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Designing Optimal Pulse-Shapers
for Ultra-Wideband Radios

Xiliang Luo, Liuging Yang, and Georgios B. Giannakis

Abstract: Ultra-Wideband (UWB) technology is gaining increas- i) Operating below the noise floor, UWB radios must emit at

inginterest for its potential application to short-rangeindoor wire- low-power. But as any other communication system, the
less communications. Utilizing ultra-short pulses, UWB baseband performance of a UWB system heavily relies on the re-
transmissions enable rich multipath diversity, and can be demod- ceived signal-to-noise-ratio (SNR), which is proportional to

ulated with low complexity receivers. Compliance with the FCC
spectral mask, and interference avoidanceto, and from, co-existing
narrow-band services, calls for judicious design of UWB pulse
shapers. This paper introduces pulse shaper designs for UWB ra-
dios, which optimally utilize the bandwidth and power allowed by

the transmit power. Maximization of the latter, however, can
be achieved only if the spectral shape of the FCC mask is
exploited in a power-efficient manner.

i) To avoid interference to (and from) co-existing narrow-

the FCC spectral mask. The resulting baseband UWB systems can band systems, their corresponding frequency bands must be
be either single-band, or, multi-band. More important, the novel avoided. Since the nature and number of co-existing ser-
pulse shapers can support dynamic avoidance of narrow-band in- vices may change depending on the band used, the avoidance
terference, as well as efficient implementation of fast frequency mechanism should also allow for sufficient flexibility.

hopping, without invoking analog carriers. iii) Traditionally, UWB multiple access is achieved by employ-

ing time hopping (TH) codes [3], [4]. User capacity of UWB
Index Terms: Ultra-wideband (UWB), pulse shaper, FCC spectral radios can be further improved by partitioning the ultra-wide
mask, multi-band, time hopping (TH), frequency hopping (FH). bandwidth into sub-bands, allowing users to hop among these
sub-bands according to user-specific hopping patterns. Since
hopping takes place over sub-bands centered around different
| INTRODUCTION frequencies, similar to narrow-band systems, frequency hop-
ping (FH) can also enhance system capacity, and reinforce the
Ultra-Wideband (UWB) radios (a.k.a. Impulse Radios) are low probability of interception/detection (LPI/LPD) of UWB
gaining increasing interest from industry, government, and radios.
academia, for their potential especially in the area of short-
range indoor wireless communications [1]. Utilizing pulses

of duration in the order of a nanosecond, UWB transmissiomSOdU|e — the pulse shaper. Unfortunately, the widely adopted

enable rich multipath diversity. In baseband operation, U aussian monocycle is not flexible enough to meet these chal-

transceivers are also carrier-free, and can thus be implemerlﬁen es [5]. To design pulse shapers with desirable spectral prop-

with low complexity eretles, two approaches can be employed: Carrier-modulation
' I igital filteri f th I
Occupying extremely broad bandwidth, UWB radios in<'31nd/0r baseband analog/digital filtering of the baseband pulse

. . . shaper. The former relies on local oscillators at the UWB trans-
evitably have to overlay existing narrow-band RF services, Suﬁ;ﬂ

All these requirements heavily rely on a basic transmitter

- he Federal C ications C ission (F stems with FH, multiple CFO/CFJ's emerge with this ap-
co-existence, the Federal Communications Commission ( })ach. Although passing the (Gaussian) pulse through a base-

has rel,:eased aspe(_:tral mask n Its “F|_rst UW_B Report and Or fdnd analog filter can re-shape the pulse without introducing
(R&O)" [2], that limits t.h € equwalgnt Isotropic rladlated POWE-r o cFy, it is well known that analog filters are not as flexi-

(EIRP) spectrum density W'.th which UWB radios are allowe le when compared to digital filters, which are accurate, highly
to transmit. In order to realize the attractive features of UW, ear, and perfectly repeatable [6]

radios under this FCC regulation, the following challenges have i i ) ,
to be addressed: To this end, this paper introduces optimal pulse shapers for

UWB using the “workhorse” of digital filter design methods,
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which is constructed by sampling the FCC mask [7]. Differentt), and its shape depends on the specific TH eade.f. (2)].
from these pulse shapers, our designs not only offer optim&8pecifically, based on (2) and (3), we can easily verify that
ity in meetingthe FCC mask, but alsoptimally exploitthe al-

lowable bandwidth and power. Moreover, converting the digital Dou(f) = £i|p(f)|2p1(f)7 (4)
designs in [7] into analog form entails digital-to-analog (D/A) & Ty

operations at4GHz rate; whereas our designs can be imple-
mented without requiring expensive ADC circuitry and without"€"®
modifying the analog components of existing UWB transmitters

[5].
The rest of the paper is organized as follows. The transmit ) Ny
spectrum and its relation to the underlying UWB pulse shaper l

2
Nyg—1 _4 —q .
‘} :k fo e jQTrfkae 27 ferTe

X

1 —cos(2rAf) n 1+ cos(2rAf) Ji:.o 5(f — k

is given in Section Il. The optimal pulse design methodology is =)
2 2T T

developed in Section lll, while Section IV analyzes the impact
of these designs in mitigating NBI. The effects of clock jitter
and comparisons with the analog carrier-modulated UWB syg=quation (4) is a special case of [10], where a general PSD
tems in the presence of CFO/CFJ, are analyzed in Section V expression allowing for (even long) deterministic TH codes is
Sections VI and VII, design examples and simulated comp&erived. Wherx;, in (1) is integer-valued independent and uni-
isons are presented. Finally, concluding remarks are offered@imly distributed overf0, N. — 1] as in [11], the PSD is still

k=—o00

Section VIII. given by (4) but withp, (f) replaced by
f) = 1- 1+ cos(2mAf) | sin (7 fT.N,) ’ 1
II. TRANSMIT SPECTRUM AND PUL SE SHAPER p2 = 9 sin (7 f1.) | N2
A typical modulation in UWB radios is binary pulse posi- +00
tion modulation (PPM), in conjunction with time hopping (TH) + %MTL o(f — Tﬁ)' (5)
f k= c

codes that are used to enable multiple access (MA) and smooth
the transmit-spectra [3]. With(¢) denoting the pulse shaper

with £, := [ p?(t)dt, the emitted waveform from a single UWB Although p; (f) andp2(f) contain spectral spikes, the severity
transmitter is of interference from UWB transmissions to co-existing systems

depends on the average power, which entails integration of the
PSD over the band (sdy, f2]) that the victim system(s) op-

[ €
u(t) = Z < p(t = kTy — T — s (|[k/N¢])A), (1) erates in. For this reason, integratipg(f) and p2(f) yields
k b approximately:

where¢ is the transmitted energy per pulsg; is the frame o

duration consisting ofV,. chips,c, € [0, N, — 1] is the N;- / p1(f)df ~
periodic TH sequencd,. is the chip periods(n) represents the 1
information symbol, and\ is the PPM modulation index. With : o
k indexing frames in (1), each information symbol is transmittegfgsgaif&t’i z 2 z?g)a it:’]\;g f(zle)qiun? nl?(laistr?:;“ivzmg nfaf ! rf)xiln/w Z{é the
over Ny frames, which explains the floor operatipty N, |, and EIRP s ec?rum of a single SWB fransmitter as [Fépf 0]
implies that the effective symbol duration13 := N;T. To P 9 w

implement TH, each frame is divided int¥, chips, each of & |P(f)?

durationT.,, i.e., Ty = N.T.. Upon defining the symbol level Sprrp(f) = < T (7)
pulse shaper as oS

fa

f2
i pa(f)df ~ i ldf = fo— f1,  (6)

Nyt FCC requires that EIRP spectra emitted by indoor UWB ra-

N 1 _ _ dios must adhere to the spectral mask depicted in Fig. 1(a) [2].
ps(t) = Z /gpp(t KTy = e Te), ) In order to satisfy the FCC power emission limit, we need to
keep® s rp(f) below the prescribed spectral mask. Evidently,

the transmitted signal can be rewrittenas) = 3", v/Epa(t — this can be achieved for anyt) by confining€ to sufficiently
nT, — s(n)A). The power spectrum density (PSD) of the lattdPW values. But recall that symbol detection performance de-

k=

[}

can be calculated as in [9, Chapter 4] pends on the SNR, which is proportional fo Therefore, it
is desirable to design pulse shapers that allow for efficient ex-
1 o [1—rcos(2mAf) ploitation of the FCC mask.
Puu(f) = 5i|Ps(f)| X {— 9 Before introducing our pulse shaper designs, let us first con-

sider the Gaussian pulse, which has been widely adopted by
©) UWB radar and communication systems [12]. With the Gaus-

sian pulse as input, the UWB antenna acts as a differentiator

[13] to produce naturally at its output the first derivative of the
where P;(f) is the Fourier Transform (FT) ofs(¢), whose Gaussian pulse, which is known as the Gaussian monocycle [5].
nonzero frequency support is determined by the pulse shaférce the transmit spectrum depends on the pulse shape at the

+oo
1+ cos(2mrAf) Z 5(f — k)

2T, T,

)

k=—o0
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FCC Spectral Mask for Indoor UWB System Fourier Transform Mask : M() Using the Gaussian monocycigt), that constitutes the an-
u tenna’s physical response, as the elementary building block, can
we optimally desigm(t) with desirable spectral characteris-
tics?

In the next section, we will introduce our methodology for
designing optimum or sub-optimum pulse shapers based on the
basic Gaussian monocycle.

0.6 q
1+ System 1

: _60,:5: 1= System2 1 I11. OPTIMAL PULSE DESIGN

: o4r ] As we discussed in Section I, the transmit EIRP spectrum
EId B 1 is directly related taP(f). In order to utilize the FCC spectral
s N mask efficiently, the magnitud®( f)| needs to closely approxi-
il A o ' ' i mate the shape of the spectral mask, which translates to a desired
Ny . magnitude profileP;(f). We will show later thatP;(f) can be
-150 4 ; ; 3 ‘ ‘ chosen to satisfyany desirable specifications, which explains
° requency (G 15 0 Frequency (GHi) *  why we did not limit ourselves to desired pulses wit(f)
@ ® equal to the FCC spectral mask. The problem statement is:
Fig. 1. (a) Solid: FCC spectral mask for indoor UWB system. Dot- Given '_) the Gaussian monocyq}ét) whose shape is L{mquely
ted: System 1, whose PSD violates the spectral mask over 1-3GHz.  determined by, or, equivalently,f, [c.f. (8), (9)], and ii) the
Dash-dotted: System 2, whose PSD satisfies the spectral mask. (b) desired FT magnitude®;(f), we want to desigmp(t) so that
Fourier Transform mask. |P(f)| approximatesP;(f) in some meaningful sense of opti-
mality.
output of the antenna, we will henceforth consider the pulseNormalizing the square root of the FCC spectral mask to a
shaper incorporating the aggregate effects of the on-chip puissurier Transform mask((f), with max {M(f)} = 1 (see
in cascade with the transmit antenna. The Gaussian monocysig. 1(b)), it follows thatP,(f) is upper bounded by (f).
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can be expressed as Our key idea is to design(t) as:
b —25)? M-1
g(t) =2VeA—e 70", (8
Ty p(t) = Y winlg(t —nTp), (10)
wherer, is the time duration between its minimum and max- n=0

imum values andi represents its peak amplitude. The pulsgherew(n] are tap coefficients with spaciffg. As we will dis-
duration is approximatel{;, = 47,. Accordingly, the FT of cyss later, the choice @ affectsw[n], and thus the feasibility,
g(t)is optimality, and complexity of the overall design. It can be easily
1 [2eAf 3y verified that the FT op(t) is given by [c.f. 10]:

G(f) = :

e ©

P(f) =W (e 0)G(f), (11)
where f, := 1/(n7,) is the frequency wher&=(f)| is maxi- hereW (¢i2mfTo) .— s~M~1 —jonfTon iodic with
mum. Lettingp(t) = ¢(¢) in (1), the transmit EIRP spectrumW ereyy (e )i= Lng winle » 1S Periodicwl

is depicted in Fig. 1(a) for two values of transmit-power: a pr W(eﬂ’ffTO)\ is symmetric around = 0. Consequently, we

hibitively high power (System 1), and a sufficiently low powe .
(System 2). Trying to maximize transmission power, Systemcfn uniquely control P(f)| only over the band0, 1/(27y)],

i i 327 fToY j i iodi
violates the FCC spectrum mask; whereas trying to respect %qce outside this bant’(e ) s replicated periodically.

e . . . !
FCC mask at the forbidden bands, System 2 does not exp is implies that depending on the prescribed band of interest,
the FCC mask in a power efficient manner. Consequently,

%I.needs to be selected accordingly (we will see specific cases
Gaussian monocycle does not lead to optimal utilization of the

ater).
spectrum assigned by FCC. Moreover, utilization of the enti{ﬁ

eriod (1/Tp)Hz. Furthermore, with{w([n]}2;! being real,

Having selectedy, ourp(t) design problem is equivalent to

. LT . e following one:
bandwidth entails circuits and processors with enormous frﬁ' d M tap coefficientsw[0], - - - , w[M—1], so that the function

guency response. The payback, however, may not be as hz-TC (e727/T0)| satisfies:
some, due to the increasingly lossy nature of high frequency € '

bands. Therefore, it is sometimes desirable to use only a frac- ~ Palf) Felo, i

tion of the entire bandwidth, which also facilitates NBI suppres-  |W (¢/27/70)| . IGCAI” » 210 (12)
. N : ; - M(f) 1

sion. Furthermore, partitioning the entire bandwidth, and letting <1GHr fe [2T07+°O]'

each user utilize only a fraction of it, enables multiple access via
frequency hopping (FH). Although readily implementable [14], Notice that apart from compliance to the normalized FCC
[15], the Gaussian monocycle does not provide us with such caask, we attach no strings on our filter taps[n]}2 ;' out-

pability and flexibility, unless it is employed after some processide the controllable band of interest. This will allow flexibil-
ing. These considerations give rise to the following question: ity in selectingZy and will also lead to a parsimonious design
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— G0l proximation theory [16].

i L M)
H 1
oo s A. Single-Band UWB

In order to utilize the entire bandwidth fro.1GHz to
| 10.6GHz, the P;(f) must be as in Fig. 2, where we have in-
tentionally setP;(f) = 0, Vf < 3.1GHz to avoid interference
to GPS. Recall also that the tap spacifigshould be chosen
depending on the band region in which we want to control the
pulse shaper design. We will distinguish between the following
two cases:

08F =

T
o i

0.7F-=
06 =
05 =

04 =

[ S AR R
I

03F =

A.1 Full Band Control

Since Wp,(e727/T0) is symmetric around /(27;) and re-
1 peats every(1/T5)GHz, to gain full control over the entire

P,

o2f f I

oapf I :

!

e ‘ ‘ ‘ ‘ v ‘ band[3.1,10.6]GHz, it is necessary fdfy to obeyl/(27,) >
% 2 4 6 s 10 12' 1 1 18 20 10.6GHz. Recall now that our linear phase filtdf; (¢727/70)
Frequency (GHZ) must satisfy [c.f. (12)]
Fig. 2. FT of Gaussian monocycle with f; = 6.85GHz vs. Fourier ~ D(f) = Py(f) felo L]
Transform mask M (f). \WL(ej%fTO)\ . {"“ Mif) —1G(H)] 1’ 2T, (14)
< i f>ar

with small M, and thus low implementation complexity. Furwhere M(f) is the Fourier transform mask. Under the con-
thermore, iff, in (9) is also specified, the pulse shaper desigiiraint1/(27,) > 10.6GHz, we will selectT; to fulfill (14)
problem boils down to a Finite Impulse Response (FIR) filtdor f > 1/(2Ty); i.e., to obey|W (e727F10)G(f)| < M(f)
design problem: for f > 1/(2Ty). BecauselG(f)| decreases monotonically
Design an M-tap FIR filter with coefficients:[0],--- ,w[M — for f > 1/(2Ty), it suffices to enforce this last inequality for
1], so that its Discrete Time Fourier Transform (DTFT) maga fixed pointf,, where|W (e727#70)| achieves its maximum,
nitude [W (e727")| approximates the functiob(F/T;), F € = since theq Wy (e727/T0)G(f)| < |Wy(e72™oT0)G(fo)|,Vf >
[0,0.5], whereD(f) := Pa(f)/|G(f)|, f € [0, 57 ]- fo, by the monotonicity of|G(f)| and the periodicity of
Among various FIR filter design methods, the IDFT one g1, (e727f70)|. Based on these considerations, we choose this
the easiest to implement, but does not offer flexibility in agsoint to bef, = 1/7, — 10.6GHz.
proximating D(F'/Ty). Furthermore, aiming at low complex- At this point, we haveG(f,)| = |G(1/T, — 10.6GHz)|,
ity implementation, we wish to minimize the number of tapand | (e/?7foTo)| = |W(e/?710-6T0)| by the periodic-
M, which in turn will minimize the time duration of the resul-ity. As in Fig. 2, we haveP,;(10.6) = 1, which implies
tant pulse shaper for a givey, sinceT, = T, + (M — 1)Ty. that |y (e/27106T0)| ~ P;(10.6)/|G(10.6)| = 1/|G(10.6)|.
These considerations motivate us to adopt the Parks-McCleltgierefore, selectingy to satisfy (14) forfy = 1/7, —10.6GHz
algorithm [6, Chapter 7], which leads to pulse shaper desigasiounts to choosingj, so that
that are optimal in the sense that they minimize the maximum

approximation error over the frequency band of interest. For ’G (T% - 10.6)‘ 1
simplicity, we choose linear phase filter approximants with sym- TG00 <M (To - 10-6) : (15)
metric taps, i.e.w[n] = w[2L —n]forn =0,--- ,2L. Instead

of M = 2L + 1 coefficients, it then suffices to design+ 1 But since theM( f) prescribed by FCC is constant wh¢n>
taps {w(n]}L_,, because upon definingr[n] = w[n + L], 10.6GHz, andG(f) is given by (9), solving for the set dfy's

we haveWy (e/27F) = Zﬁ;L wpn)e 27 = w (0] + satisfying (;5) is stralgh'gforward. .

ZL 2wy [n] cos (27 Fn), and [W(e727F)| = [W(e27F)]. To ease |mplementat|on of (10), we will always select the
Thrézaulse design probler’n now is equivalent to: smallest possiblél;. The latter certainly depends also on

Let F represent a union of prescribed disjoint intervals inthe Gaussian monocycle paramefgr For instance, when

[0,0.5], so thatD(F/Ty) is continuous in each interval. Choosejfeighgiiggéghmh |§5th7%;:eirr1]t%rrgfe:h§) asl’g)t?:fga cz l%\)NBV?/ﬁEd'
L . . . . . . 0o — . .
taps{wz [n]};;—, according to the optimality criterion : T, specified, D(F/Ty) is continuous within three intervals:

7, = (0,3.1Ty),Zs = (3.17}, 10.67}), andZs = (10.67p,0.5).

min {Tanjg |€(F)|} ; (13) We choose the sef in (13) to beF = F; |J F» | Fs, where
fwrlnltnzo Fi C Ii, F» C T, andF3 C Zst. With an appropriately

wheree(F) := \(F)[D(F/Ty)—Wr,(e727F )] is the error func- ge]ected weigJP\Lt function(F') in (13), the optimum tap coef-

tion, and\(F) denotes a positive weight function. ficients {w[n]},;" can be found and the pulse shaper can be

This problem turns out to be a Chebyshev approximatigibsequently obtained via (10).
problem with desired funCtiOﬂ)(F/TO)v and can be solved nu- 1The transition interval should be appropriately selected, otherwise, the de-
merically based on the “Alternation Theorem” in polynomial apsigned filter length will be large when small approximation error is desired.
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A.2 Exploiting Symmetry to Halve the Clock Rate Remarks: In addition to the widely-adopted Gaussian mono-

In the preceding section, we have seen that wish = cycle g(t), any other readily a}vailable gnalog pulsg ;haper can
6.85GHz, a clock period}, — 35.7ps is required to design thebe use_d as eIeme_ntary building block_ in (1Q). This is because
optimal pulse shaper for a single-band UWB system. Becalfiy objective functiond( f) are normalized with respect to the
we have full control over the entire bandwidthtf 10.6GHz, FT of the elementary analog pulse shaper, narﬁk{lf/) for the )
pulse shapers so designed can closely approximate the F ssian monocycle. Furthermore, as we mentioned _before, it
mask throughout the bandwidth. However, this short Cloéﬁsometlmes deswaple to use only a fraction of .the entire band-
period may impose implementation difficulty. We will showidth in order to avoid NBI, or the highly-lossy f}\ldg_fl-frequency
next that sub-optimum alternatives are possible for single—ba?‘an,ds' In. such cases, parametE@s and {w[n] n=o Can be
UWB with larger T, (and thus smaller clock periods). With lexibly adjusted to meet desirable spectral specifications.
fq = 6.85GHz, we can take advantage of the symmetrip¢f)
in (14) (see Fig. 2) and contrét( f) only over the lower half of IV. NARROW-BAND INTERFERENCE ISSUES
the entire band, i.e., over the interyaJ 6.85]GHz, by doubling
the T, value. Specifically, we can selett(27,) = 6.85GHz,
which corresponds t@, = 73ps. This choice does not guaran
tee that the FCC mask is well approximated over the entire ba
width, unlessD( f) is perfectly symmetric arounél85GHz. To
approximate the normalized magk(f), we look for a sym-
metric desired functiod,,,,(f) so that:

To minimize interference to and from co-existing services,
our pulse shapers can be designed to impose minimum energy
Ill%a_lkage to a prescribed band. This minimizes interference from
narrow-band systems to UWB radios and vice versa. In fact, we
will quantify next the impact our pulse shaper designs have on
the bit error rate (BER).

Proposition 1: In a single-user UWB link over an additive

0 f€0,3.1] white Gaussian noise (AWGN) plus NBI channel, with binary
Ds m — ) ) . . . _
ym (f) min {D(f). DU3.7 - )} f € [3.1,6.85] E;\l)/(leraigq TH as in (1), the average BER with a correlation re

where D(f) is the desired function in (14) anB,,,(F/To) _ Ny&

where L the des n : 0) P.o=Q( 2], (17)

is continuous in the interval§; = [0,3.17p], andZ, = No(1+azp)

[3.175,0.5]. We then choose the séf in (13) to be F = . ) .

F1 | Fa, whereF, C T,, andFy C T,. With the weight func- WhereNo/2is the AWGN variance/y /2 is the PSD of the NBI

tion A(F) being chosen appropriately, the pulse shaper can ®¢r the frequency baridly,, fu], anda := [;” |H(f)[*df /Ny,

readily designed. with H(f) being the FT ofi(t) := ps(—t) — ps(—t — A) [c.f.
(2)]

B. Multi-Band UWB N1

As we mentioned in the Introduction, partitioning the ultraff (f) = (1 — ¢727/4) Z eI 2k STy gi2men fTe P—(f) (18)
wide bandwidth into sub-bands facilitates FH, which is impor- k=0 \/5—p
tant for enhancing user capacity and LPI/LPD. On the other Proof: The received signal over one symbol interval
hand, it is desirable to avoid adjacent channel interference[HT, (n+1)T] is [c.f. (1)]: 7(t) = VEps(t —nTs —s(n)A) +
multi-band UWB systems by confining the spectrum of eaef(¢) + i(t), wheren(t) is the AWGN with varianceV, /2, and
channel within its prescribed band, while utilizing the FCGt) is the NBI with PSD given by:
spectral mask in a power efficient manner.

Similar to the single-band pulse design, the tap spa€ing B %, |f] € [fr, fu]
and thus the clock period can be selected, depending on whether ®ii(f) = 0, otherwise (19)
full-band @.1 — 10.6GHz) or half-band .1 — 6.85GHz) con-
trol is required. With full-band control, the desired functionghere f;, and fi; are the lower and upper bounds of its spec-
{D;(£)}¥,*, each corresponding to one of the tofdl sub- tral support. With PPM, a correlation receiver uses the template

bands, are v(t) = ps(t — nT,) — ps(t — nTs — A). By selectingA > T,
, the decision statistic for the’ transmitted information symbol
0, f€0,3.1+i%2)|GHz is:
Di(f) = { i@y, FeB1+i%2,3.14(i+1)52]GHz  (16) T,
0, fEBI+(i+1) T8, ﬁ]GHz, rn = / r(t)v(t)dt
nTs
whereP,(f) is the desired magnitude described in Section IlI- . .
A and depicted in Fig. 2. Based on (16), pulse shapers can be = {Nf\/er Yn F s ?f s(n) =0 (20)
designed for multi-band UWB by appropriately choosi{d") “NyVE 4 v+, if s(n) = 1,
and¥. where
It is worth mentioning that with the same number of sub- (n+1)Ts
bandsN, full-band control results iV FH slots, whereas half- Up 1= / n(t)v(t)dt,
band control only results ifV/2 FH slots. Clearly, on top of nTs
this optimality-complexity tradeoff, there is also a user capacity- (n+1)Ts
complexity tradeoff. Mn == /nTS i(t)u(t)dt
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Fig. 3. Transmitter structure for single-band UWB with TH and binary
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It can be easily verified that, is zero mean Gaussian with
variance Ny Ny. Modelling i(t) as a Gaussian random pro-
cess, ), will also be Gaussian. To derive an expression fdig. 4. Transmitter structure for multi-band UWB with fast FH and binary
its variance, considen(t) = ff:f i(T)(ps(T — t) — ps(T — M
t — A))dr as the output of a linear time-invariant (LTI) sys-
tem with impulse response(t) = p,(—t) — ps(—t — A), and ter structure for UWB communications. The digital architec-
input (¢). We find thatn(t) is Gaussian, with PSD given byture implements linear combinations of the baseband Gaussian
@, (f) = [H(f)*®:(f), whereH(f) is given by (18). With monocycle, and does not involve analog carriers. This avoids the
M = N(t)|t=nT,, We find thatvar(n,) = Jy f}{;” |H(f)|?df. Carrier Frequency Offset (CFO) effects, which are commonly

- _ rlu 2 +o0 2 . encountered with analog FH implementations. The limitation of
Deﬂmzia o ffL [H()Pdf/Jy ™ [H(f)Pdf, and noticing the proposed architecture is the relatively stringent requirement
that [i"™ |H(f)[?df = Ny, we have thavar(n,) = aNJo. on the clock timing accuracy, which is up to several picosec-
As aresult, the average BER is given by (17). D onds. Also, clock jitter phenomena could impair BER perfor-

From Proposition 1, it is clear that the parameteaffects mance in our design.
the BER performance by altering the effective SNR. Anis
merely determined by the pulse shapér). With our pulse de- .
sign algorithm, we can easily shape our pulse to have minimdin Clock Jitter Effects

energy over the NBI banflf,, fu], and thus reduce BER. In " To implement our designs, the “Timer” block in Figs. 3 and
Section IIl, we intentionally sefy(f) = 0 over[0,3.1]GHz to 4 must maintain pico-second accuracy. Time domain corpora-
minimize the value oty, so as to mitigate the NBI within this tjon has produced application specific integrated circuit (ASIC)
band. timer modules using PulsON technology [17], which can pro-
In the presence of multipath effects, NBI can be mitigatedde the required picosecond accuracy. Thanks to the digital
similarly by designing pulse shapers with smatleralues. This implementation of our design method, even when the timer is
is possible because even in the presence of multipath, the vafiperfect, the tap coefficients can be easily adjusted to satisfy
ance ofn,, is reduced in exactly the same way as for AWGNhe FCC spectral mask.
channels. We will also verify this by simulations when compar- cjock jitter in the “Timer” module will affect the BER per-
ing the BER performance in the presence of multipath in Sectigftmance at the receiver. To analyze clock jitter effects, we let
Vil N; = 1in (1) for notational brevity. At the transmitter, the pulse
shaper io(t) = chw:gl wlk]g(t — kTp). With clock jitter, the
V. IMPLEMENTATION ISSUES template signal ;l{t t?e receiver will bét) = p(t) — p(t _MA)f
o | h desianed as in (10 be irmol with p(t) = Zk:__o wlk]g(t — KTy — €x), Where {Fk}k:o
Our pulse shapers designed as in (10) can be implemenigd e the clock jitter errors, which we model as independent
using currently available hardware. All we need is a Ga”SS'BHiformly distributed ovef— G, 3. Notice that we allow each
monocycle generator, and a shift register that stores the tap cgf; 1 experience different clock jitter. Over AWGN channels,
ficients {w[n]},,'. A possible transmitter structure is showRhe decision statistic of thet" transmitted information sym-

in Fig. 3. bolisr, = (VE/\/E,) [ p(t — nTy — s(n)A)v(t — nT)dt +
[ n(t)v(t—nTy)dt; so, the average received SNRs calculated

A. Digital Sub-band Hopping to be (assumingh > T,):

As we discussed in Section IlI-B, our pulse shaper design can €

also support multi-band UWB transmissions. Furthermore, our A= Fqb(ﬂ)’ (22)

pulse designs are applicable to (fast) frequency hopping (FH) 0 )

UWB systems. To hop from one frequency band to another, one 63 = E [f p(t)ﬁ(t)dt] 22)

can simply reset the memory of the shift register, or, use a bank T fp2 (t)dt fp? (t)dt

of shift registers and switch among them to select the desired

band. Fig. 4 shows suchdigital Frequency Hopping transmit- M-1

where the expectation is taken ovet, },_, . Investigating the
2Because of the symmetry used when applying the Parks-McClellan al yerage errlor performancg in the presence of clock jitter, we
rithm, we only need to store half of these tap coefficients in the shift register.nave established the following:
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Fig. 5. L = 16, optimally designed pulse shaper and its FT with high  Fig. 6. L = 16, optimally designed pulse shaper and its FT with low
clock rate Ty = 35.7ps. clock rate Ty = 73ps.

Proposition 2: In a single-user UWB link over AWGN chan-A. Single-Band UWB: Clock Ratés = 35.7psand73ps

nels, and small clock jitter uniformly distributed over 3, 3] We choose the setB;, », Fs in Section I1I-A.1 to beF; —
with 8 <« T, the average received SNRcan be approximated [0,0.1107], F» = [0.15,0.33], and Fs — [0.3786,0.5]. The

by P weight function\(F') is selected to b&, whenF € F; and
S c? + O(ﬁ3)], (23) 1, whenF € FaUFs. The reason that_ we_welgh more the
No bandF; is because we want the approximation error and thus

. . . the energy insider; to be smaller. We only show results for
wherec s a nonnegative constant given By= —Trace(A), 1 _ 14 (digital FIR filter of lengthM = 33). The designed

andA is a matrix defined by (28) in the Appendix. pulse shaper and its FT are plotted in Fig. 5.

Proof: See Appendix. = Next, we select the sef&;, F» in Section IlI-A.2 to beF; =
So long as the clock jitte remains small, equation (23)[9, 0.2263) and 7, — [0.28,0.5]. The weighth(F) is nows5 in
shows that it will not lead to major reduction in SNR. Our simr, ' and1 in 7. With L = 16, the resulting pulse has duration
ulations in Section VII will also confirm the robustness of ouf;, — 2 52ns, and is depicted along with its FT in Fig. 6.
designs to clock jitter.
As clock jitter is present in our baseband designs, frequer‘gy Multi-Band UWB: Clock Rat@), = 35.7ps
jitter is present in carrier-modulated systems too. The average ' 0 '
received SNR is related to the CIFJ as follows [9, Chapter 6]:  Here, we design pulse shapers f§r = 3 sub-bands. The
desired functionsD;(f),« = 0,1,2, are as in (16). In the
v = yoE{cos?* (27 ft)}, (24) design process, we choose the $etn (13), as the union of
FiUF2 Fs, tobe[0,0.1107] |J [0.1178,0.1928] | J [0.2, 0.5]

wherev, is the SNR without CFJ/CFO, anfi} is assumed to be for the 1** band, [0,0.2] {J [0.0.2071,0.2821] |J [0.2892, 0.5]

uniformly distributed ovef—¢&,, &. It follows from (24) that ~ for the 2"¢ band, and(0,0.2892] U [0.2964,0.3714] U
[0.3785, 0.5] for the 3¢ one. The weight function(#') is cho-

v = yoplét), sento bes in F,, andl i'n F1 U Fs. With L = '1()0, the optimal
1 sin(dnéot) pulse shapers and their FTs are shown in Fig. 7.
p(6ot) = <2 + 87T§0t> (25)
C. Power Efficiency Comparison
From(&ot), we deduce that even a smgll will cause consid-  As mentioned before, for any pulse shapé), compliance
erable degradation in the average SNR mgreases. to the FCC mask can be achieved by adjusting the transmit

energy per puls€, or equivalently, the transmit power. We
will compare the maximum allowable transmit power limited
VI. DESIGN EXAMPLESAND COMPARISONS by the FCC mask corresponding to three pulse shapers: (i) the
aussian monocycle(t) with f, = 6.85GHz [c.f. (8)]; (ii)
%?53 pulse shapers(t) we designed in Section VI-A with time
duration1.3ns (Fig. 5); and (iii) the “prolate-spheroidal” pulse
shapep,_;(t) designed in [7] with the same time duratibBns

In this section, we apply the approach of Section Il to desi
pulse shapers for single- and multi-band UWB systems. T
Gaussian monocycle paramefgris chosen to b6é.85GHz.
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Fig. 7. Optimal multi-band UWB pulse shapers and their FTs, L = 100, Fig. 9. BER comparison in the presence of NBI.

(3 bands here).

responding to each pulse shaper is then calculated to be

10°

1 ,
Py = 7\91|2/|G(f)\2df:o.00387mw,
0.8 Ty .
1
o8 Pps = T—\03|2/Iprs(f)IQdf:&%va
f
1
Pis = ol [ 1P = 09tmw.
f

It is clear that our design utilizes the FCC spectral mask most
efficiently.

VII. SSIMULATIONS

A. Narrow-Band Interference Avoidance

107

0 O"Snme(ns) : 15 0 F%equency (GJ;O) 1 Since the spectrum from.96GHz to 3.1GHz contains the
GPS and the 802.11b/g bands, when we desigriedto ap-
Fig. 8. The “Prolate-Spheroidal” pulse shaper of [7] and its FT. proximate the FT masiM(f) in Section lll, we intentionally

minimized the pulse energy ove96 — 3.1GHz to mitigate the
interference caused by (and to) these narrow-band systems. Let
(Fig. 8). the PSD of the NBI within this band bg = 10N, whereN is
: ; the PSD level of the AWGN. We compare the BER performance
With G P,_.(f), and P denoting the FT of X . .
g(t),p 75(§)f,)7 alr)1d (pfl)(j(t), reséié((i?vely, the?r correspond-Of the UWB system in the presence of a multipath channel with
ing EleP spectra are|G(f)?/Ts, |Pp_s(f)?/Ts, and two different pulse shapers: the one we designed in Section VI-
J pP—Ss 1

|Pyo(f)|2/T;. Complying to the FCC spectral mask, WhiIéA‘ with clock rate of35.7ps, and our basic building block, the

transmitting at the maximum allowable power, these pulses ndt@pular Gaussian monocycle wiffy = 6.85GHz. The mul-
to be scaled so that (see also Fig. 1): tipath channel is generated according to [18], with parameters

(A, \,T,y) = (0.0233ns71,2.5ns71, 7.1ns, 4.3ns) for an in-

01G(f)2 door channel with line of sight (LOS) [19]. At the transmitter,
max ———

T = —66.3dBm/MHz, (System 2 in Fig.1) the modulated signals are as in (1), WN} =32,A = L.5ns,
62P, ()2 T, = 4ns, andl’y = 100ns. At the receiver, we usedi&-finger
max PTi = —41.3dBm/MHz, RAKE with spacings> 2ns. Maximum ratio combining (MRC)
0. Pf~ Y was employed to combine all fingers’ outputs.
max %f()' = —41.3dBm/MHz, In the absence (presence) of NBI, the BER performance of

the UWB system with different pulse shapers is plotted in Fig. 9.
Clearly, our designed pulse shaper mitigates NBI better than the

. . Gaussian monocycles.
wheref, 05, 05 are scaling factors. The maximum power cor- 4
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B. Clock Jitter Effects

As shown in Proposition 2¢(3) is well approximated by 0ol
1 —CpB?, wheng is small. Here, we will verify this numerically.
Utilizing the pulse shaper we designed in Section VI-B for thi  ossf-
first band, Fig. 10 depicts th&3) generated by simulation. Us-
ing the coordinates of the points, ¢) from the simulation, we 0971
can fit them to a quadratic functie®{3) = 1 —C/3?. We plotthe =
result in Fig. 10, which verifies that the receive SNR is robust t
small timing jitter values.

0.96 -

0.95

VIII. CONCLUSIONS os4r

In this paper, we introduced an optimum UWB pulse desig o
methodology, which renders the pulse design problem equiv
lent to an optimum FIR filter design problem. The resulting  °%; oo o0z 0005 0004 0005 0006 0007 0008 0009 001
pulses not only meet the FCC regulation, but also optimally ex- ps)
ploit the allowable bandwidth and power. Utilizing such pulses, Fig. 10. Timing jitter effects (see (22)).
baseband UWB transmissions can be designed either as single-
band, or as multi-band. Equally important, the novel pulse
shapers can support dynamic avoidance of narrow-band intehere C = —Trace(A) is a nonnegative number for
ference, as well as implementation of fast frequency hoppiribsace(A) < 0, since A is a negative semi-definite matrix.
free of analog carriers. We have also shown that the optinidjuation (29) implies that as long as the clock jitter is much
pulse shapers can be implemented without modifying the asanaller tharil,, the functiong(3) in (22) satisfied — ¢(5)
log components of existing UWB transceivers. 32, whereg is the upper bound of the clock jitter.

©

3

APPENDIX: PROOF OF PROPOSITION 2
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