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Abstract

This paper analyzes frequency-hopping (FH) and time-hopping (TH) as multiple access format
for ultrawideband communications. We apply the concept of fourthegy, recently introduced
by Subramanian and Hajek, to both TH and FH.We find that the design rules are different for
FCCcompliant systems(where the power spectral density is limited)than for conventional sys-
tems(where the energy per bit is limited). We find that fourthegy, and thus possible information
rate, is maximized by using a bandwidth that is as large allowed by the FCC. For TH systems, a
low duty cycle should be used. For FH, a subdivision into as many bands as possible should be
used, and the dwell time on each frequency should be at least as long as the delay spread of the
channel.
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[7], [8] allow interesting conclusions about good spreading
I. INTRODUCTION schemes. However, those investigations do not consider the
. . constraints put on the signalling schemes by the FCC regula-
Ultrawide bandwidth (UWB) spread - spectrum (SS) multigong ‘nor do they cover quantitatively the cases of TH and FH.
ple access techniques have recently received considerablgad-he purpose of this paper to generalize those results to FCC-

tention for future commercial and military wireless communiéomp"am TH and FH systems, and investigate the impact on
cation systems [1], [2], [3], [4] . The report and order of thg, ctam désign. ’

FCC (Federal Communications Commission) in the USA that 11,4 paper is organized the following way: in Section I, we

allowed UWB communications systems in the 3.1-10.6 GHz, 1 the system model, and describe the boundary conditions
range has intensified the interest especially from possible ¢ osed both by the FCC, the propagation environment, and by
and equipment manufacturers. One posgible application Iiesg ctical considerations. }\Iext, information-theoretic axdms

Personal Area Networks (PAN), where high data rates are sggf s especially based on the recently-introduced concept of
over a short distance. The FCC has imposed two restrictigs heqy. are discussed both for TH and FH systems. A discus-

on the use of the spectrum: a requirement that the transmissé%h of the implementation complexity. especially the required
bandwidth is a minimum of 500MHz (though it is NOt COMprvare effort. wiaps up the paper.

pletely clear over which time duration the instantaneous spec-

trum must fulfill that condition), and a restriction on the trans-

mit power spectral density, namely -41.3dBm/MHz. However, Il. SYsTEM MODEL
the FCC imposes no specific modulation or multiple-acceas Time hopping

(MA) format as long as those restrictions are fulfilled. Figure 1 shows the structure of the TH signal under consid-
This fact gives a great practical as well as theoretical Va“é?ation. Each symbol is represented by a sequence of time-

to the prqblem of finding a.goc_Jd modu[atlon_arjd MA SChen.qsenifted pulses. A detailed description of the signalling format
for ultrawideband communications. This topic is also a major” .o in [2]. The symbol duration is divided inty; so-
factor in the deliberations of the IEEE 802.15.3a standardiza—ﬁ]ed "frameé" and t?lle system transmits one pulsér (duration

tion committee, which has been established to develop an U B ver frame. the location of the pulse within the frame is

system that can provide multiple piconets wittOMbit/s at éggeudo—) random. For our analysis below, we will assume a

e e e S buoradom sigal hat s o arage wih &ty
hopping (TH). Recent information-theoretic results [5]. [6]C e of Nt /N,. We will also assume that the shape of the pulses

is rectangular. While this does not fill the FCC spectral mask

A. F. Molisch is also at the Department of Electroscienceyd-Wniversity, (See_SeC_' I1.3) in an optimum way, it is a regsonable first ap-
Lund, Sweden. proximation and allows a closed-form analysis.
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f i IIl. | NFORMATION-THEORETIC RESULTS
A. Modulation format

Recent information-theoretic work treated topics that are rel-
evant both for finding both good modulation format and the
multiple-access scheme. The work of Medard and Gallager [7]
t as well as Subramanian and Hajek [8] showed that signals need
to be "peaky" in time or frequencyhe term flash signalling”
Fig. 2. Principle of frequency hopping. Shaded areas showesicequency Was coined by Verdu [5], [6] for signals that have very large am-

bands. plitude on a small support (in time or frequency), and no signal
for the remainder. However, such schemes cannot be used in
_ practice:
B. Frequency hopping (i) as shown in [5], [6], the spectral efficiency fiish sig-

Aglling approaches zero
(ii) the duration of a pulse foflash signalling in the time
domain is lower-limited to about 100pshorter pulses would

Figure 2 shows the structure of a frequency-hopped sign
The total bandwidtlB is divided intoN), bands of equal width
within each band, a signal with a chip duratignis usec the .
relation B/N,, = 1/7: holds . We analyze the situation ofot comply with the FCC spectral mask
slow frequency hopping, so that the signal stays in the sam if) ﬂash_5|gnalllng in the time domam has a large pe_ak-to-
frequency band for a duration 6% 7. The frequency-hopping average ratio. The FCC regulations require a decrease in trans
pattern is pseudorandom, with each frequency having the sal %power for this case. . . N
probability 1 /Ay to occur, and is periodic with periatiyN.T. Iv) the spectral width of the signal fdkash signalling in the

This allows to use FH as multiple access scheme for unsynchﬁrg-quency domain is very narrow, and thus does not comply
with the FCC rules.

nised users. For these reasons, QPSK (or BPSK for pure-baseband sys-
tems) remains the modulation format of largest practical inter
est.

C. FCCrules

The considered system is operating with several resmistioB- Multiple access format
or "boundary conditions”, some of which are imposed by fre- A key paper for the analysis of different signalling format is
guency regulators, some stem from the wireless channel, ahd work of Subramanian and Hajek [8]. They show that the
some from restrictions on the implementation complexity.  mutual information in any wideband channel is upper-bounded
The rules of the FCC require that by a so-called "fourthegy"” of the signal arriving at the receiver.

1) the bandwidth of the system must be larger than 500MH% other words, the mutual in_formation between a transmit vec-
This implies that for FH systems, the width of the subl’ U and a received vectdf is upper bounded as
band must be at least 500MHz. 1

2) the power spectral density must be smaller than - I(U;Y) < FE{L(U)}
41.3dBm/MHz in the admissible band (3.1-10.6 GHz). 7

3) The peak transmit power must be less than the admissiblkeres is the noise variance. For a WSSUS channel, this four-
average transmit power, plu® + 10log(B/50M Hz) thegy can be computed as [8]
dB.! This implies that for TH systems with large peak-
to-average ratio, there is a penalty in terms of the mean Jo(u) = // (v, 7)*g (v, 7)drdy 1)
transmitted power. wJr

4) the measurement of the spectrum for testing conformancg . .
with the FCC rules can occur only for a finite durationVNere the channel response functiog (v, 7) is given by

so that an "instantaneous spectrum” is analyzed. There

is some ambiguity about the measurement duration for  ¢Yg(v,7) = / /S;,—(f, S (f+vt+r)dtdf  (2)

which conditions 1 and 2 must be fulfilled. In this paper, I

we will assume that this has to s, (corresponding where Sg(f,t) is the spreading functiorof the channel [9].

to the 1MHz video bandwidth of the spectrum analyz o ; . . :
mentioned in the report and orded. This implies that *fhe ambiguity function(v, 7) of the signaki(t) is defined as

a FH system has to cycle through all possible subbands - )
within this period. x(v,7) = /U(t +7/2)u7(t — 7/2) exp(—j2mvt)dt  (3)

1The full ruling of the FCC is more complicated. We use thieruére as an €. [8] derived several important anclusions from this f(?r'
approximation. mulation of the fourthegy. The first is that as the spreading
’.OtheftﬁaggsMolf' thg re dpofétﬁ”dhorffgrbmfﬁ“io” Fgalt_ thef impﬁae??'jﬁﬂm re- pandwidth goes to infinity, the mutual information (per unit en-

o z ancwidih Snou’d be the guiceline Jof RIITETence as- arqy) that can be transmitted with "white-like" signals lik§-D

sessment, while additional comments refettes averaging time for the spec- - . )
trum analyzer. CDMA approacheszero. This conclusion agrees with the work
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of Medard and Gallager [7]. An intuitive explanation can bwith E{|an[*}* = 1 andE{|an[*} = Na/Nj, and P(Na/Ny)
given by the fact that DS-CDMA requires coherent receptiois the power penalty for high peak-to-average ratio. A first es-
which in turn necessitates channel estimation. The channel @asate for the fourthegy can be made by integrating squared
timation becomes progressively more difficult as the spreadingagnitude of the ambiguity function over the support of the
bandwidth increases. channel response functiopg(v, 7), i.e., the rangé—2f4 <
However, UWB communications according to FCC stan- 2 f4; —Twex < 7 < Tuax). We also assume that the chip
dards differ in three important respects from the assumptioghgration is shorter than the delay spread of the channel (an
of the above-mentioned papers: assumption always fulfilled in practice). Then we can make
+ the restriction lies not on the energy per bit, but rathéarther upper boundings of the fourthegy per unit time (for a
on the power spectral density. Thus, as the bandwidtlerivation see [10])
increases, the admissible energy per bit increases, which

means that the mutual information does not go to zero as () N 1
the spreading bandwidth increases. Consider the case of a :T < KPP (F”) T (6)
block-frequency fading channel, where the fading in each I/ f=

of the Ny, frequency bands is constant, and independent 2T ens i(ﬁ 1)
of the fading in the other bands. It has been pointed out

in [8] that if the energy of the transmit signal is distributed
evenly among the bands, the fourthegy per band scales I\ib

1/N)3, and the total fourthegy scales withN,. How- ﬁereTm,, is the coherence time of the channel. From 5, we

ever, following the FCC rules, the admissible energy &°° t.hat the gr:ty cycle in a TH s.ystem S.hOUId b.e as low as
the transmit signal increases linearly with, the fourth- possible (i.e.3z as large as possible. This also fits with the
egy of the signaincreaseswith Ny,. conclusions of [7], [8], [5] that signals should be as peaky as
+ the spreading bandwidth cannot be increaaeihfinitum  Possible. However, there are two restrictions to this statéme
but rather has a strict upper limit 8f5GHz. For commu- (i) the existence of a power penalty for high (temporal) peak-
nications according to IEEE 802.15.3a requirements, tkRraverage ratios means upper-boungg Ny to about1500 in
spreading factor is limited to about 10-1@@other words, FCC-compliant systems that exploit the full admissible band-
less than for speech communications in W-CDMA. width (ll) thereis a Signiﬁcant input on the total fOUrthegy Only
+ while DS-CDMA approaches have been proposed fg_rTF/rm._, is not too small. In typical indoor cases, this quan-
UWB within the IEEE 802.15.3a standardization, TH an8ity is on the order of 100 or larger, so that the effect of this
FH are more popular. Itis thus of great interest to exterf@m (compared td ../ Tauax) is rather small. Note also that

the analysis of [8] to those cases. the fourthegy is proportional to I (and not tol_, as in [8]).
This is due to the possible increase of the transmit power with
C. Time-hopping signals used bandwidth.

Our approximations (see Sec. I1.1) allow to treat a TH signal
as a generalized CDMA signal

-1
u(t) = Z azp(t —iTz) (4) D. Frequency-hopping signals
-

where the coefficients; are independent random variables that The squared magnitude of the ambiguity function of the sig-
take on the values-/Ng/Ny (or £,/Np/Ny, +j+/Ng/Ny) nal is (for a derivation see [10])
with probability Ny /N5 and 0 with probability 1 — Ny/Na.

: A s )
This normalization is chosen so thaf|az[*} = 1 for a DS E{|x(v, 7)) = KJJJB“ )
CDMA system with constant modulus transmit signal, and any

TH system has the same normalization. The admissible trans- = .
mit power is proportional ta3 = 1/7, so that the squared (E{M“F}i Z (N —[m]) exp(—j2mmvTe) +
magnitude of the ambiguity function of the signal is propor- m——¥—1
tional (with proportionality constar 4 to ( compare also [8], +N [E{|an*} — E{|an[*}*]) IXa(v, )* + Kp B* -
Eq. (31)) N-o1a-1
ay  Kea [ Na >0 E{lanY E{lam [*}xa(v + fa = fm, 7+ mTe) [
E{lx(v,7)["} = Ta P FJ : %) n— m—

M1
3.3 B s wheref, andf., are the frequencies for chipsandm. Further
(E{a“ } Z (N = [ml) exp(=52mmv 1) + simplifications for that equation can be achieved by assuming

. o a that the transmission within each subband is done by constant-
+N [E{lan["} — E{lan"}"]) Ixa(v, 7)[* + modulus signals?{|a, |4} = 1, and that there is no overlap
a1 between the subbands (and the subbands are significantly larger
E{|an [} Z (N — |m|)|XP(V, 7+ mIz) than the Doppler spreads), so thatis zero unlesgm = fu.
pn— —¥—1mo'0 Using those simplifications, the squared ambiguity function

m— =1
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can be approximated as also the subsequent processing has to be done at the high speed
on the upside, this scheme allows an almost ideal demodulation

E{|x(v,7)*} ~ Ky, B* (8) including multiuser detection, as the full information about the
-1 received signal is present.
< Z (N — |m|)eXp(—jQTrmIJT:)|XP(y,T)|i+ An alternative scheme [11] uses analog correlators, which
m———1 consist of pulse generators, multipliers, and low-pass filters.
a1 With that scheme, sampling is only required at the symbol rate,
Z A(m)|xg(v, T + mTc)F) not at the chip rate. For each received multipath component,
) z we then need one pulse generator. For a dense multipath chan-

nel, 7,.=/7T- Rake fingers are required. However, in a sparse
where channel like the IEEE 802.15.3a channel model, that number
is much smaller. A discussion of the optimization of low-
A(m) = { N —0|m| for |nm0cc>1t(hj:ahr4v]\>i[;)e| < Nu/2 (9) complexity Rake receivers can be found in [12].

The fourthegy per unit time can be then upper-bounded as V. SUMMARY AND CONCLUSION
We have analyzed and compared FH and TH, applying and
J=(u) KpuBN, <2T-=h + 2= in(n, Twu)) (10) Mmodifying some recent information-theoretic results to FCC-
T compliant UWB communications. The "fourthegy" of the arriv-

T X TI.I.-I =
. . . . . ) %ﬂé; signal is a vital characteristic. While a rough upper bound
This again allows important conclusions about design rules: 188 ine mutual information is given by the product of the squared

dwell time on each frequency should be at least as long as g gies of signal and channel, further information can be gat
delay spread, and the frequency band should be divided into.as4 from how well the channel and the signal are matched.
many bands as possible. This is again in line with the geneggl 1o optimum (in the limit) schemes, like FH with a large
rule that signals should be "peaky" (in the frequency domain, b, mper of subbands, are not allowed by the FCC regulations.
this case). However, the FCC ruling gives a lower limit, namely,;q paper gave a first insight into those topics. Further in-

15, on the number of possible bands. vestigations on capacity in broadcast/multiple access channels
tightness of the bounds, effect of multiuser detection, and the
IV. I MPLEMENTATION COMPLEXITY effect of more refined channel models, will be presented in fu-

For a FH transceiver, there are two possible ways of impliiré work. 3 _ _
mentation. One is to actually have parallel transceiver chains/ACknowledgements: The critical reading of the manuscrypof.
each of them dedicated to a specific frequency range (note tH4¢ Win is gratefully acknowledged.
the frequency band covered by one of the chains can be larger
than the subbandwidth used by the frequency-hopping scheme).
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