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Abstract—Many Internet of Things (IoT) devices are small,
battery-powered systems, requiring energy-efficient solutions
to extend their operational life. To reduce communication
energy consumption, we suggest zero-padding (ZP)-orthogonal
frequency-division multiplexing (OFDM) as a more efficient
alternative to its cyclic-prefix (CP)-OFDM counterpart. However,
ZP-OFDM typically relies on pilot data for time synchronization,
which can be prohibitively expensive for resource-constrained
IoT devices. This article introduces a low-complexity, pilot-
independent time synchronization method for ZP-OFDM. Thus,
the proposed approach eliminates the need for pilot data which
further enhances the energy efficiency of ZP-based signaling
for IoT applications. Simulation results demonstrate that the
proposed estimators achieve a high lock-in probability even
in low SNR with low computational complexity, enabling the
practical deployment of ZP signaling in IoT systems. Although
the proposed methods cannot be directly integrated to the existing
IoT technologies, such as ZigBee for physical implementation,
they pave the way for practical implementations in future IoT
technologies.

Index Terms—Internet of Things (IoT), low signal-to-noise
ratio (SNR), low-complexity, pilot-independent, time synchroniza-
tion, zero-padding (ZP).

I. INTRODUCTION

NTERNET of Things (IoT) devices are used in various
Iapplications, including but not limited to environmen-
tal and disaster monitoring, asset tracking and management
in inventories, industrial IoT for machinery maintenance,
wearable health monitoring, and precision agriculture. Such
devices are usually small and battery-powered, and hence,
a lot of efforts are put into minimizing their energy
consumption and increasing their lifetime. Thus, various solu-
tions, such as data compression, data aggregation, and data
prediction are proposed to reduce their communication energy
consumption [1].
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Orthogonal frequency-division multiplexing (OFDM)-based
signaling, and in particular cyclic prefix (CP)-OFDM, have
been widely used in various Internet of Things (IoT) devices,
including but not limited to narrowband IoT devices, IEEE
802.11ah (Wi-Fi HalLow) devices, and other OFDM-based
wireless sensor networks [2]. However, such signaling suffers
from high energy consumption, which hinders its implemen-
tation in many practical scenarios.

Zero-padded signaling, such as zero padding (ZP)-OFDM,
can offer a more energy efficient solution, compared to
CP-OFDM, for IoT devices. More specifically, ZP-OFDM
consumes less power per transmission, compared to CP-OFDM,
as it does not transmit the repeated information, i.e., CP [3],
which could potentially account for about 17% percent of the
OFDM symbol duration. Additionally, the zero-filled guard
interval of ZP-OFDM can be also used for sensing applications,
achieving joint communication and sensing [4], [5], [6] which
may be crucial for many IoT applications.

Recently, there has been a lot of efforts to further reduce the
communication energy consumption of ZP-OFDM via either
minimizing or removing pilots [7], [8].1 As the number of
connected IoT devices grows exponentially, the pilot overhead,
too, can grow exponentially. This, in turn, increases the energy
consumption of communication and reduces the lifetime of IoT
devices. Hence, researchers have tried to remove it. However,
ZP-based waveforms, such as ZP-OFDM, heavily rely on the
pilots for time synchronization as they do not have a CP for
time synchronization purposes.

In general, there are two approaches in order to estimate
timing offset (TO) in OFDM signals. In the first approach,
called data-aided (DA) time synchronization, a series of
training sequences (pilots) are used to estimate TO. The
second approach, referred to as nondata-aided (NDA) time
synchronization, relies on the statistical properties of the
transmitted data sequence. CP-OFDM can use the CP to
perform correlation-based NDA time synchronization methods.
However, ZP-OFDM cannot use such methods due to the lack of
CP. Hence, lacking a robust NDA time synchronization method
for ZP-OFDM hinders its adoptation in many IoT devices.

While there exist some NDA time synchronization algo-
rithms for ZP-OFDM in the literature, the proposed algorithms
fail to achieve either a high lock-in probability, or practical

1Used for synchronization purposes.
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complexity for meeting the low-complexity requirements of
IoT applications. Hence, an accurate yet low-complexity NDA
time synchronization algorithm for ZP-OFDM is needed. The
goal of this article is to fill this existing gap by proposing low-
complexity NDA time synchronization methods for ZP-based
waveforms, such as ZP-OFDM systems. Furthermore, our
proposed solution can achieve very high lock-in probability
even in low signal-to-noise ratio (SNR) which is a common
scenario in IoT devices.

Our approach can be also potentially applied to duty-cycled
IoT devices that sleep and wake up periodically in order to
save energy. More specifically, the zero-filled guard interval of
ZP-OFDM models the sleep period of such devices in which
they do not transmit any data. For instance, a CP-OFDM
based IoT device, such as narrowband IoT devices, IEEE
802.11ah (Wi-Fi HalLow) devices, and other OFDM-based
wireless sensor networks, which sleeps periodically for energy
saving, follows similar equations presented in this article.

A. Related Work

The time synchronization problem for various waveforms
and under various scenarios has been investigated in [9],
[10], [11], [12], [13], [14], [15], [16], [17], and [18]. For
instance, Sun et al. [9], proposed a pilot-aided joint time
synchronization and channel estimation algorithm based on
maximum length sequence for timing offset estimation in
orthogonal time frequency space (OTFS) systems. Moreover,
a minimum variance time synchronization algorithm using an
output feedback consensus control scheme for time-division
multiple access systems is introduced in [10]. Another time
synchronization method based on sensing that leverages the
echoed signals is proposed for UAV-assisted OFDM systems
in [11]. Scazzoli [13] proposed a correlation-based technique
via a novel synchronization-focused waveform in integrated
sensing and communication scenarios.

The data-aided (DA) time synchronization for ZP-OFDM
has been studied in [19] and [12], where a highly correlated
training sequence (pilot) is employed in order to increase the
auto-correlation of the received signal, which is then used
for estimating the TO. A pilot-aided artificial intelligence
approach via cascaded 1-D convolutional neural network (1-
D CNN)-based time synchronization method for ZP-OFDM
systems is proposed in [12]. Such a pilot-based time syn-
chronization algorithm can achieve reliable performance while
having a reasonable complexity [19]. However, transmitting
pilots can be costly for small and battery-limited IoT devices.

For nondata-aided (NDA) time synchronization in ZP-
OFDM, however, a low-complexity TO estimation algorithm
with an accuracy comparable to that of CP-OFDM coun-
terparts does not exist. Existing NDA time synchronization
algorithms for ZP-OFDM, such as transition metric (TM)
in [20] or the estimator in [21] mainly detect the jumps in
the energy of the signal. Such methods are heuristics that
detect the point that the energy? of the samples in the window
changes significantly. However, jump-based techniques greatly

2Sometimes two sliding windows are used and the change in the energy
ratio of these two windows is tracked.
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suffer from the natural randomness of the received samples;
thus, exhibit poor performance in terms of probability of lock-
in, i.e., correct TO estimation.

A mathematical approach toward NDA TO estima-
tion for ZP-OFDM systems has been proposed in [23].
Roshandeh et al. [23] proposed a maximum likelihood (ML)
TO estimator for ZP-OFDM under a frequency selective chan-
nel. However, the algorithm in [23] is highly complex which
hinders its implementation in low-power low-complexity IoT
devices.

B. Contributions

In this article, we first propose a moment-based NDA
TO estimator for multiple-input-multiple-output (MIMO) ZP-
OFDM. In general, moment estimators are derived via solving
equations involving the theoretical moments of the received
samples and their natural moment estimators [24]. In this
article, we choose the Second order Moment (SoM) in order
to keep the complexity of the estimator very low. Later, we
propose a weighted version of the moment estimator to further
improve the the probability of lock-in. The contribution of the
article is summarized as follows.

1) An NDA TO estimator based on method of moments
(MoM) for ZP-OFDM systems in highly selective chan-
nels is proposed. This algorithm

a) Achieves high lock-in probability.

b) Has significantly lower complexity compared
to [23]; thus, it can be employed in low-complexity
low-power IoT devices.

c) Is suitable for deployment in very low SNRs in
contrast to [23] and TM [20], making it suitable
for IoT applications.

2) A weighted moment-based NDA TO estimator, i.e.,
Weighted Method of Moments (WMoM), for ZP-OFDM
systems in highly selective channels is proposed. This
algorithm has all the benefits of the first estimator
while significantly improving its lock-in probability.
This algorithm asymptotically reaches the ML esti-
mator’s performance, while having significantly lower
computational complexity.

This article is organized as follows. The system model
is presented in Section II. The main ideas, the proposed
estimators, and the complexity of the estimators are discussed
in Sections III. Simulation results and conclusions are given
in Sections IV and V, respectively.

Notations: Column vectors are denoted by bold lower case
letters. Random variables are indicated by uppercase letters.
Matrices are denoted by bold uppercase letters. Conjugate,
absolute value, transpose, and the expected value are indicated
by ()% | -1, (~)T, and E{-}, respectively. Floor function is
denoted by |-]. Brackets, e.g., a[k], are used for discrete
indexing of a vector a. Natural estimator of an observation
sample is defined as

1 m
E(Lill"} = — > il
i=1
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II. SYSTEM MODEL

We consider a MIMO-OFDM [25], [26] wireless system
with m; and m, transmit and receive antennas, respectively.
This system uses ZP-OFDM technique for communication
over a frequency selective Rayleigh fading channel. Let
{x; @, k)}”x_1 with E{le("’k)|2} = 2, denote the n, complex data
samples from the nth OFDM block to be transmitted from the
ith transmit antenna. The corresponding OFDM signal can be
expressed as [23]

Ny—
* J2mkt

(") (l) _ Zx(n k)e Tx

0<t1=<Tx (1)

where T, denotes the duration of the data signal. By adding
a zero-padding guard interval of length 7, to (1), the nth
transmitted ZP-OFDM block from the ith transmit antenna is
given as

(n)
My X @, 0<t=<Tx
it {0, T <t=<T, @

where T denote the symbol duration, and 75 = T, + 7.

Let f; = 1/Ts, = n/T, denote the sampling rate at the
receiver. In the absence of synchronization error, the discrete
received baseband vector of the nth OFDM block is expressed
as [27] and [28]

n _ HS(n) + W(n), n>0
yo = w n<0

3)

where H denotes the discrete channel matrix, and is defined as

Hiy Hjp Hy,,
Hyy Hyp - Hypy,

H= . . €]
Hm,l Hmr2 . Hm,m,

where Hj; is the ng x ny; lower triangular Toeplitz channel
matrix between the transmit antenna i and the received
antenna j, with first column [Aj;[k, O] hyi[k, 1] --- hjlk, np —
11 0 --- 0]T where 0 <k <ny—1, and {hjilk, l]}"h ! denote
the ny, channel taps between the transmit antenna i and the
received antenna j at time k and delay / [29]. The channel
is considered to be Rayleigh fading, and the channel taps
are assumed to be statistically independent and are modeled
by zero-mean complex Gaussian random variables with the
autocorrelation function

E{hjlll k1, l]h*m k2,1 m]} (5)
ka8[m18[j1 — j2]8lin — ia]

I =0,1,....,n,— 1,0 < ki,kp < ng— 1,1 < iy,ip <
my, and 1 < ji,jo < my. In (5), R[k; — k] is an arbitrary
function with R[0] = 1, where it describes the interdependence
of two channel taps at different times k; and kp. Without
loss of generality and in this article, we consider R[k] =
S[k]. However, the mathematical derivations in this article, are
applicable to the general case where R[] is given for different
values of k. As the relative speed of the transmitter and receiver
increases, R[k; — k2] approaches §[k; — k»]; thus, the power
delay profile (PDP) of the channel is modeled as

= Uh R[k1 —
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E{ i k. D, Tk 1 — m1) ©)

]212
= 0,.8[k1 — ka18[m18[jy — jo]8li1 — ).

The PDP of the channel, i.e., a}%o, th] .. .crf 0 is assumed to
nh*

be known at the receiver. The PDP of an environment, can be
obtained through channel sounding procedure prior to any data
transmission, and hence is independent of such transmission. It
can be obtained through transmitting a short pulse (wide-band)
and measuring the power of the received signal at various
delays, averaged over spatial locations. The vectors s y(”),
and w® in (3) are given as

(n) (n) (n)

5| Y| W,
S(n) y(") (n)

s — |72 , y(n) S w2 2 (7
sfff,) yfé’,) Wffir)

where s s y , and w;") denote the nth transmitted ZP-
OFDM block from the ith transmit antenna, the corresponding
received vector at the jth receive antenna, and the noise vector
at the jth receive antenna, respectively, and are defined as

T
v 2 101y g - 11 (8a)
T
W,('n) = [ (")[O] (")[1] an) [ns — 1]] (8b)
s 2 [s101 511 . sl - IJ]T (8¢)

= [0 Ty - (= DT 0L ]
where ng £ |Ty/Tsal, nx £ |Tx/Tsal, and n; 2 |T:/Te]
denote the total number samples, number of data samples,
and the number of zero-padded samples per OFDM block,
respectively, and ng = n, + n;.

In order to avoid inter symbol interference (ISI), the length
of the zero-padding should be greater than or equal to the
number of channel taps, i.e., n; > ny. This assumption
holds throughout our analysis in this article. Noise samples
are assumed to follow zero-mean complex Gaussian random
variable with correlation function as

B 161 5wl K] = 028[m — ]3] — sk — K] )

According to the central limit theorem (CLT) [30], the
transmitted OFDM samples, i.e., s,(") k] = x,(") (kTy) Yk €
{0, 1, ..., ny — 1}, can be modeled as independent and identi-
cally distributed (i.i.d) zero-mean complex Gaussian random
variables. Hence

-1}
(10)

sl(")[k] or xgn) (kTsq) ~ CN(O, Uf) Vke{0,1,...,n

where
]E[s,?”) (k)50 [k’]*} - E[xl?")(kTw)x;") (k’Tm)*} (11)
= o28[k — K']8li — p] (12)
Vipe{l,2, ..., m}

VK el{o,1,... n—1).
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Now, assume that there is a TO t 2 dTy, + € between
the transmitter and the receiver, where d and € represent the
integer and fractional part of the TO, respectively. Since the
fractional part of TO, €, can be corrected through channel
equalization and carrier frequency offset estimation [31], it
suffices to estimate the integer part of TO. In fact, it is common
in practice to model the TO as a multiple of the sampling
period, and consider the remaining fractional error as part
of the channel impulse response. To this end, we focus on
estimating the integer part of the TO, d, which is essential in
order to perform the fast fourier transform (FFT) operation at
the receiver, and decode the data in subsequent steps.

The next section proposes the MoM estimators for estimat-
ing d. In order to simplify the notations and derivations, we
first consider a single-input—single-output (SISO) system, and
then extend our discussions to MIMO devices.

III. MOMENT-BASED ESTIMATORS FOR ZP-OFDM

The MoM and its weighted version, i.e., WMoM, are mostly
used in practical systems where it is either not possible to
derive the ML estimator or its complexity is prohibitive for
low-complexity low-power devices. In such scenarios, MoM
and WMoM can potentially achieve high estimation accuracy
while having low complexity.

The main idea behind MoM is to use the moments of
the observation samples instead of their probability density
function (PDF), used in methods like ML. The parameter
of interest is then estimated by equating the practical and
theoretical moments of the observation samples and solving it
for the mentioned parameter. WMoM builds upon this method
by additionally taking into account a weight for each moment.
This weight is proportional to the inverse of the variance of the
moment as a measure of confidence in the calculated moment.
In this article, we will use these ideas to derive our estimators.

For the SISO system, the received signal in (3) can be
rewritten as

M) 4w & o) o )
y(n):{HS +w v 4w n>0 (13)

w n<0

where H £ H;; and v £ Hs™,

We allow the integer part of the TO, d, takes values from
aset D={-ny+1,...,—1,0,1,...,n, — 1}. Note that the
positive values of the delay, d, corresponds to situations when
the receiver starts early to receive samples. That is, for d > 0,
the receiver receives d noise samples, and then receives the
transmitted OFDM samples starting from the (d+ 1)th sample.
Similarly, when d < 0, the receiver misses the first |d| samples
from the transmitted OFDM samples. Allowing d to take both
negative and positive values enables the final estimator to be
employed for both frame and symbol synchronization.

The problem of TO estimation can be formulated as a
multiple hypothesis testing problem. Let Hy denote the hypoth-
esis corresponding to TO d € D = {—ny+ 1,...,ny — 1}.
For d = 0, y™ in (13) is cyclostationary with period ;.
Cyclostationary here means that the PDF of the individual
received samples repeats itself after certain number of samples.
This means that the moments of the samples are also periodic

IEEE INTERNET OF THINGS JOURNAL, VOL. 12, NO. 20, 15 OCTOBER 2025

with period ns. Hence, when d = 0, we only need to derive
the moments of the samples for the first n; samples and repeat
them in the same order to obtain the moments of subsequent
samples.

The periodic pattern in the moments of y" given H
makes the MoM an efficient way for TO estimation. This
is because the periodicity can give a better estimate of the
true moments. The main idea behind the MoM is to derive a
theoretical expression for the moment of the received signal
given different hypothesises and compare it with the sample
mean estimate of the moment.

The First-order Moment (FoM) of the received samples
in (13) is zero, i.e., E{y"™} = 0, since the expected value of the
channel taps, the OFDM signal samples, and the noise samples
are all zero. Hence, the FoM of the received samples cannot
be used for TO estimation. Therefore, we aim at obtaining the
SoM of the received samples. Theorem 1 derives the SoM of
the received samples for a single OFDM block, i.e., samples
with indices from 0 to ny — 1 given H.

Theorem 1: The SoM of the received OFDM samples given
hypothesis Hy are given by

by
Molk] = Molk + nny] £ E{|y"[K]*[Ho} = 67 Y oy + 0,
I=ay
(14)
where n € Z>o, k=0,1,...n;— 1, and
(0, k), O<k<ny—2
(ak,bk): (O,I'lh—]), nh_l Ekfnx_l (15)

k—n+1,n,—1), ny<k<n.+n,—2
(NaN, NaN), ne+np—1<k<ng—1.

with ng = ny +n, — 1 and nj, < n,.
Proof: Please see Appendix A. |

Note that the right hand side of (14) is independent of n,
and only depends on k. Hence, My[k] Yk € Nx¢ is periodic
with period n;.

Now, we have the theoretical expression for the ny =
ny + ny — 1 SoMs of an OFDM block. In order to estimate
the TO, d, we need to obtain the corresponding sample
mean estimate of the SoMs and compare them with the
corresponding theoretical values in (1). In the following, we
first obtain the sample mean estimate of the SoMs of an OFDM
block and then formulate the TO estimation as a least squares
(LS) minimization problem.

A. MoM Estimator for SISO-OFDM
Let us consider an observation window of length L and
define the observation vector y as
T
Yobs = [Yobs[O] yobs[1] .. yooslL—11]".  (16)
In order to estimate the TO given y,,, by using the MoM, we

need to define the sample mean estimate of two conditional
SoMs.

Authorized licensed use limited to: TU Delft Library. Downloaded on February 10,2026 at 09:14:23 UTC from IEEE Xplore. Restrictions apply.
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Fig. 1.
symbol.

Practical and analytical SoM of the starting samples of an OFDM

Because My[k] is cyclostationary, the sample mean estimate
of E{ly™[k + d]|?|Hg} = My[k] for k=0,1,...,n; — 1 and
d > 0 is given by

1
X
L[L—k—d+1)/ng]
L(L—k—d+1)/ng]—1

MIL[k] £

|yobslk + d + rng]|?
r=0

Vke{0,1,...,ny— 1} (17)

where 4+ superscript denotes d > 0. Given hypothesis Hy,
d > 0, the noise variance can be estimated as

d—1
ao 1
WG = =3 yonslr 1. (18)
r=0
Similarly, the sample mean estimate of E{|y"™[k]|?|Hg} =
Molk + |d|] for k=0,1,...,n;,— 1 and d < 0 is given by

Md_,L[k] =
1 [(L—k+1)/ng]—1
= oLk + gl
LL—k+ 1)/n] Z [Yobs[ sl

r=0

Vke{0,1,...,n,— 1} (19)

where superscript — denotes d < 0.

In the asymptotic case that L — 400, we have
; Vas
lim B [k > Molk]
Vke{0,1,...,n,— 1} (20)
and
Llim M;L[k] — Molk + |d|] (21)
— 00 ’

Vke{0,1,...,n,— 1}.

Figs. 1 and 2 show the asymptotic convergence of the SoMs
versus the index of the samples for an OFDM symbol over
103 realizations. Having defined the sample mean estimate of
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Fig. 2.
symbol.

Practical and analytical SoM of the trailing samples of an OFDM

two conditional SoMs in this section, we are now ready to
propose the MoM estimator.

Using Theorem 1, and (20) and (21), we can formulate the
TO estimation as

ng—1
d = argmingep Y ’M;L[k] — Molk + |d]1| ul — d]
k=0
| k) = Molk|uld — 11 + |37 — o2 |uld - 1]
(22)

where u[d] is the discrete unit step function, defined as

1, k>0
”[k]:{o k<0

From (22), it is clear that the accuracy of the estimator
depends on how large the number of the received samples L
is. This is a limiting factor in resource-limited devices where
a large number of OFDM symbols cannot be loaded into
memory. Hence, affecting the accuracy of the estimation. In
order to address this issue and achieve higher accuracy, we
will improve the estimator in the next section.

(23)

B. Weighted MoM Estimator for SISO-OFDM

In this section, we propose and develop the WMoM esti-
mator that offers a higher probability of lock-in. The main
idea of WMoM estimator is to give each sample’s moment a
weight which describes the confidence on the closeness of the
analytical and practical means.

The variance of a random variable approximately shows
how close on average is the realization value of a random value
to its mean value. In our case, the mean value is the second
moments that we derived in Theorem 1, and the variance of
those second moments shows how close on average the second
moments of the received samples, i.e., the left hand sides in
(20) and (21) would be to their mean value, i.e., the right hand
sides in (20) and (21). That is, the smaller the variance, the
closer the second moments of the received samples, i.e., the

Authorized licensed use limited to: TU Delft Library. Downloaded on February 10,2026 at 09:14:23 UTC from IEEE Xplore. Restrictions apply.
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Fig. 3. Practical and analytical variance of SoM of the starting samples for
an OFDM symbol.

left hand sides in (20) and (21), would be to their mean value,
i.e., the right hand sides in (20) and (21). Hence, the inverse of
the variance of |y(”) [k]|2, k=1,...,ns; shows our confidence
in how close the left and right hand sides of (20) and (21)
are. Next Theorem provides the variance of the SoM of the
received samples

Theorem 2: The variance of the SoMs of different received
OFDM samples are given as follows:

13 by, 5 r=by I=by
4 4
|}(")[k]|2|H0 Zahl + 2(7? Z Z Uhlah
I=ay r=ay l=ay,l#r
2
+2 a Z O, —i—a Z O, 24)
I=ay, I=ay,
where n € Z>¢
0, k), O0<k=<n,—2
(ax, br) = § (0, ny — 1), np—1<k=<n,—1(25)
(k—ne+1,n,— 1), ny <k=<nc+n,—2

and it is equal to 202 for ny +ny — 1 <k <ny — 1.
Proof: See Appendix B. |

Figs. 3 and 4 show the asymptotic convergence of the
variance of the SoMs of the starting and trailing samples for
an OFDM symbol with 10° Monte Carlo realizations.

Now, we use the inverse of the variance of the SoMs, given
in Theorem 2, as weights in (22) to improve the accuracy of
the estimator. Let us define

A 2

Flk+nns] = 02 u,
ise A 2

FHOlge £ 20,’1

Vke(o1,...,

(26)
ng — 1}

Clearly, each F[i] maps to My[i] defined in Theorem 1,
hence, one can write the weighted version of the estimator [24]
in (22) as
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Fig. 4. Practical and analytical variance of SoM of the trailing samples for
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Z Flk + IdI]‘

— Molk + a1 ul —

+ ﬁ ‘Md 1K1 = Molkl[uld — 11

+

MBS — 62 \u[d — 1] 27)

Jnoise

This completes our derivation of the WMoM estimator for
SISO systems. Next, we generalize the derived estimators
in (22) and (27) to MIMO systems.

C. Extension to MIMO Systems

In this section, we assume both the transmitter and the
receiver have multiple antennas. We keep the total power
transmitted through multiple transmit antennas equal to that of
single antenna transmitter in SISO systems. We also assume
the delay at different receive antennas are all equal to d.

In order to extend the proposed estimators to MIMO
devices, we need to find the accumulative SoM of the
received samples at different receive antennas. Let us assume
the transmit antennas at the transmitter are used for spatial
multiplexing. That is, different signals (information) are sent
through different antennas at the transmitter. This means that
the SoM of the received samples at the receiver are simply the
sum of the SoMs of the received samples coming from each
transmit antenna. Using (3) and (4), we can write

{11 Ho) (Z Hﬂs(n))[k]—i—w(”)[k]

i=1

my
_ZZ th+6

tllak

my
_Z Zoh1+a

I=ay

_ 2 2 2
=0y Zahl+an

I=ay

(28)
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TABLE I
ESTIMATION TIME RATIO VERSUS ny

L - Tex 64 128 256 512 1024
Estimation time ratio
proposed / MLE [23] 0.5684¢-03 | 0.3337¢-03 | 0.3216e-03 | 0.1151¢-03 | 0.0856e-03
proposed-weighted / MLE [23] 0.6201e-03 | 0.3616e-03 | 0.3642¢-03 | 0.1425¢-03 | 0.1040e-03
proposed / TM [20] 24730 2.1463 20151 1.8118 1.6226
proposed-weighted / TM [20] 2.6983 23253 22821 22424 1.9709

where the last equality comes from the fact that Zl | 0
cré, and a; and by are given in (15). Hence, the theoretlcal
SoMs for each received sample at each antenna j remain the
same as the one in Theorem 1.

Similar to our discussions for SISO systems, the empirical
SoMs of the received samples can be derived as

1

X
my| (L —k+1)/ng]
my—1 [(L—k+1)/ns]—1

> X
=0 =0
Vke{0,1,...,n,— 1}.

where yiec denotes the vector of the received samples at the
Jjth receive antenna. Similarly, for d > 0, one can write

By K] £

|y]r'ec [k + rny] |2

—1d—-1

Z Z |erec [r

]OrO

Bnoise _

= (29)
and
1

X
mp| (L —k+1)/n]
mp—1 [(L—k—d+1)/ng]—1

2 X
=0 =0
ny — 1}.

One can then write the TO estimator for the MIMO
systems as

By, [kl =

|y{;ec[k +d+ rns”z

Vke{0,1,..., (30)

ng—1

d = argming Z ‘Bd LIkl — Molk + |d|]‘ ul —d]

Flk + Idl
+ (F[k] 85,11 — Molk]| + e B — 0} >u[d —1)
(31)
One can set the values of F[i]s and F™¢s to 1 to obtain the

unweighted estimator for MIMO devices. Equation (31) as the
most general from of the proposed TO estimators for MIMO
devices is expanded in (34) in Appendix.

Deriving an upper bound for the complexity of the TO
estimator proposed in (31) is very easy. It should be noted that
the weights F[i]s and F™¢s can be calculated once before any
signal reception; hence, the complexity of the SoM estimator
in (31) is equal to O(m,L) which is significantly lower than the
one in [23]. Table I shows the ratio of estimation times, i.e., the
time it takes to estimate the delay, for the proposed estimators
compared to that of MLE [23] and TM [20] for different values
of ny. As can be seen, our proposed estimators offer orders

of magnitude lower computational complexity compared to
the best NDA estimator in the literature, MLE [23], while
achieving similar lock-in probability, shown in simulation
results section, which confirms the energy-savings at the
receiver side. On the other hand, the proposed estimators
offer the same order of complexity to that of TM [20], while
achieving significantly higher lock-in probability as confirmed
in simulation results section.

IV. SIMULATION RESULTS

In this section, we investigate the performance of the
proposed MoM and its weighted version, i.e., WMoM, through
extensive simulations under various scenarios.

A. Simulation Setup

We consider a ZP-OFDM device in a highly-selective
(frequency and time) Rayleigh channel. For data transmission,
128-QAM modulation scheme is used. If otherwise not speci-
fied, the number of data symbols is n, = 128 and the number
of zero-padding samples are n, = 12. The number of received
OFDM symbols, i e., N, used for estimation is 10. The transmit
power is set to 0 =1

The sampling frequency at the receiver is set to fi, = 10°
samples per second. A multipath fading channel with maxi-
mum delay spread of tyax = 10 ns, equivalent to n, = 10
taps, is assumed. An exponential decaying function, i.e., Uf%z =

Brexp(—pBD),1=0,1, .. —1, where pj, = 27”0 Uh =1
is considered for the delay proﬁle of the fading channel. The
maximum Doppler spread of the channel is assumed to be fp =
150 Hz. Depending on the choice of the carrier frequency,
the given maximum Doppler shift, and the given number of
channel taps, the described channel could be a device in hands
of a pedestrian in an urban environment or a sensor attached
to a very high speed vehicle.

An additive white Gaussian noise (AWGN) is considered
and modeled as a zero-mean complex Gaussian random
variable with variance a\,% derived based on the value of Ej/Nj.
The TO affecting the system is modeled as an integer random
variable uniformly distributed in the range d € [—30, 30].
The number of Monte Carlo realization is set to 10% for
all simulation setups. A strict performance measure, i.e.,
lock-in probability, is used to measure the effectiveness of
the proposed estimators. Lock-in probability here refers the
probability that the estimated TO is equal to the actual TO.
Hence, any nonzero estimation error is considered a missed
estimation.
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TABLE II
LOCK-IN PROBABILITY OF THE PROPOSED ESTIMATORS UNDER VARIOUS SPEEDS

Scenario (km/h)
Estimation method

Pedestrian (~~1.5)

high-speed car (=~ 113.3) | light airplane (~383.1)

proposed-weighted 0.9536

0.9529 0.9601

0.6875

proposed

0.6847 0.6885

Lock-in Probability

—6—Proposed
—&MLE, Roshandeh et al.| |
- -Proposed Weighted
-A-TM

O 1
-10 -5 0 5 10 15 20 25 30
Ey,/Ny(dB)

Fig. 5. Lock-in probability versus Ep/Ng.

B. Fading Channel Models

There are various practical fading channel models, such as
extended pedestrian A (EPA), extended vehicular A (EVA),
IEEE standard 802.11 models and more [32], [33]. Such
models mainly differ in the number of channel taps, maximum
Doppler shift (relative speed), power profile, and others.
Instead of simulating each model separately, we study the
effect of fundamental parameters, such as Doppler shift,
number of taps and others on the performance of the proposed
estimators in various simulation figures. For example, for EVA,
one of the main differences is the maximum Doppler shift
which affects the relative speed of the transmitter and receiver.
The effect of maximum Doppler shift is considered in Fig. 6.
Another major difference among these models is the delay
spread and the number of channel taps in order to account for
a richer fading environment. The effect of such parameter is
considered in Fig. 8.

C. Simulation Results

We compare the performance of the proposed MoM esti-
mator and its improved weighted version, WMoM, versus
the current state-of-the-art maximum likelihood estimator
proposed in [23], i.e., MLE, and another estimator in [20], i.e.,
transition metric TM. The lock-in probability of the proposed
estimators versus MLE and TM for different values of Ej /Ny
are shown in Fig. 5. In this figure and for comparison purposes
only, we use the simulation setup in [23], and set f;, = 100
and n, = 15. As seen, the proposed weighted estimator
outperforms the current state-of-the-art maximum likelihood
estimator for low SNR region while having significantly lower
computational complexity. Moreover, the proposed weighted

o
©
:

i

Lock-in Probability
o
IS

Bt D SN ET S
-©-Proposed
——Proposed Weighted
0.6 : : : ‘ : ‘
5 55 105 155 205 255 305 355
Doppler(Hz)

Fig. 6. Lock-in probability versus maximum Doppler spread of the fading
channel at 15 dB Ep/Ny.

estimator asymptotically reaches the same lock-in probability
as of MLE’s, in high SNRs. As shown, there is a performance
gap between the proposed estimators and TM while WMoM
having the highest probability of lock-in amongst them. This
is due to the fact that WMoM takes advantage of the statistical
information of the channel. The performance of the WMoM
improves as Ej /Ny increases because our confidence, modeled
as the weights, in the derived theoretical second-order moment,
and its closeness to the actual second-order moment of each
received sample increases. However, the importance of the
proposed estimators manifest itself in lower SNRs, i.e., 0 to
—10 dB, where the lock-in probability is still at or above
50% compared to TM with negligible lock-in probability.
This figure confirms our intuition that a weighted estimator
leveraging the variance of the second order moments can bring
the lock-in probability closer to that of MLE.

The effect of the maximum Doppler spread in Hz (speed of
mobility) on the performance of the proposed estimators are
shown in Fig. 6. As seen, the proposed estimators are rela-
tively independent of the maximum Doppler shift (movement
speed).® This is mainly due to the fact that unlike [23] where
the joint PDF of the received samples is approximated via
independency assumption between channel taps, the proposed
estimators do not heavily rely on the independency of different
channel taps. Being relatively independent of the movement
speed, makes the proposed estimators an appealing solution
for very low to very high speed applications. A few of such
scenarios are given in Table II.

3The trend remains similar even when the Doppler shift increases to larger
values.

Authorized licensed use limited to: TU Delft Library. Downloaded on February 10,2026 at 09:14:23 UTC from IEEE Xplore. Restrictions apply.



ROSHANDEH et al.: LOW-COMPLEXITY PILOT-INDEPENDENT TIME SYNCHRONIZATION

09 4

o
o
:

‘

Lock-in Probability
o
~
q

0.6 r A A A — A
) /
0.5 r 1
—o—Proposed
0.4 ¢ - -Proposed Weighted| |
—-4-TM [28]
0-3 1 1 1
5 25 45 65 85
N
Fig. 7. Lock-in probability versus the number of observation vectors N at
15 dB Ej/Ny.
T :
b e e e *
0.9 ¢

o
™

e
3

Lock-in Probability
o o
Ni.n o

0.4 .
0.3 §
0.2} ——Proposed ]
01+ -% -Proposed Weighted| |
—-A-TM [28]
0 s ‘ ‘
2 4 6 8 10
Ny
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Fig. 7 illustrates the effect of the number of the observed
OFDM symbols used for estimation, on the performance of
the proposed estimators. As expected, the probability of lock-
in increases as the number of observation samples used for
estimation increases. This is due to the fact that the practical
second-order moment becomes closer to its theoretical coun-
terpart. The improvements, however, decreases as the number
of observation symbols increases. This is because the new
information that each new sample adds to the second-order
moment and its variance decreases as the number of samples
Srows.

The performance of the proposed estimators and TM for
different values of the number of channel taps ny, is shown
in Fig. 8. The lock-in probability of the proposed estimators
decreases as the number of channel taps increases. This is
because the deviation of the theoretical SoM in (14) from
the actual value increases as the number of channel taps
increases. As expected, this decrease in lock-in probability
is heavier in unweighted version where the only information

41645
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Fig. 9. PMF of the synchronization error at 15 dB Ej/Ny.
102g : :
—o—Proposed
% - % -Proposed Weighted
=
Z
=
107" T - f
B *
10 -2 . . . . .
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Fig. 10. MSE versus Ep/Ny.

is used for estimation is (14), unlike WMoM that leverages
extra statistical information, i.e., the variance of second-order
moments.

The empirical probability mass function (PMF) of the
synchronization error for the proposed estimators are shown
in Fig. 9. As seen, the PMF of the error for WMoM estimator
is relatively unbiased, while the MoM estimator is biased
toward positive values. Notice, however, that the estimation
error for WMoM is limited to a range of maximum two
neighbouring samples from each side which results in low
mean-squared errors (MSE) as shown in Fig. 10. Fig. 10 also
shows an average estimation error of less than two for very low
SNR, i.e., —5 dB, for the WMoM estimator. Hence, modified
versions of the WMoM where neighbouring samples of the
estimated TO are also checked can be devised to achieve 100%
lock-in probability.

We have depicted the performance of the proposed esti-
mators versus that of MLE and TM in Fig. 11 for a Rician
channel model, with 18 channel taps and K-factor equal
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Fig. 12.  Sensitivity of the proposed synchronization algorithms to PDP

estimation error for N = 10 at 15 dB Ej /Ny with uniform error distribution.

to 6, which resembles IEEE standard 802.11ah models E
and F for indoor IoT scenarios, such as large offices and
warehouses. As can be seen, compared to TM, the proposed
estimators can achieve the lock-in probability of 0.7 while
allowing the transmitter to save more than 10 dB in transmit
power.

Fig. 12 shows the effect of PDP estimation error on the
lock-in probability. The estimated PDP used for estimation

is randomly uniform set to be either afk — aohzk or o}i +
oea}% where a,%, k=20,1,...,n, — 1, is the true PDP, and

o € [0,0.8] denotes the PDP estimation error. As seen,
the proposed estimators are relatively robust even for PDP
estimation errors larger than 50%. Note, however, that the
lock-in probability of the WMoM estimator remains above
90% even when the the PDP estimation error is about 80%.
Fig. 13 shows the effect of the PDP estimation error in which
the distribution of the error follows a normal distribution with
variance equal to 0.2 and varying mean, p, values. As seen,
only a large error value, e.g., 80%, can affect the performance.
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Hence, the proposed estimators remain relatively robust even
under this error distribution.

The effect of n, and n, on the performance of the proposed
estimators are considered in Figs. 14 and 15, respectively. As
seen, the proposed estimators perform robustly under various
values of n, and n;.

V. CONCLUSION

In this article, we proposed two low-complexity NDA
TO estimators based on MoM for ZP-based signaling in
IoT devices. Unlike other estimators in the literature, the
proposed estimators enjoy very low complexity, are feasible
for very low SNRs, and have very high lock-in probabil-
ity. Moreover, the proposed WMoM asymptotically reaches
the performance of the state-of-the-art maximum likelihood
estimator in the literature, proposed in [23], while having
significantly lower complexity. Simulation results verify our
analysis and demonstrate very high probability of lock-in for
the proposed estimators as well as noticeable energy savings
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at both transmitter and receiver, making them suitable for
implementation in low-power low-complexity IoT devices.
Our approach can be also potentially applied to duty-cycled
IoT devices that sleep and wake up periodically in order to
save energy. We hope this work motivates practitioners to
implement the proposed methods for future IoT technologies.

APPENDIX A
PROOF OF THEOREM 1

Proof: Considering the fact that signal and noise are
independent and by using (13) for n > 0, we have
E{Iv" K112} + E{lw™ [k 17}.

E{|y" [k]1>[Ho} = (32)

The expansion of v = Hs™ is given in (33), shown at the
bottom of the page. Taking the expected value of (33) and
substituting the result in (32) yields (14) and (15). [ |
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APPENDIX B
PROOF OF THEOREM 2

Proof: For notation simplicity and without loss of gen-
erality, we omit the conditioning on Hg from equations. For
mathematical simplicity, we consider d = 0 because nonzero
delays are easily derived, mostly via a shift, from zero delay
case. We have ali e = E{|yn[k]1[*}—E{|y,[k]|*}?. The second
term, E{|y,[k]|*} has been derived before, and so we need to

only focus on E{|y.[k]|*}. Note that

E{lyalkl[*} = E{ (v [k] + w™[k]) (0D [k + wP[k]¥)
(k] 4w Tk (AT + [k]*)}

=K

(|v<") (11> 4 v [kIw ™ [k]* +

2
VO W k] 4 [w™ [k]|2> }
= JE{ KT + 4™ [T WP TE 1 +

R+ [+ +
v [k]* (ﬂ)[k]Z}

2 E{p ] + 4B { v P B i
+E{ Wk (35)

where (a) comes from the fact that v™[k] and
w®[k] are independent complex random variables, and
E{v®[k]} = E{w®™[k]} = 0 and (b) is easy to show that
E® [KPw® [k + v [k[**w®[k]2} = 0. We have derived
E{|v"[k]|?} in previous sections. Also, since w[k] is a
complex random variable, we have E{lw® k]2 = O’v% and
E{w™[k]|*} = 20;*,. Hence, the problem further boils down to
deriving E{|[v®™[k]|*}. After some mathematical manipulation,
one can show that

S halk, uls™ [k — u] —
Y hlk, uls™ Tk — u] —

holk, ulsg [k — ul,
holk, u]s(n) [k — ul,

O0<k<mn,—2

n,—1<k<n,—1

(") (k] = np—1 (n) (n) (33)
Dsmmnyr1 Pk ulsy Tk — ul — holk, ulsq’ [k — ul, ne <k <ng+np—2
0, ny+n,—1<k<ng—1
r—1 o L(L—=k+1) /ng] =1 2 25k 2 2
4 ns— ] mzm 2 =0 Wheelk + 1> — 02 305 —apyyq Oy~ On | Ul —d]
argmin e p 13 4§Dl r=bit1d) ~—~I=bi+1d) 2 2 brtial 4 _ 1 _o( bt 2
k=0 T Zl:akwn Uh, + ’U Z’=(1k+\d\ >i- ) I h, + 07078 Y- ) hl + oy, U (Zl Ty 1)
1 s L(L—k—d+1)/ng| 1
m Zm Z\_( +1)/ns]— |Y£ec k4+d+ rnb]|2 _ 0.2 Zl—ak O_hl _ U uld — 1]
13 —by ~~I=b b 2
o) Zz a0 Oy F +30f S a1 oo + 20302 3, op ot — 10 (Zz o i)
m, 1d-1
202\ = D2 > el = o7 utd — 11 (34)
j=0 r=0
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E{v™[k]*}

b 2
= E{ (( > hulk, wls{”tk — u) — holk, ulsy [k — u])

u=a

b 2\ 2
+ <Z hilk, u]sg) [k — u] + hglk, u]sf") [k — u]> > }

u=a

4
{(Zhl[k uls™ [k — u] — holk, uls" )[k—u]>

- !

0
;

/]

b 4
) {(Zhl[k uls{"lk — u] — holk, ulsiy Tk — u] }

b
IEI{ < > ilk, ulsgy Tk — u] + holk, uls{"™ [k —
i b
+2 E{ ( Z hlk, uls{” [k — u] — holk, ulsg [k — ul

b
<Z hlk, ulsy Tk — ul + holk, uls{ [k — u

2
+2 E{ <Zhl[k uls [k — ul — hqlk, ulsy’ [k — u])

2
(Z hlk, uls$ Tk — ul + holk, uls{” [k — u]> }

u=a

(36)

where (i) comes from the fact that —hglk, u] and hqlk, ul,

e., the quadrature components, have the same distribution,
i.e., both are Gaussian random variables with zero mean and
variance of (cr}%u /2). After some mathematical manipulations
and using the facts that (i) in-phase and quadrature components
are independent (ii) channel taps with different delays are
independent, one can show that

b 4
JE{ ( > hlk, ulsi [k — u] — holk, ulsd [k — u]> }

b
=2 E{s{"k — ul*} Y E{mlk, u*} +
uif:b I=b
REE"k—ul?}? > S E{mlk, 1P}E{ulk, r1?)
r=a |=a,l#r

2
+6 Efs{”[k — u]2}2(E{hI[k, u]2}>
9 b r=b I=b b 2
R Y ool + 03(2051)
u=a

r=a |=a,l#r
Similarly, one can verify that
b 2
]E{ ( 3 itk uls{” lk — u] — holk, ulsy [k — u])
u=a

b 2
(Z hlk, uls$ Tk — ul + holk, uls{” [k — u]) }

u=a
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I=b
=4 E{s{"tk —ul?}* Y E{mlk, 0} +
I=a
r=b I=b
16 E{s\"k —ul’}> " > E{mlk. (P}E{mlk, rI*}

r=a

I=a,l#r
+ (4 E{s\"Tk —ul*} — 8 E{s" [k — u]z}z)

XZ
(Zah +r2l‘: li crh[crh>

u=a r=a |=a,l#r

{mlk, 1%})°

(38)

Substituting (37) and (38) in (36) and then in (35)
yields (24). One can easily show that the variance of the SoM
of a complex Gaussian random variable w with zero mean and

variance o is

2

T = 207 (39)
This completes the proof. |
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