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ABSTRACT The emerging wireless applications are facing new challenges in combating frequency
congestion. As a result, the opportunistic utilization of available frequency spectrum and channel bonding
is becoming increasingly common in new wireless standards. In these systems, the transmit waveforms
are required to have nulls in specific frequency bands to avoid interference with primary users. However,
these nulls can significantly affect the performance of channel estimation algorithms. Therefore, this work
proposes a novel Iterative Multiband (MB) Spectrally Constrained Time-Domain (SCTD) technique to
reduce the residual error of correlation due to spectrally constrained waveforms. The performance of
the newly developed technique is evaluated through extensive numerical experiments, where the Mean
Squared Error (MSE) and Bit Error Rate (BER) are computed for various scenarios. The accuracy of the
proposed technique is compared with known channel state information and with conventional techniques.
The simulation results show that the proposed Time-Domain Iterative Method, SCTD, performed better
than conventional techniques for various Rayleigh channel conditions with Additive White Gaussian Noise
(AWGN). It was found that after ten iterations, the proposed technique outperforms the conventional
technique for both stationary and mobile frequency-selective channels. Furthermore, it was observed that the
proposed SCTD technique requires fewer pilot signals to achieve a similar performance. The results show
that the proposed SCTDmethod supersedes the conventional techniques for stationary and mobile frequency
selective channel scenarios within ten iterations. Subsequently, it is observed that the proposed SCTDmethod
requires 50% fewer pilots to provide similar performance compared to conventional methods. It is also
observed that the proposed SCTDmethod provides an average of 6 dB mean squared error (MSE) advantage
for low signal-to-noise ratio per bit (Eb/N0) regime cases. It can be concluded that the proposed technique
is highly suitable, particularly for low Eb/N0 regimes and can be used for various communication systems.

INDEX TERMS Channel sounder, PAPR, channel impulse response, channel characteristics, 5G/6G,
OFDM, MB-OFDM, spectrally constrained.

I. INTRODUCTION
Over the past few years, channel sounding techniques have
transitioned from being mere academic pursuits to vital tools
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in modern communication networks [1]. Channel sound-
ing methods are pivotal in evaluating and understanding
the wireless channel environment [2]. Whether it’s for
next-generation cellular systems or understanding the intrica-
cies of complex environments, such as the 60-GHz range [3],
these techniques play an essential role. At its core, channel

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 103333

https://orcid.org/0000-0003-1689-4988
https://orcid.org/0000-0001-8417-6780
https://orcid.org/0000-0002-2757-1482
https://orcid.org/0000-0003-0972-4761
https://orcid.org/0000-0003-2098-189X
https://orcid.org/0000-0002-8300-022X


A. Iqbal et al.: Advancing MB OFDM Channel Sounding: An Iterative Time Domain Estimation

sounding aims to obtain the channel impulse response (CIR)
using specially designed probing signals to illuminate and
characterize the channel. The transmitted waveforms interact
with the scattering objects and create multiple time-delayed
and phase variant copies. These distorted signals are then
measured at the receiver to estimate the environmental con-
ditions. These measurements are used to develop channel
models, which help in designing robust modulation schemes
for reliable communication systems.

Lately, the adaptive utilization of available frequency spec-
trum and channel bonding has become very common in new
wireless standards [4]. Since the channel sounders require
a large system bandwidth for better resolution, the oppor-
tunistic utilization of available frequency bands will be a new
direction in ultrawideband (UWB) channel sounding. Among
the most popular sounding methods, direct radio frequency
(RF) pulse, sliding correlator, frequency swept, and orthogo-
nal frequency-division multiplexing (OFDM) based systems
[5], [6], [7] are a few of the most used techniques. OFDM
offers various advantages, which include the flexibility of
signal design and highly efficient digital signal processing.
Recently, MB sounding schemes have been proposed for
UWB channel sounding [8], [9], [10], [11]. MB-OFDM has
proven to be a most attractive solution due to its design flexi-
bility [11]. InMB systems, the total frequency band is divided
into various sub-bands, and then information is processed in
a smaller group, which significantly reduces the system cost
complexity and provides spectral flexibility for international
regulatory compliance. However, since the transmit wave-
forms must follow governance and standards, these nulls’
shape, depth, and width have tomeet the spectral criteria [12].
These nulls also result in significant performance degradation
of channel estimation algorithms [13]. Thus, providing a
low complexity channel estimation for spectrally constrained
(SC) MB waveform is the focus of this work.

Conventionally, the channel estimation is performed either
using preambles or with the assistance of pilots. Preamble-
based channel estimation is more useful when the propaga-
tion channel is stationary. However, pilots-based techniques
provide better performance in the dynamic channel [14],
[15], [16], [17], [18], [19]. Pilot-assisted channel estimation
techniques are usually characterized as time-domain (TD) or
frequency-domain (FD) based on their primary domain of
computation. In FD techniques, the most common methods
are the least square (LS) and minimum mean square error
(MMSE). LS technique is computationally efficient. How-
ever, it suffers from poor accuracy. On the other hand, the
MMSE method minimizes the error of LS estimation. How-
ever, MMSE requires higher computation [20], [21]. Com-
pared to FD methods, time-domain methods have received
less attention. However, the low computation complexity
design of TD makes them a strong candidate for the channel
estimation [22]. In addition, TD estimation gives a robust
performance in inter-carrier interference (ICI) scenarios. The
TD channel estimation methods can generally be categorized

into two types. Those employ discrete Fourier transform
(DFT) processing to compute CIR from LS estimates [23],
[24], [25], [26], [27], [28], and those utilize TD correlation
between the received signal and known signal to estimate the
CIR [13], [29], [30], [31], [32], [33].

Another time-domain method that is widely adopted is
the Time domain synchronous OFDM (TDS-OFDM), which
enhances spectral and energy efficiency. This improvement
is achieved by replacing the traditional cyclic prefix or guard
interval, used in conventional OFDM, with a known pseudo-
random noise (PN) sequence. TDS-OFDM is renowned for
its rapid synchronization and spectral efficiency. However,
it faces challenges, notably inter-block interference in mul-
tipath channels. One study introduces a compressive sensing
theory algorithm tailored for underwater channels, enhancing
performance metrics such as bit error rate and energy effi-
ciency [34]. Another approach replaces traditional methods
in TDS-OFDM with a pseudorandom noise sequence, sug-
gesting a novel training sequence for underwater channels
[35]. This results in significant improvements in spectral and
energy utilization.While TDS-OFDM showcases remarkable
efficiencies, it struggles with high-order modulation in spe-
cific channel conditions. To address this, subsequent research
proposes structured compressive sensing for multi-channel
reconstruction [36]. Additionally, another study leverages
compressive sensing theory to introduce a groundbreaking
channel estimation method [37]. Collectively, these advance-
ments support higher modulations and deliver superior per-
formance across varied channel conditions. TDS-OFDM,
while efficient for data transmission, is unsuitable for chan-
nel sounding due to its potential for pseudorandom noise
interference, limited resolution in capturing dense multipath
components, challenges in depicting fast-varying channels,
risk of misinterpreting its unique features as channel charac-
teristics, and the presence of inter-block interference.

TD correlation methods mostly utilize frequency-domain
(FD) pilots for channel estimation One such technique is
the frequency-domain pilot time-domain correlation (FPTC)
method, which uses the correlation between known pilots and
embedded pilots in the received signal to estimate the channel
impulse response (CIR). FPTC has advantages such as a
large dynamic range, simple implementation, and robustness
against synchronization errors, but requires deconvolution,
which is computationally intensive [38]. Other variations
of the FPTC method include the frequency-domain pilots
and time-domain processing (FPTP) method, which uses
cyclic correlation and transform domain cyclic correlation to
improve performance [39]. Some approaches, such as those
proposed by Liu et al. [40] and Lin et al. [41], use superim-
posed pilot signals and windowing to improve performance,
respectively. In a series of articles [13], [32], [42], Khan
et al. proposed improved FPTC methods for single-carrier
(SC) channels, such as the no guard band and virtual sub-
carrier pilot signals method. A similar method, time-domain
pilot-based channel estimation (TDPCE), uses adaptive
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algorithms and Kalman filtering to track time-varying mul-
tipath Rayleigh channels [43]. FPTC methods offer better
performance, dynamic range, and computational complexity
compared to DFT-based methods, but may not perform well
in spectrally constrained scenarios.

Usually, both FD and TD estimation techniques provide
an optimum performance when the pilots are uniformly
distributed. However, for SC waveforms, various methods
are proposed to improve channel estimation performance.
Broadly, they can be categorized as optimal sequence design,
pilot location, power optimization, virtual carriers insertion,
and iterative schemes. In the optimal sequence design, efforts
are made to develop a new SC sequence for desirable cor-
relation properties [44], [45]. Pilot optimization techniques
solve the problem by finding the optimal pilot location and
power to meet the low peak-to-average power ratio (PAPR)
and mean squared error (MSE) requirements [46], [47], [48],
[49]. Another approach assumes virtual carriers and reduces
the MSE within an acceptable range [50], [51], [52]. Lately,
iterative methods have been introduced to minimize MSE.
Iterative schemes proved to be less complicated and provide
acceptable performance [13], [32], [53], [54].
Addressing the limitations of previous techniques, a new

low complexity time-domain correlation-based iterative tech-
nique is proposed to reduce the residual error caused by the
SC waveforms. It utilizes a constant amplitude zero auto-
correlation waveform (CASAZ) family sequence that can
provide a low PAPR MB-OFDM SC waveform [55].

The significant scientific contribution of this research work
is the design of MB-OFDM channel estimation for SC chan-
nels. A new spectrally constrained CAZAC sequence-based
phasing pilot sequence is utilized to provide low PAPR.
A flexible architecture is adapted for the sounding system
using MB-OFDM, while maintaining all the valuable prop-
erties of OFDM [55]. A novel iterative time-domain channel
estimation, SCTD, is developed to reduce the residual corre-
lation error due to SC waveforms. The performance of the
proposed techniques is validated with extensive numerical
experiments.

The remainder of this paper is organized as follows:
Section II presents the overall methodology and signal
design. Section III provides the formulation of the prob-
lem. Section IV explains the proposed spectrally constrained
time-domain (SCTD) channel estimation, and Section V
discusses MB CIR computation. Results and analysis are
discussed in Section VI. Lastly, the conclusion of the work is
presented.

II. MULTIBAND OFDM PROBING SIGNAL
Consider a UWB system built by concatenating S multiband,
as shown in Figure 1. Each subband occupies a baseband
signal bandwidth (BW), where software defined radio (SDR)
hardware specifications define the signal BW. Each subband
is further divided into N orthogonal subcarriers.
An OFDM symbol, x [n], is constructed from constel-

lations at the frequency bins to a time-domain complex

FIGURE 1. UWB multiband OFDM spectrum.

waveform using Inverse Fast Fourier Transform (IFFT). The
resulting time-domain samples of OFDM symbol, xm [n], for
mth period can be written as [56],

xm [n] =

N−1∑
k=0

sm [k] ej2πnk/N , (1)

where sm [k] represents a complex modulated symbol to be
transmitted in subcarrier k . The frequency spacing between
adjacent subcarriers is 1f = BW/N . Let sm [k] = cm [k] +

qm [k], where cm [k] and qm [k] are complex-valued data and
pilots tones transmitted in the k th subcarriers, respectively.
Using (1), the time-domain samples of mth OFDM Symbol
can be rewritten as,

xm [n] =

N−1∑
k=0

(cm [k] + qm [k]) ej2πnk/N . (2)

Next, the time-domain complex baseband signal xm [n] is
upconverted to a carrier frequency, fm. The transmitted RF
signal can be written as [56],

y (t) =

∑
m

Re
[
xm

(
n− mTsym

)
ej2π fmt

]
, (3)

where fm is the center frequency of subband for mth OFDM
symbol duration. The carrier frequencies are selected based
on pre-defined time-frequency codes.

The data tones, cm [k], are assigned from the QPSK or
QAM constellations. Whereas, pilot tones, qm [k], are unity-
gain phase-modulated tones that take values from sequences
pm [u] as described below,

pm [u] = am [u] ejθm[u] (4)

where, am [u] and θm [u] are amplitude and phase associated
with uth element of sequence for mth symbol, and j =

√
−1

is an imaginary number.
In [55], the authors proposed a new low PAPR phasing

scheme based on the Zadoff–Chu (ZC) sequence. In the
proposed method, symbols are synthesized in the frequency
domain, and phase randomization of pilot tones is performed
using the phases from the ZC sequence. A ZC sequence is
given by,

pChum [u] = aChum [u] ejθ
Chu
m [u] (5)
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In (5), aChum is the amplitude and θChum is the phase of the
sequence, described as,

θChum [u] = −j
πγ u(u+ cf + 2κ)

Np
(6)

where,
0 ≤ u < Np,
0 <u < Np and gcd

(
Np, γ

)
= 1,

cf = Np mod 2,
κ ∈ Z, and
Np = length of the sequence.

A. DERIVATION OF SPECTRALLY CONSTRAINED PILOT
SEQUENCE
In the previous section, a perfect periodic ZC sequence is
presented for pilot tones. However, in the practical implemen-
tation, the spectrum has data subcarriers to carry the data,
guard subcarriers to avoid the spectrum leakages, and also
a null DC subcarrier to avoid the impairments caused by
the receiver imperfections. Similarly, in cognitive systems,
the spectrum shaping is very dynamic to avoid interference
between existing users. In these scenarios, the periodicity of
the pilot tones cannot be maintained. In the proposed work,
an aperiodic pilot tones phasing sequence can be derived from
the periodic phasing sequence as follows:

Let Asub = {1, 2, 3, . . . ,N } be a set of available frequency
bin indices, andN is FFT size. In an ideal case, if all subcarri-
ers are available for pilot tones, the length of the sequence,Np,
will be equal to N and the pilot tones, qkp , for m

th symbol are
assigned from a perfect periodic complex-valued pu sequence
using (5) as,

qperm,kp = pm,uperp
, (7)

where kp = Asub, u
per
p =

{
0, 1, 2, . . . ,N p − 1

}
and m =

0, 1, 2, . . . ,Msym − 1.
In the presence of guard, DC and data subcarriers, let, Bg

be set the guard subcarriers indices where Bg ⊂ Asub, and the
DC subcarrier Bdc ∈ Asub. The useable subcarrier subset can
be written as,

Au = Asub\
(
Bg ∪ Bdc

)
. (8)

If the OFDM symbol contains no pilot tones, then the data
carrier indices subset kd ⊆ Au, otherwise kd ⊂ Au and
the number of elements of kd is equal to Nd . The indices
subset of pilot tones is kp = Au\kd . An aperiodic sequence
pm,uaperp

is a subset of pm,uperp
, with indices uaperp = kp−1. The

length of the aperiodic sequence will be equal to Np. Another
aperiodic sequence named ‘residual sequence’, pm,uresp

, is also
derived from pm,uaperp

, with indices uresp = kp\u
aper
p . Hence,

the periodic sequence, pm,uperp
, can be written as,

pm,uperp
= pm,uaperp

+ pm,uresp
, where,

uaperp ̸= uresp . (9)

For spectrally constrained cases, the pilot tones qkp for
mth symbol are assigned from complex-valued aperiodic

sequences, puaperp
and puresp as,

qaperm,kp = pm,uaperp
,

qresm,kp = pm,uresp
. (10)

In (10), qresm,kp is a virtual assignment to pilot tone in guard
bands and will not be transmitted. However, it will be kept
saved and known to the receiver for better channel estima-
tion. The need for the residual sequence will be described in
the following sections. The time-domain sequences can be
derived using IFFT by substituting (7) and (10) into (2) as,

p̂perm [n] =

N−1∑
k=0

qperm [k] ej2πnk/N ,

p̂aperm [n] =

N−1∑
k=0

qaperm [k] ej2πnk/N ,

p̂resm [n] =

N−1∑
k=0

qresm [k] ej2πnk/N , and

p̂perm [n] = p̂aperm [n] + p̂resm [n] . (11)

where p̂[·][·] [n] is the time-domain representation of q[·][·] [k].
The sequence p̂perm [n] is a perfect periodic sequence and has
an impulse like cyclic autocorrelation (AC) function defined
as,

Rp̂p̂ [n] = Rp̂p̂ [0] δ [n] , (12)

where

δ [n]
def
=

{
1, n = 0;
0, n ̸= 0.

(13)

is the unit impulse function. Similarly, the AC function of SC
or aperiodic sequence, p̂aperm [n], can be written as,

Raperp̂p̂ [n] =

N−1∑
ℓ=0

p̂aperm [ℓ] p̂aper∗m
[
(ℓ − n)mod N

]
, (14)

where the asterisk (∗) in superscript denotes complex con-
jugate. The zero-lag component of Raperp̂p̂ (n) will have the
highest energy and can be written as,

Raperp̂p̂ [n] =

{
Raperp̂p̂ [0] , n = 0,

R̃aperp̂p̂ [n] , n ̸= 0,
(15)

where

R̃aperp̂p̂ [n] =

N−1∑
ℓ=0
n̸=0

p̂aperm [ℓ] p̂aper∗m
[
(ℓ − n)modN

]
. (16)

Note that R̃aperp̂p̂ [n] is the cyclic correlation error term due to
imperfect sequence. The AC of p̂resm [n] can be computed in
the similar way and it will also contain a cyclic correlation
error. The cyclic AC function for p̂perm [n] can be written as,

Rperm,p̂p̂ [n] =
(
p̂aperm [n] + p̂resm [n]

)
⊗

(
p̂aperm [n] + p̂resm [n]

)
= Raperm,p̂p̂ [n] + Rresm,p̂p̂ [n] . (17)
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In the above equation, the cyclic cross-correlation (CC)
between aperiodic and residual sequences will result in
zero because both sequences are orthogonal to each other.
Let’s consider an example of N = 64 subcarrier spec-
trally constrained OFDM system. The AC and CC output
of the example presented above is illustrated in Figure 2.
Figure 2 (a) represents the amplitude of AC of an aperiodic
sequence, and Figure 2 (b) shows the amplitude of the AC of
residual sequence. The CC of aperiodic and residual sequence
is presented in Figure 2 (c). It can be observed that both
sequences are orthogonal to each other. Figure 2 (d) depicts
the AC of periodic sequence.

FIGURE 2. OFDM system with all subcarrier occupied by Pilot Sequence,
(a) AC function of aperiodic sequence, (b) AC function of residual
sequence, (c) CC between aperiodic and residual sequence, (d) AC of
perfect periodic sequence.

III. CHANNEL IMPULSE RESPONSE ESTIMATION
The impulse response of the multipath channel for an ideal
unit impulse or delta function, δ [n], can be given as,

h [n] =

L−1∑
l=0

αlejθl δ [n− τl] ,

=

L−1∑
l=0

hlδ [n− τl] , (18)

where L is the total number of multipath, αl is the amplitude,
τl is an additional time delay and θl = 2π fcτl is the phase
associated with the l th path. The transmitted signal, xm [n],
passes through the multipath channel, producing a received
baseband signal, ym [n], for mth symbol can be written as,

ym [n] =

L−1∑
l=0

hm,lxm [n− τl] + wm [n] , or

ym [n] = hm [n] ∗ xm [n] + wm [n] , (19)

where w [n] is additive white Gaussian noise (AWGN). As
the cyclic prefix OFDM system is related to cyclic convo-
lution between the channel and the OFDM symbols, (19)

can be written as,

ym [n] = hm [n] ⊛ xm [n] + wm [n] , (20)

where the operator ⊛ represents cyclic convolution.

A. TIME-DOMAIN CHANNEL ESTIMATION: WITHOUT
GUARD AND NULL SUBCARRIERS
The transmitted signal using (2), (10) and (11) can be written
as,

xm [n] = p̂perm [n] =

N−1∑
k=0

qm [n] ej2πnk/N . (21)

The discrete samples of the received baseband signal in
time-domain can be written as,

ym [n] = hm [n] ⊛ p̂perm [n] + wm [n] , (22)

where, n = 0, 1, 2, . . . ,N − 1. The most straight forward
way to estimate the CIR is to cross-correlate a known pilot
sequence with the received waveform as,

Rm,yp̂ [n] = hm [n] ⊛ Rm,p̂p̂ [n] + Rm,wp̂ [n] , (23)

where Ryp̂ [n] is the cross-correlation between received
signal, y [n], and pilot sequence, p̂perm [n] and Rwp̂ [n]
is the cross-correlation between noise, w [n] , and the
pilot sequence p̂perm [n]. For a single-tap channel, the
cross-correlation function can be written as,

Rm,yp̂ [n] = hm [n] ⊛ Rm,p̂p̂ [0] δ [n] + Rm,wp̂ [n] , (24)

or

Rm,yp̂ [n] = h̃m [n] = hm [n] + Rm,wp̂ [n] , (25)

where, h̃ [n] is the estimated CIR. The noise correlation term,
Rwp̂ [n], is added to the h [n] and it is the major error term
in the estimation for a perfect periodic sequence. For higher
signal to noise (SNR) scenarios, Rwp̂ [n] → 0 then the
estimated CIR, h̃ [n] ∼= h [n].

B. TIME-DOMAIN CHANNEL ESTIMATION: WITH GUARD
AND NULL SUBCARRIERS
In a practical OFDM system, guard bands are introduced
on the upper and lower side of the spectrum to avoid adja-
cent channel interference (ACI). Due to the added guard
and null sub-carriers, the periodicity of the pilots cannot be
maintained, and the cyclic AC function does not result in a
delta function. The AC side lobes, appearing in a spectrally
constrained system, cause severe degradation in the perfor-
mance of both frequency-domain and time-domain channel
estimation techniques. In noisy multipath channel scenarios,
the superposition of sides lobes and multipath taps creates
additional ambiguity in detecting low energy taps correctly.

Then the cross-correlation of known pilot sequence with
the received waveform is given as,

Rm,yp̂ [n] = hm [n] ⊛ Raperm,p̂p̂ [n] + Rm,wp̂ [n] (26)
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where Ryp̂ [n] is the cross-correlation between received sig-
nal, y [n], and pilot sequence, p̂aperm [n], and Rwp̂ [n] is
the cross-correlation between noise, w [n] , and the pilot
sequence p̂aperm [n]. Assuming a quasi-static channel, (26) for
multipath CIR can be written as,

Rm,yp̂ [n] =

L−1∑
l=0

hm,lR
aper
m,p̂p̂

[
(n− τl)modN

]
+ Rm,wp̂ [n] , (27)

Raperm,p̂p̂ [n−τ l]modN =

{
Raperm,p̂p̂ [0] , n = τl

R̃aperm,p̂p̂

[
(n−τ l)modN

]
, n ̸= τl .

(28)

Equation (26), can be written as,

Rm,yp̂ [n] = h̃m [n]

=


L−1∑
l=0

hm,lR
aper
m,p̂p̂ [0] + Rm,wp̂ [0] , n = τl

Rm,err [n] + Rm,wp̂ [n] , n ̸= τl

(29)

where,

Rm,err [n] =

L−1∑
l=0
n̸=τl

hm,l R̃
aper
m,p̂p̂

[
(n−τ l)modN

]
. (30)

In the above equation, the estimated CIR, h̃ [n], has two
sources of errors. One is the noise correlation term, Rwp̂ [n],
and the other is the cyclic correlation error (CCE) due
to imperfect sequence. Since Raperm,p̂p̂ [0] contains the maxi-
mum correlation energy, the high energy taps can be easily
detected. However, low energy taps may be suppress the side-
lobes and result in higher estimation errors. For flat fading
channel, the CCE can be reduced by

h̃m [n] = Rm,yp̂ [n] − Rm,err [n] ,

= hm,lR
aper
m,p̂p̂ [0] + Rm,wp̂ [n] (31)

However, for the multipath fading channel, iterative algo-
rithms are required to remove the CCE.
It’s worth noting that, in the OFDM data communication

system, only a few pilots are used for training purpose, and
a perfect sequence is upsampled to assign values to the pilot
tones to keep the periodicity. The AC function will have a
sub-period that depends on the number of pilot tones,Np. The
sub-periodNp defines themaximum length of CIR. Hence,Np
must be greater than or equal to the length of a cyclic prefix
for time-domain techniques.

IV. PROPOSED SPECTRALLY CONSTRAINED
TIME-DOMAIN (SCTD) CHANNEL ESTIMATION
Due to CCE, the deconvolution of the CIR from data becomes
a challenging task for spectrally constrained waveforms.
Therefore, in this work, a novel approach is used to ful-
fill the periodicity requirement by combining two aperiodic
sequences extracted from one periodic sequence. The seed

sequence meets the zero-correlation requirement. However,
the primary aperiodic sequence is designed to meet the spec-
trum shaping. The remaining sequence or residual sequence
is saved for further processing at the receiver side. The
definition of aperiodic and residual sequences is presented
in Section II. As shown in (17), aperiodic, and residual
sequences are orthogonal to each other, and the summation
of both sequences leads to a perfect periodic sequence. The
advantage of the proposed scheme is that side lobes can be
reduced significantly by fulfilling the periodicity require-
ment. The performance of the estimation of the channel
transfer function at the receiver can be achieved with a simple
iterative process with very low complexity. The architecture
of the proposed OFDM system is shown in Figure 3.

FIGURE 3. Proposed baseband transceiver OFDM system model.

For the perfect periodic sequence case, the discrete samples
of the received baseband signal in the time-domain from (22)
can be written as

ym [n] = hm [n] ⊛ (p̂aperm [n] + p̂resm [n]) + wm [n] , (32)

and the CC of the received signal with p̂perm [n] results in

Rm,yp̂ [n] = hm [n] ⊛
(
Raperm,p̂p̂ [n] + Rresm,p̂p̂ [n]

)
+ Rm,wp̂ [n]

(33)

The estimated CIR can be obtained as,

Rm,yp̂ [n] = h̃m [n]

= hm [n] ⊛
(
Raperm,p̂p̂ [0] + Rresm,p̂p̂ [0]

)
δ [n]

+Rm,wp̂ [n] , (34)

which will result in

h̃m [n] = hm [n] + Rm,wp̂ [n] . (35)
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A. CASE-1: CIR ESTIMATION FOR A FLAT FADING
CHANNEL
For a flat fading SC-OFDM case, let’s assume that pilot tones
occupy all available subcarriers. The cyclic cross-correlation
of the aperiodic sequence, p̂aperm [n], with the received wave-
form is given as,

Rm,yp̂ [n] = hm [n] ⊛ Raperm,p̂p̂ [n] + Rm,wp̂ [n] (36)

The estimated CIR for an aperiodic case is defined in (29). As
previously described in the previous section, the CCE term is
caused by an imperfect sequence. In this work, it is proposed
to remove the CCE by completing the periodic sequence as
defined in (11). The sum of Raperm,p̂p̂ [n] and R

res
m,p̂p̂ [n] will result

in a perfect periodic sequence, and side lobes can be reduced
significantly. For a flat fading channel, equation (29) can be
written as,

h̃m [n] =

{
hm,0R

aper
m,p̂p̂ [0] + +Rm,wp̂ [0] , n = τl

Raperm,err [n] + Rm,wp̂ [n] , n ̸= τl
(37)

Since hm,0R
aper
m,p̂p̂ [0] + Rm,wp̂ [0] is the significant channel

tap, the first CIR estimate can be provided as,

h̃(1)m [n] = hm,0R
aper
m,p̂p̂ [0] + Rm,wp̂ [0] (38)

The convolution of h̃(1)m [n] with Rresm,p̂p̂ [n] will result in

Cres
m,h̃⊛p̂p̂

[n] = h̃(1)m [n] ⊛ Rresm,p̂p̂ [n] , (39)

or

Cres
m,h̃⊛p̂p̂

[n] =

{
h̃(1)m,0R

res
m,p̂p̂ [0] , n = τl

Rresm,err [n] , n ̸= τl
(40)

The residual sequence completes the periodic sequence
and the CCE term Raperm,err [n] + Rresm,err [n] = εm → 0, and
h̃(1)m,0 → hm,0. Thus, (29) can be written as,

h̃(2)m [n] =


hm,0R

aper
m,p̂p̂ [0] + h̃(1)

m,0R
res

m,p̂p̂
[0]

+Rm,wp̂ [0] , n = τl

εm + Rm,wp̂ [n] , n ̸= τl

(41)

In an ideal case where CIR estimation h̃(1)m,0 = hm,0 and εm =

0,

h̃(2)m [n] = hm,0δ [n] + Rm,wp̂ [n] (42)

In the above equation, the CCE term is suppressed, and
only the noise is the source of error in CIR estimation. How-
ever, in a practical system, h̃(1)m,0

∼= hm,0 and there will be a
small residual error left in the estimation. The residual error
can be further suppressed by employing an advanced noise
level thresholding technique.

B. CASE-2: CIR ESTIMATION FOR A MULTIPATH FADING
CHANNEL
For the multipath fading channel, CCE cancellation requires
an iterative procedure. The ith CIR can be estimated as,

h̃im [n] = hm [n] ⊛ Raperm,p̂p̂ [n] + Rm,wp̂ [n] (43)

or

h̃im [n] =


L−1∑
l=0

hm,lR
aper
m,p̂p̂ [0] + Rm,wp̂ [0] , n = τl

Raperm,err [n] + Rm,wp̂ [n] , n ̸= τl

(44)

Since channel length is finite and only a few taps contain
significant energy, the CCE contributed from those channel
taps will also be higher. Some of the low-energy channel taps
might be suppressed in CCE and, due to noise, cannot be
identified in the first iteration. For the first step, select the
maximum energy path from the CIR as,

ȟim
[
τlmax

]
= hm,lmaxR

aper
m,p̂p̂ [0] + Rm,wp̂

[
τlmax

]
, (45)

where ȟim is the first CIR estimate. The convolution of
ȟim

[
τlmax

]
with Rresm,p̂p̂ [n] will result in

Cres
m,h̃⊛p̂p̂

[n] = ȟim
[
τlmax

]
⊛ Rresm,p̂p̂ [n] , (46)

or

Cres
m,h̃⊛p̂p̂

[n] =

{
ȟim,lmaxR

res
m,p̂p̂ [0] , n = τlmax

Rresm,err [n] , n ̸= τlmax
(47)

The residual sequence completes the periodic sequence for
the path lmax and the CCE term Raperm,err [n] + Rresm,err [n] =

εm → 0, and h̃im [n] → hm [n]. By adding the correction term
Cres
m,h̃⊛p̂p̂

[n] to (44), the resultant CIR can be estimated as,

h̃i+1
m [n] = h̃im [n] + C

res
m,h̃⊛p̂p̂ [n] (48)

h̃i+1
m [n] =


L−1∑
l=0

hm,lR
aper
m,p̂p̂ [0] + ȟim,lmaxR

res
m,p̂p̂ [0]

+Rm,wp̂ [0] , n = τl

εm + Rm,wp̂ [0] , n ̸= τl

(49)

By canceling the CCE from the major tap, the side lobes
will be reduced significantly, and it will allow the detection
of the low-energy taps. One way is to reduce the CCE by iter-
ating over all detected multipath channel taps and repeating
the procedure from (45) to (49). The proposed algorithm has
the advantage of removing all detected taps’ CCE at once. The
general form of the algorithm can be written as,

h̃i+1
m [n] =


L−1∑
l=0

hm,lR
aper
m,p̂p̂ [0] +

L−1∑
l=0

h̃im,lR
res
m,p̂p̂ [0]

+Rm,wp̂ [0] , n = τl

εm + Rm,wp̂ [0] , n ̸= τl

(50)
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The error in each iteration can be computed as,

ϵim =

L−1∑
n=0

∣∣∣h̃i+1
m [n] − h̃im [n]

∣∣∣2 , (51)

and the iterative procedure should meet the following
condition,

ϵi−1
m < ϵim. (52)

From (50) it can be observed that h̃im [n] → hm [n], and
εm → 0, the estimated CIR is

h̃i+1
m [n] = hm [n] + Rm,wp̂ [n] . (53)

The above equation provides a CIR estimation in a noisy
channel. The noise can be suppressed by defining a threshold
γ and removing the insignificant channel taps. The threshold
γ can be obtained from noise variance σ̃ 2, and the final
estimated CIR is given by

h̃i+1
m [n] =

{
h̃i+1
m [n] ,

∣∣∣h̃i+1
m [n]

∣∣∣ ≥ γ ;

0, otherwise.
(54)

A similar procedure can be used for the upsampled pilot
sequence case. However, the sub-period of cyclic auto- and
cross-correlation will be equal to the length of the periodic
pilot sequence, Np, as described in previous sections.
So far, it is assumed that only the pilot sequence is trans-

mitted. For the case of hybrid and data transmission modes,
where data carriers are also present, the same derivation
remains valid because there is no correlation between pilot
and data tones.

C. ALGORITHM FOR PROPOSED TIME-DOMAIN
CHANNEL ESTIMATION
In the previous section, a new approach to time-domain
channel estimation is presented. Briefly, the proposed
time-domain technique provides an improved CIR by reduc-
ing CCE using an iterative procedure. The procedure starts
with a time-domain correlation of spectrally constrained
received waveform with a known training sequence. Then the
CCE is canceled by fulfilling a perfect periodic condition.
An overall overview of the proposed TD CIR estimation is
illustrated in Figure 4. The steps used for the proposed TD
CIR estimation are as follows:
1. Find the ith CIR estimate using the cyclic CC between

discrete received waveform and known aperiodic pilot
sequence using (44).

2. Calculate the power of estimated channel taps and select
the maximum energy paths as given in (45). When i = 0,
only one maximum energy path can be selected, however
for i > 0 all detected paths can be selected at once.

3. Perform the cyclic convolution between residual sequence
and channel path selected in step-2 using (46). This step
can be efficiently conducted in the FFT domain efficiently.

4. Cancel the CCE caused by the maximum energy path
using (49) by adding the outcome of (46) to (44) and obtain
the i+ 1 CIR estimate.

5. Calculate the error using (51). If the error meets the con-
dition given in (52), return to step-2.

6. If CIR convergence criteria is met and CIR output is
required, the algorithm gives an output for computed CIR,
otherwise proceed with the next step.

7. If data is transmitted, then proceed with the channel equal-
ization step; otherwise, terminate the algorithm.

D. COMPUTATIONAL COMPLEXITY OF PROPOSED
ALGORITHM
The number of complex multiplications needed to obtain
the CIR comes from three main steps given in (44), (46),
and (49). Equation (44) provides a cross-correlation between
time-domain samples from received signal and spectrally
constrained pilot sequence. Both have length equal to the
FFT size, N . The general computational complexity of cor-
relation is O

(
N 2

)
in time domain. However, by using FFT

the complexity can be reduced to O (N logN ). The next step
is the convolution and in the FFT domain the complexity is
O (N logN ). Equation (49) is an N-point addition operation.
The total complexity of proposed algorithm is O (N logN )

which is less than the computation complexity of conven-
tional LS method O

(
N 3

)
.

V. MULTIBAND CIR ESTIMATION
As described in Section II, a UWB is divided into S multiband
to meet the hardware BW specifications. At the receiver, CIR
is estimated using the proposed time-domain method for each
subband, and FFT is used to compute the CTF. The CTF for
s subband during mth time duration can be written as,

H̃m,s [k] = Hm,s [k] + R̆m,wp̂ [k] (55)

where s = 1, 2, . . . , S, R̆m,wp̂ [k] = FFT (Rm,wp̂ [n]), and S is
the total number of multiband.
TheMBCTF is obtained by concatenating the CTF of each

subband as,

H̃m,mb [kmb] =

[
H̃m,1 [k1] , H̃m,2 [k2] , . . . , H̃m,S [kS ]

]
(56)

where ks = 0, 1, 2, . . . ,N − 1, and kmb = [k1, k2, . . . ,
kS ]SN×1. Finally, the MB CIR is obtained using IFFT as,

h̃m,mb [nmb] = IFFT
[
H̃m,mb [kmb]

]
(57)

In the above equation, high-resolution CIR is obtained.
Since the sampling rate for each band is the same, the symbol
duration will remain the same for the MB scenario.

VI. RESULTS AND DISCUSSION
In this section, various numerical experiments are per-
formed to validate the proposed MB channel sounders’
post-processing techniques. The proposed technique, SCTD,
is implemented inMATLAB. In this work, known CSI is used
as a benchmark. We have also implemented conventional
techniques such as LS, DFT-based, LS, and FPTC to evaluate
the proposed TD techniques. Besides, the performance of
newly developed time-domain CIR estimation techniques is
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examined in arbitrary spectral constrained conditions. Fur-
thermore, the study is extended for data communication, and
performance is evaluated against conventional methods.

The proposed estimation results are validated by compar-
ing them with those of known CIR, theoretical, LS, LS-DFT,
and FPTC. The testing performed here shows that the partic-
ular implementation of the proposed implementation of CIR
estimation techniques is valid and suitable for their intended
purpose within a reasonable bound of accuracy. MSE is
computed for each case with known CIR as a reference for
detailed performance evaluation. The channel transfer func-
tion, CTF is computed using the FFT of CIR, and the formula
used to calculate MSE is given by [57],

MSE = E
{∣∣∣H [k] − H̃ [k]

∣∣∣2} , (58)

whereH [k] is the knownCTF and H̃ [k] is the estimated CTF
using proposed and conventional techniques. An average
MSE is computed using Monte Carlo simulation for different
Eb/N0 scenarios in various environmental conditions.

FIGURE 4. Algorithm illustration for the proposed time-domain channel
estimation method.

TABLE 1. Simulation parameters for MB transmission in Rayleigh
channel.

A. DISCUSSION ON THE NUMBER OF ITERATIONS FOR
THE PROPOSED SCTD TECHNIQUE
The first step is to identify the number of iterations required to
achieve the desired accuracy for the proposed iterative post-
processing technique. The MATLAB implementation of the
proposed sounder design supports a highly flexibleMB archi-
tecture. However, the cost-effective SDR offers a minimal
baseband bandwidth in the range of 20MHz. These hardware
constraints are taken into account while demonstrating the
performance of the proposed sounder design. Transmission
in the Rayleigh channel is considered to evaluate the perfor-
mance of the proposed channel sounder.

It is assumed that two coherent and independent transmitter
resources are available—each transmitter supports a band-
width of 20MHz of the system bandwidth. AnMBbandwidth
of 200 MHz is considered. The total number of multiband is
10. A unique time-frequency code is used for each transmitter.
Transmitter one is assigned code {1, 3, 5, 7, 9}, and trans-
mitter two has the code {2, 4, 6, 8, 10}. A resource mapping
of MB switching is shown in Figure 5. Since we have two
transmitter resources available, the total number of switching
time slots is 5. Switching between two bands has a guard
duration. The system configurations of the SC hybrid mode
are used for the simulation. The FFT length of 64-point is
used for each subband, and a cyclic prefix of 1/2 of FFT-size
is used. The symbol duration without cyclic prefix and guard
period is 3.2µsec. The 4-QAMdatamodulation order is used.
The MSE results are compared with those from theoretical
and conventional techniques. The summary of simulation
parameters is given in Table 1.

1) TRANSMISSION IN FREQUENCY SELECTIVE CHANNEL
The first numerical experiment is performed in the
frequency-selective stationary Rayleigh channel. The power
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FIGURE 5. Resource mapping of MB-OFDM sounder.

TABLE 2. Power delay profile for a frequency selective Rayleigh channel.

delay profile of the 6-tap channel is described in
Table 2.

Figure 6 shows the semi-logarithmic plot of MSE results
fromMonte Carlo simulations for Eb/N0 values ranging from
0 until 30 dB. The results compare LS, LS-DFT, FPTC, and
SCTD at different iteration levels. It can be observed that
the proposed SCTD technique shows improved performance
for low Eb/N0 cases. The 2nd and 5th iteration of SCTD
provides a significant improvement for less than 15 dBEb/N0
and offers more than 3dB advantage for similar MSE values
as compared to conventional techniques. For higher Eb/N0
values, the 1st, 2nd, and 5th iterations of SCTDdid not perform
well compared to traditional methods. We further tested the
convergence of SCTD at a higher number of iterations. At
the 10th Iteration, SCTD supersedes all conventional methods
and provides a significant advantage for the sameMSE value.
In other words, for a fixed threshold of MSE at 10−3 LS
and FPTC require 17 dB of Eb/N0 while SCTD can reach
the performance threshold at 12 dB, which is a significant
improvement against conventional techniques. It will be safe
to conclude that the proposed SCTD technique converges to
a solution and provide superior results within ten steps of
iterations.

As explained in the experiment setup above, hybrid system
configurations are used to evaluate the SCTD performance.
Since data is also transmitted on approximately 50% of avail-
able subcarriers, Figure 7 shows the comparison of BER
results from LS, LS-DFT, FPTC, and SCTD at different
iteration levels. A zoomed-in plot of BER for 15 to 21 dB of
Eb/N0 is also provided for detailed comparison and insight.

As we have discussed, the MSE of SCTD at 1st and 2nd

iteration only performs better for lower Eb/N0 values. It is
also apparent from the results that BER is higher for SCTD
at the 1st, 2nd, 5th iteration as compared to other techniques
for high Eb/N0 values. However, SCTD at the 10th iteration
results supersedes conventional methods. For a fixed BER
threshold, SCTD provides an average of 3 dB improvement
in the frequency selective Rayleigh channel environment.

FIGURE 6. Comparison of MSE performance between conventional
techniques and SCTD for frequency-selective Rayleigh channel without
doppler.

FIGURE 7. Comparison of BER performance between conventional
techniques and SCTD for frequency-selective Rayleigh channel without
doppler.

For further study, a comparison of an instantaneous CIR
from simulations is presented for a 30 dB Eb/N0 in Figure 8.
The x-axis represents the time from 0 to 1 µsec and y-axis
represents the linear gain of each channel tap. As described
in the simulation setup, we have assumed six tap Rayleigh
channels to evaluate the proposed technique’s performance.
Since SC waveform results in high sides lobes, these sides
lobes can be observed for conventional methods in Figure 8.
To provide a detailed insight into the estimated CIR using
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FIGURE 8. Comparison of CIR performance between conventional
techniques and SCTD for frequency-selective Rayleigh channel without
doppler.

FIGURE 9. Comparison of instantaneous CIR between known CSI and
SCTD for frequency-selective Rayleigh channel without doppler.

FIGURE 10. Comparison of instantaneous CTF between known CSI and
SCTD for frequency-selective Rayleigh channel without doppler

proposed SCTD, the results from SCTD at the 5th and 10th

iterations are compared with known CSI in Figure 9. It can
be observed that even the smallest taps can be identified
using the proposed SCTD method. Results show that SCTD
with ten and more iterations provides the best performance,
and residual error due to SC is reduced significantly for fre-

FIGURE 11. Comparison of MSE performance between conventional
techniques and SCTD for mobile Rayleigh channel.

FIGURE 12. Comparison of BER performance between conventional
techniques and SCTD for mobile Rayleigh channel.

FIGURE 13. Comparison of instantaneous CIR between known CSI and
SCTD for mobile Rayleigh channel.

quency selective channel. It should be noted that Figure 8 only
demonstrates the residual error reduction for one instance.
For the detailedMSE performance of the proposed algorithm,
the reader may refer to Figure 6.
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FIGURE 14. Comparison of instantaneous CTF between known CSI and
SCTD for mobile Rayleigh channel.

Furthermore, the CTF is presented for 30 dB Eb/N0 in
Figure 10 to provide a detailed insight in the FD and a
comparison of an instantaneous CTF between conventional
techniques and SCTD at different iteration levels. The x-axis
represents the 200 MHz frequency channel, and the y-axis
provides channel gain in dB. The CTF of the known CSI
case does not include the noise artifact. However, numerical
experiments were performed with AWGN noise. Each sub-
channel is 20 MHz wide and has SC due to guard band and
DC-subcarrier. From the results, a very good match can be
observed between the known CSI and SCTD methods.

2) TRANSMISSION IN FREQUENCY SELECTIVE MOBILE
CHANNEL
Another study is performed for a mobile channel. We used
the same multipath frequency selective channel profile as
in the previous section. However, in this case, it is consid-
ered that the receiver is moving at a velocity of 100 km/h.
Figure 11 shows the semi-logarithmic plot of MSE results
from Monte Carlo simulations for Eb/N0 values from 0 until
30 dB. The results show that SCTD’s excellent performance
is almost similar to the stationary channel case. It can be
observed that for a fixed threshold of MSE at 10−3, LS and
FPTC require 17 dB of Eb/N0 while SCTD can reach the
threshold of performance at 12 dB, which is a significant
improvement. Similarly, the BER performance of SCTD at
the 10th iteration supersedes all other methods, as shown
in Figure 12. From these observations, it can be concluded
that the proposed SCTD technique converges to a solution
and provides superior results within ten iterations for mobile
frequency selective channels as well.

For further study, a comparison of an instantaneous
CIR and CTF are presented in Figure 13 and Figure 14,
respectively. It can be seen that the proposed algorithm man-
ages to reduce the correlation residual error and has the ability
to detect smaller power taps. These results lead to better
CTF estimation. In addition, the proposed algorithm does
not suffer from interpolation error as presented in frequency
domain channel estimation methods.

FIGURE 15. Results for the pilot density of 50.4% (a) MSE (b) BER.

B. PERFORMANCE OF PROPOSED SCTD
POST-PROCESSING TECHNIQUE WITH
DIFFERENT PILOT DENSITY
Next, the study is performed to identify the number of
pilots required to achieve the desired performance for the
proposed iterative post-processing technique. A similar sim-
ulation setup described in the previous section is used for this
study, but with the FFT length of 256-Point for each subband.
The symbol duration without cyclic prefix and guard period is
12.8µsec. Various pilot density cases are discussed. TheMSE
results are compared with those from theoretical and conven-
tional techniques. The performance of SCTD for frequency
selective stationary Raleigh channels is presented here. In
this experiment, a six-tap Rayleigh fading channel without
a Doppler is considered in Table 2 to provide an additional
channel condition, and the summary of additional simulation
parameters is given in Table 3.
Figure 15, 16, 17, and 18 show the performance of the

system with 50.4%, 25.6%, 12.8%, and 6.4% pilot density,
respectively. The x-axis represents a range of Eb/N0 from 0 to
30 dB, and the y-axis represents the logarithmic value of
errors. Figure 15 (a) shows that for same pilot density, the
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FIGURE 16. Results for the pilot density of 25.6% (a) MSE (b) BER.

FIGURE 17. Results for the pilot density of 12.8% (a) MSE (b) BER.

FIGURE 18. Results for the pilot density of 6.4% (a) MSE (b) BER.

proposed SCTD outperforms all conventional techniques. For
a fixed threshold ofMSE at 10−3, the SCTD has over 20 dB of

advantage over other methods. In other words, the proposed
techniques require far less pilot density to meet similar MSE
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TABLE 3. Simulation parameters for MB-OFDM transmission in Rayleigh
channel for pilot density analysis.

requirements. Figure 15 (b) shows the BER performance, and
SCTD has a good match with theoretical performance. For
further analysis, we have reduced the pilot density to half, and
MSE and BER results are presented in Figure 16. Since the
pilot density is higher than channel length, the performance
of SCTD is at least 15 dB better than conventional techniques
for the same MSE values. Two low pilot density cases are
presented in Figure 17 and Figure 18. Even for a small num-
ber of pilots, the SCTD still has superior performance than
conventional techniques. This shows that even though the
proposed method is primarily designed for channel-sounding
applications, it is still suitable for data communication appli-
cations. The results show that the SCTD technique requires
fewer pilot tones, which also means that more data carriers
are available for the system to transmit.

In summary, the first study is performed to evaluate
the number of iterations required by the proposed SCTD
technique to converge. It is found that a maximum of
five iterations is required for a flat fading channel, and
within ten iterations, the proposal solution supersedes the
conventional technique for stationary and mobile frequency-
selective channels. Another study is performed to compare
the proposed SCTD scheme’s performance with traditional

methods with different pilot densities. It was observed that
the proposed SCTD method requires fewer pilots to provide
similar performance. From the results, it is evident that multi-
band SCTD performed very well for sounding application
and CIR can be estimated with very high confidence for both
stationary and mobile channels.

This study is also extended for communication applica-
tion and proved very useful. However, in this article, only
the results from sounding related numerical experiments are
presented. Two potential applications where, the proposed
algorithm can prove useful are highly sparse cognitive and
digital video broadcasting (DVB) transmission cases. Over-
all, the proposed method is highly suitable for low Eb/N0
regimes, and it has a high potential to be utilized in commu-
nication systems.

VII. CONCLUSION
In this work, we introduced a new time-domain CIR esti-
mation algorithm for channel sounding. This work proposed
using the CASAZ family sequence-based probing signal
due to their attractive low PAPR properties. The proposed
time-domain channel estimation reduces the residual error
of correlation due to spectrum-constrained waveforms. The
performance of the newly developed technique is evaluated
using an extensive numerical experimental study. The MSE
and BER are computed for various cases. The accuracy of
the proposed scheme is measured against conventional tech-
niques and also known channel conditions. The simulation
results show that the proposed MB time-domain iterative
method, SCTD, outperformed conventional techniques for
various Rayleigh channel conditions with AWGN. Results
show that within ten iterations, the proposed solution super-
sedes the conventional technique for stationary and mobile
frequency-selective channels. Furthermore, it is observed that
the proposed SCTD method requires fewer pilots to provide
similar performance. Finally, it can be concluded that the
proposed SCTD channel estimation is highly suitable for low
Eb/N0 regimes and can also be used for various communica-
tion systems.
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