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Principles and Limitations of Ultra-Wideband
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This paper presents a novel UWB communications system using double FM: a low-modulation index digital FSK followed by
a high-modulation index analog FM to create a constant-envelope UWB signal. FDMA techniques at the subcarrier level are
exploited to accommodate multiple users. The system is intended for low (1-10 kbps) and medium (100-1000 kbps) bit rate, and
short-range WPAN systems. A wideband delay-line FM demodulator that is not preceded by any limiting amplifier constitutes
the key component of the UWBEM receiver. This unusual approach permits multiple users to share the same RF bandwidth.
Multipath, however, may limit the useful subcarrier bandwidth to one octave. This paper addresses the performance with AWGN
and multipath, the resistance to narrowband interference, as well as the simultaneous detection of multiple FM signals at the same
carrier frequency. SPICE and Matlab simulation results illustrate the principles and limitations of this new technology. A hardware
demonstrator has been realized and has allowed the confirmation of theory with practical results.
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Brr of a UWB signal centered at a frequency f. should be at
least 20% of this central frequency or at least 500 MHz for

Ultra-wideband (UWB) communications systems are poised
to play an increasingly important role in today’s short-range
communications systems, especially personal area network
(PAN) applications. By definition, the —10 dB RF bandwidth

This is an open-access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

operation above 3.1 GHz [1]. Since the definition of a UWB
signal does not specify a particular air interface or modula-
tion scheme, many different techniques may be applicable to
a UWB signal.

Originally, UWB started as an impulse radio, using a
time-domain approach [2]. Instead of a continuous sinu-
soidal carrier, a sequence of short-duration pulses is used
as the information carrier. The spectrum of such a pulse
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sequence (usually Gaussian) has a single broad main lobe
with slow spectral roll-off. These pulsed systems were origi-
nally intended for radar applications where short pulse du-
ration translates into a high resolution. When used in a
communications system, the pulse sequence can be mod-
ulated using, for example, pulse-amplitude modulation
(PAM) or pulse-position modulation (PPM) techniques.

UWB communications technology was originally in-
tended to provide robust, easy-to-implement, low-cost, and
low-power consumption solutions. An impulse radio or mul-
ticarrier OFDM system, as proposed recently [3], may be able
to provide a robust high data rate solution, but this comes at
the expense of circuit complexity and power consumption.

The goal of the authors was to search for a complemen-
tary low and medium data rate (LDR and MDR) UWB sys-
tem that is easy to implement in silicon, provides robustness
to interference compared to narrowband ISM solutions, and
is competitive in terms of power consumption [4].

The proposed solution is a constant-envelope frequency-
domain approach called UWB frequency modulation
(UWBEM) [5]. This double FM scheme uses low-
modulation index FSK followed by high-modulation
index analog FM to achieve the wide bandwidth. Different
users distinguish themselves by different subcarrier frequen-
cies. This approach has a number of attractive properties for
use in short-range wireless personal area network (WPAN)
systems, where the dynamic range of the RF signals is limited.

The paper starts by presenting the principles of UWBFM
technology in Section 2. Block diagrams of both the trans-
mitter and the receiver are presented and an example of a
multiuser system is given. Section 3 discusses the operation
of the wideband FM delay-line demodulator in the pres-
ence of a single FM signal. In Section 4, the overall receiver
performance under additive white Gaussian noise (AWGN)
conditions is examined. The nonlinear relationship between
the input and output signal-to-noise ratio (SNR) of the
wideband FM demodulator strongly influences the receiver
performance. Section 5 presents a multiuser UWBEFM sys-
tem based upon frequency division multiple access (FDMA)
subcarrier technology, and shows mathematically why this
works. It also addresses the closely related issue of the ro-
bustness of UWBEFM to narrowband interference. Section 6
addresses the effect of multipath on an UWBFM system.
Section 7 presents conclusions and topics for further inves-
tigations.

2. PRINCIPLES OF UWBFM

UWBFM can be seen as an analog implementation of a
spread-spectrum system with a spreading gain equal to the
modulation index 8. FM has the unique property that the RF
bandwidth Bgg is not only related to the bandwidth f,, of the
modulating signal, but also to the modulation index f that
can be chosen freely. This yields either a bandwidth-efficient
narrowband FM signal (§ < 1) or a (ultra-) wideband signal
(8 > 1) that can occupy any required bandwidth compatible
with the RF oscillator’s tuning range.

Ficure 1: Amplitude of the Bessel functions (20 log,,(J,(f)) for
various values of the modulation index S.

Assume an FM signal V (¢) with amplitude A and carrier
frequency f. (v, = 27 f.) modulated by a sinusoidal signal
m(t) of frequency fiu(wm = 27 f) such that

m(t) = Vysin (wpt). (1)

An RF oscillator sensitivity of Ko [rad/Vs] yields a deviation
Aw = 21Af equal to

Aw = KoV, (2)
resulting in an FM signal V(¢):
V(t) = Asin (w:t + (1))

t
= Asin | w.t + Ko J V,, sin (wmr)d‘r)

e 3
KoV, 3)

—wmm cos (wpt) + (po)

= Asin (a)ct —
= Asin (wct — B cos (wnt) + ¢o),

where ¢(t) is the instantaneous phase excursion due to the
FM, ¢y is an arbitrary but time-independent constant, and f3
is the modulation index defined by

Af  Aw
B= o’ (4)
Equation (3) can be expressed as a sum of Bessel functions
Ju(B) of the first kind (order n) of the argument :

Vi) =A i Ja(B) sin (w. + nwy,)t. (5)

n=—oo

Theoretically, the spectrum of an FM signal is infinitely
large. In practice, the higher-order Bessel functions J, (/)
decay rapidly for n > f. Figure 1 shows the value of the
Bessel functions J,(f) for various values of modulation in-
dex 8. The bandwidth of an FM signal is well approximated
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F1GURE 2: Block diagram of the UWBFM transmitter.

by Carson’s rule:
Bre = 2(B+ 1) fu = 2(Af + fn). (6)

As a result of the fast decay of the Bessel functions for n > 3,
the bandwidth of a wideband FM signal can be controlled
by adapting the modulation index 8. When the modulation
index B > 1, a wideband spectrum is obtained in which
no carrier can be distinguished. The spectral roll-off of this
UWBEM signal is very steep. This strongly improves the co-
existence of UWBFM systems with other RF systems op-
erating in adjacent frequency bands. Analog FM can thus
be used as a spreading mechanism to generate an unmod-
ulated constant-envelope UWB signal of appropriate band-
width. An additional modulation mechanism is still required
to modulate data upon this UWB signal.

Figure 2 shows the block diagram of the UWBFM trans-
mitter. The additional modulation mechanism is digital FM
by a raw data signal d(t) of the low-frequency subcarrier
using FSK techniques with modulation index Bsyg(0.5 <
Bsus < 4).

Individual users are assigned separate subcarrier fre-
quencies. The approximate bandwidth Bsyp of a subcarrier
modulated by a lowpass filtered digital signal of bit rate
R (bps) equals

Bsus = R(Bsus + 1). (7)

Figure 3 shows the data, the subcarrier, and the UWB sig-
nal in the time domain for a data transition at t = 0 and sub-
carrier frequency of 1 MHz; the center frequency of the UWB
signal V (¢) was chosen to be 10 MHz for the sake of visibility.

The choice of the subcarrier frequencies fsyp; and mod-
ulation indices Bsup; is determined by the data rate(s) and
the number of users in the UWBFM communications sys-
tem. A low-subcarrier modulation index yields a lower sub-
carrier bandwidth allowing more users. On the other hand,
it requires steeper subcarrier filtering in the receiver. This is
especially true since the wideband FM demodulator has a
quadratic transfer function resulting in an expanded subcar-
rier dynamic range. In the context of a short-range WPAN,
this limited dynamic range (typically 30 dB) can be accepted.
We will show in Section 6 that when no equalization is used,
multipath may limit the useful subcarrier frequency range to
one octave.

An example of a hybrid system providing both LDR and
MDR subcarriers are shown in Figure 4. The 3 LDR users
(1-3) operate at 10 kbps with a modulation index Ssyp = 1
yielding a bandwidth of 20kHz. They are spaced 150kHz
apart. The single MDR user (4) operates at 100 kbps and
uses a modulation index sy = 2, yielding a bandwidth of
300kHz.

Amplitude

-2 -=1.5 -1 -0.5 0 0.5 1 1.5 2
t (us)

FiGURE 3: Time-domain view of data d(t), subcarrier m(t), and
UWB signal V (¢).
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FIGURE 4: Spectrum S(f) after the wideband FM demodulator in
the receiver for a hybrid LDR-MDR 1-2 MHz subcarrier system.

The UWB signal V() is obtained by feeding the modu-
lated subcarrier signal m(t) into the FM input of the RF os-
cillator operating at the desired center frequency (f;) of the
UWB signal.

Figure 5 shows an example of the spectral density of such
an UWBFM signal. The signal power is —13 dBm (140 mV_,
in a 50Q) load). The subcarrier frequency is 1 MHz and the
deviation Af is 600 MHz, yielding a modulation index 3 of
600. The —10 dB bandwidth is almost equal to the bandwidth
predicted by Carson’s rule in (6):

B_,dB = 2Af. (8)

The spectral density is lowered by a factor of 10log,,(8) =
28 dB. This UWB signal is FCC compliant. The flat spectrum
is a result of the triangular subcarrier waveform. The power
spectral density of a wideband FM signal is determined by
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FIGURE 5: Spectral density S (dBm/MHz) of the unmodulated car-
rier at 4 GHz and the UWBFM signal obtained with fsys = 1 MHz
and f3 = 600.
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FIGURE 6: Block diagram of the UWBFM receiver.

and has the shape of the probability density function (pdf)
of the modulating signal m(¢) [6].

Triangular subcarrier waveforms have a uniform pdf and
therefore yield a flat RF spectrum. From a realization point
of view, the triangular waveform is relatively straightforward
to generate using integrated circuits.

The receiver demodulates the UWBEFM signal without
frequency translation. No local oscillator and no carrier syn-
chronization are required. Figure 6 shows the block diagram
of the UWBFM receiver. The receiver in its basic form com-
prises a wideband FM demodulator, one or several low-
frequency subcarrier filtering and amplification stages, and
subcarrier demodulators. One possible implementation uses
a bandpass filter to filter out the wanted subcarrier signal fol-
lowed by a phase-locked loop (PLL) to perform the FSK de-
modulation.

3. WIDEBAND FM DEMODULATOR,
SNR CONVERSION

The wideband FM demodulator is implemented as a delay-
line demodulator as shown in Figure 7, where 7 = N/(4f.)
with N = 1,3,5,.... The operation of the delay-line demod-
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F1GURE 7: Delay-line FM demodulator.

Delay element

ulator is that of FM-to-PM conversion in the delay line fol-
lowed by a phase detector [7].

We will now analyze this demodulator for a single-input
signal V; of amplitude A, as given below:

Vl(t) = A1 sin ((Uclt + ¢1(t))

. 9)
= Ay sin (wat — fcos (wut)).
The multiplier output signal Vpemop equals
Vpemon(t) = Afsin (w1t + @1 (1))
(10)

x sin (wq (F— 1) + @1 (t — T)).

If we ignore the high-frequency term at 2w.—a compo-
nent that can be easily filtered out in a practical circuit
realization—the lowpass filtered output signal Vpemoprp can
be written as

AZ
Vbemopre(t) = 71 cos (W T+ @1(t) — @i (t —1)).  (11)
By choosing the delay time 7 equal to an odd multiple of a
quarter period (T') for the carrier frequency f. of the FM sig-
nal

T T

N> =N,
=Ny T Y%,

N =1,3,5,..., (12)

equation (11) can be rewritten as

2
Vbemopte(t) = (—1)((N+1)/2)% sin (@1 (t) —@1(t — 7)).
(13)
When the delay 7 is much smaller than the period T}, of the
modulating waveform of frequency f, (i.e., requiring that f,,
< fa1), this can be written as

A7 . [ d¢i(t
Vpemobre(t) = (—l)((NH)/Z)71 sin (T (Palt( )). (14)

Substituting (3) and (12) in (14) yields
A} A
Voemonte (£) = (-1){N 172 71 sin <Ng w_w sin (wmt)>- (15)

This corresponds to a constant times the sine of the original
modulating signal m(t).
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TasLE 1: Harmonic distortion as a function of the overdrive O.

Overdrive O HD; (dBc) HDs (dBc)
0.05 —72 —154
0.10 —-60 —130
0.20 —48 —106
0.50 -31 —74
1.00 —18 —48

TaBLE 2: Harmonic distortion as a function of the relative frequency
offset o for an overdrive O = 0.50.

Offset o HD, (dBc) HD; (dBc)
0 0.5 1 1.5 2 0.05 -36 =31
1 0.10 -30 -31
FiGURrk 8: Normalized relation between delay-line demodulator in- gig 724; 721

put frequency Vempemon(f) and output voltage for various values
of N.

The demodulator output voltage as a function of the in-
put frequency Vimpemon (f) is given by

2
Vempemon (f) = %COS (Ngﬁ) (16)
Figure 8 illustrates this relation for various values of the pa-
rameter N.
The demodulator sensitivity is proportional to N. The
useful RF bandwidth Bpgmop of the FM demodulator is in-
versely proportional to N and given by

2
Bpemop = Nfc (17)

The useful bandwidth is defined as the maximum frequency
range over which the static demodulator transfer function is
monotonic.
We define the FM demodulator overdrive O as
2A A
2AF A (18)

~ Bpemop fe

Equation (15) can now be rewritten as

AZ
Vbemonrp () = (—1)((N+1)/2)71 sin (O% sin (wmt))- (19)

An overdrive O = 1 corresponds to a deviation of the FM
input signal equal to one half of the FM demodulator band-
width.

It is important to note that the demodulator output sig-
nal amplitude is proportional to the square of the input sig-
nal amplitude. As a result, the dynamic range of the demodu-
lated signal is expanded. A 20 dB variation at RF yields 40 dB
after the demodulator. This strongly impacts the subcarrier
filtering. A direct-conversion architecture for the subcarrier
filtering and demodulation relaxes the baseband filter speci-
fications.

The sinusoidal transfer function of the demodulator
yields odd harmonic distortion in the output signal. This dis-
tortion is a function of the overdrive O. A frequency offset in
the transmitter carrier frequency f., with respect to the de-
modulator center frequency, results in even-order harmonic
distortion. We define the relative offset o as

_ 2Afe

= . 20
Bpemop (20)

Numerical values can be obtained by examining the behavior
of the function y:

y = sin (0 + O% sin(x)). (21)

Table 1 presents values for the third and fifth harmonic dis-
tortions for various values of the overdrive O and zero-
frequency offset. Table 2 illustrates the effect of the frequency
offset on the harmonic distortion for a fixed overdrive O =
0.50.

It appears that in a practical UWBEFM system, multipath
is a major source of distortion due to the envelope variations
it introduces. As can be seen from (15), the delay-line de-
modulator is sensitive to both AM and FM.

Consider the AM input signal Vam(t) of frequency f. and
time dependent amplitude A(t) given by

Vam(t) = A(t) sin (w,t). (22)
The multiplier output signal Vpemop can be written as
Vpemon(t) = A(t)A(t — 1) sin (wt) sin (w.(t — 7). (23)

If we ignore the high-frequency term at 2w, the lowpass
filtered output signal Vpemoprp can be written as

Vpemobre(t) %A(t)A(t — 1) cos (w,T)

(24)

u

%Az(t) cos (w.T).
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FiGUre 9: UWBEM receiver block diagram for determining the out-
put probability of error Py,

The approximation is valid for amplitude variations whose
bandwidth is much smaller than 1/7. An amplitude-
modulated signal with sinusoidal modulation at modulation
frequency f,, has a time-varying envelope A(t) given by

A(t) = A1 (1 + mcos (wpt)). (25)

The lowpass filtered demodulated signal Vpemoprp is equal
to

2
m
VDEMODLP(t) = A% |:1 + 7 + 2m cos (wmt)

(26)
2

+ mT cos (Zwmt)} cos (w,T)
which for low-modulation depth m can be approximated by
Vpemonrp(t) = A2[1+2mcos (wpt)] cos (wct).  (27)

This implies that the AM sensitivity equals zero at the operat-
ing points chosen for FM demodulation as given by (12) and
has its maximum values in between, where the term cos(w,7)
has its extreme values. As a result, the delay-line demodulator
provides strong AM rejection for narrowband signals cen-
tered on those operating points. This fact can be exploited
to lower the demodulator output voltage for out-of-band in-
terfering signals with a strong AM component (like OFDM
WLAN signals at 5.25 GHz).

4. BERPERFORMANCE WITH AWGN

This section illustrates how the double FM system performs
under AWGN conditions. Figure 9 shows a receiver block di-
agram useful for calculating the probability of error P}, of the
digital output signal.

It consists of a cascade of the following blocks:

(1) wideband FM demodulator;
(2) subcarrier filter;
(3) subcarrier demodulator.

The wideband FM demodulator acts as an SNR converter.
The SNR at the wideband demodulator output is a nonlinear
function of the input SNR:

SNRpemop = W (SNRgp). (28)

Next, the bandwidth of the demodulated signal Bpgmop is
limited to the bandwidth Bsup of the FSK subcarrier signal in

Vs
z

VN

Vi

Vo

FiGure 10: FM demodulator model for calculating the SNR transfer
Y.

the subcarrier bandpass filter. The subcarrier SNR (SNRgyp)
is given by

Bpemop
SUB

SNRgyp = SNRpgmoD - (29)

This SNRsyp determines the probability of error at the sub-
carrier demodulator output. Assuming binary FSK with co-
herent detection and a modulation index Ssyg = 1 for the
subcarrier modulation scheme, the probability of error P,

equals [8]
1 | SNRsup
P, = 5 erfc — (30)

The calculation of the SNR transfer function ¥ of the FM
demodulator is based upon the model presented in Figure 10.

The exact mathematical calculation is rather tedious [9];
it appears that the noise conversion depends on the offset o.
The following intuitive calculation assumes a frequency off-
set 0 = 0 and autocorrelation of the noise Ry (7) = 1 for val-
ues of the delay 7 according to (12). Although a rather coarse
approximation, it yields results that correspond well to mea-
surements made on a hardware prototype of the wideband
demodulator.

The FM demodulator’s input voltage V; consists of the
sum of signal voltage Vs and noise voltage V. By definition,
the signal power S and noise power N are equal to S = V3
and N = Vf,. The bandwidth of both signals is Brr = 2( +
1) fsus.

The FM demodulator’s output voltage Vo equals
Vo =V} =(Vs+Vy)
= V3+ Vi +2VsVy

= $+N+2VSVN

= Vso + Vnio + Vzo.

(31)

The output voltage Vo is the sum of one signal term Vo and
two independent noise terms Vyi1o and Vyzo. The output
signal power Sp and the output noise power No are as fol-
lows:

So = S,
(32)
No = N? + 4SN.
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FiGURE 11: SNR conversion at various bit rates with AWGN for R = —— UWBFM
........ 2-FSK

1-1000 kbps, Brr = 1 GHz, and S = 1.

The output SNR is then given by

JSV—Z -¥(y) - wa - (%)(%) (33)

This expression can be approximated by

So _ (ﬁ) ~ (ﬁ)z S

5 =Y ~ for — <« 1, (34)
So _ (ﬁ) 1S S

No_qj N/ 4N forN>>1' (35)

Equation (34) corresponds to the operation below thresh-
old, while (35) corresponds to the operation above thresh-
old. Assuming a flat spectrum for the noise terms Vnio
(noise x noise) and Vyy0 (noise X noise) of Brg, and re-
ferring to Figure 9, we can now calculate the SNRgyp at the
input of the FSK demodulator as follows:

Bre Spemop _ Brr 2 <1>
Bsus Npemop  Bsus RE\ 1+ 4SNRgg /-
(36)

SNRsyg =

Figures 11 and 12 illustrate results for data rates R from 1 to
1000 kbps. The subcarrier modulation index Ssug is constant
and equal to 1, resulting in a subcarrier bandwidth Bsyp =
2R. Figure 11 shows the SNRgyg as a function of the RF SNR
(SNRgg). A 10-fold increase in data rate results in a 10-fold
increase of the subcarrier bandwidth and gives a 10 dB shift
downwards in the SNR curve of Figure 11.

Figure 12 shows the probability of error Py as a function
of the SNRgr for the UWBFM system with constant 1 GHz
bandwidth for various data rates. For comparison, the figure
also shows the probability of error for a narrowband binary
FSK system occupying an RF bandwidth Bsyg.

In a narrowband frequency modulation (NBFM) system,
no SNR conversion occurs and therefore, the four curves co-
incide.

FIGURE 12: Probability of error P, for various bit rates for an FSK
and a 1 GHz bandwidth UWBEM system (R = 1-1000 kbps, Brr =
1 GHz, and o = 1).

A fair comparison between UWBFM and FSK can be
made for signals having equal signal power (resulting in
equal energy per transmitted bit E;) and equal receiver noise
single-sided power density Ny. Figure 13 shows the results of
such a comparison; the probability of error Py, is shown as a
function of Ep/Ny. It can be concluded that for LDRs, there
is a considerable penalty in the receiver performance.

The reason is that for LDRs and error probability values
higher than 1E-6, the wideband FM demodulator is always
operating below threshold. At MDRs, the situation gets bet-
ter and the difference between FSK and UWBEM lowers to
11dB at a data rate of 1000 kbps.

At even higher data rates, the difference remains con-
stant, since now the wideband FM demodulator operates
above threshold and the SNRgyp increases linearly with the
SNRgr. The performance degradation is also a function of
the subcarrier modulation index. A smaller value of fsup
lowers the performance penalty. Figure 14 illustrates this
phenomenon for a fixed data rate of 1000 kbps and subcar-
rier modulation index values of 0.5, 1, 2,4, and 8.

What does this imply for the link budget of a typical
UWBFM communications system operating at 4 GHz with a
bandwidth of 1 GHz, and data rate R, subcarrier modulation
index fqb = 1, at an error probability P, of 1E-6?

The answer is relatively straightforward in terms of
pathloss, defined as the difference (dB) between the trans-
mitted power Prx and the received power Pgx as

PLgg = 10log,, (@> (37)
Prx

Substituting Bsyp = 2R into (36), it is straightforward to cal-

culate the required SNRgr and obtain the SNRgyp of 14 dB

required to obtain P, = 1E-6. One finds values for SNRgp

between —22 dB(R = 1kbps) and —5dB(1000 kbps).
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FIGURE 13: Probability of error P, comparison for UWBFM and
FSK (R = 1-1000 kbps, Bgr = 1 GHz, and S = 1).
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FIGURE 14: Probability of error P, comparison for UWBFM and
FSK with Bsug values of 0.5, 1,2,4, and 8 (R = 1000 kbps).

The equivalent receiver’s input noise power Pyrx for an
RF bandwidth Bgrp and a receiver noise figure NF is equal to
Pnrx = kT NF Bgg. (38)

Expressed in dBm and with the noise figure expressed in dB,
(38) yields

PNRX,dBm = 1010g10 (kTBRF) + NFdB +30 (dBl’I’l) (39)
Assuming a receiver noise figure NF of 3 (5dB), this yields an

equivalent noise power Pyrx = —79 dBm at the receiver in-
put. Figure 15 shows the received power as a function of the

der free-space propagation conditions at 4 GHz and equivalent in-
put receiver noise power.

TaBLE 3: Required SNRgg, allowable pathloss, and equivalent free-
space range to obtain P, = 1E-6 for various data rates assuming
AWGN conditions, and Bsys = 1.

Data rate R SNRgg PL drs

(kbps) (dB) (dB) (m)
1 —-22 90 183
10 —-17 85 106
100 —11 79 52
1000 -5 73 25

distance under free-space propagation conditions, assum-
ing isotropic antennas with an efficiency of 100%. Transmit
power equals —11 dBm, the maximum power allowed for a
UWB system with 1 GHz bandwidth.

The pathloss can be written as

p
PLgs = 101og,, <7SNRRZ’NRX ) : (40)
Under free-space propagation conditions, using a subcarrier
deviation B, = 1, and a bit rate varying between 1 and
1000 kbps, a pathloss (at the center frequency f.) between 90
and 73 dB can be dealt with, as shown in Table 3.

Table 3 also shows the equivalent range drs that can be
covered under free-space propagation conditions. These fig-
ures indicate a good link margin for LDR and MDR WPAN
applications.

These results reveal that there is room for LDR and MDR
UWBEM systems. Their performance is degraded by 10—
15dB with respect to narrowband FM systems, however in
return, the UWBFM provides robustness against interfer-
ence and multipath that is not available in narrowband FSK
systems.
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5. MULTIUSER UWBFM SYSTEMS AND ROBUSTNESS
AGAINST NARROWBAND INTERFERENCE

In a traditional FM receiver, a limiting device removing AM
components precedes an FM demodulator. Simultaneous de-
modulation of multiple FM signals is not possible in such
a system. Usually, simultaneous demodulation is considered
undesirable. In an FM broadcast radio, it clearly makes no
sense to demodulate all of the FM broadcast stations simul-
taneously.

In a WPAN, a limited number of users may need to com-
municate together at the same time. This can be accom-
plished using time-division multiple-access (TDMA) tech-
niques as in the GSM system, for example, which requires
synchronization between the users. In a WPAN application,
it would be much more elegant if little or no coordination
between the users is required.

In UWBEM, an FDMA technique is used assigning dif-
ferent subcarrier frequencies to different users. Using an FM
demodulator without hardlimiting, allows for simultaneous
demodulation of multiple FM signals. We will now show
mathematically that this is possible. We assume that the de-
modulator input signal is the sum of two UWBEM signals
Vi and V, of amplitudes A; and A,, phases ¢; and ¢, car-
rier frequencies f;; and f, and message signals m; and m,
having a subcarrier frequency of f,,; and f:

V(t) = Vi(t) + V()
(41)

= Ay sin (wat + @1 (1) + Ay sin (weat + @a(1)).
The demodulator output signal Vpgmop now equals
Voemon(t) = {Vi(t) + Va() H{Vi(t — 1) + Va(t — 1)}
=ViOVi(t— 1)+ Va() Va(t — 1) (42)
+ Vi Va(t — 1) + Vit — 1) Va(2).
The first two terms of (42) represent the useful signal U(t):

Ut) = Vi)Vi(t = 7) + Va()) Va(t — 1), (43)

which after lowpass filtering yields the sum of the two mod-
ulating signals m,; and ms,.
The last two terms of (42) constitute the residue W (t):

W(t) = Vi() Vot — 7) + Va(t) Vi(t — 7). (44)

This residue may corrupt the useful signal U(t).

We will now investigate the low-frequency terms of the
residue W (t) (obtained by a lowpass filter at half the carrier
frequency f.) in more detail. Writing out the individual low-
frequency terms yields

AA;

Wie(t) = 08 { (w1 — w2 ) t+ W T+ @1 (1) — 92 (t—7) }

AA

2 cos {wa—wa)t+wat+ea(t) — 1 (t—1)}.
(45)

These two terms represent two FM signals centered at fre-
quency (wq — we) modulated by (m(t) — my(t)) which
is the difference of the modulating signals. In other words,
the residue terms are the result of asynchronous down-
conversion of signals V; and V; by each other, resulting in no
demodulation. The spectrum of this residue is spread over a
bandwidth of 2(A f; + Af2).

Figure 16 illustrates the resulting signals for the simul-
taneous demodulation of the two UWBEM signals of equal
amplitude and carrier frequency as shown in Table 4. The
two UWBEM spectra are completely overlapping. The FM
demodulator is a delay-line demodulator with N = 3 and
fe = 4 GHz. Its useful bandwidth Bpgmop is 2.67 GHz.

Figure 16a shows the spectrum of the RF signal V; + V;
at the delay-line demodulator input. The two components
in the demodulator output signal, that is, the useful signal
Upr(t) and the residue Wig(t), are shown in Figure 16¢. The
instantaneous frequency of the residue is proportional to the
difference of the two modulating signals 7, and m, as shown
in Figure 16b. The envelope of the residue is proportional to
the sum of the two modulating signals m; and m,.

Figure 17a shows the spectrum of the useful part Urp(f)
with peaks at the subcarrier frequencies and their third
harmonics. Figure 17b shows the spectrum of the residue
Wie(f). Only a small part of the residue power falls within
the subcarrier bandwidth.

It can be seen that the residue is spread across a band-
width of 2(Af; + Af,) = Brg = 1200 MHz. Defining signal
V) as the wanted signal and signal V; as the interference, the
RF signal-to-interference ratio SIRgr is as follows:

SIRgs = 20log, (ﬂ> (dB). (46)
A
For the case where A; = A,(SIRgr = 0dB), the total residue
power (between 0 and Bgp) is equal to the signal power of
one demodulated subcarrier signal.

Making the approximation that the spectrum of the
residue is flat over its bandwidth, the subcarrier signal-to-
interference ratio SIRsyp in the subcarrier filter bandwidth
Bsug, can be approximated as

SIRsup ~ SIRge —101og,, (ﬁ) (dB).  (47)
Bsus
Consider the case where Bgr = 1200MHz and Bsyg =
1 MHz; this yields SIRsyg = SIRgg —31 dB, which is sufficient
for demodulation of the subcarrier with an error probability
P, = 1E-6, down to an SIRgr as low as —17 dB.

For the more general case, where the demodulator input
equals the sum of N input signals {Vi(t), Vo(8),..., VN(1)},
the output signal of the wideband demodulator will com-
prise (according to (42)) N? terms: N terms of the form
Vi)vi(t — ) (i = 1,2,...,N) for the useful signal U,
and N(N — 1) terms of the form Vi(t)Vi(t — 1) (i =
1,2,...,N; j=1,2,...,N, j # i) for the residue W. Clearly,
the residue power increases with the number of users. The
subcarrier SIR will decrease due to this multiple-access in-
terference. Like in a direct-sequence CDMA system, the
multiple-access interference will limit the number of users.
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FIGURE 16: (a) Spectrum of the RF input signal V; +V; (S(V1+V3)),
(b) difference of modulating signals m, and m, (m; (t) —my(t)), and
(c) useful signal Uy and residue Wyp.

The case of a narrowband or CW interferer is like a sec-
ond user with little or no modulation. Figures 18 and 19 illus-
trate the case of a UWB signal with a subcarrier frequency of
20 MHz, bit rate of 2 Mbps, deviation A f = 600 MHz, and a
20 dB stronger CW interferer. The UWB signal and interfer-
ence are characterized by the parameters shown in Table 5.
The high value for the subcarrier frequency and bit rate were
chosen to reduce the simulation time of this SPICE simula-
tion. The circuit is simulated over an interval of 8 microsec-
onds and the maximum value of the time step used by SPICE
equals 20 picoseconds.

Figure 18 shows the spectra of the input and output sig-
nals Vrr and Vpemoprp of the wideband demodulator.

Figure 19a shows the spectrum of the filtered subcar-
rier signal prior to FM demodulation. Figure 19b shows the

transmitted and received message signals m and mpgx. It can
be appreciated that the UWBFM system can easily cope with
the CW interferer.

The robustness to more realistic interfering signals, like
inband UWB, multiband OFDM signals, and out-of-band
WLAN signals will be addressed in future research.

6. MULTIPATH PERFORMANCE OF UWBFM

As mentioned in Section 3, multipath is a major source of
AM components. The UWBFM signal is inherently scan-
ning the frequency-dependent transfer function H( f) of the
channel. We will first illustrate this for a single-reflection
channel described by the 2-path model [10] with transfer
function

Hy(f) = 1+ ape/®e12m/m, (48)

The magnitude of this transfer function equals

|Hy(f) ] =\/1+a§+2a2cos(2ﬂf12—oc2). (49)

Figure 20 shows the magnitude of this transfer function for
parameter values a, = 0.4, a, = 0, and 7, = 1312.5 pi-
coseconds. The UWBFM signal is centered at 4 GHz and has
adeviation A f = 600 MHz and a sinusoidal subcarrier signal
m(t) of frequency f,, = 1 MHz. The instantaneous frequency
of this UWB signal is also sinusoidal with time and varies be-
tween 3.4 and 4.6 GHz.

The UWB signal is scanning the frequency-dependent
channel transfer function H(f) with the rhythm of the
modulating signal m(t). The amplitude A(¢) of the received
UWSB signal Vrx(t) will vary accordingly. Figure 21 shows
the subcarrier signal m(t), the time-varying amplitude A(t)
of the receiver’s input signal, as well as the resulting FM
demodulator output voltage Vpemoprp(t); the latter is equal
to the output voltage without multipath multiplied by A2(¢).

Figure 22 shows the spectrum of the demodulated signal.
The harmonics result from the time-varying amplitude of
the received signal. This example clearly illustrates the pres-
ence of the second harmonic of the subcarrier (6 dB below
the fundamental in this particular example).

In order to illustrate the performance of UWBFM for
more complex channels, a case with an 8-path channel model
with transfer function Hg( f) has been simulated with

8
Hs(f) = > ae/%e 12/, (50)

i=1
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FIGURE 17: (a) Spectrum of the useful part Uis(f) and (b) spectrum of the residue Wi (f) of the demodulated signal.
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FIGURE 18: Spectrum of wideband demodulator input and output signals (a) Vre(f) and (b) Vpemonre( f) for a 20 dB stronger CW interferer.
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FIGURE 19: (a) Spectrum of the subcarrier demodulator input signal Vpemonre(f) and (b) transmitted message m(t) and received message

mkx(t)

TABLE 5: Parameters of the UWBFM and CW jammer signal.

Signal UWBFM CW
RF center frequency 4GHz 4GHz
RF voltage 1V 10V
Subcarrier frequency 20 MHz —
Subcarrier deviation 600 MHz —

The coefficients {a;, a;, 7;} are given in Table 6. This model
represents a short-range communications channel with one

attenuated direct component plus seven delayed compo-
nents.

Figure 23 shows the magnitude |Hg(f)| of the frequency-
domain transfer function of this 8-path channel. Figure 24
shows the subcarrier signal m(t), the time-varying amplitude
A(t) of the receiver’s input signal, as well as the resulting FM
demodulator output voltage Vpemoprp(t) for this more com-
plex channel.

Clearly, A(t) is changing rapidly with time. Figure 25
shows the spectrum of the demodulated signal. The second
harmonic of the subcarrier is still present and the number of
harmonics has significantly increased.

Since the fundamental of the subcarrier frequency is
always present, the demodulation of this signal is not af-
fected. The bandpass filtering already present to implement
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FiGure 21: Original modulating signal m(t), time-varying ampli-
tude A(t), and demodulator output signal Vpemopre(t) for the 2-
path channel.

the subcarrier filtering will remove the subcarrier harmonics
prior to demodulation. UWBEM is therefore robust to mul-
tipath.

However, the second and higher harmonic components
will camouflage any useful signal whose subcarrier is at their
frequency. Figure 26 illustrates what may happen for the
LDR-MDR UWBEFM system using subcarrier frequencies be-
tween 1 and 2 MHz as shown in Figure 4. The second har-
monic components fill up the frequency range between 2 and
4MHz.

Frequency (MHz)

Figure 22: Spectrum of the demodulator output signal
S(Vpemoprp) in the case of a 2-path channel with a, = 0.4.

TasLE 6: Coefficients of the 8-path channel model.

a; o; 7; (ns)
0.30 0 0

0.11 0 2.5
0.21 0 3.5
0.33 0 4.0
0.50 0 4.688
0.37 0 5

0.22 0 5.5
0.10 0 6.5

If no form of equalization is used, the useful subcarrier
frequency range is limited to a single octave. Equalization is
the subject of further investigations.

7. CONCLUSION

A novel frequency-domain UWB technology has been pre-
sented. UWBFM uses double FM: low-modulation index
digital FSK followed by high-modulation index analog FM
to create a constant-envelope UWB signal whose spec-
tral density is lowered by a factor equal to the modula-
tion index B. The UWBFM center frequency and band-
width can be easily controlled and the spectral roll-off is
steep.

The performance degradation compared to NBEM sys-
tems is between 10 and 15dB in terms of probability of
error performance and depends on the subcarrier modu-
lation index. Despite this degradation, a 1 GHz bandwidth
UWB communications system operating at a center fre-
quency of 4GHz has a range of 25m under free-space
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FIGURE 24: Original modulating signal m(t), time-varying ampli-
tude A(t), and resulting demodulator output signal Vpemopre () for
the 8-path channel.

propagation conditions when operating at 1Mbps and
100m at 10kbps, yielding a good link margin for LDR
and MDR WPAN applications. Moreover, UWBEM pro-
vides robustness against interference and multipath, espe-
cially for low bit rates, that is not available in NBFM sys-
tems.

Characterization, modeling, and subsequent mitigation
of in-band interference from other UWB systems like im-
pulse radio and multiband OFDM, as well as strong out-
of-band signals like WLANs will be addressed in future re-
search.

Multiple subcarriers can accommodate multiple users.
Simultaneous demodulation of the various UWBEM sig-
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FiGure 25: The spectrum of the demodulator output signal
S(Vpemoprp) for the 8-path channel.
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FiGurek 26: Effect of second harmonic distortion on the spectrum
S(f) after the wideband FM demodulator for a 1-2 MHz subcarrier
system.

nals is achieved in a wideband FM demodulator that is
not preceded by any limiting device. However, due to the
squaring action of the demodulator, the dynamic range
of the demodulated signal expands, requiring steep sub-
carrier filtering. The number of users is also limited by
multiple-access interference, which is a subject for future re-
search.

Multipath introduces envelope variations in the ampli-
tude of the received signal that result in harmonic distor-
tion of the demodulated UWBEM signal. Without equal-
ization, the useful subcarrier range is limited to one oc-
tave. Equalization techniques will also be addressed in future
research.
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