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Abstract—Ultra-wide band (UWB) ranging requires precise estimation of time-of-arrival (ToA) of first path (FP) signal. In UWB
communication, estimation of ToA is challenging in the presence
of impulsive interference and multipath. Generally in literature,
ToA is estimated using threshold crossing techniques. Although
threshold based ToA methods are simple, optimal threshold value
is hard to determine in practice. In this paper, we propose joint
estimation of ToA and data symbols by exploiting the clustersparsity of the received UWB signal in the presence of impulsive
interference. The proposed receiver structure enhances the signalto-noise ratio at the receiver output by mitigating the impulsive
interference and barring inter-clusters noise accumulation. The
proposed method is also free from any threshold, training, and
optimization process. Robustness of the proposed algorithm is
validated for standardized IEEE 802.15.4a channel models in
the presence of both additive white Gaussian noise and impulsive
interference.
Index Terms—cluster-sparsity, impulsive interference, multipath, threshold, ToA of first path, UWB ranging and communication.

I. I NTRODUCTION
Ultra-wide band (UWB) ranging requires precise estimation
of time-of-arrival (ToA) of the first path (FP) [1] that is
generally referred to as ToA estimation. The coherent detection
based ToA estimation methods [1–3] have better performance.
However, coherent receivers have higher system implementation complexity. Low complexity non-coherent receivers
for UWB ranging have also been analyzed in the literature,
specially for Wireless Sensor Networks (WSNs) and Internet
of Things (IoT) applications. In [4–7], ToA is estimated
using the time index of the first threshold crossing (TC)
of the received signal. TC based ToA methods are simple.
However, they need a precise value of the threshold, which is
hard to obtain in practice. ToA can also be estimated using
the maximum energy path (MEP) criteria, however FP is
not always the MEP. Hence, the existing MEP based ToA
generally leads to large errors in FP estimation [7]. In [1, 5, 7],
MEP estimation with backward search procedure is suggested.
However, this also requires optimal value of the threshold.
TC based ToA estimation methods are sensitive to noise and
interference because TC is determined using the bin energy.
Also, the accuracy of TC based UWB ranging is limited by
the bin size. Hence, both these drawbacks are required to be
addressed in UWB applications. Further, the estimation of ToA
is also proposed using information theoretic criteria without

the need of any threshold [8]. However, proposed method in
[8], may not be suitable for highly dynamic and interference
environment.
The low power UWB signals experience impulsive interference either from multiuser interference (MUI) or from
surrounding physical noise sources or from radio frequency
interference such as narrowband communication [2, 4, 9–14].
Due to impulsive interference, FP of the desired signal is either
suppressed or wrongly estimated at the receiver. This degrades
the accuracy of the UWB ranging. Alternatively, there are
non-linear processing techniques such as limiter and blanking,
that improve robustness of a receiver in impulsive interference
[9, 11, 15, 16]. However, they require exact estimation of
signal and noise statistics for the selection of precise threshold
value, which is difficult to obtain in a practical scenario [4].
In the literature [2, 6–8, 13], most of the ToA estimation
methods are analyzed assuming additive white Gaussian noise
(AWGN) scenario in UWB ranging. Hence, the analysis of
UWB ranging and its robustness is important in high impulsive
interference environments such as in mining and industrial
units.
We propose a non-coherent UWB receiver that jointly
estimates the ToA and data symbols using the cluster-sparsity
of the received UWB signal, in the presence of both impulsive
interference and Gaussian noise. In the proposed receiver, first
impulsive interference is mitigated (using the proposed cluster
detection algorithm), then the received signal is processed
for ToA and data symbols estimation using the proposed
cluster finding algorithm (CFA). The proposed receiver does
not require any training phase, optimization process, and
threshold. Further, the channel and noise patterns are unknown
at the receiver. The validity of the proposed receiver is demonstrated in time-hopping (TH) binary pulse position modulation
(BPPM) UWB system using standard IEEE 802.15.4a channel
models in the presence of both impulsive interference and
AWGN. Performance of the proposed receiver has also been
compared with the TC based ToA estimation methods.
Rest of the paper is organized as follows: In Section II,
TH-BPPM UWB system model is described in the presence
of impulsive interference. A non-coherent receiver for joint
estimation of ToA and data symbols is proposed in Section
III. This Section also proposes impulsive interference mitigation technique using the cluster-sparsity of the UWB signal.

Numerical results and discussion are presented in Section IV.
Conclusions are drawn in Section V.
Notations: N (ν, σ 2 ) represents the Gaussian probability distribution function (pdf) with mean ν and variance σ 2 . b(·)c
and |(·)| denote the floor function and absolute magnitude
value of (·), respectively. k(·)k2 is the Euclidian norm of
a signal (·) and P r{B} denotes the probability of event
B. √Q(·)R is the Q-function and is expressed as Q(x) =
∞
1/ 2π x exp (−x2 /2)dx.

(SNR), signal-to-impulse noise ratio (SIR), and effective SNR
(ESNR) are expressed as SNR = Ep /σn2 , SIR = Ep /σI2 ,
2
2
ESNR = Ep /(pσI2 + σn2 + σmui
), respectively, where σmui
is the variance of MUI. τ1 represents the true ToA of FP of
the desired user in the k th frame and is required to be estimated
from the received signal r(t) in (2).

II. S YSTEM M ODEL

In this section, first we propose mitigation of impulsive
interference from the received signal. Next, the joint estimation
of TOA and data symbols are carried out using our recently
proposed non-coherent receiver in [18]. The impulsive interference makes the estimation of ToA of the desired signal
difficult due to FP suppression. Therefore, conventional energy
detection (ED) based receiver’s performance deteriorates and
may have very high ranging and data symbols estimation error.
Hence, it is essential to carry out mitigation of impulsive
interference before the estimation of ToA. r, p, imui , i, and n
represent the received signal, transmitted pulse, MUI, impulse
and Gaussian noises, respectively, corresponding to the analog
counterpart at the Nyquist rate. The received signal is written
as r = s + imui + i + n ∈ RN , where s is the desired multipath
UWB signal. Mitigation of impulsive interference (MUI and
IN) from the received signal, and the cluster finding algorithm
based ToA and data symbols estimation are described below.

In UWB system, each data symbol is transmitted using Nf
consecutive frames and each frame has a single pulse. The
composite signal sc (t) of Nf frames using pulse p(t) of time
duration Tp is written as
s
Nf −1
Ep X
p(t − jTf − cj Tc ), t ∈ R,
(1)
sc (t) =
Nf j=0
R∞
where Ep (Ep = t=−∞ p(t)2 dt) and Tf are pulse energy and
frame duration, respectively. {cj } is the TH code and Tc is
the chip duration [11]. The received signal is expressed as
r(t) =

∞
X

wr (t − kTs ) + imui (t) + i(t) + n(t),

(2)

k=0

PL−1
where wr (t) = l=0 αl sc (t − dk ∆ − τl ) and L denotes the
total number of resolved multipaths in the channel impulse
L
response (CIR). {αl }L
l=1 and {τl }l=1 represent CIR’s gain and
delay parameters, respectively. Ts = Nf Tf is the data symbol
duration and dk ∈ {0, 1} denotes the k th frame data symbol.
The parameter ∆ is the time shift in a frame for dk = 1 and is
called the PPM modulation index. i(t) is Bernoulli-Gaussian
(BG) impulse noise (IN) [9] of zero mean and σI2 variance
with occurrence probability of p in a given time duration. i(t)
models the sparsely occurring high amplitude outliers of the
received signal that can occur due to hardware impairment or
the surrounding IN sources. n(t) is AWGN of zero mean and
σn2 variance, i.e., n(t) ∼ N (0, σn2 ). imui (t) represents MUI
and is expressed as
imui (t) =

U X
∞
X

u
wmui
(t − kTs − τ̌u ),

(3)

u=1 k=0

PL−1
u
where wmui
(t) = l=0 α̃lu suc (t − duk ∆ − τ̃lu ) and τ̌u is the
delay time of the uth interferer at the receiver. {α̃lu , τ̃lu }L
l=1 ∀ u
are channel parameters (gain and delay) and duk ∈ {0, 1}
denotes data symbols of uth interferer in the k th frame. U is
the total number of multiuser interferers in the system. Both
imui (t) and i(t), combined or individually, create impulsive
interference in the system [9, 10, 17]. Each interferer has
different TH code and arrival time at the receiver. Further,
TH code of the desired user is known at the receiver with
quasi-static CIR across Nf consecutive frames. Interferers’ TH
codes are unknown and CIRs are dynamic at the desired user’s
receiver. All interferers use the same (BPPM) modulation
scheme and transmitted pulse. Further, signal-to-noise ratio

III. P ROPOSED R ECEIVER FOR J OINT T OA AND DATA
SYMBOLS ESTIMATION

A. IN detection and mitigation
In this subsection, a novel signal cluster detection algorithm
(CDA) for IN detection and mitigation is proposed for the
UWB receiver design. It is known that the UWB signal cluster
is symmetric around the maximum absolute peak value of the
transmitted pulse [9, 18, 19]. This cluster symmetry can be
used to differentiate between the signal cluster and IN. Since
the symmetry of UWB signal is observed irrespective of the
type of transmitted pulse, the proposed method can be used
for any UWB pulse shape.
The received signal r can be classified via two hypotheses,
expressed as
Hi : r = s + imui + i + n ∈ RN ,
Hs : r = s + imui + n ∈ RN .

(4)

imui has amplitude comparable to the desired signal s, but is
generally located at different time positions than the signal s.
The received signal r is the mixture of desired multipath UWB
signal, MUI, and sparse IN. The maximum absolute value of
r and its corresponding index are calculated and expressed as
1
1
[Pmax
, Imax
] = max(|r|).

(5)

1
1
The sample Pmax
= |r(Imax
)| either belongs to hypothesis
1
Hs or to Hi . Pmax is classified using the apriori information
of the UWB signal and that of IN. The UWB signal appears in
the form of cluster, while IN is random in nature. We formed
1
a contrived cluster centered at Imax
and express as cin =
1
1
r(Imax − M/2 : Imax + M/2), where (M + 1) is the length of

UWB pulse. The Euclidean distance between contrived cluster
cin and UWB pulse is calculated as
v
u M +1
uX
2
dcin ,p = t
(cin (nm ) − p(nm )) .
(6)
nm =1

Hi

(7)

Hs
1
If Pmax
∈ Hs , then r does not have IN and is further
processed for MUI mitigation as shown in Fig. 1. However, if
1
1
1
Pmax
∈
/ Hs , i.e., if r(Imax
) ∈ Hi , then the peak value r(Imax
)
corresponds to IN and is assigned zero value. After removing
1
1
r(Imax
) (if Pmax
∈ Hi ), signal is expressed as
1
r = r − eImax
r,

N

(8)

1
(Imax
)th

where e
∈ R and has one at
position, while
the remaining entries are zero. Again, the maximum absolute
peak value of the above modified signal r (after assigning zero
1
to impulse noise sample r(Imax
)) is calculated and classified
using (5), (6) and (7), respectively. This procedure is repeated
until maximum absolute peak value of r does not belong to
Hs . The proposed of CDA based IN detection and mitigation
is also summarized in Algorithm 1. Further, the value of µ in
(7) is selected using the transmitted pulse p and is expressed
as µ ≈ kpk2 exp(1/SNR (dB)), SNR (dB) > 0, where
exp(·) is the exponential function of (·). The parameter µ is
approximated based on empirical results. As SNR increases,
µ should decrease for better IN mitigation. Above value of µ
provides good system performance. Hence, selection of µ is
independent of IN parameters. The exact value of µ can be
selected using the Bayesian estimation and left for the future
work.
1
Imax

CDA

ŝ =

r̃

1
Nf

{Ici }

PNf

i=1 r̃i

CFA
ŝ

{Eki }

FP
detection

The MUI (imui ) mitigates using different TH codes of
each interferer and be averaging over Nf frames (number of
frames per data symbol). The multipath components (MPCs)
of MUI are not aligned with the desired signal in time due
to different TH. Over the Nf consecutive frames, the desired
signal is similarly time-aligned. Hence, after averaging, MUI is
mitigated (or minimized) without perturbing the desired signal.
The signal corresponding to a data symbol in each frame is
written as
i = 1, 2, ..., Nf ,

Estimation of ToA
and data symbols

estimation of ToA and data symbols in the presence of impulsive interference. CDA and averaging blocks mitigate impulsive interference
present in the received signal r. CFA provides the energy of UWB
signal clusters and their peak valued time indices. Using {Eki } and
{Ici }, FP is detected that is subsequently used to estimate ToA and
data symbols.

are mitigated in signal ŝ. Next, ŝ is fed to the proposed noncoherent receiver for joint estimation of ToA and data symbols
as shown in Fig. 1.
C. UWB signal cluster finding algorithm
Once IN and MUI are mitigated at the front end of the
receiver using the proposed CDA and averaging technique,
respectively, signal (ŝ) can be used for ToA and data symbol
estimation. The received UWB signal in a frame appears in
the form of clusters. These clusters may be separated from
each other. The conventional ED is not optimum because
it also includes the non-signal portion (noise only) in the
integration interval. Further, the starting and ending times of
the integration in ED are not optimal (which needs CIR and
noise information [18]). The proposed non-coherent receiver
uses only the signal clusters and hence, enhances SNR at the
receiver output by barring inter-cluster noise accumulation.
The signal ŝ (after CDA and averaging technique) is used
to estimate the number of UWB signal clusters and their
energy. These signal clusters in a frame are determined as
follows: The maximum absolute peak value of signal ŝ and
the corresponding time index are written as
[Pc1 , Ic1 ] = max(|ŝ|).

B. MUI mitigation

r̃i = r̃(1 + (i − 1)Λ : iΛ),

r

Fig. 1: Structure of the proposed non-coherent receiver for the joint

1
By observing the dcin ,p , Pmax
is classified as

dcin ,p R µ.

5

(9)

where r̃ is the signal after IN mitigation using CDA (in subsection III-A) and Λ = bTf /Fs c represents the total number
of samples in a frame with Fs as the sampling frequency.
Each r̃i has time-aligned MPCs of MUI that are dynamic in
nature from frame-to-frame.
PNf After averaging, received signal is
1
expressed as ŝ = Nf i=1 r̃i . Averaging provides good MUI
suppression at high SMUIR (signal-to-MUI ratio) and/or for
large value of Nf . Thus, IN and MUI (impulsive interference)

(10)

First, cluster’s center is located at Ic1 with an absolute peak
value Pc1 in ŝ. To find the next cluster in ŝ, samples of signal ŝ
for the cluster duration around the time index Ic1 are assigned
zero values. This modified signal is used in (10) in place
of ŝ to find the next cluster’s center and maximum absolute
peak value. This process is repeated until the peak value of
a cluster decreases below a predefined ‘X’ percentage of the
first cluster’s peak Pc1 . This provides the number of clusters
(NOC) as
(
)
X × Pc1
i
NOC = max i : |Pc | ≥
,
100
i = 1, 2, ... (11)
where Pc1 and Pci are the maximum absolute peak values of
the first and the ith cluster, respectively. Hence, ‘X’ in (11)
decides the number of signal clusters in the received signal.
Each UWB signal cluster has the same duration as the time
width of the transmitted UWB pulse [18]. Since standardized

pulses are used [20], the type and time width of UWB pulse is
known apriori in the system. Assuming a cluster width of M +
1 samples (M is considered even without loss of generality)
around the cluster peak, a cluster can be expressed as:
ci = ŝ(Ici − M/2 : Ici + M/2), i = 1, 2, ..., NOC.

(12)

The energy
PM +1of each cluster is calculated and expressed as
Ẽci = m=1 (ci (m))2 . The procedure of maximum absolute
peak value based cluster finding algorithm (CFA) is also
summarized in Algorithm 1. In the proposed receiver, each
cluster energy is weighted using its peak value and is expressed
as E i = Pci Ẽci , i = 1, 2, ..., NOC. The proposed non-coherent
receiver for the joint estimation of ToA and data symbols in
the presence of impulsive interference is shown in Fig. 1. In
Fig. 1, {Eki } denotes the ith cluster’s energy for the k th data
symbol after IN and MUI mitigation.
Algorithm 1 CDA based IN mitigation and cluster finding
algorithm (CFA)
CDA based IN mitigation:
Initialize: µ, M , i = 1
Input: received signal ri ∈ RN
Output: estimated signal r̃ ∈ RN
i
i
] = max(|ri |)
, Imax
Calculate: [Pmax
i
i
+M/2)
− M/2 : Imax
Calculate:
cin = ri (Imax
q
PM +1
2
While:
≥µ
nm =1 (cin (nm ) − p(nm ))
i
Update ri = ri − eImax
ri
Set i = i + 1
i
i
] = max(|ri |)
, Imax
Calculate: [Pmax
i
i
Calculate: cin = ri (Imax
− M/2 : Imax
+ M/2)
End
Update r̃ = ri P
Nf
Update: ŝ = N1f i=1
r̃i (using (9) and averaging)

Cluster finding algorithm (CFA):
Initialize: M , i = 1, X, O1×(M +1) - zero vector of size
1 × (M + 1)
Input: Signal ŝ
Output: Pci , Ici , Ẽci , NOC
[Pci , Ici ] = max(|ŝ|)
While: condition in (11) is true
i
ci = ŝ(I
: Ici + M/2)
PcM−+1M/2
i
i
Ẽc = m=1 (c (m))2
Update ŝ(Ici − M/2 : Ici + M/2) = ŝ(Ici − M/2 : Ici +
M/2)O1×(M +1)
NOC = i
i=i+1
[Pci , Ici ] = max(|ŝ|)
Do

corresponding to the maximum valued MPC. Hence, ToA
(τtoa,mep ) based on MEP is given by
τtoa,mep = Ic1 ts ,

(13)

where ts (ts = 1/Fs ) is the sampling time interval. However,
Ic1 may not necessarily represent the time index of FP of the
received signal because FP may not have maximum energy.
For example, in Fig. 2, MEP is not the FP. Hence, time index
Ic1 is not the correct arrival time of FP that subsequently leads
to higher UWB ranging error. In order to detect FP accurately,
an iterative refinement in cluster time indices is carried out.
Let If p = Ic1 and Ic2 represents the time index of second
MEP (E 2 ). If Ic2 < If p , then If p = Ic2 ; else If p remains
unchanged. The same process is repeated ((NOC-1) times) for
other clusters. In the end, If p represents the FP time index.
In Fig. 2, iterative refinement is repeated three times to obtain
the FP time index and hence, If p = Ic4 . Thus, estimation of
ToA of FP is expressed as
τ̂toa = If p ts .

(14)

If we assume that the k th frame contains the data symbol dk ,
then τ1 = τ̂toa + dk ∆. Data symbols are demodulated using
τ̂toa and PPM index ∆, and are expressed as
τ1 − τ̂toa
.
dˆk =
∆
E. FP detection error probability

(15)

FP detection depends on clusters’ energy, where clusters are
formed around the maximum absolute peak valued samples in
ŝ. Therefore, if a cluster is selected corresponding to noise only
(and not due to presence of the desired signal plus noise), it
leads to detection error probability in ToA estimation. Signal
ŝ in a single cluster duration is expressed as
Hñ : ŝ = ñ ∈ RM +1 ,
Hĉ : ŝ = s + ñ ∈ RM +1 ,

(16)

where ñ (ñ ∼ N (0, σñ2 )) represents noise in ŝ after impulsive
interference mitigation and may be different from n. Hypotheses Hñ and Hĉ represent clusters corresponding to noiseonly and signal plus noise, respectively. Let πHñ and πHĉ be
the probabilities of hypothesesPHñ and Hĉ respectively. The
M +1
2
distribution of energy (Eŝ =
i=1 ŝ(i) ) of single cluster
duration is given as
N (σñ2 (M + 1), σñ4 (M + 1)) under Hñ ,

N (σs2 + σñ2 )(M + 1), (2σs2 σñ2 + σñ4 )(M + 1)) under Hĉ ,
(17)
where σs2 is the variance of s. Probability distribution in (17) is
approximated form of Chi-square distributed energy (Eŝ ) and
an approximation is close to actual distribution for M ≥ 10
[21, 22]. The MEP based error probability of FP detection pfp
of ToA estimation can be expressed as

D. Joint estimation of ToA and data symbols

pfp = πHñ P r{Eŝ |Hñ > Eŝ |Hĉ } + πHĉ P r{Eŝ |Hñ > Eŝ |Hĉ }

In this subsection, joint estimation of ToA and data symbols
1
is proposed using {E i , Ici }NOC
i=1 . E represents cluster energy

= πHñ P r{Eŝ |Hñ − Eŝ |Hĉ > 0} + πHĉ P r{Eŝ |Hñ − Eŝ |Hĉ > 0}.

(18)

cluster energy

MEP

PF

Ic4 Ic3 Ic1 . . .
Ic2
cluster time index
Fig. 2: Plot of Clusters’ energy and their time indices; Time indices
Ic1 and Ic4 represent MEP and FP clusters, respectively.
After mathematical
pfp is written as pfp =
 simplifications, 
(M +1)σs2
. Further, pfp is approx(πHñ + πHĉ ) Q √ 2 2 2
2σñ (σs +σñ )(M +1)

imated atq
high SNR
(πHĉ >> πHñ and σs2 >> σñ2 ) as

M σs2
pfp = Q
.
2
2σñ
In (18), πHñ is calculated as P r{max{|s + ñ|, |ñ|} = |ñ|}.
Further, let ξ = max{|s + ñ|, |ñ|} and can written as ξ =
1
2 (|s| + |s + 2ñ|). Therefore,

of duration around 0.8 nanoseconds (ns) [4, 9]. In simulations,
sampling frequency is 16 GHz and TH code is generated as
in [11, 17, 18]. Each interferer and the desired user utilize
the same BPPM scheme and the same UWB pulse. Further,
Nf = 5, U = 5, p = 0.01, SIR = −40 dB, and Tf = 200 ns
are considered. The frame level synchronization between the
transmitter and receiver is required only in the proposed noncoherent UWB receiver. The legend “CFA (G)” represents the
proposed CFA based receiver’s performance in the presence
of Gaussian noise only.
Fig. 3 shows the received signal (r), the CDA output (r̃),
and the desired multipath UWB signal (s). In this simulation,
MUI = 0, SNR = 30 dB, and two frame time duration
signal lengths are considered in IEEE 802.15.4a multipath
CM1 channel [24]. The desired UWB signal is completely
buried within the sparse high amplitude IN as observed in
Fig. 3 (a). Therefore, conventional receiver does not work (or
have high error rate) in the presence of IN. The IN is mitigated
using the proposed CDA without changing the desired UWB
signal as shown in Fig. 3 (b). The proposed CDA need not
require any threshold. Hence, it also works in the absence of
prior knowledge of IN.

πHñ = P r{ξ|s > 0, ñ < 0, s < −2ñ} + P r{ξ|s < 0, ñ > 0, s > −2ñ}

(19)

200
0
-200
0

1

2

3

Time (second)

(20)

The value of πHñ → 0 as SNR increases and πHĉ = 1 − πHñ .
The value of ‘X’ in (11) is chosen such that all dominant
clusters of signal ŝ are selected. Large values of ‘X’ may
miss few signal clusters, while small values of ‘X’ may
select clusters in the noise-only region too. The dominant
energy signal clusters appear at the start of the frame [23],
while clusters due to noise-only region mostly belong to the
later part of a frame. The proposed method first selects the
maximum energy cluster, which is partially independent of the
exact number of clusters (because maximum energy cluster is
selected first in the proposed receiver design). Based on the
empirical results, the value of ‘X’ can be selected between 10%
to 20%. Therefore, the marginal change in the total number
of clusters does not affect the performance of the proposed
receiver.
IV. N UMERICAL R ESULTS
In this section, numerical results are discussed to validate
the proposed non-coherent receiver design for the joint estimation of ToA and data symbols. The transmitted UWB
pulse (p) is the normalized second derivative Gaussian pulse

4
×10-7

0.6
0.4
0.2
0
1

(b)

-0.2
1

Amplitude

where fñ (ñ) is the pdf of ñ and finally
!
!
s/2
−s/2
πHñ = Q p 2 , s > 0 + Q p 2 , s < 0
σñ
σñ
s
!
s2
, ∀s
=Q
4σñ2

Amplitude

= fñ (−ξ), ξ ≥ 0, ξ > s/2, s > 0 + fñ (ξ), ξ ≥ 0, ξ > −s/2, s < 0,

(a)

400

= P r{−ñ|s > 0, ñ < 0, s < −2ñ} + P r{ñ|s < 0, ñ > 0, s > −2ñ}

Signal
CDA Signal

1.05

0.5

×10

-7

0
-0.5
0

1

2
Time (second)

3

4
×10-7

Fig. 3: Received signal (top) and CDA output (bottom) using p = 0.01,
SIR = −40 dB, and SNR = 30 dB. After IN mitigation, CDA output
signal (“CDA Signal”) and true signal (“Signal”) are same (as shown in zoom
portion).

Next, MUI is mitigated (or minimized) using the proposed
method utilizing different TH codes and signal averaging.
The MUI and desired signal are shown in Fig. 4. The MUI
is differently time-aligned in each frame, while the desired
signal has the same time alignment as observed in Fig. 4.
The MPCs of MUI can be separated from the desired signal
due to different TH codes from frame to frame. The desired
signal has the same signal strength and time alignment in each

frame (across Nf consecutive frames). Hence, by averaging
the signal over Nf frames, MUI effect is mitigated without
requiring the knowledge of the TH codes of interferers.

to Gaussian noise only (“CFA(G)” in Fig. 6). Further, CFAR
performs better than ED in Gaussian noise only as shown in
Fig. 6. Hence, improved performance of CFAR is observed as
compared to ED in both IN and Gaussian noise scenarios.
50
ED (MEP)
CFA (MEP)
CFA
CFA (G)
TC, norm (G)
TC, mean (G)

RMSE (ns)

40
30
20
10
0
0

5

10

15
SNR (dB)

20

25

30

Fig. 5: Average RMSE of ToA estimation in the presence of Gaussian (G)
and IN scenarios. The RMSE performance of MEP and TC based ED, and
proposed CFA based receiver are compared.

Fig. 4: Effective de-hopping of impulse responses over CM1 channel using

100

Nf = 20 and U=5.

10-1

Average BER

The average ToA error and bit error rate (BER) using the
proposed non-coherent receiver in the presence of IN (MUI =
0) are evaluated in IEEE 802.15.4a CM1 channel [24]. The
root mean square error (RMSE) between the p
estimated and
the true ToA of FP is calculated as RMSE = (τ̂toa − τ1 )2
and is shown in Fig. 5. The MEP based RMSE using ED
(with integration interval 1 ns) and the proposed CFA based
receiver (in short CFAR) in the presence of IN is denoted
as “ED (MEP)” and “CFA (MEP)”, respectively, in Fig. 5.
CFAR performs better than ED as observed in Fig. 5. Legends
“CFA” and “CFA (G)” denote the CFAR performance in IN
and Gaussian noise, respectively, using (14), and both are
observed to have the same performance. Further, TC based
ED performance using the normalized threshold [5] and the
mean value based threshold is evaluated in Gaussian noise.
These are labeled in Fig. 5 as “TC, norm (G)” and “TC, mean
(G)”, respectively. To find the normalized and mean valued
based threshold, exact noise and signal statistics such as power
are required to be calculated at each SNR. This is generally
difficult (or complex) in practice. Therefore, threshold based
methods are either inappropriate or lead to large ranging error
in the absence of prior knowledge of noise. Further, CFAR
performs better than TC based ED at high SNR as shown in
Fig. 5 and does not require any threshold.
The average BER performance of BPPM UWB system
using (15) is shown in Fig. 6 in the presence of IN and
Gaussian noise. ED exhibits bit error floor at high SNR region
in the presence of IN as observed in Fig. 6. CFAR is free
from any bit error floor in IN, but its performance degrades
around 5 dB at BER = 10−4 similar to ED as compared
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Fig. 6: Average BER performance of BPPM UWB system using (15) in the
presence of Gaussian noise only (“X(G)”) and both IN and Gaussian noise
(“X”). Here, X stands for either ED or CFA.

Further, joint estimation of ToA and data symbols is carried
out in the presence of both IN and MUI scenario. First,
we mitigate IN and MUI from the received signal using
the proposed CDA and the averaging technique, respectively.
RMSE results of ToA and BER using CFAR are shown in
Fig. 7. RMSE in the presence of both IN and MUI is slightly
higher (around 1.5 ns) in 10 dB to 20 dB SNR range. However,
at high SNR, RMSE is same for all scenarios as observed in
Fig. 7 (top). The average BER performance of BPPM UWB
system using (15) in the presence of Gaussian, MUI, IN, and
both MUI and IN is shown Fig. 7 (bottom). In the presence
of MUI, BER degrades in high SNR region due to the nonzero flooring of MUI as observed in Fig. 7 (bottom). However,
providing different TH code to each interferer or a large value

of Nf (but confined due to coherence time of CIR), we can
reduce the flooring of MUI. Further, BER degrades around 5
dB at BER = 10−4 due to IN as compared to the Gaussian
noise only case as noted from Fig. 7 (bottom).
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