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Abstract

This thesis presents about ultra wideband circuit design and its performance
analysis of interference. A new method of ultra wideband (UWB) monocycle pulse
generation and a gigahertz wideband analog multiplier are also proposed. The
multiplier is based on MOS cascade operation circuit, and uses voltage to current
mode operation. The inputs are in voltage mode and become in current mode after the
multiplication. The V-I multiplier has gigahertz frequency response and can be
applied to multiply the generated UWB pulse. The circuit is based on 0.18 pm CMOS
technology simulated using HSPICE level 49 and operates in +1 V. Both the
multiplier and the UWB pulse generation circuits have advantage in simplicity, and so
are potentially lower costs. The simplicity, low cost and good performance of the
circuit makes itself attractive for various UWB systems. S

Some various modulations of impulse radio (IR) UWB, a new channel model
based on the Saleh-Vanenzuela model for UWB communication and its bit error rates
(BER) are presented. BER are analyzed using Binary Pulse Amplitude Modulation
and measured over various bit rates. The result shows that monocycle pulse over
LOS and NLOS channel gives the best bit rates.
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Chapter 1
INTRODUCTION

1.1. Overview

UWRB firstly were developed as a military radar systems because they could “see
through” trees and beneath ground surfaces. However, recently UWB technology has
been focused on consumer electronics and communications. Ideal targets for UWB
systems are low power, low cost, high data rates, precise positioning capability and
extremely low interference [1].

The FCC (Federation Communication Commissions) granted the frequency range
from 3.1 GHz to 10.6 GHz with very little emission power to UWB technology and
therefore consolidated the legality of UWB technology. By the ideal targets of UWB
systems, UWB is a promising technology for future high-speed wireless
communications and has a great potential to penetrate the PC peripherals and
consumer electronics market [2].

Research in UWB technology and UWB related devices is growth rapidly in
recent year as estimation the potential market of UWB. Many industrial
heavyweights, such as Intel, Texas Instrument (TI), Motorola, and Samsung
participate to involve in this field. As a result an industrial standard is expected to be
made. TEEE 802.15.3a, as a new high-speed wireless standard is still in the process,
and will achieve up to 480 Mbps throughput.

UWB standard is provided by the IEEE project 802-15.3a task group with
examples of two different UWB radio systems. First is based on MB-OFDM (Mullti-
Band Orthogonal Frequency Division Multiplexing) and another is based on Direct
Sequence Code Division Multiple Access (DS-CDMA). The OFDM is led by Texas
Instruments and Intel, and followed by Samsung Electronics, Panasonic, Hewlett
Packard and many other companies. The DS-CDMA is supported by Motorola,
ParthusCeva, etc. It is closest to an impulse radio. The two proposals, MB-OFDM,
and DS-CDMA, are currently still competing in the IEEE802.15.3a working group,
and the final results are expected to come out in the near future.

The MB-OFDM divides spectrum into 14 bands as shown in Figure 1.1.

Multiband is dividing the available spectrum into several bands, each having a



minimum of 500 MHz of bandwidth, to comply with the FCC requirements. It
introduces orthogonality in the frequency domain. In this case, the impulse radio has
longer pulses in each band, and the OFDM principle is used in each band.

The 14 bands span the range of 3168 to 10 560 MHz, divide the spectrum into
528-MHz bands, and then employs OFDM in each band to transmit data rates as high
as 480 Mb/s. Each band consists of 128 subchannels of 4.125 MHz. MB-OFDM
employs only QPSK modulation in each subchannel to allow low resolution in the

baseband analog-to-digital (A/D) and digital-to-analog (D/A) converters (4-5 bits)
[31.
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Figure 1. 1 MB-OFDM Band Structure and Channelization

DS-CDMA uses the whole available spectrum as known as single-band. It
transmits data with very short pulses (impulse radio). Impulse radio is carrier-less, so
it only has base-band processing and no intermediate frequency (IF) processing is
needed. This makes impulse radio devices much cheaper than other communication
devices. In the impulse radio devices, no Local Oscillator is necessary; no up- or
down- converters are needed. Therefore, the impulse radio devices are simple and of
low cost, high speed, low power consumption, and small size. Figure 1.2 shows an

impulse radio and its FCC requirements [4].
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Figure 1. 2 DS-UWB and the FCC requirement

1.2. UWB Regulations.

In 1998, FCC récognized the importance of UWB technology and began the
' process of regulatory review. In February 2002, FCC made the formal rule that
permits ultra wideband to operate under certain indoor and outdoor power spectral
masks. The radiation limits by FCC are presented in Table 1.1 for indoor and outdoor

data communication applications [5].

Table 1. 1 FCC radiation limits for indoor and outdoor UWB

Indoor Outdoor
Frequency in MHz
EIRP in dBm EIRP in dBm
960 - 1610 -75.3 -75.3
1610 - 1990 -533 -63.3
1990 - 3100 -51.3 -61.3
3100 - 10600 -413 -41.3
Above 10600 -513 -61.3

Figure 1.2 shows the current proposal for the spectral mask limits as well as the
FCC masks as described in Table 1.1. It represents the masks for data communication
applications for indoor and outdoor use. In all cases the maximum average power
spectral density follows the limit of FCC Part 15 regulations (Federal

Communications Commission, 2004).
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Figure 1. 3 FCC spectral mask for indoor and outdoor UWB

1.3. Research Scope and Dissertation Organization

The UWB communication system can be delineated in Figure 1.3. On the
transmitting side, the incoming data stream is modulated. But before this, it can be
first encoded. All encoding methods for narrowband, such as convolution codes,
block codes, turbo codes, etc., are all applicable to UWB systems. The UWB
modulation types include time hopping pulse position modulation, time hopping pulse
amplitude modulation, direct sequence pulse position modulation, multiple-band
OFDM, etc.

On the receiving side, the UWB signal is first captured by a receiving antenna.
Second, the signal is filtered with a matched filter, which is usually the same as the
transmitting pulse shaping filter. Matched filter is also as Low Noise Amplifier
(LNA). Then the signal is demodulated. The demodulation process is the inverse
process of the modulation. After that the signal can be decoded. The decoding
methods, such as Viterbi decoder, turbo decoder, and sequential decoder, which are
used in narrowband communications, can also be applied in UWB systems. If the
interleaving, scrambling, and puncturing are used in the transmitter, de-interleaving,

de-scrambling, and de-puncturing should be conducted accordingly in the receiver.
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Figure 1. 4 UWB Communication System

As described previously that UWB communication system is divided into two
camps, this research focuses on the DS-UWB. The scope of this research covers the
UWB pulse generation, UWB modulation types, channel models, performances and
interferences, etc. The dissertation is organized as follows. Chapter 2 discusses UWB
pulse generation circuit design and it’s fulfilled of FCC rules. Chapter 3 is about
modulation types of the UWB communication system. Chapter 4 talks about UWB
channel models. Chapter 5 studies the interference of the UWB communications.

Chapter 6 summarizes the findings and concludes the dissertation.



Chapter 2
UWB PULSE GENERATION

2.1. Some Previous Researches

Ultra-Wideband (UWB) radio is defined as a wireless technology to transmit data
over a wide spectrum of frequency bands with low power [6]. Since its signal has
short pulse duration, high data rate can be achieved. It is considered as one of the next
generation wireless communication systems. Federal Communications Commission
(FCC) has released unlicensed 3.1-10.6 GHz frequency band for Ultra-Wideband
(UWB) related applications [6].

Several monocycle pulse shapes were introduced [7]. Some researches have
published pulse generators for UWB in circuit level [8,9,10,11]. Some papers have
proposed transmitting scheme which gives a priority to avoid both complexity and
high power analog components for UWB [12,13,14]. However, its power
consumption is still relatively high. Indent this chapter proposes a new method to
generate Gaussian monocycle by applying input transition. This proposed circuit has
advantages that apply simple circuit and consumes low power. It applies MOS gates
process that always needs delay [15]. The input transition is AND for a few
nanoseconds. A Gaussian pulse is thus generated. A differentiator circuit is used to
perform a monocycle pulse. The generation is simulated based on 0.18 pm CMOS

technology. Figure 2.1 shows an example of the previous UWB monocycle generator

[11].

VCO Counter  Multiplier
: 9(t) s YO

1/N

gty m ™ — —

Figure 2. 1 Sinusoidal monocycle generator



2.2. Gaussian Pulse for UWB

Ultra Wideband (UWB) technology is defined by the Federal Communications

Commission (FCC) as any wireless transmission scheme that occupies a fractional

bandwidth W/f, >20% where W is the transmission bandwidth and f; is the band

center frequency, or more than 500 MHz of absolute bandwidth. The FCC recently
approved the deployment of UWB on an unlicensed basis in the 3.1-10.6 GHz band
subject to a modified version of Part 15.209 rules.

Some references have represented several kind formulas of Gaussian pulse
[7.9,11]. The Gaussian pulse and its first derivative, which is usually called as

monocycle has formula, respectively as follows;

x(f) = A,.e—z(_“—) @2.1)

x(l)(t) dxdft) = Azi.e_ (E) (22)
1

= 23

fo=3 @3)

where T is the width of the pulse, 4; and 4, are amplitudes, and f: is the frequency
center of the monocycle pulse. Figure 2.2 shows the Gaussian pulse waveform and

monocycle of the pulse.

Figure 2. 2 Gaussian pulse waveform



2.3. Principles and the proposed diagram

The UWB generation applies at the input transition time. Figure 2.3 shows about
the principles of the UWB monocycle pulse generation. Figure 2.3(a) is the step input.
Figure 2.3(b) is the actual input and it’s inverting signal with delay. The delaying and
inversion processes of the input are done in Figure 2.3(b), and the results are D
andD.

As shown in Figure 2.3(b), there is a little space that both D and D are high.
When D and D are AND-ed, it will produce a Gaussian pulse, as shown in Figure
2.3(c). Finally, the Gaussian pulse then is differentiated to produce a Gaussian
monocycle pulse, as shown in Figure 2.3(d).

Figure 4 proposes a diagram to generate the UWB Gaussian monocycle pulse. It is
really simple diagram. It is comprised of CMOS inverters (NOT), NAND and a
differentiator circuit. The CMOS inverters invert the input signal and produce a little
space time that both D and D are high. The signals D and D are then AND-ed by a
NAND circuit to generate a Gaussian pulse. A differentiator circuit differentiates the

Gaussian pulse to generate a UWB monocycle pulse.

(a).

oo I\
(c) J\‘\

CY

Figure 2. 3 Principles of monocycles Gaussian UWB pulse generation

(a) Step input

(b) Actual Input and its Inverting Signal
(c) Gaussian pulse

(d) Monocycle pulse
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Figure 2. 4 Proposed diagram of monocycles UWB signal generation

2.4. Circuit

2.4.1. MOS Capacitance

This chapter explores the capacitances of MOS transistor. Figure 2.5 shows about
capacitances between nodes of MOS transistor. Cgp, Cgs, Cop, Cps, and Cgsp are
respectively the capacitances between nodes gate (G) - drain (D), G - source (S), G -
bulk (B), D-B and S-B.

There are two basic types of nonlinear or voltage-dependent capacitances in the
structure: thin-oxide capacitances that are connected to gate, and junction
capacitances, connected to bulk. In addition, there are two overlap capacitances,
which are linear and voltage-independent, between gate—drain, and between gate—
source.

The thin-oxide capacitances present between gate-source and between gate-drain.,
named Cjs and Cgq respectively. The capacitances usually have the same value, and

can be expressed as [16,17],

Cp=Cp=C,=LC, WL 2.4)
C, = ';L-xw 2.5)

where C,y is the thin-oxide capacitance per unit area. # and L are channel width and

channel length. € o is the permittivity of the oxide and 7 is the oxide thickness.
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Figure 2. 5 MOS capacitances

The overlap capacitance, Cor, is the capacitance of both side of gate that is

comprised of the overlap capacitances between gate-drain (C,, p ) and between gate-

source (Co,, gs)- These can be expressed as [17]
Corap = Copo 4
Conos = Coso W (2.6)

Capo is the gate-drain overlap capacitances per unit gate width, and Cgso is the gate-
source overlap capacitances per unit gate width. The values are modeled in the SPICE
simulation.

The junction capacitances happen in the capacitances of drain-bulk and source-

bulk, named respectively Cjps and Cjsp. The capacitances can be expressed as [16],

CJ.A CJSWG.P,
CJDB = DMJ + M.I.S[')WG @7)
. .
PB PB
CJ.Ag N CJSWG.P; (2.8)

C. =
JsB MJ MISWG
A A
PB PB

where CJ and CJSWG are the source/drain bottom junction capacitance and the zero-
bias gate-edge sidewall bulk junction capacitance, respectively. MJ and MJSWG

respectively are the grading coefficient of the bottom-wall junction capacitance and
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grading coefficient of the gate-edge sidewall junction capacitance. PB is the built-in
potential of the bottom-wall junction capacitance. Ap, As, Pp and Ps are the drain
area, source area, drain perimeter and source perimeter, respectively. Finally, Vj is the

junction voltage, voltage drop across the junction of the transistor.

2.4.2 Gaussian pulse generation circuit

Figure 2.6 shows the circuit to generate Gaussian pulse that is the detail of Figure
4. The NOT circuits invert input to become D and D . It needs delay to invert input, so
there is a little space time that both D and D are high. The NAND output will be low
if only if D and D, are high, as illustrated in Figure 2.3. On the output (Gaussian

node), a Gaussian pulse will be performed by the NAND circuit, as shown in Figure
2.6 (a).

Figure 2.6 (b) and Figure 2.6 (c) are the detail circuit of the NOT and the NAND,
respectively. Some parameters of the MOS transistor in the circuit must be considered

to get a precise delay, such that the Gaussian pulse can be generated from the circuit.

) ‘ Gavssian

(a) Gaussian pulse generation circuit

o>

A
- o
]

(b)NOT and its circuit () NAND and its circuit

?b

Figure 2. 6 Gaussian pulse generation circuit and its detail
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Figure 2. 7 CMOS inverter loading capacitance

Time delay of the inverter has been proposed [15]. The delay is the effect of the
inverter capacitance, especially in high frequency, which is illustrated previously in
Figure 2.5.

Figure 2.7 shows about the capacitance of the CMOS inverter. The capacitance is
comprised of three components: the self-loading, the wire and the fanout capacitances
[16]. For delay calculation, these individual quantities are summed altogether.

CL = Cself + Cwlre + C (2‘9)

fanout
where Cy is the total load capacitance.
Cseir is the self capacitance and can be defined as the output capacitance of the first
inverter, while Cpnou is fanout capacitance, that is the input capacitance of the second
inverter in Figure 2.7. Between inverter, there is wire capacitance, Cyire. Since it is
assumed that the wire is short, the wire capacitance is neglected.
Figure 2.8 illustrates about Cpamou that is derived from Figure 2.5. Cpnow is the
capacitance connected to the input of the inverter. Since both PMOS and NMOS have

thin-oxide and also overlap capacitances, Crnour can be expressed as [16],

Cranou=Con+ CoLont Corgsat

fanouwt™

(2.10)
Cgp + C'OL GDp + COL GSp

where Cy, and Cyp are the capacitances of the thin-oxide for MOS, as expressed in
(2.4-2.5). Cor gp and Cop. gs are the overlap capacitances between gate-drain and
between gate-source respectively, and has been expressed in (2.6). The subscript
either n or p identify for NMOS and PMOS respectively. If Cspo and Cgso values are
the same, then G, ;,=G,,5s=C;- Therefore the equation (2.10) can be simplified as

C o = (Co LYW, +W, )+

2C,, W, +2Co, W,

Janout

@.11)
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Figure 2. 10Propagation delay tpy,,

The self-capacitance, Cs.yp; is the capacitances connected to the output. Figure 2.9
illustrates the important terms to include in the self-capacitance, also derived from
Figure 2.5.

Suppose that delay time (fpyz or tpzr) involves a transition to the 50% point, it can
be assumed that the transistors are in saturation or cutoff. In either region, the thin-
oxide gate-drain capacitance, C,q is negligible [16]. The total self-capacitance can be

expressed as the junction capacitances plus the overlap capacitances as follows,
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Coyr = 2COI, Gm t 2L, GDp+CDBn + CDBp (2.12)

where Corgps and Corgpyp are the overlap capacitances from gate-to-drain. These have
a double value of the capacitance because of commonly referred as Miller effect
modeling [16]. Cpga and Cpgy, are the one junction capacitance between drain-bulk per
device. The capacitances are formulated in (2.7) and (2.8).

As tpyy or tpry involves a transition to the 50% point, the delay for an inverter can

be calculated as in equation (2.13), and illustrated in Figure 2.10.

L
tor, = Regos WCL
I (2.13)

Uy = Regy o 'ﬁ,‘CL

where tpy and tpy are delay time from high to low and from low to high
respectively, while Rgris the effective resistance of the transistor. L, W and C, have

the same definition as previous mentioned.

2.4.3. Differentiator Circuit

The differentiator circuit differentiates the Gaussian pulse to get the differential of
Gaussian pulse or monocycle, as declared in (2.2). Here, CR (Capacitor-Resistor)
circuit is chosen. Figure 2.11 shows the CR differentiator. The output voltage in

Figure 2.11can be expressed as,

sRC
vV === 2.14
ou[(s) (]-{-SRC) ln(s) ( )
IfsRC <<1, then

Vour (8) = sRCV,, ()

dv, (1)
dt

This research applies a MOS transistor as a capacitor. The reason is that the

v, (t)=RC (2.15)

capacitance produced by the MOS is small, even in fF scale, fulfilling the requirement
for the differentiator circuit. When drain (D) of the MOS is connected to source (S),
Vps=0, the transistor works in non-saturation region. Each capacitance as declared in

4.1, in non-saturation has expression as [16,17],

Cop =Cpy +Cy,, (2.16)
Cos =Cp +Co, (2.17)
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Cgp =0 (2.18)
Cps = C_/DB (2.19)
Css =Css (2.20)

Figure 2.12 shows the capacitance of MOS in such condition. Figure 2.13 shows
about the MOS connection in the differentiator circuit. Capacitor C; is illustrated in
Figure 2.12. V¢ is the controlling voltage that leads the value of the junction voltage
(V;) that takes effect to the capacitance. Input in Figure 2.13 is Gaussian node that
comes from the Gaussian pulse generation circuit (Figure 2.6(a)), and the output is a

node called Voui.

Figure 2. 11 CR differentiator

D
CODII FDB
i 1
G~—e B
il |
L1 1
Cse
S

Figure 2. 12 Capacitance of MOS when D is connected to S

Gaussian

VC
D l \Y V, \Y;
vh G B ot$1 in outs
o—F .
8 L_

Figure 2. 13 MOS as CR differentiator
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Figure 2. 14 Modified differentiator circuit

A modified differentiator circuit is used in the research to get the monocycle
thicker. Figure 2.14 shows the modified circuit developed from Figure 2.13. CR filter
is added but it has no effect to get more differential because C, is large. Derived from

(2.14), the circuit has output expression as follow,

sR,C,

V. = 14
out2 (S) (] + SR2C2 ] outl (S)

When desired thatV,,(s) =V,,,(s), SR,C, must be >>, then

Vo2 (8) ® Vou (8) (2.21)

2.5. Simulation Result

Figure 2.15 shows about the proposed circuit. The circuit has advantages in
simplicity that using few components. All circuits are simulated using HSPICE level
49 of 0.18um CMOS parameter from mosis [18].

The Gaussian pulse generation circuit is shown in Figure 2.6 and drawn again in
Figure 2.15. The input is a step signal or pulse that the width is in such a way that the
Gaussian pulse can be performed. The output is a node called Gaussian (see Figure
2.6(a)).

L/W in CMOS inverters (NOT) and NAND used in this research are respectively
0.36/0.36pm and 0.18/0.27um.

Figure 2.16 shows the time diagram in Gaussian pulse generation circuit. When

input coming to the circuit in Figure 2.6 is nearly ideal, after buffering in the first

NOT, then CMOS inverters will convert input to become D and D . D delay time
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(teuu) is approximately 140 ps delay (200 ps to 340 ns). And D delay time (tp) is

approximately 40 ps delay (340.00 ps to 380 ps).
Figure 2.17 shows the Gaussian pulse generated from the circuit. The Gaussian

pulse has 130.00 ps width (310 ps to 440 ps), amplitude 1.884mV, and 154 ps delay

inpt inpit D D
Gaussian
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Figure 2. 16 Time diagram in the Gaussian pulse generation circuit
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Figure 2. 17 The generated Gaussian pulse

08074



18

(200 ps to 354 ps) from input. The result also observes that input width minimum to
be able to generate the Gaussian pulse is approximately 0.09 ns. Table 2.1 shows
result summary of the circuit.

Table 2. 1 Summary of the Gaussian pulse generation circuit

L/W CMOS inverter 0.36/0.36 um

L/W NAND 0.18/0.27 pm
Gaussian width 130 ps
Gaussian amplitude 884 mV
Gaussian delay 154 ps
input (pulse) width min. 0.09ns

There is a different value of delay between hand-calculation and circuit

simulation. The hand-calculation using (2.13) and its root is applied to node D and D .

However, the difference is in tolerance that it may because some variable has been

neglected. Delay time simulation is observed by graphic of input and D or Din
Figure 2.16. Table 2.2 shows about delay time in simulation and calculation. Note that

tern (D) is delay time from low to high on the node D plus tpy, of the first NOT (see

Figure 2.6(a)), and tpy of D consider the fanout capacitace of NAND gate.

Table 2. 2 Delay time differences

simulation calculation
ten (D) 140 ps 107 ps
trun (D) 40 ps 25 ps

The capacitance of MOS transistor in Fig, 13 derived from (2.16) to (2.20) gives
value of Cy = 0.10 fF. However, the ac analysis of simulation shows that C; is
equivalent to 0.07 fF. The values of C; = InF and R; = 1M is used in the modified
differentiator circuit in Figure 2.14, such that (2.21) is fulfilled. The MOS capacitor
has 0.18/0.18um of L/W. The MOS has the same parameter model as previous, with
HSPICE level 49.

Figure 2.18 shows the time diagram of Gaussian monocycle pulse at the Vou
node. The figure shows that the graphic is the differential function of the input, as
proposed in(2.15). Figure 2.18(a) is the monocycle with C; and R, circuit in Figure



19

2.14. The monocycle has 200 ps width (300 ps to 500 ps), and peak to peak value 874
mV and 906 mV. Figure 2.18(b) is the monocycle without C; and R, circuit in Figure
2.13. The figures show that C; and R; make the monocycle pulse more balance and
thicker.

Figure 2.19 shows the normalized Power Spectral Density (PSD) of the derivative
of the monocycle pulse from the circuit. If a monocycle pulse is transmitted, due to
the derivative characteristics of the antenna, the output of the transmitter antenna can
be modeled by the first derivative of the pulse [19]. When the time diagram is shown
in Figure 2.18, called y(t), the derivative can be achieved by the basics of differential

calculus

. dt) ~ x(t)
*0 () = x(t+
L dt (222)

PSD of the deterministic power signal, w(t), is

P(/)=lim {L\’(_Tf)l’_]
e (2.23)
where T is the pulse spacing interval. X(f) is the Fourier transform of the pulse, i.e.
x(t). P(f) has units of watts per hertz. When X(f) is attained, the peak emission
frequency, i.e. fM, can be found as the frequency at which the maximum value of
|X(|. The normalized PSD can be defined as

ponl- O
X (£l (2.24)

The normalized PSD in Figure 2.19 applies (2.24) in which X(f) is the Fourier
Transform of the differential of the pulse in Figure 2.18. The differentiation uses the
equation in (2.22). The normalized PSD is used due to comply the FCC spectral mask
of the pulse that is transmitted by antenna [6,19]. Figure 2.19 shows that PSD

complies the spectral mask, unless it is over the tail of the frequency (10.6 GHz).
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Figure 2. 18 The generated Gaussian monocycle pulse
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Figure 2. 19 PSD of the derivative monocycle pulse in Figure 2.18(a).
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Power maximum happens in the step input transition region, 0 to 1, (Figure 2.16),
which is 5.35mW maximum (at time=0). In the other region the power is low, which
is around 25 pW or less. Figure 2.20 shows the low of power consumption of the
proposed circuit.

The result shows that the proposed circuit succeeds to generate a Gaussian
monocycle pulse with simple circuit, few components. The whole circuit consisted of
only 11 MOS’s and 2 CR components.

Figure 2.21 shows the improvement of the Gaussian monocycle pulse generation,
The second monocycle pulse is generated after being delayed by two NOT’s. Then
both monocycles are connected to generate UWB pulse 4th derivative of the Gaussian
pulse shape. The equation of the 4th derivative of the Gaussian pulse can be written as

follows:

dx’(t _ou?
xW() = —Jiz(,,—)‘= [A,u3 - A,,u].e z (2.25)

Table 2. 3 Summary of the differentiator circuit and the circuit performances

L/W MOS capacitor 0.18/0.18 pm
C, (MOS) 0.07 fF
C; 1 nF
Ri =Rz 1 MQ
Monocycle width (T.) 200 ps
Peak to peak -0.87V to 0.91V
Power supply 1V
Power consumption 25 pW or less
Power maximum 535 mW

where u = 7 ¢/T. in (2.3). The values A3 and A4 are the amplitudes. The time '

diagram of node Gaussian02 in Figure 2.21 is the same as in Figure 2.17 with some
delays. Figure 2.22 shows the time diagram of Gaussian monocycle pulse at the Vou
node. The figure shows that the graphic has four peaks of signal which conducts as
the fourth differential function of Gaussian pulse in (2.25).
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Figure 2. 23 The normalized PSD of the derivative pulse Figure 222,

Figure 2.23 shows the normalized Power Spectral Density (PSD) of the derivative
of the UWB pulse from the circuit in Figure 2.21, using (2.22). As shown in Figure
2.23 the normalized PSD complies the FCC spectral mask.
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2.6. Discussion

This design has advantage in simplicity and low cost power that are main focus in
the UWB point of view. It applies 3 (three) NOTSs, 1 (one) NAND, 2 (two) resistors, 1
(one) capacitor, and 1 (one) MOS as capacitor. Totally it implements 11 MOS. The
supply is + 1 volt, and 25 pW for power consumption, as shown in Table 2.3.

As comparison, Azakkour [11] based on Choi {20] has proposed a gated pulse
generator for UWB. Since it used VCO and on-off switch, it was more complicated
than our design. The power is also larger, i.e. 243 mW. Kim [10] has also proposed a
UWB pulse generator using digital CMOS circuit, which the average power
consumption of the whole circuit was 15.4 mW and 675 mW at the pulse repetition
frequency of 500 and 1 MHz, respectively. A wavelets generation circuit for UWB
proposed by Gerrits [8], combined the output signals of four bipolar differential pairs
to generate the second derivative of the Gaussian function as output signal. The
circuit implemented 8 (eight) MOS’s but it is excluding 4 (four) current sources
applied in the circuit.

The normalized PSD of the UWB monocycle pulse generated by the circuit
complies the FCC spectral mask unless a little band at the tail of frequency. The
improvement circuit doubles the amount of the components. However it generates a

pulse that complies the FCC requirements completely.



Chapter 3
THE UWB MODULATION

There are a variety of UWB modulation types used to build UWB systems. Some
of them modulate information bits directly into very short pulses. UWB that is based
on impulse radio concepts refers to the generation of a series of very short duration
pulses, of the order of hundreds of picoseconds. Each pulse has a very wide spectrum,
which must adhere to the spectral mask requirements. Continuous pulse transmission
introduces a complication in that, without further signal processing at the transmitter,
strong spectral lines will be introduced into the spectrum of the transmitted signal.

Since there is no IF (Intermediate Frequency) processing in such systems, they are
often called baseband processing, or impulse radio system. Some well-known
modulation types, such as time hopping pulse position modulation, time hopping
pulse amplitude modulation, and direct sequence pulse amplitude modulation, are in
the category of impulse radio. Several techniques are available for minimizing these

spectral lines, the most common of which will be described later in this chapter.

3.1. Data Modulation
A number of modulation schemes may be used with UWB systems. The potential

modulation schemes include both orthogonal and antipodal schemes.
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Figure 3. 1. BPM pulse shapes for ‘1’ and ‘0’ bits
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3.1.1. Bi-Phase Modulation

The classic binary phase modulation (BPM) can be presented using e.g. two
antipodal Gaussian pulses as shown in Figure 3.1.[5] The transmitted binary baseband
pulse amplitude modulated information signal (?) is presented as

x(1)=d,w,(t) @3.1)
where wy(t) represents the UBW pulse waveform, j represents the transmitted bit that
j=I then d; = I and j= ‘0’ then dj=-1.

-1, j=1

dj={l’ -1 (32)

3.1.2. On—-Off Keying

The next modulation scheme is binary on—off keying (OOK). By using (3.1), the
following definition in (3.3) is used for this modulation to perform the waveform of
the OOK modulation. The major difference between OOK and PAM is that nothing is
transmitted in OOK when bit ‘0’ is chosen.

g, = {0’ j=0 63

1, j=1

The major difficulty of OOK is the presence of multipath, in which echoes of the
original or other pulses make it difficult to determine the absence of a pulse.
Moreover, it cannot be extended to an M-ary modulation method, as PPM, PAM, and
OPM. The on—off keying (OOK) is shown in Figure 3.2.[5]

0.

08

\
o /AR

§ A

0.2

s \ 1/
\

2
¢ 02 64 05 08 1 12 14 18 13 2
Time [ne)

B0 T, Pypeit. Tyo ta)
e Bi1 O

Figure 3. 2. OOK pulses used for ‘1’ and ‘0’ bits
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3.1.3. Pulse Amplitnde Modulation

Pulse amplitude modulation (PAM) for UWB can be also represented as shown in
(3.1), where the pulse shape parameter d; = I for j=1I, and then 0<d;<1 forj= ‘0"

The fact that, in general, an amplitude-modulated signal which has a smaller
amplitude is more susceptible to noise interference than its larger amplitude
counterpart. Furthermore, more power is required to transmit the higher amplitude
pulse. Because of these reasons, amplitude modulation is not the preferred way for
most shortrange communication.

In sinusoidal systems, amplitude-modulated systems are usually characterized by
a relatively low bandwidth requirement and power inefficiency in comparison with
angle modulation schemes. In most UWB applications the power efficiency is of high

importance.

3.1.4. Pulse Position Modulation

With pulse position modulation (PPM), the chosen bit to be transmitted influences
the position of the UWB pulse. It means that while bit ‘0’ is represented by a pulse
originating at the time instant 0, bit ‘1’ is shifted in time by the amount of § from 0.

Analytically, the signal can be represented as

x(O)=w,(t-54d;) (34
where dj assumes the following values, depending on the bit chosen to be transmitted,
0, j=0
d, = { g (3.5)
1, j=1

The other variables have been defined previously. The value of & could be chosen
according to the autocorrelation characteristics of the pulse. The autocorrelation

function can be analytically defined as [1]
R@)= [w,(O)w, @ +7)at (3.6)

For instance, to implement a standard PPM with orthogonal signals, the optimum

value for & (which we call &,,) will be the one which satisfies

P8,)= [, (W, (t+8,,)dt =0 (3.7)
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Figure 3.3 shows a particular case of PPM transmission where data bit ‘1” is sent
delayed by a fractional time interval & < 1, and data bit ‘0’ is sent at the nominal time.
The optimal modulation changes by using different pulse waveforms. The theoretical
performance in an additive white Gaussian noise channel can be achieved with

nonoverlapping, orthogonal pulses, specifically, the modulation index § > T,.
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Figure 3. 3. PPM pulse shapes for ‘1’ and ‘0’ bits

3.1.5. Pulse Shape Modulation

Pulse shape modulation (PSM) uses different, orthogonal waveforms to represent

bit ‘0’ and ‘1°. The transmitted pulse can be represented as

x(O)=(-d, W) +d,wl (1) (3.8)

ir ir
where dj is defined as (2.11) and wd0P tr and wdlP tr represent two different
waveforms. Figure 3.4 shows an example pair of PSM pulses. This case uses the first
and the second derivatives of the Gaussian pulse. These two waveforms are
orthogonal according to the definition given by the cross correlation of the two

waveforms.

R(7)

tr tr

o= WO OWP (@t +7)de =0 9)

The orthogonality of the PSM signals depends on the pulse waveforms chosen to
describe bit 0 and 1. For example, in the case of the first and second derivatives of the

Gaussian pulse, it can be shown that the signals are orthogonal [5].
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Figure 3. 4. Examples of the pulse waveforms used for PSM modulation

Table 3. 1 Advantages and disadvantages of various modulation methods.

Modulation Advantages Disadvantages
PPM Simplicity Needs fine time resolution
BPM Simplicity efficiency Binary only
PSM Orthogonal for multiple Complexity
access
PAM Simplicity Noise immunity
OOK Simplicity Binary only, noise immunity
3.2. Pulse Trains

Continuous pulse generation leads to strong spectral lines in the transmitted signal
at multiples of the pulse repetition frequency. Data modulation typically occurs in a
number of conceptual stages. First is the generation of a pulse train. Then, a
randomizing technique is applied to break up the spectrum of the pulse train. Finally,
the data modulation is applied to carry the information.

Pulse trains are sequences of pulses, which will be able to transmit much larger
volumes of information than a single set of pulses. In general, a simple and

unmodulated pulse train x(f) with a regular pulse output can be written as

s(t) = izw:P(f— nT) (3.10)
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where T is the period or the pulse-spacing interval and p(f) is the basis pulse. The
effects of changing the pulse duration and repetition rate of each pulse have been
examined and the results are as follows:

o Increasing the pulse rate in the time domain increases the magnitude in
the frequency domain (i.e., the pulse rate influences the magnitude of the
spectrum).

e The lower the pulse duration in the time domain the wider the spectral
width (i.e., the pulse duration determines spectral width).

e A random pulse-to-pulse interval produces a much lower peak magnitude
spectrum than a regular. pulse-to-pulse interval since the frequency
components are unevenly spread over the spectrum and the addition of
magnitude is less effective. Therefore, the pulse-to-pulse interval controls

the separation of spectral components.

When a regular pulse train is used, energy spikes may cause interference with
other RF systems at short range and limit the amount of useful energy transmitted.
One method to overcome these spectral peaks is to “dither” the transmitted signal by
adding a pseudo-random noise (PN) codes to add an offset to the signal. Since these
codes are known and easily reproducible at the receiver, the problem for the receiver

becomes mostly acquisition of the signal, but tracking is made much easily.

3.3. UWB Spread Spectrum

There are mainly two main approaches to randomizing the pulse train, Time
Hopping (TH) and Direct Sequence (DS) techniques. The spectrum of a pulse train
with and without randomizing techniques is depicted in Figure 3.5 [5]. Figure 3.5(a)
shows the spectrum of a simple pulse train. As it can be seen, the spectrum contains

strong spectral lines at multiples of the pulse repetition frequency.
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Figure 3. 5. Spectrum of pulse train without (a) and with (b) randomizing techniques

Randomizing the position in time of the generated pulses using data modulation
and other randomizing techniques will affect the spectrum in such a way that the
energy spikes are spread all over the spectrum, which is therefore smoothed. Figure
3.5(b) shows the spectrum of a pulse train that includes time hopping based

randomization.

3.3.1. Time Hopping

In a time hopping system, an impulse signal is transmitted in short bursts pseudo-
randomly, and the receiver knows beforehand when to expect the burst. Currently,
many researches typically are based on PPM using Time Hopping as the basis for an

UWB communication system. Pulse Position Modulation can be modeled as [21]

S(k)(t)=zw(t_ij"Cﬁ'k)Tc_é‘d[(;/)Ns]) 3.11)
J
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where S® is the kth transmitted signal in multi-user system. w(t)represents the
transmitted waveform. T is the pulse repetition time or frame time. j is the i
waveform that sits at the beginning of each time frame. Pseudonoise Time Hopping
is to eliminate collisions in multiple accessing. cf,*) is the j* code of the k™ user’s PN
sequence. T is a time-shift unit incurred by the PN sequence. Jis referred to
modulation index in pulse position modulation (PPM), which is a time-shift unit
incurred by the binary symbol d{Py,, €{0,1}. d}" is the primary data sequence of the
transmitter. Data are transmitted every Ns monocycles per symbol and the symbol 8 is
the time shift that applies to the monocycle. So, the jth monocycle nominally starts at
time (+ JT, +OT, + 6d[(,’.‘,)N,]) .

There are three components structure of time shift, i.e. Uniform Pulse Thin
Spacing, Pseudorandom Time Hopping, and Data Modulation. Uniform Pulse Thin

40
Spacing as a pulse train of the form ZW(I - ij) in (3.11) consists of monocycle
Jje—o

pulses spaced Ty seconds apart in time. The frame time or pulse repetition time 7y
typically may be a hundred to a thousand times the monocycle width, with its largest
value constrained in part by the stability of the available clocks. The result is a signal
with a very low duty cycle. Multiple-access signals composed of uniformly spaced
pulses are vulnerable to occasional catastrophic collisions in which a large number of
pulses from two signals are received at the same time instants, much as might occur in
spread ALOHA systems.

Pseudorandom Time Hopping is used for eliminating damaged collisions in

multiple accessing. Each link (indexed by & in (3.11)) is assigned a distinct pulse shift

pattern {Cﬁ-k) } which is referred as a time hopping code. These hopping codes{ cﬁ.k) }

k k
are periodic pseudorandom codes with period IV, i.e., C;-+);Np =cC ; ) for all integers j

and i Each code element is an integer in the range
(%)
0<c;” <N, (3.12)

The time hopping code therefore provides an additional time shift to each pulse in

0]
the pulse train, with the ™ monocycle undergoing an added shift of C; T, ¢ seconds.
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Hence the added time shifts caused by the code are discrete times between 0 and N, T,

seconds. It is further assumed that

N, T =T, (3.13)

Hence the ratio NV,.T, / T, indicates the fraction of the frame time 7 over which
time-hopping is allowed. Since a short time interval is required to read the output of a

monocycle correlator and to reset the correlator, we assume that V,.T / T, is strictly
less than one. If IV,,..T, is too small, then catastrophic collisions remain a significant

possibility. Conversely, with a large enough value of N,.T. and well designed

codes, then the multiple-access interference in many situations can be modeled as a
Gaussian random process.

Because the hopping code is periodic with period Np, the waveform

> w(t - jT, - c¢ )Tc) is periodic with period
7

Tp =Np.Tf (3.19)

One effect of the hopping code is to reduce the power spectral density from the line

spectral density (1/T + apart) of the uniformly spaced pulse train down to a spectral

density with finer line spacingl/T, apart.

Data Modulation: The data sequence d;-k) of transmitter & is a binary (0 or 1)

symbol stream that conveys information in some form. Since this is an oversampled
modulation system with Ny monocycles transmitted per symbol, the modulating data

symbol changes only every N; hops, and assuming that a new data symbol begins

with pulse index j = 0, the index of the data symbol modulating pulse j is [j/ N s].

(Here the notation [z] denotes the integer part of z.) In this modulation method, when
the data symbol is 0, no additional time shift is modulated on the monocycle, but a
time shift of § is added to a monocycle when the symbol is 1. Other forms of data
modulation can be employed to benefit the performance of the synchronization loops,
interference rejection, implementation complexity, etc. The data modulation further

smoothes the power spectral density of the pseudorandom time-hopping modulation.

In this modulation format, a single symbol has durationTs =N s T s For a fixed
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frame (pulse repetition) time I, the binary symbol rate R, determines the number

N, of monocycles that are modulated by a given binary symbol, via the equation

R ==
T, N,T,

-1
S€C (3.15)

In the receiver, when N, links are active in this multiple-access system, then the

received signal r(2) can be modeled as

Nu
r(f)=> APt ~1,)+n(t) (3.16)
k=1

in which 4; models the attenuation of transmitter k’s signal over the propagation path
to the receiver, and rk represents time asynchronisms between the clocks of
transnlitter & and the receiver. The waveform n(?) represents white Gaussian receiver
noise. When it is assumed that the receiver is only received the data sent by

transmitter 1, if only that signal is present, then
r(t)= A,;sV(t—7,)+n(t) (3.17)
When appropriately synchronized, e.g., having learned the value of 7, (or at least

7, mod N ,.T), the receiver can determine a sequence {7, }of time intervals, with

. . . . 1 1
interval 7, containing the waveform representing data bit d,~( ) ord ,( ,3,0(, np - When

perfectly synchronized to the first signal, the receiver is then confronted with a

standard hypothesis testing problem,
H,: r{t)=A4w,(t-0d)+n() (3.18)

in which d is either 0 or 1, and the observation is over S T, . The bit waveform in

this time interval is given by

(i+1)Ns-1

wy )= D w(t—JjT, e T, ~1) (3.19)

Jj=i.Ns

The optimal receiver for this single signal in additive white Gaussian noise is

simply a bit-duration correlator employing
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Viir (t) =Wy, (t) ~ Wit (t - 5)
(i+1)Ns-1

Ve (8)= Y w(t—jT, —cVT, —1,) (3.20)

J=i.Ns

as a template signal, where the embedded one-pulse template signal is
v(t) = w(t) —w(t —0) (3.21)

The corresponding optimal decision rule is

H, true & Lﬂ.r(t)vbu (t)dt >0 (3.22)

a
When more than one link is communicating in this multiple-access system, the
optimal processor for receiving the desired signal is not of the form (3.22), but is a
complicated processing structure that takes advantage of all of the receiver's
knowledge concerning the form of the interfering signals [22].
Figure 3.6 shows pulse train of UWB pulse with Time Hopping and Pulse Position
Modulation (TH-PPM UWB). First is the uniform pulse train with neither modulation

nor dithering, or ¢{”T, =0and &4(}},,;=0. Second row is that the pulse has been

shifted to hop position 3 of 8 possible hop positions. Finally, the bottom is the pulse in
4-ary PPM with data 10.
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Figure 3. 6. Time Hopping Pulse Position Modulation Principle.



35

The binary pulse amplitude modulation (PAM) can be presented using antipodal
Gaussian pulses. The transmitted binary baseband pulse amplitude modulation

information pulse can be presented as
(k) — k . (k)
S (t)—Zdj.w(t—_]Tf—cj TC) (3.23)
J

All notations have same means as those in (3.11). jis the bit transmitted, and
d} e{-1,+1}is the binary symbol. The main difference between TH-PPM and TH-
PAM is that for the TH-PAM scheme the information symbol is imposed on the
amplitude of the transmitted pulse, but for the TH-PPM scheme the information

symbol is imposed on the beginning time of the transmitted pulse.

3.3.2. Direct Sequence

Using DS techniques, a pseudo-random code is used to spread the data bit into
multiple chips, as well as in conventional DS spread spectrum systems. In the case of
UWRB systems, the pulse waveform takes the role of the chip in DS. Meanwhile PPM
modulation is intrinsically a time hopping technique since the bit value is given by the
position of the pulse in a transmission slot, the DS spreading approach has been
studied for PAM, OOK and PSM modulation schemes. The use of the DS technique
as a spreading approach would create a hybrid DS/TH configuration of the signal. The
rectangular waveform indicates the individual chip elements. The modulated

information signal s() for the k™ user can be presented as

N-1
SP(y=> wlt - jT.)caP (3.24)
7=0

\ | i
W W W

N=4
1\,9 ; AVA ¢Pdi =1010

Figure 3.7. Direct Sequence UWB pulse with Binary Phase Modulation
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As in (3.11), S® is the kZk transmitted signal in multi-user system. j is the i

waveform that sits at the beginning of each time frame. ¢ is the j" code of the K"

user’s PN code. w(t)is the pulse waveform. N represents the number of pulses to be
used per data bit, and T is the chip length. The pseudo random code is bipolar
assuming values {-1,+1}. The bit length is Ty = NT.

Figure 3.7 shows a pulse train example of Direct Sequence UWB pulse with
Binary Phase Modulation (DS-BPM UWB). The uniform pulse train with neither

modulation nor spreading is in the first. The bottom is about the pulse that has been

spreaded by PN ¢!’ = 1010 or N = 4, and data 4" = 1.



Chapter 4
UWB CHANNEL MODEL

Since UWB signals take ultra wide frequency bandwidth, they can achieve very
fine time and range resolution. The capacity and performance of UWB
communication systems can also be improved by taking advantage of RAKE
receivers, which collect the signals coming from different paths and form a combined
signal with better SNR. However, this SNR improvement or UWB communication
system performance improvement by RAKE receiver is dependent upon the
characteristics of the UWB propagation channel. So the characteristics of UWB
propagation channel are very interesting to UWB researchers.

A considerable amount of research has been conducted in modeling UWB signal
propagation channels so far. Some representative models are Intel model, A-K model,
and so on. [23]. As a background, path loss model will be discussed in this chapter.
Then multipath models will be discussed since some models have been proposed for
wide band communications. Finally, the channel model from Saleh-Vanenzuela
proposed and modified by intel [23] will be discussed since the model is used in many

UWB communication researches. Most of content in this chapter are taken from [23].

4.1, Path Loss Model

Path loss or path attenuation is the attenuation undergone by an electromagnetic
wave in transit between a transmitter and a receiver in a communication system. Path
loss may be due to many effects, such as: free space loss, refraction, reflection,
diffraction, clutter, aperture-medium coupling loss, and absorption [1].

Free space loss is the major loss of energy due to the spreading out of the
wavefront as it travels away from the transmitter. As the distance increases the area of
te wavefront spreads out, much like the beam of a torch. This means the amount of
energy contained within any unit of area on the wavefront will decrease as distance
increases. By the time the energy arrives at the receiving antenna the wavefront is so
spread out that the receiving antenna extends into only a very small fraction of the
wavefront.”

Refraction is in the general case, as redirection of a wavefront passing through (a)

a boundary between two dissimilar media or (b) a medium having a refractive index
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that is a continuous function of position (e.g., a graded index optical fiber). For two
media of different refractive indices the angle of refraction is closely approximated by
Snell’s law.

Reflection is the abrupt change in direction of a wave front at an interface between
two dissimilar media so that the wave front returns into the medium from which it
originated. Reflection may be specular (mirror-like) or diffuse (i.e., not retaining the
image, only the energy) according to the nature of the interface. Depending upon the
nature of the interface (i.e., dielectric-conductor or dielectric-dielectric) the phase of
the reflected wave may or may not be inverted.

Diffraction is the spreading out of waves. All waves tend to spread out at the
edges when they pass through a narrow gap or past an object. The wave spreads out or
bends round a corner, such that it diffracts around the corner. A narrow gap is one
which is about the same size as the wavelength of the electromagnetic wave or less.
The longer the wavelength of a wave the more it will diffract.

Wave clutter is disorganized wave propagation due to a rough surface or interface.
The mechanisms leading to clutter are not well known so far, and they are a lot more
complex compared with the narrowband case. Understanding the phenomenology of
electromagnetic interactions between very short pulses and the complex dielectric
ground surface provides an important input to the design of UWB systems, leading to
improved clutter cancellation and improved detection performance. The roughness
considerably influences the spectral content of the response.

Coupling loss is the loss that occurs when energy is transferred from one medium
to another. Aperture-medium coupling loss is the difference between the theoretical
gain of the antenna and the gain that can be realized in operation. Aperture-tomedium
coupling loss is related to the ratio of scatter angle to antenna beamwidth.

Absorption is the conversion of the transmitted energy into another form, usually
thermal in the transmission of electrical, electromagnetic, or acoustic signals.
Absorption is one cause of signal attenuation. The conversion takes place as a result
of interaction between the incident energy and the material medium, at the molecular
or atomic level.

There have been several proposed path loss models in the literature [1]. Assuming
perfect isotropically radiating antennas at the transmitter and receiver the received

power as a function of frequency can be expressed as [1]



39

P ()G (/)G (f)e?
(4n.d} f*

where Pr (f) is the average transmit power spectral density, ¢ is the speed of light,

Pr(f)= (4.1)

GHf) and Gg(f) are the transmit and receive antenna frequency responses,
respectively. Clearly, (4.1) depends on the frequency response of the antennas, which
may be difficult to generalize, especially when we are dealing with wideband signals.
However, the present regulations for UWB requires the transmitter to meet a certain
electric field strength limit at a specified range, which is equivalent to a total, limited
transmit power spectral density.

It is desirable to have the product Pr (f).G1(f) to be flat within the bandwidth of
interest. As first-order approximation, a flat frequency response isotropic antenna is
considered. A perfectly flat UWB waveform occupying the band fc—W72 to fet+W/2
with power spectral density Pav/# and a flat frequency response of the receiving
antenna with constant gain across the whole bandwidth (Gg) is considered. The total

average received power at the output of the receiving antenna is given by

fe+W 12

Po = [Po()df

fe-wi2
p B (11 j
T wandY \ S, -W[2 [, +W[2

PG.c( 1
P = av'R . 4.
o w(andy Kfc—(W/zfc)ZJ 2
1
Poyy =Py ————} 43
i (fc ~-Ww/21.) )
where

v P avGRc2

=—2 Rk 4.4
“ W@nd) (44

Here, (4.4) corresponds to the well-known, narrowband, free space path loss model
equation. The second term indicated in (4.3) accounts for the difference between the
narrowband and wideband models. For the largest fractional bandwidth allowed by
current UWB regulations (occupying 3.1-10.6 GHz), PRav will differ from PNB av

by only 1.5 dB, and this difference becomes smaller for smaller fractional
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bandwidths. Also note that FCC rules result in W < 2fc, so the singularity in the above
equation can be ignored at W= 2fc.
Alternatively, we can repeat the above analysis for a receiver antenna response of

the following form

4n.A,f?

GR(/) =~ 45)

where A is the effective area of the antenna, when the antenna has a fixed effective
aperture). This type of response yields a greater gain for higher frequencies. In this

case the above analysis results in the average received power given by

_ P An A,
' (4mdy

P, c? | Am.AL.f?
P = av R*Jc
Rav [(47[‘1)2 f;,z :|[ 02 ] (46)

P, = Pa):IBGR(.ﬂ)

where Gg(fc) is the antenna gain at the center frequency of the transmitted waveform.

Therefore, it appears that the narrowband model can be used to approximate the path

loss for a UWB system.

4.2. Multipath Model

Time domain models for UWB systems can be expressed as the following channel

impulse response model:
L-1
h(t) =Y a,6(t-1,) 4.7)
1=0

where «, is the amplitude fading factor on path / (could be complex), 7, is the
random delay of path /, L is the number of multipath components, and &(¢) is the

Derac delta function. There are several parameters that need to be defined to
complete this particular model, and each will be addressed in the following

subsections.
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Table 4. 1 RMS delay spread numbers suggested for the indoor channel

Application

Delay spread

Comments

WPAN (ITU P.1238)

RMS values:

70 nsec for Residential
100 nsec for office

150 nsec for commercial

WSSUS model with tap;delay
line and Gaussian distributed
taps

802.11 LAN for evaluating HRb
proposals

25 nsec
100 nsec
250 nsec

WSSUS model with tap-delay
line and Gaussian distributed
taps with zero mean (Rayleigh
fading)

1EEE 802.15.3 High rate PAN

25 nsec minimum

WSSUS model with tap-delay
line and” Gaussian distributed
taps with zero mean (Rayleigh
fading)

Indoor at distances up to 30
meters (results here for 10
meters)

< 20 nsec for LOS
< 70 nsec for NLOS
for 2.4 GHz

Delay spreads for 2.4 GHz
tends to be higher than 11.5
GHz. Delay spread increase
with distance separation.

Indoor at ~ 1.5 GHz

Ave. rms delay spreads:
Brick: 26-30 ns
Concrete: 28-29 ns
Office: 25 & 50 ns

Max rms delay spreads:
Brick: <70 ns
Concrete: <70 ns
Office: 50 & 218 ns

LOS factory: 96 ns LOS factory: 300 ns

OBS factory: 105 ns OBS factory: 300 ns
UWB propagation indoor < 10 | Delay spreads on the order of | Suggests ray tracing not
meters 100 nsec observed feasible for UWB. Number of
dominant paths is much

greater than S and < 50.

UWB propagation at 6, 10, and
17 m separation

Multipath energy varies by at
most 5 dB (suggests fading is
not of Rayleigh type)

900 MHz in office building
environment. Paths were mostly
OBS. Distances varied from 1-
100 ft.

Mean RMS delays of 16, 40,
55 nsec for 3 different office
buildings

Max. RMS delays of 48, 55,
146 nsec. Temporal variations
followed closely to lognormal
dist. rather than Rayleigh.

12,000 measurements in 2 office
buildings in frequency band of
900-1300 MHz

Mean values between 20-30
nsec for 5-30 m antenna
separations, values of 11-20
nsec for 10 m separation.

Results agreed with a value of
26 nsec and 25 nsec.

870 channel realizations (LOS
and NLOS) in a condo setting
using 2-8 GHz frequency band)

Mean RMS delay spread of
12.94 nsec, and mean excess
delay of 13.59 nsec.

300,00 channel realizations
collected in 23 homes using
4375-5.625 GHz frequency
band)

Mean RMS delay spread of
8.2 nsec, and mean excess
delay of 4.2 nsec.

906 UWB channel soundings in
an office using a 2 GHz center
freq. With 1.5 GHz bandwidth
pulse.

Mean RMS delay of 5.22 nsec
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4.2.1. RMS Delay Spread

Typical values for the multipath delay spread of indoor channels have been
reported to be between 15 nsec in a residence to over 100 nsec in an office to a 150
nsec in a commercial building. Other measurements at 10 meter distances suggest
RMS delay spreads of 19-47 nsec. In addition, the multipath delay spread has been
found to increase as the separation distance between the receiving and transmitting
antenna is increased. Table 4.1 shows some of the published RMS delay spread
numbers that have been suggested for the indoor channel [23].

These results suggest that a fairly conservative RMS delay spread of 25 nsec
would be a good initial starting point for PAN type applications with antenna
separations of about 10 meters or less. Shorter RMS delay spreads could be
considered for shorter ranges (5 meters or less). Meanwhile, another results found
that average RMS delay spreads of around 17 nsec at these short ranges. As a result
of this wide variation, the final multipath model should consider a range of RMS

channel delay spreads.

4.2.2. Multipath Model Comparison

The following sections compare different multipath channel models with the Intel
[23]measurements to see which model best approximates the measurement data
characteristics. Since it is difficult to quantify the ‘best fit’ channel model to the

measurements, three key channel characteristics: mean excess delay (z,,), RMS delay
spread (z,,,), and mean number of multipath components with an amplitude within

10 dB of the peak return (NPjogs) is focused. In some cases, non-line-of-sight
(NLOS) and LOS channels characteristics were considered separately to determine

how the model could be adjusted based upon different channel characteristics.

4.2.2.1. 802.11 Model

The 802.11 model is documented in an IEEE 802.11b standard group’s document,
IEEE 802.11-00/282r2. It assumes that the channel impulse responses are output of
finite impulse response (FIR) filters. The filter taps are independent complex
Gaussian variables with average power profile that decays exponentially as shown in

Figure 4.1. The taps are given by
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Figure 4. 1. Average power profile of Rayleigh model, taken from [23].
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The sampling rate and sampling time at 6 GHz and 167 ps respectively is fixed as

an example, as equivalent to the minimum resolution obtained from the channel

measurements. Channel realization with RMS delay 5 ns, 10 ns, 15 ns, 20 ns, 25 ns

are generated from the model. Then the number of paths that are within —10 dB from

the maximum peak path for each channel realization is calculated. The empirical

distributions of path numbers are plotted in the following figure. Intel’s measurement

[23] reports that RMS delays are 7-15 ns, and the mean number of paths is about 33

for a minimum multipath resolvability of 167 psec (corresponding to a 6 GHz

measurement bandwidth).
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Table 4. 2 Simulated and measured results for Rayleigh model
151 20| 20
731 91| 109

Tms _(nS) 5

Simulated Mean NPyoap| 31
Trms_(1S)

Measured Mean NP5

4.2.2.2. Saleh-Valenzuela Model (S-V)

Unlike the 802.11 model, Saleh-Valenzuela model doesn’t assume the arrival of
paths on each sampling time interval. Instead, two Poisson models are employed in
the modeling of the arrival time. The first Poisson model is for the first path of each
path cluster and the second Poisson model is for the paths (or rays) within each
cluster. Following the terminology in [24] is defined

T;= the arrival time of the first path of the /-th cluster;
7, = the delay of the k-the path within the /-th cluster relative to the first path arrival
time, T},
A = cluster arrival rate;
A =ray arrival rate, i.e., the arrival rate of path within each cluster.

By definition, then 7,, =T, is settled. The distribution of cluster arrival time and
the ray arrival time are given by
p(GiT.)=Aexp[-A (G -T)], 1>0
p(r,,., Ir(,,_u,) = ﬂexpl:—ﬂ(r,,y, —r(k_w)], k>0

The magnitude of the %-th path within the /-th cluster is denoted by fBy. It is

(4.10)

Rayleigh distributed with a mean given by
B =B (0,0) exp(-7;/T) exp(-r,,/ 1), 4.11)
where f?(0,0)is the average power of the first arrival of the first cluster.

[tustrations of channel impulse responses are shown below in Figure 4.2 and the

double exponential decay model in Figure 4.3.
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Figure 4. 2. An illustration of channel impulse response [23].
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Figure 4. 3. An illustration of exponential decay of mean cluster power and ray power
within clusters (copied from [23]).

The simulated and measured results are listed in Table 4.3. The difference
between the measured and the simulated is within 3.63%. Simulation results are
generated from Saleh-Valenzuela model with I'=15 ns, y=6 ns, A=1/13 ns, A=1/0.35

ns.
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Table 4. 3 Simulated and measured results for Saleh-Valenuela[23].
Simulated { Measured

Tm (NS) 13.53 13.59
Trms (NS) 1341 12.94
Mean NPjo¢p 34 33

4.2.2.3. A-K Model

The A-K model was proposed in [25]. A good fit to empirical indoor propagation
data using the discrete time version of the model is reported in [26]. The discrete time
model is described next. In the model, time axis is partitioned into bins with width A.
Denote the probability of having a path in bin / as P;. If there is a path in the previous
bin, bin /-1, P/=K A;; otherwise, P/=1; where 4, is given by

A=n;

"

_h 4.12)
K——l)-r;_,+1’

2<l;

where r; is the empirical bin occupancy rate for bin /. The path arrival process
exhibits clustering for K > 1, and the path arrival tends to be more evenly spaced for
K <1. The impulse response of bin / is denoted as a;, and the path amplitude | | is
lognormal distributed with an exponentially decaying multipath intensity profile

(MIP). We add path polarity, p,, to the model to account for pulse inversions caused
by channel reflections, where we assume p, is equiprobable +/-1. The following
equations describe these relationships.

a,=p, |a,|

20log,o(er)|) < Normal(y,6*), or

|er,| =10"*° where n < Normal(x,,0%) (4.13)

Elo[*]= Qe

where T; is the excess delay of bin / and €, is the mean power of the first path of

the first cluster. The zis given by

_10In(Q,) 10T, /T _ & In(10)
o In(10) 20

(4.14)

Table 4.4 shows the simulated and measured results for A-K model evaluation

using Intel’s results [23]. Simulation results are generated from A-K model with
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A=0.125 ns, K=2.5, I'=13 ns, r;=0.6, 0 =4.8 dB, Table 4.5 shows the simulated and
measured results for LOS UWB channels. Simulation results are generated from A-K
model with A=0.125 ns, K=2.5, I'=4.3 ns, r;=0.15, 0=4.8 dB, and Table 4.6 shows the
simulated and measured results for NLOS UWB channels. Simulation results are
generated from A-K model with A=0.125 ns, K=2.5, I'=18 ns, 1;=0.45, c=4.8 dB.

In Table 4.4, mean excess delay, rms delay, and mean path number generated by
the model fit the measurements including LOS and NLOS well. But from Table 4.5
and Table 4.6, the model can’t fit both mean excess delay and rms delay at the same
time for either LOS of NLOS channels due to the limitation that only one exponential

slope is available.

Table 4. 4 Simulated and measured results for A-K model evaluation using Intel’s
results.

Simulated [Measured
Tm (NS) 13.13 13.59
Trms (11S) 12.82 12.94

Mean NPyogs 34 33

Table 4. 5 Simulated and measured results for LOS UWB channels.

Simulated | Measured
Tm (NS) 4.11 4.01
Trms (NS) 421 8.88
Mean NP)op 7 7

Table 4. 6 Simulated and measured results for NLOS UWB channels.
Simulated | Measured
Tm (0S) 17.67 17.36

Trms (NS) 16.77 14.53
Mean NP)o45 35 35
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Figure 4. 4. One channel realization generated from A-K model

(a) using the parameter in Table 4.4
(b) using the parameter in Table 4.5
(c) using the parameter in Table 4.6
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4.2.3. Proposed Intel Channel Model

The clustering of path arrivals in UWB channels was reported, and also about the
clustering effect of other wireless indoor channels [23]. The double-exponential
decay model seems to provide enough degrees of freedom to easily match the channel
measurements, and, as will be shown below, can be used to match the NLOS and LOS
channel characteristics separately. The major difference between the double-
exponential model and the single exponential model (embodied in the A-K model) is
that the path amplitude in each subsequent cluster is not necessarily less than the one
in the previous cluster in the double-exponential model.

Based on this clustering phenomenon observed in the measurements, it is
proposed an UWB channel model derived from the Saleh-Valenuela model with one
slight modification. Using a lognormal distribution is recommended rather than a
Rayleigh distribution for the multipath gain magnitude, since the observations show
that the lognormal distribution seems to better fit the measurement data. Therefore,

the multipath model consists of the following, discrete time impulse response:

L K

h(t)=2 3,80 =T, =7,) 4.15)
1=0 k=0
where a,, is the multipath gain coefficient, 7; is the delay of the I” cluster, and

7, is the delay of the K" multipath component relative to the I" cluster arrival time

(7).

One consideration for the multipath model channel coefficients, «,,, is whether

they should be real or complex (with a magnitude and phase term). Some
considerations are the following:
If real coefficients are adopted, then the channel coefficients could be defined as

&) = Py, Py » Where py s equally likely to take on the values of +/-1, and B, is
the lognormal fading term. The term p,, is used to account for the random pulse

inversion that can occur due to reflections, as observed in the measurements. Then,
the real impulse response of the channel could be convolved with the real UWB
transmitted waveform.

If complex coefficients are adopted, the complex, baseband equivalent channel

model would need to be convolved with the complex, baseband representation of the
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transmitted waveform. For a UWB pulsed system, the meaning of phase is a bit
ambiguous since it is not necessarily carrier based. Since phase is directly related to
delay for a given center frequency, it might be easier to account for phase for a
specific waveform by converting it into a delay given a center frequency of the
channel and/or waveform. Since we have not characterized the distribution of the
phase term, we can only suggest that a uniformly distributed phase in [O,27t] could be

a good model, based upon previous indoor channel models. In this case, the channel

coefficients can be modeled as ,, = ,B,",e"”"’ , where @, is the random phase term
uniformly distributed in [O,27r], and B, is the lognormal fading term.

Due to the simplicity of the real channel coefficients, and to avoid the ambiguity

of phase for an UWB waveform, we suggest adopting @, = Py, Bs,» where p,, is

equally likely to take on the values of +/-1, and B, is the lognormal fading term.

Finally, the proposed model uses similar definitions as previously described for
the S-V model, and are repeated here for completeness.

T;= the arrival time of the first path of the /-th cluster;

7, = the delay of the k-the path within the /-th cluster relative to the first path
arrival time, T;;

A = cluster arrival rate;

A = ray arrival rate, i.e., the arrival rate of path within each cluster.

By definition, we have 7, =7;. The distribution of cluster arrival time and the ray

arrival time are given by

p(T|5.)=Aexp[-A(T - T) ), 1>0

(4.16)
p(Tk,l IT(k-l),I) = 'q'exP[_'l(Tk,l =Ty )], k>0
The channel coefficients are defined as follows:
G = pk,lﬂk,l
20log10(f, ;) o« Normal(x;,,0°) 4.17)

or |,B,,',| =102

where n o« Normal(y,,0%)



51

E[ﬁ2 ]— Qe T/ e

k11T 2%

where T; is the excess delay of bin / and Q, is the mean power of the first path of the
first cluster, and p,, is equiprobable +/-1. The 4 is given by

_10In(Q,)-107, /T =107, /y _*In(10)
Fa= In(10) 20

(4.18)

Table 4.7 shows the simulated and measured results for Intel model evaluation
using Intel’s results. Simulation results are generated from Intel model with T=13 ns,
v=6 ns, A=1/13 ns, A=1/0.23 ns, c=4.8 dB. Meanwhile Table 4.8 shows the simulated
and measured results for LOS UWB channels using Intel’s model. Simulation results
are generated from Intel model with I'=16 ns, y=1.6 ns, A=1/60 ns, A=1/0.5 ns, 0=4.8
dB. And Table 4.9 shows the simulated and measured results for NLOS UWB
channels using Intel’s model. Simulation results are generated from Intel model with
I'=16 ns, y=8.5 ns, A=1/11 ns, A=1/0.35 ns, c=4.8 dB.

The model in the following tables are proposed, including both LOS and NLOS
channels with antenna separation 1-20 meters. In Table 4.7, mean excess delay, rms
delay, and mean path number generated by the model fit the measurements including
LOS and NLOS well. Also from Table 4.8 and Table 4.9, the model fit both mean

excess delay and rms delay at the same time for either LOS or NLOS channels.

Table 4. 7 Simulated and measured results for Intel model evaluation using Intel’s
results.

Simulated | Measured
T (NS) 13.69 13.59

Tems (1S) 13.80 12.94
Mean NPjoq8 33 33
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Figure 4. 5. One LOS channel realization generated using the parameter in Table 4.8.

Table 4. 8 Simulated and measured results for LOS UWB channels using Intel’s

model.
Simulated { Measured
Tm (0S) 4.70 4.01
Trms (NS) 8.81 8.88
Mean NPyo48 7 7

Table 4. 9 Simulated and measured results for NLOS UWB channels using Intel’s

model.
Simulated | Measured
Tm (0S) 1722 | 1736
Trms (1S) 1559 | 14.53
Mean NPyogs| 35 35

The above results show that the proposed model fits the measurements taken in
the home environment for both LOS and NLOS. Of course, this only represents a
small set of channel data, and other environments should also be considered.
Therefore, we looked at how the model could be adapted to represent other possible
channel conditions that might be appropriate for consideration. As shown above,

there are 5 key parameters that define the model:
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Figure 4. 6. One NLOS channel realization generated using the parameter in Table 4.9.

Table 4. 10 Example multipath channel characteristics and corresponding model

»

parameters.
Channel Characteristics NLOS* | NLOS# | NLOS# | LOS# LOS*
Mean excess delay (nsec) (7,,) | 17 22 27 3 4
RMS delay (nsec) (7,,,,) 15 20 25 5 9
NP1oss 35 40 45 4 7
Model Parameters
A (1/nsec) 1/11 1/14 1/15 1/22 1/60
A (1/nsec) 1/0.35 1/0.33 1/0.32 1/0.94 1/0.5
r 16 22 30 7.6 16
y 8.5 10 10 0.94 1.6
o (dB) 4.8 4.8 48 4.8 4.8

* Based on Intel measurements.

# Example of other possible channel characteristics to test.

A = cluster arrival rate;

A = ray arrival rate, i.e., the arrival rate of path within each cluster;

I = cluster decay factor;

y = ray decay factor;

o= standard deviation of lognormal fading term (dB).

These model parameters were found using a brute force search to match different

channel characteristics, considering mean excess delay (7, ), RMS delay (7,,,), and
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number of significant paths that cross-a 10 dB threshold (NPjosp). The following

table provides the results of this search.

Note that the above channel characteristics were just simply chosen as

representing possible indoor environments that were not covered by the measurements

of intel, but they seem to represent reasonable extensions.

A summary of the channel model parameters are given in the following table:

Table 4. 11 Summary of proposed channel model.

Parameter Model

Path loss Free space propagation using example link budget model to yield final link

margin and proposed minimum sensitivity level.

Multipath model Time domain multipath model, given by

L K
h(t) = zzak,l5(t =T, —7))
1=0 k=0
with a double-exponential decay intensity profile based on the S-V model.

Channel Table 11 provides 5 different example channel characteristics that represent
Characteristics both LOS and NLOS channels. These characteristics are based on different

mean excess delay, RMS delay spread, and mean number of paths.

Multipath Model | The proposed model requires defining the following parameters:
Parameters A = cluster arrival rate;

A = ray arrival rate, i.e., the arrival rate of path within each cluster;
I = cluster decay factor;

y = ray decay factor;

o = standard deviation of lognormal fading term (dB).

Table 11 provides values for different channel characteristics.

Procedure to generate channel model for each multipath realization using

parameters in Table 4.10 is:

1.

NS s

Determine cluster arrival times (7,) using the exponential inter-arrival time

distribution (stop when T, >10T'). Round 7, to the next higher multiple of
167 psec to yield a discrete model with minimum resolvable path spacings of
167 psec (corresponding to a 6 GHz waveform).

Determine ray arrival times (7,,) using the exponential inter-arrival time
distribution (stop when 7, , >10y). Round 7, to the next higher multiple of
167 psec to yield a discrete model with minimum resolvable path spacings of
167 psec (corresponding to a 6 GHz waveform). Note that, it may be possible
for a cluster arrivals and ray arrivals to occur at the same time. When this
occurs, we recommend just summing up the arrivals at each time interval.
Determine p,,, with are equally likely +/- 1.

Set Q, =1.

Determine u,,.

Determine S, .

Determine «, , = P B
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L X 2
8. Compute the total energy of the channel (E = ZZ|ak’,| ).
1=0 k=0
9. Normalize the total energy of the channel to unity:

h(#) = J—ZZakJa(t T, -14,).

1=0 k=0

Since different UWB waveforms may be proposed, which may have different
bandwidths and, thus, different minimum multipath resolution, we suggest allowing
the proposers to modify the above model as appropriate to match their
analysis/simulation capabilities with their particular UWB waveform. For UWB
bandwidths less than 6 GHz, the above model could still be used with minimum path
spacings of 167 psec. Alternatively, to reduce the sampling rates for lower bandwidth
waveforms, the channel realizations using the above procedure could be low-pass
filtered to the desired bandwidth and re-sampled with a higher minimum path spacing.
For UWB bandwidths greater than 6 GHz, the above model could still be used, but
will not include paths that may arrive at a resolution less than 167 psec. In this case,
the proposer could simply use the above model as an approximation (7.5 GHz is the
maximum allowable FCC bandwidth, which is not significantly greater than the 6
GHz bandwidth used by measurements to derive the above model parameters), or
reduce the minimum path spacing to the inverse of the UWB -bandwidth and use the

same parameters for the model as given above.



Chapter 5
UWB RECEIVER

Signals that have been generafed, transmitted, and propagated, must be received in
order to be understood. Receiving a UWB signal is a matter of "matching" the
received energy to a predetermined template.

Some research has been conducted in UWB signal processing. In this chapter, the
process of data recovery from the transmitted signal will be discussed. The main
process, multiplication between the signal and template, is presented as circuit level.
Interferences with noise may affect the signal performance. Together with channel
model, AWGN noise effect will be discussed in this chapter.

From the mathematics point of view, the template signal is multiplied by the
received signal and the resulting product or "correlation” is collected as signal energy
in an integrator. Any mismatch between the signal shape and the template shape, or
any misalignment in time between the two, results in a reduced efficiency in the
collection of the energy. The signal is not as clear as it could possibly be because of

the presence clf noise.

5.1. Noise and Interference

Additive white Gaussian noise (AWGN), and interference from other systems
occupying the spectrum, places a limit on the range and the capacity of a wireless
system. Noise includes thermal noise caused by random vibrations of charges on a
lossy conductor, interference, and meteorological noise.

Transmitters became "cleaner” and emitted "pure tone" signals, while receivers
were tuned more narrowly to exclude as much noise as possible but still pass the
information bandwidth. The signal-to-noise ratio S/N or SNR was greatly improved.
The receiver-detector efficiency can be expressed as the output SNR divided by the
input SNR. Signal-to-noise ratio and bit energy-to-noise density ratio are related in

AWGN by taking into account the bit duration T3, and the signal bandwidth B [27],

SNR=£= (Eb/Tb)

5.1
N N,B -1

Ey/N, is the data-bit energy-to-noise density ratio. SNR and E/N, are equal when the

signal bandwidth equals the inverse of the bit duration. In analog systems, B is often
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taken to mean the net bandwidth of all the receiver filters, and is often wider than the

signal bandwidth. A UWB communication with channel and AWGN is shown in

Figure 5.1.
Pulse
Generali
Dat_a__) /\I >
101 Lk Datae
104

Figure 5. 1 UWB communication with channel and AWGN

The optimal receiver for signals transmitted over an AWGN channel is a
correlation or a matched filter receiver, since it maximizes the SNR [5]. The receiver
examined consists of a low-noise amplifier (LNA), a correlation circuit and a circuit
to provide the template waveform for the correlation. After the received signal is
amplified, it is correlated with the template waveform. The output of the correlation is
processed by a bit decision circuit that decides which bits are carried by the received
pulses. The baseband signal processing circuit is responsible for the bit decision.

To maximize the processing gain and SNR, the template waveform should be the
same as that of the received signal. Such a signal is difficult to generate in practice,
since the transmitted pulse is distorted by the antennas and the channel. The need to
make the template waveform the same as that of the received signal also makes the
receiving circuit more complex. One way to avoid this complexity is to approximate
the template waveform by using the transmitted pulse, or to make very coarse
approximations such as a rectangular pulse. It is also possible to ignore the template
waveform altogether and rely on the pulse shaping caused by the finite bandwidth of
the transmitting and receiving antennas [5].

In an ideal environment, the received pulse shape is the second derivative of the
signal transmitted, since both antennas act as differentiators. The amplitude of the
correlation result between the first and the third derivatives is 80% of the
autocorrelation of the received waveform [5]. This means that using the transmitted

waveform as the template reduces the performance of the correlator by less than 1 dB.
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The correlation circuit consists of an integrator, and a multiplier that multiplies the
received signal with the template waveform. The result of the multiplier is integrated
over the bit duration to maximize the received signal power and to minimize the noise
component. Having a train of pulses to integrate over, the correlated signal is raised
from the noise and the possible signals of other users. From this it can be seen that the
more pulses there are in a pulse train, the better SNR is attained, since more correlated

energy is put into each symbol.

5.2. Multiplier for UWB

A multiplier circuit used for Ultra WideBand communications is proposed. A
gigahertz V-1 wideband four quadrant multiplier and the application for UWB pulse
are described. The proposed multiplier circuit in this paper uses MOS cascade
concepts [28,3] since it is very simple and applies fewer components.

As the UWB Communication Block Diagram is shown in Figure 5.1, it consists of
a UWB pulse generation that convert data to UWB pulse in the transceiver side. In the
receiver, the multiplier is followed by an integrator. The role of the multiplier is to
convert the received RF signal to baseband for detection. Multiplier is further
integrated to produce a robust signal level for A-to-D conversion.

The circuit multiplies two voltage inputs, but the output is in the current mode. It
is more easily to sum and subtract the signal in the current mode than in the voltage
mode. The output can be converted to the voltage using linear I-V converter described
in the next section. Using this method, the output voltage has reference to ground. The
proposed multiplier has ~3dB bandwidth 13 GHz.

5.2. 1. Multiplier Circuit Principle

5.2.1.1. Cascade MOS Operation

Consider transistors M1 in Figure 5.2, the simple MOS transistor model in

saturation region and in triode region is expressed respectively as

K
Ip = —2“‘(VGS -V ¥

(5.2)
for Vgs >Vru,Vps 2Ves —Vn
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Ip= K(VGS —Vry - VDS/2)VDSs
Jor Vs >Viy,Vps <Vaos —Viu 3

where K =14,C, (W/L) is the transconductance parameter of transistor, po is the

electron mobility, Coy is the gate oxide capacitance per unit area, W/L is the transistor
aspect ratio, Vs is the gate-to-source voltage, Vps is the drain-to-source voltage and
Vrn is threshold voltage of the MOS transistor.

Figure 5.3 shows the cascade MOS operation. X and Y are proper dc bias voltage.
If M2 works in triode region and M1 works in saturation region, then M1 behaves as a
source follower and Vps of M2 is controlled by x through the source follower M1.
According to the large signal model in the triode region of M2 as in (5.3), {p can be

expressed as
Ip =K(Y+y—Vm —%}x (5.4)

The output currents are obtained from (5.4) as follows

2 =K(Y+y—Vm ——%)x

. (5.5)
13 = K(Y—y_I/'IH —E).x
The difference of output current yields a multiplication as
ID
M1
Vv T [;
GS

Figure 5. 2 MOS operation



60

Le
X+x o=, M1
Vé&» Vo
Y+y o—[, M2
Vags

)

VSS

Figure 5. 3 Cascade MOS Operation
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Figure 5. 4 Two-quadrant Multiplier

5.2.1.2. Four Quadrant V-I Multiplier

A Fully differential configuration improves the linearity and power supply
rejection ratio. The configuration using four MOS is shown in Figure 5.5. Based on

(5.4), the difference between I, and I, can be considered as input multiplication, as

follows
1,-1,=(I,-L)+{,-1,) 6.7
1,-1,=2Kxy+2Kxy (5.8)
1,-1,=4Kxy (5.9)

It is shown in (5.9) that the current subtraction I 4 —1, is the simple

multiplication of the input voltages x and y.
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Figure 5. 5 Four-quadrants Multiplier

5.2.2. The Proposed Multiplier Circuits

The principle of operation of the proposed multiplier is based on Figure 5.6 that
has equation in (5.9). This is a voltage to current (V-I) multiplier. The proposed
analog multiplier circuit is shown in Figure 5.6.

To get and subtract the currents 4 and I, three current mirrors are used. The MOS
M9 M13 pair in Figure 5.6 is the current mirror for I, while the M10 M11 pair is for
Ip. The drain current of MOS formed in (5.2), or I = f (VGS Mm). Based on (5.2), the

inverse function V,,,, = /' (I, )can be written as

vDD

" o JL-"ir' e

ll £, _]['T'ws

" ,B‘L =t | Ve
. o-f“*n?%ﬁan Ll
N 3’1

Figure 5. 6 The Proposed Multiplier Circuit
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1
VGSMlO = VTH +\/% ' (5.10)

The same equation is implemented also for M11. Since MI10 and MI11 are

identical, and Vg .10 = Vs a1 » then
I, = Ly=1y
I,=1,=1, (5.11)
The M12 M14 pair is given to subtract between I, and I, . 1-V conversion can be

reached using M15 and M16 in Figure 5.6. Based on (5.2), the drain currents

respectively are
115 = K(VDD - Vom - VIS)2
116 = K(Vaul - VSS - Vl6)2

Since Tyt =

Te—lss Vs ==V, a0 Vi = Vs =V the output voltage can be written
as

Ionl (5.12)

Vout = 4k oo ~ V)
Substitution (5.8) into (5.12) concludes that the output voltage of the proposed
multiplier circuit shown in Fig, 5 is the multiplication of the both input voltages, and

can be formed as
V.Y,

AT i (5.13)
out (VDD_VTH)

5.2.3. Performance analysis

The performances of the proposed analog multiplier circuit are simulated using
HSPICE with level 49 model of 0.18um MOS parameter. The voltage supply are
VDD=-VSS=1V.

The complete circuit of the current multiplier is viewed in Figure 5.6, and the
simulation use 0.18um CMOS with L/W = 0.18/0.18 um. The simulation result of the
DC characteristic shown in Figure 5.7. Input of V, and V,, are from -250mV to +250
mV. As shown in Figure 5.6, by the voltage supply of VDD=-VSS=1V, the result is
linear for the range of the voltages input sweep of -250 mV to 4250 mV. Figure 5.8
shows the frequency response of the multiplier in Fig 5.6. The graph is about Vout/Vx
in dB. The graphics shows that -3 dB response of the multiplier is very high, at 13
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GHz. It is convenient for the UWB signal communications that need 10.5 GHz

maximum. Table 5.1 shows the specifications of the multiplier circuit and the result.
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Table 5. 1Multiplier circuit specifications

dB in 1 GHz or less -10.7 dB
Freq in -3 dB (-13.7 dB) 13.0 GHz
Power Supply +1 Volt
Input Amplitude (Vy) £025V
Input Vy £025V

_ Table 5. 2 Input signal of Figure 5.9

Supply voltage + 1 Volt
Input Amplitude Vy +025V
Frequency Vi 500 MHz
Input Amplitude V, 025V
Frequency Vy 8 GHz

Figure 5.9 shows the transient analysis of the multiplier in Figure 5.6. The
amplitude of input voltages Vx and Vy are 0.25 V. The frequency of Vx and Vy are
500 MHz and 8 GHz respectively. Table 5.2 shows the specifications of the signals.

5.2.4. The Application for UWB Pulse

Figure 5.10 shows about the UWB pulse generation circuit and its pulse, as
described in chapter 2. The circuit has advantages in simplicity that using few
components. All circuits are simulated using HSPICE level 49 of 0.18um CMOS
parameter from mosis [18]. The UWB pulse generation circuit specifications is shown
as Table 2.3.

The input is a step signal or pulse that the width is in such a way that the Gaussian
pulse can be performed. L/W in CMOS inverters (NOT) and NAND used in this
research are respectively 0.36/0.36pm and 0.18/0.27pm.
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Figure 5. 10 The UWB pulse generation circuit and its pulse

Figure 5.10 (b) shows the time diagram of Gaussian monocycle pulse at the Vou
node. The monocycle has 200 ps width (100 ps to 300 ps), and peak to peak value 874
mV and 906 mV.

Figure 5.10 (c) shows the normalized Power Spectral Density (PSD) of the
derivative of the monocycle pulse from the circuit. If a monocycle pulse is
transmitted, due to the derivative characteristics of the antenna, the output of the
transmitter antenna can be modeled by the first derivative of the pulse [19].

As in chapter 2, when the time diagram is shown in Figure 5.10 (b), called x(t),

the derivative can be achieved by the basics of differential calculus

My = i SUHAD) = X(0)
= 0=l di (5.14)
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Figure 5. 11 The improvement of the proposed circuit and its pulse
PSD of the deterministic power signal, w(t), is
. [xf
= (5.15)

where T is the pulse spacing interval. X(f) is the Fourier transform of the pulse, i.e.
x(t). P has units of watts per hertz. When X(f) is attained, the peak emission
frequency, i.e. fir, can be found as the frequency at which the maximum value of
|X()|. The normalized PSD can be defined as

Py = KDL
1X (fu )] (5.16)

The normalized PSD in Figure 5.10 (c) applies (5.16) in which X(f) is the Fourier
Transform of the differential of the pulse in Figure 15. The differentiation uses the
equation in (5.14). The normalized PSD is used due to comply the FCC spectral mask
of the pulse that is transmitted by antenna [6,19,29]. Figure 16 shows that PSD
complies the spectral mask, unless it is over the tail of the frequency (10.6 Ghz).

Figure 5.11 shows the improvement of the Gaussian monocycle pulse circuit
generation. The second monocycle pulse is generated after being delayed by two
NOT’s. Then both monocycles are connected to generate UWB pulse 4th derivative
of the Gaussian pulse shape. The equation of the 4th derivative of the Gaussian pulse

can be written as follows;
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dx (t)

() = =[dp’ - du]e™ (5.17)

where u = 7 t/T, in (5.4). The values A; and Ay are the amplitudes. Figure 18 shows

the time diagram of Gaussian monocycle pulse at the Vo node. The figure shows that
the graphic has four peaks of signal which conducts as the fourth differential function
of Gaussian pulse in (5.17).

Figure 5.11 (c) shows the normalized Power Spectral Density (PSD) of the UWB
pulse derivative from the circuit in Figure 5.11 (b), using (22). As shown in Figure
5.11(c) the normalized PSD complies the FCC spectral mask.

The multiplier is simulated under a 0.18-um CMOS process. Figure 5.12 shows
about the transient analysis for Ultra wideband impulse radio done by two monocycle
pulses with same width of 0.2 ns with different amplitudes as shown in Figure
5.12(a). The two pulses of 0.2ns are generated by using a monocycle pulse generation
circuit in Figure 5.10. Figure 5.12(b) shows that the result is relatively only in positive

voltage, means that the correct output is obtained at the output of the multiplier.
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Figure 5. 12 Two monocycle pulses multiplication
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Figure 5.13 shows about the transient analysis for Ultra wideband impulse radio
done by the monocycle pulse and its second derivative inputs, as shown in Figure
5.13(a). This is to consider that in the real correlator that the received signal is weaker
than the template signal, and the received signal has been differentiated in each
antenna (see Figure 1). In ideal environment, the received pulse shape is the second
derivative of the transmitted since both antennas act as differentiators. The amplitude
of correlation between the first derivative of UWB Gaussian pulse and its second
derivative is 80% of the autocorrelation of the received waveform [5]. Figure 5.13(b)

shows that the correct output is obtained at the output of the correlation.
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Figure 5. 13 The monocycle and its second derivative pulses multiplication
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The transient analysis of the improved Ultra wideband impulse radio is shown in
Figure 5.14(a). Circuit in Figure 17 generates the UWB triplet pulses of 0.4ns. As the
result in Figure 5.12(b), the result is relatively only in positive voltage as shown in
Figure 5.14(b), means that the correct output is obtained at the output of the
multiplier.

Figure 5.15 shows about the transient analysis for Ultra wideband impulse radio
done by the triplet pulse and its second derivative inputs, as shown in Figure 5.15(a).
Figure 5.15(b) shows that the correct output is obtained at the output of the

correlation.

5.2.5. Discussion

[30,31,32] are voltage mode multipliers that relatively have complex circuits.
[33,34] are current mode. [30] is relatively complex, and [34] is relatively simple, but
both have the frequency response relatively low, in MHz. [35] proposed an analog
multiplier in voltage mode for UWB. However, the circuit is still more complex than
this proposed circuit. The voltage to current conversion of this proposed multiplier
will subtract the signals in the current mode that is easier to be implemented. The
current mode output increases the operation of bandwidth. Without adding inductors
as in [35], this circuit has 13 GHz Bandwidth. In addition, by converting back to the
voltage mode, the output signal has reference to ground.

The UWB pulse generation has advantage also in simplicity and low cost power
that are main focus in the UWB point of view. It applies 3 (three) NOTs, 1 (one)
NAND, 2 (two) resistors, 1 (one) capacitor, and 1 (one) MOS as capacitor. Totally it
implements 11 MOS. As comparison, Azakkour [11] based on Choi [8] has proposed
a gated pulse generator for UWB. Since it used VCO and on-off switch, it was more
complicated than our design. A wavelets generation circuit for UWB proposed by
Gerrits [8], combined the output signals of four bipolar differential pairs to generate
the second derivative of the Gaussian function as output signal. The circuit
implemented 8 (eight) MOS’s but it is excluding 4 (four) current sources applied in

the circuit.

5.3. IR-UWB Interference over Modified S-V Channel Model

As in chapter 2, Figure 5.1 shows a block diagram of the transmitter-receiver

communication. Transmitter sends Data bit packet by packet, and Receiver read the
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packet. Transmitter converts the bits in packet to be UWB pulses, and then send to the
antenna to be transmitted. In Figure 5.1, u,(2) is the received signal at time instance t.
The signal then through LNA (Low Noise Amplifier) and becomes us(?). Then it is
demodulated using template pulse.

The UWB pulse is the generated monocycle or triplet pulse described previously.
The classic binary pulse amplitude modulation (BPAM) is implemented in Pulse
Generation block in Figure 5.1. It can be presented using e.g. two antipodal Gaussian
pulses. The transmitted binary baseband pulse amplitude modulated information
signal (t) can be presented as [5]

x()=d,w, (1) (5.18)
where wy () represents the UBW pulse waveform, j represents the bit transmitted that
j=Ithend; =1 and j= ‘0’ then dj=-1.

A channel happens between transceicer and receiver. In this paper, an UWB
channel model derived from the Saleh-Valenuela model with one slight modification
is proposed. This is the proposed model that fits the measurements taken in the home
environment for both LOS and NLOS [30]. There are 5 key parameters that define
the model: A = cluster arrival rate; A = ray arrival rate, i.e., the arrival rate of path
within each cluster; T’ = cluster decay factor; y = ray decay factor; and o = standard

deviation of lognormal fading term (dB).

Table 5.3 Channel model parameters.

Model LOS NLOS
Parameters
A (1/nsec) 1/60 1711
A (1/nsec) 1/0.5 1/0.35
I (nsec) 16 16
v (nsec) 1.6 8.5
c (dB) 4.8 4.8

This research uses one of channel realization generated from S-V model using the
parameters as in Table 5.3 from [30] the BER analysis. The channel is shown in
Figure 5.16.

In an ideal environment, the received pulse shape is the second derivative of the
signal transmitted due to differentiator effect in transmitter and receiver antennas.
However, the amplitude of correlation result between the first and the third

derivatives of the Gaussian pulse is 80% of the autocorrelation of the received
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waveform [5]. This means that using the transmitted waveform as the template
reduces the performance of the correlator by less than 1 dB. Therefore, the receiver
still can use the same template waveform as the transmitter has to demodulate the

signals.
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Figure 5. 16 The generated channel model

5.4. BER Analysis Results

The implementation is based on Block Diagram in Figure 5.1. The transceiver
converts bits into UWB pulses, then the UWB pulses are reconverted the pulse back
into bits by receiver. Both monocycle and triplet is implemented. Also the channel
model, both LOS and NLOS model is implemented. There are many channel model
can be generated using model parameters in Table 5.3 to implement (7) until (10). We
used one of them as shown in Figure 5.16. Transceiver sends Data bit packet by

packet. BPAM is implemented for modulation.
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In our experiments, there are around 10* bits sent from the transceiver to receiver, and
later being analyzed. The bits are sent periodically, so that give a bit rate value in
Mbps. The various bit rates and its BER can be seen in Figure 5.17. The result shows
that interference of multipath gives high effect to make an error. The LOS channel
model in Figure 5.17 (a) has the last significant paths that cross a 10 dB threshold
(NP10dB) at 0.5x107 sec and it has only 5 multipaths. It gives low BER until
hundreds Mbps. Meanwhile, the NLOS channel has many multipaths that influence
the pulses, so that it can not be sent in high bit rates. The NLOS channel model in
Figure 10 (b) has the last significant paths that cross a 10 dB threshold (NP10dB) at
around 1.0x107 sec and it has around 33 multipaths, so that it is much thicker. The bit

rates drops drastically in the NLOS channel model.

Table 5. 4 Estimate of highest bit rates (HBR)

Model Bit rates (Mbps)
SNR20dB |SNR16dB | SNR 12dB
LOS monocycle 800 800 800
LOS triplet 600 600 200
NLOS monocycle | 30 - -
NLOS triplet 20 - -

Figure 5.17 shows the result of the BER of the monocycle and triplet pulses
through the LOS and NLOS channel models. Figure 5.17 shows that the influence of
inter multipaths occurs in higher bit rates. In the LOS channel, it gives high error after
800 Mbps. For bit rate below than 800 Mbps, BER is relatively low (in 10 or lower)
in high SNR of AWGN. In the NLOS channel, high error occurs after 30 Mbps. For
bit rate below than 30 Mbps, BER is relatively low (in 10 or lower) in high SNR.
Note that in order to draw the line in Figure 5.17 , the value of log (10 is given
instead of BER = 0, since log zero is infinity.

Figure 5.17 (a) shows data sent using monocycle pulse over the LOS channel
model. The result shows that SNR 8 dB AWGN gives high BER. SNR 12 dB gives
no error (or error lower than 10™*) until 400 Mbps and has error in 10 level until 800
Mbps. BER also increases drastically after 800 Mbps. SNR 16 and 20 dB has no error
(or error lower than 10" until 800 Mbps, but it has much higher BER afterwards.
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Figure 5.17 (b) shows data sent using triplet pulse over the LOS channel model.
SNR 8 dB AWGN gives high BER. SNR 12 dB gives small error (in 10 level)
within 200 Mbps and error in 107 level until 600 Mbps. BER also increases
drastically after 600 Mbps. SNR 16 and 20 dB has no error (below 10*) until 600
Mbps, and the value of BER increases drastically afterwards.

Different from the LOS channel that has much higher bit rates, the NLOS channel
gives lower bit rates for the communication. In Figure 5.17 (c), data are sent using
monocycle pulse over NLOS channel model. It has high BER until SNR 12 dB. SNR
16 dB gives BER in 10" level occurs for bit rates below 30 Mbps and increases
drastically after 30 Mbps. SNR 20 dB has no error (or error lower than 10" until 30
Mbps, but it also has higher BER afterwards.

In Figure 5.17 (d), data are sent using triplet pulse over the NLOS channel model.
It has high BER until SNR equals to 12 dB. SNR 16 dB gives BER in 107 Jevel for 30
Mbps and below and increases drastically afterwards. SNR 20 dB has no error (lower
than 10™) for 10 Mbps, 10 level BER for 20 Mbps, and 10° level for 30 Mbps. It has
higher BER for above 30 Mbps. Finally, SNR 24 dB has no error (lower than 10
until 30 Mbps and has higher BER afterwards.

All results in Figure 5.17 show that if the SNR of AWGN increases, then BER
decreases. In this simulation, SNR 20 — 24 dB AWGN has good performances of BER
value. Comparing monocycle and triplet pulse, the result shows that for the same
channel, the monocycle has more robust of AWGN. Figure 5.17 (a) and (b) shows
that the monocycle has error in 10 level until 800 Mbps, while the triplet begins to
have more error since 600 Mbps. In Figure 5.17 (c) monocycle has no error until 30
Mbps at SNR 20 dB, while SNR 24 dB has no error until 30 Mbps for triplet in Figure
5.17 (d).

From the results, it can be said that UWB pulse communication is appropriate in
the LOS channel, i.e., has high bit rates (hundreds Mbps). Nevertheless, this
communication can be used until several Mbps in NLOS channel model.

Table 5.4 shows estimation of highest bit rates without error (or error in 10* level
is tolerable). If the less BER is desired, then lower bit rate can be implemented.
However, in high SNR environment, the high bit rate can still be implemented. it
shows that monocycle pulse over LOS channel gives the best bit rates. By looking at
the UWB reference standard and compare to the others as shown in Table 5.5[1], it

seems that this communication model is preferable for the LOS channel.
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Table 5.5 Comparison of UWB bit rate with other standards.

Speed (Mbps) | Standard

480 UWB, USB 2.0

200 UWB (4 m minimum)
110 UWB (10 m minimum)
90 Fast Ethernet

54 802.11a

20 802.11g

11 802.11b

10 Ethernet

1 Bluetooth
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Figure 5. 18 BER performances over AWGN channels

Based on Figure 5.17 (a)-(d), some samples of bit rate are chosen to take a closer

look at each pulse over LOS and NLOS channels. For the LOS channel based on

Table 5.5, 400 Mbps is chosen for the monocycle and triplet pulse. However, since

the maximum bit rates for NLOS channel is only 30 Mbps, this rate is chosen.



78

There are 10° bits sent from the transceiver to receiver. Figure 5.18 shows the
BER performance of the UWB pulses through the LOS and NLOS channel models in
the chosen bit rates. Fig 5.18 shows that the monocycle pulse is more robust than
triplet both in LOS and NLOS channels.

For the monocycle pulse over the LOS channel, 400 Mbps is chosen. That means
the pulse is sent in 2.5ns periodic time. It has BER in 102 level fof SNR 10 dB, and
BER in 10™ level for SNR 12 dB, respectively. By estimation of the graph in Figure
5.18, data communication that needs BER 107 or less can be applied in SNR 13 dB or
more.

For the triplet pulse over the LOS channel, 400 Mbps is also chosen. BER occurs
in 102 level for SNR 12 dB, and in 10™ level for SNR 14 dB, respectively. It can be
estimated that BER 10 or less can be applied in SNR 15 dB or more.

For the monocycle pulse over the NLOS channel, 30 Mbps is implemented (0.33
ns pulse periodic time). It has BER in 10 level for SNR 18 dB. From the graph in
Figure 5.18, it can be estimated that data communication with BER less than 10
level needs SNR 19 dB or more.

For the triplet pulse over the NLOS channel, 30 Mbps is chosen, since it is also
the maximum rate. It has BER in 10™* level at SNR 20 dB. Data communication that
needs BER 107 or less can be applied in SNR 21-22 dB or more.



Chapter 6
CONCLUSIONS AND FUTURE RESEARCH

6.1. Conclusions

This Chapter summarizes the findings and concludes the dissertation. This
dissertation consists of six chapters in total, and each of the previous five chapters
addresses on one aspect of the UWB communication systems. The originalities and
contributions of each chapter are summarized as follows.

After introduction, a new method of Ultra Wideband monocycle pulse generation
is proposed in the chapter two. The circuit is based on 0.18 pm CMOS. The design
complies the spectral mask ruled by FCC. The proposed circuit has advantages in
avoiding complexity and high power consumption. Reasonably good agreement
between the measured and calculated results was also relatively achieved. The
simplicity, low cost, and good performance of this circuit makes it attractive for
various UWB radar and communications systems.

Chapter three describes about UWB modulation in the impulse radio (IR) systems
systems. Some various modulation of impulse radio is presented. IR systems have the
significant advantage of simplicity, and so are potentially lower cost. In addition, IR is
essentially a baseband technique. The IR UWB concepts investigated support many
modulation schemes including orthogonal and antipodal schemes. Basic modulation
must also include some form of spectrum randomization techniques to limit the
interference caused by the transmitted pulse train.

Chapter four describes about path loss model and channel model for UWB
communication systems. It presents the time domain multipath model based on the S-
V model. Different example channel characteristics that represent both LOS and
NLOS channels is also presented. These characteristics are based on different mean
excess delay, RMS delay spread, and mean number of paths. A new model based on
S-V model is proposed.

An ultra high frequency analog multiplier is proposed in chapter five. The
multiplier based on the MOS cascade operation circuit. The inputs are in voltage
mode and become in current mode after multiplication. The simulation has shown that
the multiplier has a flat frequency response up to 13GHz and can be applied for UWB

communications. A new method of Ultra Wideband monocycle pulse generation is
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applied. The circuit is based also on 0.18 pm CMOS. The design complies the
spectral mask ruled by FCC. Reasonably good agreement between the measured and
calculated results was also relatively achieved. The simplicity, low cost, and good
performance of this circuit makes it attractive for various UWB radar and
communications systems. The circuit is based on 0.18 pm CMOS technology
simulated using HSPICE with level 49 and operates in + 1V.

The chapter also presents about The BER analysis of the Impulse Radio Ultra
Wideband pulse communication over modified S-V channel model. The pulse is
generated from circuit with HSPICE CMOS model level 49. The channel model is
using generated of modified S-V model. Binary Pulse Amplitude Modulation is
applied, and BER is measured over several of bit rates. The result shows that
monocycle pulse over LOS and NLOS channel gives the best bit rates. Moreover,

UWB communication is appropriate with high bit rates in LOS channel.

6.2. Future Research

Since UWB technology has a promising future for high-speed short-range
applications, such as wireless LAN, home entertainment, wireless video downloading,
etc., there still exist a significant amount of research opportunities in the future.

Conventional research issues inside the physical layer, such as UWB ISI
reduction, data acquisition, clock synchronization, Doppler effects on UWB systems,
UWB channel environments, multiple access, etc., are still attracting research
attention. As the data rate becomes higher, new research issues across physical layer,
link layer, and even upper layers are very attracting.

Other technologies such as wide band antennas, digitally tunable RF front end,
software defined radio, ADC with higher sampling rate and more bits per sample,
high-speed digital signal processor, etc., are also critical to the deployment of UWB
communication systems. The future of UWB technology is bright and the research in

this area will remain active in at least the near future.
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