless, we include
the ETU1 channel for completeness, since 3GPP may add this
channel to the NPRACH requirements in future releases. The
number of FFT points used in the method is set to 256 points
for a fair comparison with the work in [13].

A. 3GPP Requirements and Performance Metrics

Regarding the performance metric, the 3GPP requirement
is expressed in [10] in terms of the minimum SNR, for which
the probability of preamble detection is greater than or equal
to 99% (i.e., missed detection rate below 1%), and false alarm
probability being less than or equal to 0.1%.

According to [10], the probability of detection is defined as
the conditional probability of correct detection of the preamble
when the signal is present. There are several error cases:

1) detection of a wrong preamble (different than sent);
2) no detection of any preamble;
3) correct preamble detection but with the wrong timing

(ToA) estimation.

This latter occurs, if the estimation error of the timing is
larger than 3.646 us.

The false alarm probability is defined as the conditional total
probability of erroneous detection of the preamble when input
only contains the noise, i.e., in absence of the useful signal.

To summarize, the performance metric is the minimum
required SNR, for which the preamble is correctly detected
and the ToA error is below 3.646 us in 99% of cases while
the false alarm probability is below 0.1%.

B. Obtained Results

The obtained results are depicted in Figs. 8–10 for AWGN,
EPA1 and ETU1 radio channels, respectively.

For AWGN (see Fig. 8) with 8 repetitions, the missed detec-
tion target of 10−2 (which corresponds to detection probability
≥ 99%) is reached at SNR of −7.68 dB and −9.41 dB
for the minimum and extended combinations, respectively.
A gain of 1.73 dB is observed with extended combinations
compared to the minimum combinations. In case of 32 repe-
tition, the missed detection target is reached at −12.7 dB for
minimum combinations and at −13.7 dB for extended com-
binations, respectively, which leads to 1 dB gain between the
two cases. We observe only a slight deviation of these SNR
values for preamble format 1 compared to format 0, such that
the proposed method can be applied without change for both
formats.

For EPA1 (see Fig. 9), the missed detection target is reached
at SNR of −2.6 dB and −3.8 dB for minimum and extended
combinations, respectively, in case of 8 repetitions. For 32
repetitions, the target performance is reached at −7.5 dB and
−8.2 dB for minimum and extended combinations, respec-
tively. Under ETU1 (see Fig. 10) channel, the observed SNR
for the missed detection target is −1.4 dB and −3.8 dB for
minimum and extended combinations in case of 8 repetitions.
For 32 repetitions, the SNR at the missed detection target for
minimum and extended combinations is about −6.33 dB and
8.10 respectively. Like the AWGN observation, these SNR lev-
els are almost the same for both preamble formats 0 and 1. In
addition, we observe that the false alarm is less than 0.1% in
all considered scenarios.

C. Comparison and Discussion

To evaluate these results, a comparison of the proposed work
with the 3GPP requirements [10] and with the most repre-
sentative state-of-the-art works [13], [14] is provided in the
following. It is worth noting here that the relevant performance
analysis for the algorithm proposed in [11] has been provided
in [14].

The numerical results, which are relevant for the compari-
son, are provided in Figs. 8–10, and summarized in Table II.
Note that the results for the ETU1 channel are provided only
for the sake of completeness, since no requirements have been
imposed by 3GPP for this type of channel yet. First of all, the
obtained performance meets the 3GPP requirements [10] for
both preamble formats and with both minimum and extended
combinations. Under the AWGN channel and for all num-
bers of repetitions (i.e., NNPRACH

rep = 8 or 32) a margin of ≈
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Fig. 8. NPRACH simulation results under AWGN channel for differential processing with minimum (i.e., cmax = 1) and extended (i.e., cmax = 2)
combinations. (a) AWGN channel (0 Hz) for Format 0. (b) AWGN channel (0 Hz) for Format 1.

Fig. 9. NPRACH simulation results under EPA1 channel for differential processing with minimum (i.e., cmax = 1) and extended combinations (i.e., cmax = 2).
(a) EPA1 channel (200 Hz) for format 0. (b) EPA1 channel (200 Hz) for format 1.

5.5 dB (in case of minimum combinations) and ≈ 7 dB (in
case of extended combination) is observed compared to 3GPP
requirements. Under EPA1 channel, even larger margins are
observed. Interestingly, ≈ 8.6 and 10 dB margins are obtained
in case of minimum and extended combinations, respectively.
These large margins demonstrate a very high accuracy of our
proposed method.

Regarding the works in [13] and [14], the performance is
compared only for preamble format 0 in AWGN and EPA1
channels, since the method proposed in [13] does not support
format 1 and the method in [14] provides only performance
analysis for format 0. For ETU1, only preamble format 0
with 8 repetitions is compared, since [14] provides the results
only for this configuration. The proposed method clearly out-
performs the methods in [13] and [14] in all considered
cases.

Under AWGN channel and for any number of repetitions,
performance margins of at least 3.1 and 1.1 dB are observed

(at missed detection target of 10−2) compared to [13] and [14],
respectively, with just the minimum combinations. With
extended combinations, these margins increase to at least
4.5 dB and 2.5 dB compared to [13] and [14], respectively.
One can see (see Fig. 8(a)) that the performance of [13] with
32 repetitions is equivalent to the performance of the proposed
method with only eight repetitions in case of extended com-
bination, such that the preamble detection can be done four
times faster.

Interestingly, under EPA1 and ETU1 channels, the margins
are even larger. The proposed method can even outperform the
other methods with lower repetitions (see Fig. 9(a)). Regarding
the work in [13], and in case of 8 repetitions, margins of
6.2 and 7.65 dB are observed (at missed detection target of
10−2) with minimum and extended combinations, respectively,
while in case of 32 repetitions, these margins are ≈ 5.77 and
6.43 dB. Compared to [14], the observed margins under EPA1
channel are 3.26 and 4.7 dB with minimum and extended
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Fig. 10. NPRACH simulation results under ETU1 channel for differential processing with minimum (i.e., cmax = 1) and extended combinations (i.e.,
cmax = 2). (a) ETU1 channel (200 Hz) for format 0. (b) ETU1 channel (200 Hz) for format 1.

TABLE II
PERFORMANCE SUMMARY AND COMPARISON

combinations, respectively, if the number of repetitions is
8. For 32 repetitions, the margin remains approximately the
same with minimum combinations (i.e., 3.2 dB), whereas with
extended combinations the margin decreases to 3.88 dB. Under
ETU1 channel, the observed margins are 2.6 and 5 dB with
minimum and extended combinations, respectively.

In the following, we provide a brief explanation for such
a substantial performance improvement using our method
by analyzing the potential weaknesses of the state-of-the-art
methods. The method in [14] is based on 2-D-FFT [11],
as mentioned earlier. In general, when the CFO is absent,
the performance of this method is theoretically close to our
method with minimum combinations. This is why only 1 dB
gain is observed in case of minimum combination under
AWGN channel compared to [14]. This remaining 1 dB gain
can be explained by the fact that in our method, the pseudo-
random hopping is included in the pre-FFT vector v[n] (see
Section III-A) in contrast to [9]. By adding a pseudo-random
hopping (which is not fixed) in v[n] allows to increase diver-
sity within the vector leading to higher post-FFT peak and
hence a better performance. For the extended combination,
the additional gain is the result of adding more symbols to

v[n] vector due to higher number of combinations compared
to the minimum combinations. In a realistic scenario with a
nonvanishing CFO (i.e., EPA1, ETU1), the method in [14] is
sensitive to the CFO. A joint estimation of multiple parameters
(CFO and ToA in case of [14]) is typically less accurate under
the same conditions than the estimation of just one parameter
(ToA in case of the proposed method), if all other parameters
are either known or perfectly eliminated. This is why at least
2.6 dB gain is observed in ETU1 channel using the proposed
method.

A very high performance gain obtained with the proposed
method compared to the method in [13] is explained by the
sensitivity of the latter to the CFO. The estimation and com-
pensation of the CFO not only leads to additional complexity,
but also to a degradation of the ToA estimation performance,
since imperfect CFO estimation and compensation leads to
residual CFO, which dramatically affects the accuracy of ToA
estimation.

In the light of these results, one can notice that the
performance of the proposed technique is substantially higher,
especially in the realistic scenario with nonvanishing CFO.
This high performance can be exploited to reduce the number
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Fig. 11. NPRACH simulation results with 12-active UEs under EPA1 and ETU1 channels. (a) EPA1 channel. (b) ETU1 channel.

of repetitions within the NPRACH preamble while satisfy-
ing the 3GPP requirements. Correspondingly, a successful
synchronization can be achieved faster, leading to overhead
reduction, and thus to an increase of the energy and spectral
efficiency desired in the context of IoT system.

The proposed algorithm can work with any frequency hop-
ping pattern under the assumption that this pattern is known
to the receiver. However, the maximum delay offset (e.g.,
RTD) that can be estimated corresponds to the reciprocal
minimum hopping distance. Furthermore, the hopping pattern
impacts the spectrum of the vector v (after the FFT process-
ing), such that the detection and the estimation performance
depends on the pattern. Hence, the design of the optimal
pattern should be addressed in future works by taking into
account the peculiarities of signal detection associated with
the proposed algorithm.

D. Performance in Practical System

To evaluate the performance of the proposed method in a
practical system, simulations have been conducted with 12
active UEs under realistic scenarios with nonvanishing CFO.
Accordingly, the CFO is no longer fixed (e.g., 200 Hz) as
before but randomly selected (with uniform distribution) in
the interval ± 200 Hz. Furthermore, we assume realistic sig-
nal propagation models, i.e., EPA1 and ETU1. Note that the
previous simulations with a single UE and with fixed CFO
200 Hz represent a pessimistic case, since in a real scenario
the CFO is not fixed but uniformly distributed in the range
between −200 Hz and 200 Hz. Since the results are very sim-
ilar for format 0 and 1, we provide the results only for format 1
due to space limitations. Except for the parameters mentioned
above, all other simulation parameters remain unchanged, see
Table I. The obtained results are depicted in Fig. 11. Similarly
to the previous simulations, the performance of the extended
combinations is better than with the minimum combinations.
For EPA1 channel 8 repetitions (see Fig. 11(a)), the SNR cor-
responding to the missed detection rate below 1% is −3.3 dB

and −4.6 dB for minimum and extended combinations, respec-
tively. With 32 repetitions, these values are −8.3 dB and
−8.8 dB. For ETU1 channel (see Fig. 11(b)), the observed
SNRs at the missed detection target are −1.9 dB and −4.4 dB
with 8 repetitions for minimum and extended combination,
respectively, and −6.9 dB and −8.7 dB with 32 repetitions,
respectively. As expected, the results in EPA1 channel outper-
form the results in ETU1 channel, since the latter is associated
with more severe propagation conditions compared to EPA1 as
outlined in [23]. Interestingly, the obtained results constitute
a new reference for NPRACH detection performance in prac-
tical system configurations, since none of the existing works
provides the performance analysis of the respective method in
practical scenarios, but solely the performance with respect to
the 3GPP requirements, i.e., with fixed CFO and single UE.

E. Complexity Analysis

In order to justify the use of the proposed method in prac-
tical scenarios, we provide also a complexity analysis and a
comparison with the complexity of the mentioned state-of-the-
art works. The complexity comparison with [9] is not needed
since it apparently has a much higher complexity than our
method due to the mentioned 2-D-FFT calculation (our method
requires a single 1-D-FFT calculation). Hence, we focus on the
number of complex multiplications required by the proposed
method and by the method from [13].

In [13], the frequency estimation block requires a number
of complex multiplications of ≈ 4NNPRACH

rep +2. On the other
hand, the compensation block requires 4NNPRACH

rep complex
multiplications. For the ToA estimation part, no multiplication
is required since the calculated symbols during the frequency
estimation and compensation stages can be reused. Only 1-D-
FFT is required in this part. However, ≈ 5 real multiplications
(≈ 1 complex multiplication) are needed to: 1) calculate
the square of absolute value of the metric; 2) deduce ToA;
3) obtain quadratic interpolation factor; and 4) perform the cor-
rection of the estimated ToA using the interpolation factor. We
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note that all multiplications by a factor 2n are not considered
since they can be implemented via shift registers. Taking into
account the maximum UEs that can simultaneously send their
NPRACH in NB-IoT (i.e., 48 UEs), the overall complexity in
term of complex multiplication is about O(48 · 8NNPRACH

rep ) in
addition to a 1-D-FFT with 256 points per receiver antenna.

Regarding the proposed method, the complexity estima-
tion is done first for the minimum combination and then
for the extended combinations. For the minimum combina-
tions, the ToA estimation part requires 4NNPRACH

rep −1 complex
multiplications in addition to 1-D-FFT with 256 points. The
same real multiplications as [13] are required (i.e., ≈ 5 real
multiplications). For 48 UEs, the overall complexity for the
minimum combination is O(48 · 4NNPRACH

rep ) in addition to a
1-D-FFT with 256 points per receiver antenna. Clearly, the
proposed method with minimum combinations has 50% less
complexity compared to [13]. With the extended combinations,
the ToA estimation requires 8NNPRACH

rep − 3 in addition to the
same aforementioned real multiplications and one 1-D-FFT of
256 points. In total, the complexity of the maximum combi-
nations is O(48 · 8NNPRACH

rep ) in addition to a 1-D-FFT per
receiver antenna. Obviously, even with the extended combi-
nation, the complexity of the proposed method is not higher3

than the complexity of the algorithm proposed in [13].
This analysis proves that the proposed method has the low-

est complexity compared to the state-of-the-art works. Taking
into account the mentioned performance improvements, our
method is in fact a very promising solution for realistic
scenarios of NB-IoT.

V. CONCLUSION

In this article, a novel reception method for NB-IoT RA has
been presented. The proposed method is designed in a way that
the CFO present in the received signal is perfectly eliminated.
An extended version of the method is also proposed. The
method has been simulated under the 3GPP conditions to test
its conformity toward 3GPP requirements. Comparisons with
relevant state-of-the-art work are also provided. The obtained
results and complexity analysis illustrated the effectiveness of
the proposed method in term of flexibility, low-complexity and
high accuracy of ToA estimation. Here, the flexibility results
from the fact that the proposed method: 1) eliminates perfectly
the CFO, and performs equally well with any CFO and 2) sup-
ports both preamble formats 0 and 1. Moreover, the absence
of the CFO estimation and compensation reduce considerably
the computational complexity leading to ≈ 50% complexity
savings compared to the previous work. Last but not least, 8.5
to 10 dB margins are obtained under a realistic scenario (EPA1
channel) compared to 3GPP requirements. The capabilities of
the proposed method can be exploited in order to reduce the
length of the NPRACH preamble. Correspondingly, success-
ful synchronization can be achieved much faster, which would
allow to relax the hardware design, reduce the power consump-
tion of the IoT UEs and contribute to the overall throughput
increase of the system saving thus the scarce system resources.

3More precisely, our method requires four less multiplications per user per
antenna than [13], which leads to 48 · 4 = 192 fewer multiplications in total.

APPENDIX

ASSUMPTIONS ON NB-IOT PROPAGATION CHANNEL

1) Coherence Time: The coherence time is defined as a
measure of the expected time duration over which the prop-
agation channel can be viewed as constant. Essentially, it is
related to the relative motion between the transmitter and the
receiver. In order to calculate the coherence time T0, we con-
sider the maximum Doppler frequency Fd = 1 Hz defined for
NB-IoT in 3GPP standard, see [10]. According to the lower
bound on the coherence time in [24], T0 can be calculated via

T0 = 9

16πFd
. (22)

From this, we can deduce that the coherence time T0 is
around 179 ms. Hence, the channel remains constant for a
sufficient number of SGs (≈ 111 SGs).

2) Coherence Bandwidth: The coherence bandwidth is
defined as the frequency range with a high amplitude cor-
relation, i.e., the frequency band with a sufficient flatness of
the channel. The lower bound on the coherence bandwidth F0
depending on the root mean-squared (rms) delay spread σrms

is given by [24]

F0 = 1

50σrms
. (23)

In NB-IoT, the frequency hopping is used within 12 sub-
carriers [8]. In other words, the preamble signal is restricted
within a bandwidth of 45 kHz (equivalent to 12 subcarriers).
On the other hand, taking into account the delay spread of
the EPA channel of σrms ≈ 45 ns [23], F0 ≈ 444-kHz results.
Hence, the channel is flat within 45 kHz.

From this analysis, we conclude that the assumptions made
in Section II are correct.
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