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Abstract—Ultra-wide band (UWB) communication is a viable
solution for Wireless Sensor Network (WSN) and Internet of
Things (IoT) due to low cost and low power requirement.
However, UWB transceiver design is more complex due to large
bandwidth and precise synchronization requirement. In this
paper, we propose a simple peak detection based non-coherent
UWB receiver, suitable for low data rate WSN and IoT based
applications. The proposed receiver divides each data symbol
frame duration into smaller multiple time windows. In each time
window, peak of received signal is detected independently using
threshold comparison. The transmitted signal is detected in a
frame by employing decisions on all multiple time windows. From
simulation, it is observed that the proposed receiver outperforms
existing non-coherent receivers. The performance analysis of the
proposed receiver is carried out by using time hopping pulse
position modulation (TH-PPM) UWB signal in additive white
Gaussian noise (AWGN), multipath communication using the
existing IEEE 802.15.4a standard.

Index Terms—UWB Communication, Wireless Sensor Net-
work, Internet of Things, Peak Detection, Non-coherent Receiver.

I. INTRODUCTION

Ultra-wide band (UWB) unlicensed frequency band tech-
nology can be used in high data rate wireless communications
in local and personal area networks, wireless sensor networks
(WSN) and, location and ranging in Internet of Things (IoT)
due to low power and low cost technology [1–6]. In WSN and
IoT based applications, transceivers should be designed with
low power consumption and less circuit complexity. Currently,
researchers are exploring UWB in IoT based applications
using simple system implementation [1–3, 7]. UWB commu-
nication can also be used to connect various air interfaces
at physical layer in 5G communication and high data rate
(up to 100x gigabits per second) wireless local area networks
at millimeter wave communications due to the availability of
wide spectrum at high frequencies (above 28 GHz) [8, 9].

UWB radio-frequency identification (RFID) devices can be
designed for real-time locating systems (RTLSs) for long bat-
tery life [10]. UWB not only support higher data rate but also
consumes very low power, which is an essential requirement
in WSN and IoT that require connecting billions of devices
together. UWB can also be used in IoT applications using
upcoming standard IEEE 802.11ah, called “Wi-Fi HaLow”,
which will use unlicensed frequencies around 2.4 GHz and
5 GHz bands to overcome the limitation of Wi-Fi and Zig-

Bee standards. Power consumption, interference minimization,
and high-definition localization are some important aspects
in WSN and IoT that can be addressed using UWB [10].
UWB is also proposed for wireless health monitoring based
applications using IEEE 802.15.6 standard that can be very
helpful for patients monitoring for smart home in IoT.

In the UWB literature, both coherent and non-coherent
receivers are proposed. The performance of coherent receivers
is better than the non-coherent receiver. However, coher-
ent receivers have more system implementation complexity.
Coherent receivers e.g. matched or correlation based UWB
receivers are complex and require high sampling rate [11].
Therefore, these receivers are not suitable for low cost and
low power IoT based applications.

Transmitted-reference (TR) non-coherent receiver is yet
another type of receiver for low data rate communications.
TR receiver does not require complex channel estimation
method. However, it requires long analog delay line to store the
reference signal that is not practical in the current technology.
Non-coherent energy detector based UWB receiver also exists
that does not require channel estimation and uses simple
hardware circuitry. However, non-coherent energy detector
based receivers degrade system performance, especially, in low
signal-to-noise ratio (SNR) regime. In order to overcome this
drawback, weighted energy detectors (WED) are proposed in
the literature [12, 13] to enhance the system performance.

Simple energy detectors require squarer, mixers, and in-
tegrating devices. Weighted energy detectors require training
phase for finding the optimal weights. This makes the system
more complex and inappropriate for WSN and IoT applica-
tions. In [4], power requirement analysis of energy detector is
carried out in RFID and WSN applications. Passive RFID tag
localization has been proposed in [5] for green communication
using UWB communication. An improved energy detector
is also designed in [14] for implantable biomedical devices.
Therefore, the above literature highlights the use of UWB in
WSN and IoT applications with low power system designs.

In this paper, we explore UWB application in WSN and
IoT applications using the IEEE 802.15.4a standard [15, 16].
We propose a new peak detection receiver for simple and
low power consuming UWB communication receiver for low
or medium data rate IoT and WSN based applications. The
proposed receiver divides the data symbol frame duration into



smaller multiple time windows and the peak of the signal
is detected in each window time interval using threshold
technique. Finally, transmitted signal is detected based on the
total number of peaks in each data symbol frame duration.

The peak detection receiver works on the instantaneous
value of signal and noise. Therefore, performance of peak de-
tection receiver does not degrade compared to energy detector
and has a very simple implementation. The proposed receiver
does not require mixer, squarer, and integrating blocks. Hence,
it has low implementation cost and less power consumption
as compared to energy detector. Low power requirement is
desirable in WSN and IoT based applications in order to
increase long battery life. Therefore, the proposed receiver
can be a preferable solution for low data rate WSN and IoT
applications.

Further, the proposed peak detection receiver reduces syn-
chronization complexity that is required in energy detector for
reducing noise effect. The proposed receiver is analyzed using
time hopping pulse position modulation (TH-PPM) UWB
system. To verify the robustness of the proposed receiver,
TH-PPM UWB system performance is analyzed in additive
white Gaussian noise (AWGN) and multipath communication
channels.

The paper is organized as follows: In Section II, basic UWB
system model for TH-PPM signal is described. The proposed
peak detection receiver is discussed in Section III. Simulation
and discussions on results are presented in Section IV. Finally,
some conclusions are drawn in Section V.

II. SYSTEM MODEL

In this section, we describe UWB system model for TH-
PPM signal. The combined signal wc(t) of Nf consecutive
frames using UWB pulse w(t) of duration Tw for data symbol
dk ∈ {0, 1} is represented as

wc(t) =

Nf−1∑
j=0

√
Eww(t− jTf − cjTc − δPPMdk), (1)

where Tf is the frame duration, Ew is the pulse energy
calculated as Ew =

∫∞
−∞ w2(t)dt, cj is the random time

hopping (TH) code of cardinality Nh and period Np, Tc is the
chip time duration, and δPPM is the pulse position modulation
(PPM) index.

In this paper, δPPM is considered as half of the frame duration
Tf . Signal s(t) corresponding to kth transmitted data symbol
dk of the TH-PPM UWB system can be written as

s(t) =

∞∑
k=0

wc(t− kTs), (2)

where Ts = NfTf is the data symbol duration. Thus, signal
s(t) incorporates UWB pulse in the first or second halves of
frame duration Tf depending upon the data symbol dk = 0 or
dk = 1, respectively.

Received signal r(t) is expressed as

r(t) = s(t)⊗ h(t) + n(t), (3)

where ‘⊗’ is the linear convolution operator and h(t) is the
channel impulse response, which has L number of multipaths
and expressed as h(t) =

∑L−1
l=0 αlδ(t − τl), where {αl}L−1l=0

and {τl}L−1l=0 are channel coefficients and path delays, respec-
tively. n(t) is AWGN of zero mean and σ2 variance.

Further, we have assumed δ > Tc+Th to avoid inter-symbol
interference (ISI) effect in the system, where Th is the non-
zero time duration of the channel.

III. PROPOSED PEAK DETECTION RECEIVER

In this section, we present the proposed non-coherent peak
detection based UWB receiver. This receiver based on signal
peak detection is simple and less power consuming compared
to the coherent receivers. In the proposed receiver design, each
time frame Tf is divided into smaller multiple time windows.
Peak of the received signal is calculated in each window time
interval. The received signal of jth frame in ith window interval
Wij(t) can be written as Wij(t) = r(t − jTf − iTb), where
i = 1, 2, ...,M, M = bTf/2Tbc, Tb is the window time
duration, and b·c is a floor function.

Let dk = 0 is the data symbol being transmitted. Corre-
sponding received signal in smaller multiple time windows
is written as Wij,0(t) = r(t − jTf − iTb) and Wij,1(t) =
r(t − jTf − iTb − δPPM), where Wij,0(t) and Wij,1(t) are
time windows in the first and second halves of jth data frame
of duration Tf , respectively. {Wij,0(t)}Mi=1 and {Wij,1(t)}Mi=1

represent disjoint time intervals of the received signal. Assum-
ing zero ISI, {Wij,0(t)}Mi=1 represents signal plus noise and
{Wij,1(t)}Mi=1 represents only noise corresponding to the data
symbol dk = 0.

The proposed peak detection receiver architecture is shown
in Fig.1. Each frame duration Tf is divided into two equal time
periods corresponding to data symbols dk = 0 and dk = 1,
respectively. Further, each half of the frame is divided into
smaller time windows Wij,`, i = 1, ...,M, ` = 0, 1. The peak
of received signal is detected independently in each smaller
time window Wij,`.
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Fig. 1. The jth frame architecture of the proposed peak detection receiver.

We consider discrete-time signal sampled at Nyquist
rate. Received signal r(t), transmitted signal s(t), channel



impulse response h(t), UWB pulse w(t), and AWGN n(t) are
represented by vectors as r =

[
r(0), r(1), ..., r(K − 1)

]T
, s =[

s(0), s(1), ..., s(K − 1)
]T

, h =
[
h(0), h(1), ..., h(K − 1)

]T
,

w =
[
w(0), w(1), ..., w(K − 1)

]T
and n =[

n(0), n(1), ..., n(K − 1)
]T

, respectively, where K is
the total number of samples at Nyquist rate in a fixed time
duration and [·]T represents the transpose of [·].

Let the received signal has N discrete samples in the window
time interval Tb. Received signal rg = sg+ng, g = 1, 2, ..., N
in windows {Wij,0(g)}Mi=1 has Gaussian distribution of sg
mean and 2σ2B variance, where B is the bandwidth of receiver
filter and sg and ng, g = 1, 2, ..., N are the received signal
and noise in Tb time duration, respectively. Hence, distribution
of signal rg in each window interval Wij,0(g) is distributed as
N (sg, 2σ

2B). Similarly, we can write the distribution of signal
rg in each window Wij,1(g) as N (0, 2σ2B). The desired
signal sg value can be different in each time interval window
Tb due to the multipath nature of channel.

For each window time interval, we have calculated peak
value of the received signal. The peak value of received signal
in each window is calculated using threshold comparison of
the received signal. The peak of received signal is detected
if absolute value of any sample of received signal in window
duration Tb is greater than some threshold Vth. Similar, peak
of signal is absent if absolute value of any sample of received
signal in window duration Tb is less than threshold Vth. The
peak detection probability for data symbol dk = 0 in the first
half of frame duration can be written as

ppeak,d,Wij,0
= p(rg = sg + ng ≥ Vth ∩ rg ≤ −Vth), g = 1, ..., N,

(4)
where ppeak,d,Wij,0 represents the peak detection probability in
the window duration Wij,0(g). Equation (4) can be re-written
as

ppeak,d,Wij,0
= p(|rg| ≥ Vth), g = 1, ..., N

= 1− p(|rg| < Vth), g = 1, ..., N

= 1−
N∏
g=1

∫ Vth

−Vth

1√
2π2σ2B

exp

(
− (x− sg)2

4σ2B

)
dx

ppeak,d,Wij,0 = 1−
∏N
g=1

[
1−Q

(
sg+Vth√
2σ2B

)
−Q

(
−sg+Vth√

2σ2B

)]
,

(5)
where Q(·) represents the tail probability of normal Gaussian
function. The peak detection probability for data symbol dk =
0 in the second half of frame duration is also calculated using
multiple time windows {Wij,1(g)}Mi=1. The peak detection
probability ppeak,d,Wij,1 in each window Wij,1(g) is expressed
as

ppeak,d,Wij,1 = p(|rg = ng| > Vth), g = 1, ..., N

ppeak,d,Wij,1 = 1−
N∏
g=1

[∫ Vth

−Vth

1√
2π2σ2B

exp

(
− x2

4σ2B

)
dx

]

ppeak,d,Wij,1
= 1−

N∏
g=1

[
1− 2Q

(
Vth√
2σ2B

)]
. (6)

The total peak detection probability ppeak,d,0 in the first half
of frame duration Tf is given as

ppeak,d,0 =

M∑
i=1

ppeak,d,Wij,0
, (7)

and the total peak detection probability ppeak,d,1 in the second
half of frame duration is given as

ppeak,d,1 =

M∑
i=1

ppeak,d,Wij,1
. (8)

In Fig. 2, we have simulated (7) and (8) for various window
interval and SNR values by considering data symbol dk = 0.
At SNR=20 dB, the threshold value (Vth) around 0.18 can dis-
tinguish between data symbols dk = 0 and dk = 1 due to the
higher probability of the (7) as compared to the (8) as shown
in Fig. 2. However, at SNR=0 dB probability distinction is
low between data symbols dk = 0 and dk = 1 as compared to
SNR=20 dB for particular threshold value. Further, probability
graphs are distinguished for various window time durations as
observed in Fig. 2. The window interval corresponding higher
probability for given threshold can be selected for the better
system performance.
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Fig. 2. The average probability vs threshold Vth plot. The “(·)ns0” and
“(·)ns1” represent (7) and (8) respectively, and results are simulated for two
SNR values (SNR = 0, 20 dBs) and 1, 2, 5, 10 ns window intervals.

Further, the peak detection probability in each smaller
window time interval can be weighted using some optimum
weights for better system performance in the proposed receiver
design. The difference of peak detection probability ppeak,d
between first and second halves of frame duration Tf corre-
sponding to data symbol dk = 0 is given by

ppeak,d = ppeak,d,0 − ppeak,d,1. (9)

Data symbol can be demodulated according to the sign of peak
detection probability ppeak,d, where the estimated data symbol



d̂k mapping is given as below.

d̂k =

{
0, if ppeak,d ≥ 0

1, otherwise

Further, when the data symbol dk = 0 is transmitted, the
error probability p(e|h, dk = 0) for a given channel realization
h of the proposed peak detection receiver is given by

p(e|h, dk = 0) = p(ppeak,d < 0)

p(e|h, dk = 0) = p(ppeak,d,0 < ppeak,d,1)

p(e|h, dk = 0) = p(

M∑
i=1

ppeak,d,Wij,0 <

M∑
i=1

ppeak,d,Wij,1)

(10)
Equation (10) can be re-written as (11). Similar to (11), the
error probability p(e|h, dk = 1) when data symbol dk = 1 is
transmitted is given as in (12).

The bit error rate (BER) p(e|h) when all symbols are
equally likely can be written as

p(e|h) = 1

2
p(e|h, dk = 0) +

1

2
p(e|h, dk = 1). (13)

The BER in (13) depends upon the threshold value Vth and
channel realization h. The optimal value of threshold Vth
can be set as Vth = 0.6maxg{|sg|} [17], however, it is not
optimum for a range of SNR. The unconditional BER p(e)
is calculated using ensemble averaging over multiple channel
realizations and is expressed as

p(e) =
1

Z

Z∑
z=1

p(e|hz), (14)

where Z is the total number of channel realizations and hz is
the zth channel realization.

IV. SIMULATION AND DISCUSSION

In this section, we have carried out simulations to verify
the proposed peak detection UWB receiver design. Simulation
results have been generated for TH-PPM UWB system using
first order modified Hermite polynomial (MHP) as a transmit-
ted UWB pulse w in single user environment. The transmitted
pulse w in analog domain can be written as [18]

w(t) = A

(
t

η

)
exp (−t2/4η2), t ∈ R (15)

where A is the pulse amplitude parameter that limits the
transmitted pulse energy and η is the pulse width parameter
with η = 0.07 nanoseconds (ns). The TH code cj is generated
using Nh = 3, 7 and Np = 100 for AWGN and multipath
channels, respectively. Chip duration Tc = 1 ns is considered,
SNR is defined as SNR = Ew/σ

2, sampling frequency is 30
GHz, and BER curves are generated using ensemble averaging
over 100 realizations.

The average BER performance of TH-PPM UWB system
using the proposed receiver and the energy detector receiver
[11, 19] in AWGN channel is shown in Fig. 3. The frame
duration Tf = 20 ns and Nf = 1 are considered for AWGN

channel results. The proposed receiver outperforms energy
detector by ≈ 3 dBs for Tb = 1 ns as observed from Fig.
3. The effect of window duration Tb is also analyzed and
results are shown in Fig. 3. As window duration increases, the
system performance deteriorates (refer to Fig. 3). The starting
time of each window is selected blindly. Hence, the proposed
system does not require any additional a priori information in
implementation. The proposed peak detection receiver utilizes
the instantaneous maximum value of signal. Hence, SNR is
observed to be higher compared to energy detection receiver.
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Fig. 3. The average BER performance of TH-PPM UWB system using the
proposed receiver and the energy detection receiver in AWGN channel. In
above figure, “(·)” ns and “ED” represent the proposed receiver and the energy
detection receiver, respectively.

Further, the performance of proposed receiver is analyzed in
line-of-sight (LOS) multipath channel model CM1 in residen-
tial environment. The channel rms (root mean square) delay
of 6.886 ns, frame duration Tf = 100 ns and Nf = 1 are
considered for CM1 channel. The average BER performance
of the TH-PPM UWB system in channel model CM1 is shown
in Fig. 4. The proposed receiver has better system performance
as compared to the energy detector receiver for Tb = 1ns as
observed from Fig. 4 with low power consumption due to sim-
ple hardware implementation. The proposed receiver exploits
the instantaneous value of both the desired signal and noise
using peak detection circuit. Further, system performance can
be improved using the quasi a priori information about the
channel h to obtain the optimum starting time and duration
of each window. Therefore, the proposed low power peak
detection UWB receiver can be used to connect various devices
together in a home environment using IEEE 802.15.4a channel
model CM1 [20].

WSN and IoT based applications can operate in non-line-
of-sight (NLOS) and dense multipath channel environment
[21, 22]. Hence, we have analyzed the proposed receiver
performance in non-line-of-sight (NLOS) multipath channel
model CM4. The IEEE 802.15.4a channel model CM4 is
suitable for analyzing system performance in dense multi-
path scenario for WSN and IoT in office and large home
environment. The average BER performance of the TH-PPM



p(e|h, dk = 0) = p(

{
M∑
i=1

(
N∏

g=1

[
1−Q

(
sg + Vth√

2σ2B

)
−Q

(
−sg + Vth√

2σ2B

)])}
<

{
M∑
i=1

(
N∏

g=1

[
1− 2Q

(
Vth√
2σ2B

)])}
). (11)

p(e|h, dk = 1) = p(

{
M∑
i=1

(
N∏

g=1

[
1− 2Q

(
Vth√
2σ2B

)])}
≥

{
M∑
i=1

(
N∏

g=1

[
1−Q

(
sg + Vth√

2σ2B

)
−Q

(
−sg + Vth√

2σ2B

)])}
). (12)
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Fig. 4. The average BER performance of TH-PPM UWB system using the
proposed receiver and the energy detection receiver in CM1 channel model.
In above figure, “(·)” ns and “ED” represent the proposed receiver and energy
detection receiver, respectively.

UWB system in channel model CM4 is shown in Fig. 5. The
channel rms delay is 24.676 ns using multiple realizations
and, frame duration Tf = 160 ns and Nf = 1 are considered
for simulation results. More parameters details can be found in
[20]. The proposed non-coherent peak detection receiver yields
approximately 1-2 dB performance improvement compared to
the energy detection receiver depending upon window time
duration Tb as observed from Fig. 5. The relative performance
improvement using various window size is almost same for
all the values of SNR. Further, from Fig. 4 and Fig. 5, we
observe that the TH-PPM UWB system performance in the
channel model CM4 is better than the channel model CM1
for both the proposed and energy detection receiver due to
more number of multipath. Both channel models CM1 and
CM4 are normalized to unity in simulation results.

One reason of performance improvement using the peak
value detection is that received multipath signal is sparse
in nature, and noise is present through the frame duration.
Hence, SNR value at the receiver in energy detector is reduced
due to integration over a frame as compared to the proposed
peak detection based receiver. Moreover, the proposed peak
detection consider only the instantaneous values of signal and
noise, hence, its SNR is higher than the energy detector based
receiver.

WSN and IoT have many applications in farming and
open area surveillance such as border, farm and icing areas.
To analyze the performance of the proposed peak detection
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Fig. 5. The average BER performance of TH-PPM UWB system using the
proposed receiver and the energy detection receiver in CM4 channel model.
In above figure, “(·)” ns and “ED” represent the proposed receiver and energy
detection receiver, respectively.

receiver in open area operating environment, we have used
the IEEE 802.15.4a channel model CM9. The CM9 channel
rms delay spread is around 30.0428 ns and Tf = 160 ns is
considered. More details about this channel can be found in
[20]. In channel CM9, the transmitted pulse shape is distorted
due to frequency depending nature of reflection and diffraction
processes. The BER performance using the proposed receiver
is better than the energy detector for Tb = 5, 10 ns and
degrades for window duration Tb = 1, 2 ns (around 16-25 dBs
SNR range only) as shown in Fig. 6. The BER performance of
UWB system is lower in channel CM9 than the CM1 and CM4
channels due to only a few NLOS paths arrival at the receiver,
therefore, the effective received signal power is low. Further,
the energy detector integrates the energy of the received signal
over a frame duration, which mostly contributed by the noise
due to the higher sparse nature of the desired signal. The
proposed receiver’s BER performance degrades in channel
CM9 for the lower value of Tb as compared to CM1 and CM4
as shown in Fig. 6, because the probability of presence of the
desired signal is low in the small window (time duration). The
battery life for IoT applications is more important where power
viability or battery replacement is not easily possible such
as hilly terrains. Hence, the instance value based proposed
peak detector receiver is more useful due to low power con-
sumption in such applications. Further, we observed that the
energy detector’s performance in more sparsely (less dense)
received UWB signal environment degrades, as compared to



the proposed receiver design due to the integration of noise in
the decision as observed in the above figures.
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Fig. 6. Average BER performance of TH-PPM UWB system using the
proposed receiver and the energy detection receiver in a open area channel
model CM9. In above figure, “(·)” ns and “ED” represent the proposed
receiver and energy detection receiver, respectively.

Implementation: The proposed peak detection receiver can
be implemented in analog domain using short analog delay
line for small time interval of window Tb at low sampling
rate. Also, it can be implemented for long time interval of
window Tb (Tb > 20 ns) in the discrete domain using high
sampling rate ADC (analog-to-digital converter) like energy
detector. The discrete implementation of proposed receiver
can also be achieved using low sampling rate ADC using
compressive sensing method. The power consumption of peak
detector is smaller than the energy detector [23]. A complete
power analysis of the proposed peak detection receiver and
comparison with energy detection will be taken up in the
near future. The computational complexity of peak and energy
detection algorithms is O(log n) and 2O(n), respectively. The
simulation time for both the peak and energy detection receiver
in MATLAB on an Intel(R) Core(TM) i7-4790 CPU @ 3.6GHz
with 8 GB RAM and 64 bit operating system was observed
to be 4.2365 and 6.5622 minutes, respectively, for 100 data
frames and ensemble average of 100 realizations.

V. CONCLUSION

In this paper, we have proposed a simple peak detection
based non-coherent UWB receiver for WSN and IoT based
applications. The proposed receiver performance for TH-PPM
UWB system is analyzed in AWGN, and multipath channels
using IEEE 802.15.4a standard. The proposed receiver has
better system performance as compared to the energy de-
tector receiver with low power consumption and less system
implementation complexity. In the near future, the weighted
summation of peak detection probabilities in each window
duration can be analyzed for improved system performance.
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