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Abstract. In this treatise, we quantify the effects of the UltraWideBand (UWB) on Time Hopping (TH) Impulse Radio (IR) operating in UWB propagation
channels environment in terms of bandwidth utilization through diversity order selection. We select L strongest MultiPath Components (MPC) from
Nr resolvable MPCs using Maximal Ratio Combining (MRC) in order to achieve maximum performance gain in single and full load scenarios. Three
classical detectors have being used for analysis purposes named Correlation (Corr), Zero Forcing Detector (ZFD) and Minimum Mean Square Error
(MMSE). Our results suggest that the diversity order L of 20 achieves maximum gain of 18dB and 12dB in single and full load Nu of 63 users
scenarios, having spreading factor Ns of 63 over no diversity configuration. Hence, MPCs with delays greater than the TH chip time Tc are resolved
by synchronization with the initial path of the received signal gives maximum performance gain.

Streszczenie. W artykule przedstawiono wyniki analizy dotyczącej działania techniki Time Hopping Impulse Radio, zastosowanej w komunikacji
Ultra WideBand, pod kątem stopnia wykorzystania dostępnej przepustowosci. W analizie zastosowano trzy typy detektorów: Corr, ZFD, MMSE.
Wyniki badan wskazują, że gdy komponenty wieloscieżkowe o opóznieniach większych niż okres Time Hopping są synchronizowane z początkiem
odbieranego sygnału, osiągana jest maksymalna efektywnosc działania. (Działanie techniki Time Hopping Impulse Radio w komunikacji Ultra
Wide-Band – zastosowanie UWB oraz doboru stopnia różnorodnosci).

Keywords: UWB, Diversity Order, Time Hopping, Impulse Radio
Słowa kluczowe: UWB, stopien różnorodnosci, Time Hopping, Impulse Radio.

Introduction
UltraWideBand (UWB) radio communicates with base-

band pulses of very short duration, typically on the order of a
nanosecond, thereby spreading the energy of the radio signal
very thinly (about a few μW per MHz) from near DC to a few
Gigahertz. Because of the very broad spectrum of this signal,
which we typically associate with an impulse function, this is
also called Impulse radio. The most popular implementation
is not a carrier-based system. It is a baseband system hav-
ing a Power Spectral Density (PSD) that occupies frequen-
cies from near DC to a few Gigahertz. UWB technology is
based on sending and receiving very high bandwidth carrier-
less radio impulses using extremely accurate timing [1].

One benefit of UWB systems is that with a sufficiently
wide transmission bandwidth (BW), it is possible to resolve
the closely spaced multipath components (MPC) encoun-
tered in the channel. Unlike systems using narrowband trans-
missions assume most of the closely spaced multipath com-
ponents as a single faded signal. Hence, by proper synchro-
nization with the initial path of the received signal, large num-
ber of multipath components can be resolved for high proba-
bility detection.

Maximal ratio combining represents a theoretically op-
timal combiner over fading channels as a diversity scheme
in a communication system. Theoretically, multiple copies of
the same information signal are combined so as to maximise
the instantaneous SNR at the output. Complexity and perfor-
mance issues have motivated studies of multipath combining
receivers that process only a subset of the available resolved
multipath components, However, the number of MPCs that
can be utilized are limited by power consumption issues, de-
sign complexity, and the channel estimation [2].

A comprehensive statistical model is described in [3] for
UWB propagation channels that is valid for a frequency range
from 3 to 10 GHz. It was accepted by the IEEE 802.15.4a
Task Group as standard model for evaluation of UWB sys-
tem proposals. The model includes the frequency depen-
dence of the path gain as well as several generalizations of
the Saleh–Valenzuela model [4], like mixed Poisson times of
arrival and delay-dependent cluster decay constants.

In this contribution, we have used statistical model of
UWB propagation channels [3] for indoor environment pa-
rameters to quantify the effects of the UWB-TH-IR in terms of
bandwidth utilization through diversity order selection.We se-
lect L strongest MPCs fromNr resolvable MPCs using MRC
in order to achieve maximum performance gain in single and
full load scenarios. The performance analysis is provided for
three classical detectors i.e. Correlation (Corr), Zero Forcing
Detector (ZFD) and Minimum Mean Square Error (MMSE).
The respective gains achieved through diversity order for dif-
ferent detectors are detailed. This concept is an alternative
to Mutli-Antenna transmission.

The remaining paper is organised as follows. Firstly the
system model is elaborated. The UWB-TH-IR transmission
and detectors are explained in next section. Third section
represents the simulation results and discussion. Finally, we
present our conclusions and future work.

System Model
Fig. 1 is the schematic of the scheme considered in this

paper. 16-ary symbols are transmitted within a TH interval
TH with a rate of RH . We have considered slow TH there-
fore the ratio of signalling interval duration Ts to TH interval
TH is less than 1. As shown in Fig. 1, during a signalling
interval duration of Ts seconds, b message bits of the kth
user are loaded into the symbol buffer. We denote the sym-
bol as ζ(k) where ζ(k) ∈ {0, 1, · · · , 16} being 16-ary sig-
nalling. The 16-ary symbol ζ(k) is temporarily stored in the
buffer, where it awaits its time-slot, in which it is transmitted.
Since a slow TH scheme frame duration Tf is equal to Ts
therefore each transmitted time-domain pulse Ψ(t) conveys
a 16-ary symbol. In this contribution we have used Orthog-
onal Prolate Spheroidal Wave Function for signalling pulse
Ψ(t) generated by the pulse generator.

As shown in Fig. 1, the transmitter generates a time-
domain pulse Ψ(t − jTf ), where j represents the frame
index, Ψ(t) is defined within the interval of [0, Th) and is
normalized such that we have

∫ Th

0 Ψ2(t)=Th in the con-
text of each 16-ary symbol. In Fig. 1, υ(k) represents the
Pesudo-Noise (PN) code based TH pattern assigned to user

PRZEGLĄD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R.89 - NR 7/2013 - 69



UWB
Propogation
Channels [3]

Symbol

Buffer

Generator
Pulse

TH
Patterns

PN
Sequences

M

R

C

A

L

G

O

TH
Patterns

PN
Sequences

Nu:Users

Pulse
Generator

D

Clock
Frame

Synchronization

Corr
JH

ZFD

(JHJ)−1JH

MMSE

[JHJ + σ2I]−1JH

d

y d̂

Nu:Users

Ψ(t − jTf − υkTc − ζkTh)

τ k

D:[ζkTh]

D:[υkTc]

Ψ(t − jTf − υkTc)

Nr: res-MPCs

L: str-MPCsΨ(t − jTf)

Ψ̃(t − jTf − τ (k))

Ψ̃(t − jTf − υkTc − τ k)

υk

0 ≤ υk ≤ (Ns − 1)

Figure 1. Schematic of UWB-TH-IR system with Nr resolvable MPCs and L strongest MPCs and three detectors in UWB propagation
channels.
k, where υ(k) are integers assuming values in the range
of 0 < υ(k) ≤ (Ns − 1) where Ns is the spreading fac-
tor. The TH pattern imposes a PN-code dependent time shift
on the pulse during every frame. Each PN code dependent
time shift is a discrete time value given by υ(k)Tc obeying
0 < υ(k)Tc ≤ (Ns − 1)Tc. In the context of 16-ary pulse
position baseband modulation, one of the 16 possible time
slots within the TH chip determined by the TH pattern is ac-
tivated for transmission, signalling the presence of a pulse.
The 16-ary symbol ζ(k) assuming a value from the range of
0 < ζ(k) ≤ 16 imposes a further ζ(k)Th seconds of informa-
tion symbol dependent time shift on the time domain pulse
position Ψ(t), as shown in Fig. 1. Then the combined singal
of Nu users is transmitted.

After transmission over a UWB propagation channels [3]
based on indoor channel measurements between 3.1 GHZ to
10.6 GHz over a range of less than 10 meters contaminated
by AdditiveWhite Gaussian Noise (AWGN) having a variance
of No

2 per dimension, the signal is fed into a MRC block, as
shown in Fig. 1. MRC combines MPCs so as to maximise the
instantaneous SNR at the output. In this paper, we select L
strongest MPC from Nr resolvable MPCs. After MRC block,
the received singal y is fed into the detectors block supported
by the information required to estimate the received data d̂.

Three detectors Corr, ZFD and MMSE are used to es-
timate the data d̂ on selection. Based on the knowledge of
path delays τ (k), the pulse generator generates a time do-
main pulse Ψ(t − jTf − τ (k)) for the jth frame and the
TH pattern generator outputs the corresponding TH pattern
value or synonymously, the address code υ(k), as shown in
Fig. 1. The TH pattern υ(k) provides a time shift of υ(k)Tc
seconds for the time-domain pulseΨ(t− jTf − τ (k)), which
yields Ψ(t − jTf − υ(k)Tc − τ (k)). This information is pro-
vided to each detector to estimate the data d̂. In the next
section we briefly explain the UWB transmission and detec-
tion schemes.

UWB Transmission and Detection
Transmitted Signal

A general UWB-TH-IR signal is given by [1]

(1) s(k)(t) =
∞∑

j=−∞

Ψ(t− jTf − υ
(k)
j Tc − ζ

(k)
j Th),

where Ψ(t) is reference pulse shape, Tf is the frame time,
υ

(k)
j represents the PN code based TH pattern assigned to
user k, Tc is the time shift based on TH code where the code
repeats after a certain interval, ζ(k)

j corresponds to user k
data symbols, Th is small shift in the pulse position, either
forward or backward to represent the data symbol. The pulse
repetition frequency (PRF) is reciprocal of TF . The frame
time TF will be of the order of 1000 times the actual pulse
width to avoid interference from reflected pulses.

Channel Model
In this contribution, UWB-TH-IR is evaluated using UWB

multipath channel model based on indoor channel measure-
ments between 3.1 GHZ to 10.6 GHz over a range of 7 to 10
meters [3]. Here we detail few mandatory equations of the
channel model which are used in our analysis. The impulse
response (in complex baseband) of the Saleh-Valenzuela
(SV) model is given in general as [4]

(2) h(t) =

L∑
l=0

K∑
k=0

α(k,l)e
(ψ(k,l))δ(t− Tl − τk,l)

whereα(k,l) is the tap weight of the kth component in the lth
cluster, Tl is the delay of the lth cluster, and τk,l is the delay
of the kth MPC relative to the lth cluster arrival time Tl. The
phases ψ(k,l) are uniformly distributed, i.e., for a bandpass
system, the phase is taken as a uniformly distributed random
variable from the range [0, 2π]. The number of clusters L is
modeled as Poisson-distributed with probability density func-
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(3) pdfL(L) =
(L)Le−L

L!

so that the mean L completely characterizes the distribution.
By definition, we have τ(0,l) = 0. The distributions of the

cluster arrival times are given by a Poisson process so that
the inter-cluster arrival times are exponentially distributed

(4) p(Tl/Tl−1) = Λle
[−Λl(Tl−Tl−1)], l > 0

where Λl is the cluster arrival rate (assumed to be indepen-
dent of l). The ray arrival times is a mixture of two Poisson
processes as follows [5]:

(5) p(τk/τk−1,l) = βλ1e
[−λ1(τk,l−τk−1,l)] + (1 − β)λ2

where β is the mixture probability, while λ1 and λ2 are the
ray arrival rates. The mean power of the different paths is
exponential within each cluster

(6) E{| α(k,l) |
2} ∝ Ωle

(
−τk,l

γl
)

where Ωl is the integrated energy of the lth cluster and γl
is the intracluster decay time constant. The energy of the
lth cluster, normalized to γl and averaged over the cluster
shadowing and the small-scale fading, follows in general an
exponential decay

(7) 10log(Ωl) ∝ 10log
(
e(

−Tl
Γ )

)
+Mcluster

where Mcluster is a normally distributed variable with stan-
dard deviation σcluster and Γ is cluster power-decay time
constant.

Detection Schemes
The discretized received composite signal can be repre-

sented in matrix form as [6]:

(8) y = Jd + n,

where n is the noise sequence consisting of noise samples
that are zero mean Gaussian variables having a variance of
σ2 and has a covariance matrix ofRn = E[nnH ], J is over-
all system matrix and d is users data vector.

Corr Detector: The correlation detector is constituted
by two filtering stages. The pre-whitening filter [6] is followed
by the matched filter. The data estimates at the output of
detector is
(9)
d̂Corr = diag(JHR−1

n
J)d︸ ︷︷ ︸

Data

+ diag(JHR−1

n
J)d︸ ︷︷ ︸

ISI,MAI

+JHR−1

n
n︸ ︷︷ ︸

noise

,

The composite form for data estimates from Eq (9) with I as
an identity matrix is given by

(10) d̂Corr

∣∣∣
∣∣∣
Rn=σ2I

= JHy,

The Corr detector simply estimates the data and fails to bal-
ance Multi-Access Interference (MAI) and Inter-Symbol In-
terference (ISI) produced by the multiuser and multipath en-
vironment.

ZFD Detector: The ZFD is similar to the zero-forcing
linear equalizer [6]. The data estimates at the output of ZFD

is

(11) d̂ZFD = d︸︷︷︸
Data

+ (JHR−1

n
J)−1JHR−1

n
n︸ ︷︷ ︸

Noise

,

Eq (11) with I as identity matrix can be reduced to

(12) d̂ZFD

∣∣∣
∣∣∣
Rn=σ2I

= (JHJ)−1JHy,

It is evident from Eqs (11) and (12) that ZFD decorrelates the
MAI and ISI and forces them to zero. However the removal of
ISI and MAI is performed at the expense of noise enhance-
ment.

MMSE Detector: The MMSE detector minimises the
simple quadratic form [7]

(13) Q(d̂) = E
[
(d− d̂)H(d − d̂)

]
,

where d̂ is the estimate of the data d. The MMSE detector’s
estimated bits d̂MMSE can be expressed as

m̂MMSE = diag
( [

I + (RdJ
HR−1

n J)−1
]−1

)
d

︸ ︷︷ ︸
Data

+ diag
( [

I + (RdJ
HR−1

n J)−1
]
−1

)
d

︸ ︷︷ ︸
ISI,MAI

+ (JHR−1
n J + R−1

d )−1JHR−1
n n︸ ︷︷ ︸

noise

.(14)

where Rd is the covariance matrix of the data symbols, I is
the identity matrix. Eq (14) can be reduced to

(15) d̂MMSE

∣∣∣
∣∣∣
Rn=σ2I,Rd=I

= [JHJ + σ2I]−1JHy,

From Equations (14) and (15), it can be seen that the MMSE
detector attempts to achieve a balance between eliminating
the different types of data impairments including the noise,
MAI and ISI in order to minimize the mean squared estima-
tion error in the simple quadratic form given in Eq (13).

Simulation Results and Discussion
In order to simulate the real scenario, we have used

UWB propagation channels model based on indoor channel
measurements between 3.1 GHZ to 10.6 GHz over a range
of 7 to 10 meters [3]. We have considered the corner cases
of single user Nu = 1 and full loadNu = 63 scenarios. The
spreading factor Ns = 63 is being employed. The selection
of diversity order L from Nr resolvable MPCs is being done
by MRC algorithm. The L strongest MPCs have the 85% of
the energy from Nr resolvable paths. Table 1 illustrates the
channel parameters values discussed in Section III and used
in our simulations.

The data burst length per user N is a parameter which
simulates the effects of ISI. ThereforeN = 1000 and Nu =
63 in our simulations gives high level of ISI and MAI, which
has to be mitigated through diversity order. The diversity or-
der L = 20 from Nr = 30 resolvable MPCs has the same
effect of transmitting through multiple antennas. However,
the number of MPCs that can be utilized are limited by power
consumption issues, design complexity, and the channel esti-
mation. Table 2 illustrates the simulation system parameters
being used in our simulation. Fig. 2 gives the overview of the
detection state flow.
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Table 1. PARAMETERS FOR CHANNEL MODELS CM 1 AND CM
2 (RESIDENTIAL)

Residential LOS NLOS
valid Range of d 7-20m 7-20m

G0[dB] -43.9 -48.7
L 3 3.5

Λ[1/ns] 0.047 0.12
λ1, λ2[1/ns], β 1.54,0.15,0.095 1.77,0.15,0.045

Γ[ns] 22.61 26.27
kγ 0 0

γ0[ns] 12.53 17.50
σcluster 2.75 2.93

Table 2. Simulation System Parameters
Spreading Factor 0 < Ns ≤ 63

No. of Users Nu = 1, 3, 13, 23, 33, 43, 53, 63

Data Burst Length Per User N = 1000

Number of Resolvable Paths Nr = 30

Number of Strongest Paths L = 1, 5, 10, 20

Detector I Corr
Detector II ZFD
Detector III MMSE

Assumptions:We have assumed that the receiver has
achieved synchronization for the received signal, the receiver
has the perfect knowledge of the transmission delay of τk .
Furthermore, we assume that the receiver employs a TH pat-
tern replica, which is generated by a local PN generator as
shown in Fig. 1.

Fig. 3 shows the performance gain of UWB-TH-IR sys-
tem in case of single userNu = 1 with diversity orderL = 20
fromNr = 30 resolvable paths. As the Fig. 3 depicts the ZFD
and MMSE achieve the performance close to the AWGN with
the mentioned diversity order from L = 1 no diversity gain
scenario. The respective gains of 18dB and 16dB for ZFD
and MMSE is portrayed at high Eb

No
values. There is no im-

provement in Corr detection as lacking the capability of miti-
gating ISI.

Fig. 4 shows the performance gain of UWB-TH-IR sys-
tem in case of full load Nu = 63 with diversity order L = 20
from Nr = 30 resolvable paths and spreading factor Ns =
63. As the Fig. 4 depicts the ZFD and MMSE achieve the per-
formance gain with the mentioned diversity order from L = 1
no diversity gain scenario. The respective gains of 5dB and
12dB for ZFD and MMSE is portrayed at high Eb

No
values. The

ZFD performs badly at lower Eb

No
values since it enhances

the noise as shown in Eqs (11) and (12). Finally, Fig. 5 de-
picts the trend of performance gain in case of MMSE detec-
tor with varying diversity order L and number of users Nu at
Eb

No
=10dB.

Conclusion and future work
We have investigated the performance gain of UWB-TH-

IR system with diversity selection operating in UWB propa-
gation channels. Since UWB provides an extra bandwidth
for transmission of the information signals therefore diver-
sity through resolvable paths can be utilized for high prob-
ability detection, unlike narrowband transmission. However,
the number of MPCs that can be utilized are limited by power
consumption issues, design complexity, and the channel es-
timation. More explicitly, we have shown that selecting L
number of strongest paths fromNr resolvable paths gives re-
markable performance gain, supported by exhaustive simu-
lation parameters. Furthermore, we have detailed the perfor-
mance gain in extreme MAI and ISI simulation environment
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Figure 2. UWB-TH-IR detection state flow diagram.
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showing the trend of performance gain with diversity order increase.

of three classical detection schemes. If this diversity selec-
tion technique is appropriately utilized, this can be answer to
multiple antennas.

In our future work, we will investigate more sophisticated
iterative decoding scheme, through exchange of extrinsic in-
formation amongst the detector, in order to achieve near-
capacity performance of UWB-TH-IR system.
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