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Abstract— The frequency-hopping orthogonal frequency- extract the relevant statistical parameters that mainigrd@ne
division multiplexing (OFDM) proposal, known as Multiband  the performance of OFDM based transmission. In particular,
OFDM, is a strong contender for the physical layer IEEE ha amount of diversity available in the wireless channehas
standard for high-rate wireless personal area networks (WRNSs) - . . . . .
based on ultra-wideband (UWB) transmission. In this paper, function of the signal bandwidth is examlnc_ad. As appropriat
we analyze the performance of the Multiband OFDM proposal. Performance measures for coded communication systems, we
To this end, we (a) study the channel model developed under discuss the capacity and cutoff rate limits of BICM-OFDM
IEEE 802.15 for UWB radio from a frequency-domain perspec- systems on UWB channels. In this context, since one limiting
tive suited for OFDM transmission, (b) develop and quantify ~ tactor of performance in practical and especially in wide-
the appropriate |nformat|on-theor(?t|c pgrformance measues, (c) band BICM-OFDM systems is the availability of high-quality
compare these measures with simulation results for Multibad X .

OFDM systems, and (d) consider the influence of practical, Channel state estimates, the effect of imperfect chanaé st
imperfect channel estimation on the performance. information (CSI) at the receiver is specifically addressed
Furthermore, the information-theoretic performance tarare

compared with simulated bit-error rate (BER) results foe th

Ultra-wideband (UWB) radio has recently been popularizgstoposed Multiband OFDM [4].
as a technology for short-range, high data rate communitati Thjs paper is organized as follows. Section Il describes the
and locationing applications (cf. e.g. [1]). While thereiséx pyitiband OFDM system and the UWB channel model under
several forms of UWB radio, the research literature to daignsideration. The properties of the UWB channel relevant f
has focused almost exclusively on impulse radio [2]. RegentoEpM transmission are examined in Section I1l. Section IV
the IEEE 802.15 wireless personal area networks (WPANS§)esents the capacity and cutoff rate analysis togethdr wit
standardization group has organized task group 3a to develQimerical results for perfect and imperfect CSI. Simulatio
an alternative physical layer based on UWB signaling [3}esults for the Multiband OFDM system are presented and
Currently there are two main contenders for this standar@l@mpared with the theoretical benchmark measures in Sec-
a frequency-hopping orthogonal frequency-division nplé-  tion \/, and conclusions are given in Section VI.
ing (OFDM) proposal known alfultiband OFDMand a code-
division multiple access (CDMA) based technique. 1. MULTIBAND OFDM SYSTEM AND UWB CHANNEL

In this paper, we consider the proposed Multiband OFDM
standard [4]. Multband OFDM is a conventional OFDM In this section, the Multiband OFDM transmission system
system [5] combined with bit-interleaved coded modulatiodnd channel model are introduced in necessary detail. The
(BICM) [6] for error prevention and frequency hopping forlransmitter processing is performed according to the stehd
improved diversity and multiple access. The signal bantwidProposal [4], for the receiver we propose a conventionaesta
is 528 MHz, which makes it a UWB signal according to th€f-the art architecture including channel estimation base
definition by the US Federal Communications Commissid#lot Symbols.

(FCC) [1], and hopping between three adjacent frequency ) .
bands is employed for first generation devices [4]. Thus, tHe Multiband OFDM Transmitter

Multiband OFDM proposal is a rather pragmatic approach The block diagram of the Multiband OFDM transmitter is
for UWB transmission, which builds upon the proven BICMshown in Fig 1a). Classical BICM [6] with a punctured max-
OFDM concept: imum free distance raté/3 constraint length 7 convolutional
The objective of this paper is to study the suitability and tencoder is applied. The interleaved coded bits are mapped
analyze the (potential) performance of Multiband OFDM fofg quaternary phase-shift keying (QPSK) symbols using Gray
UWB transmission. Thereby, our investigations rely on thgpeling. The QPSK symbols are optionally repeated in time
new UWB channel model developed under IEEE 802.15 [7And/or frequency and grouped to form OFDM symbols with
We analyze this channel model in the frequency domain and — 128 tones (or subcarriers). Via inverse fast Fourier
1Throughout this paper, the term “Multiband OFDM” refers e particular transform (IFFT) the time domain signal is generated and a

standard proposal [4], whereas “BICM-OFDM” referes to tleaeral concept CyC"C prefix _Of :_32 Symb0|5 is appended. The radio frequency
of combining BICM and OFDM. (RF) transmit signal hops after each OFDM symbol between

I. INTRODUCTION



safely be assumed longer than the delay spread of the channel

C lutional . .
b?to:l:?am% OE\:\?:cl)JdlgrnaH P“““”'“H '"‘e”eaveH Mapper impulse response. Thus, after FFT we see an equivalent
: dimensional frequency non-selective vector channel,esged
toRF IFFT Framing Frequency/Tim,
0 Repetition as [5],
Y[k] = Xa[k]H + NTk] , 6y

(2) Transmitter where the vector notatio@[k] = [Z1[k]... Zx[k]]” is used

(-T denotes transpose) aX, (k] is the N x N diagonal matrix
with elementsX;[k] at its main diagonalY;[k], X;[k], and
‘ — N;[k] are the received symbol, the transmitted QPSK symbol,
M e oot g el e ame and the additive white Gaussian noise (AWGN) sample on
frequency tonei = 1...N of the kth OFDM symbol,
(b) Receiver respectively. The vectoH contains the frequency domain
samples of the channel transfer function on tohes1... N
Fig. 1. Block diagram of Multiband OFDM transmission system  and is assumed constant over the considered time span (see
Section 1I-B).
The channel estimation, diversity combining, demapping,
three 528 MHz frequency bands with center frequencies atd decoding are briefly described in the following.
3.432, 3.960, and 4.448 GHz (see [4] for more details). 1) Channel Estimation: We implement a least-squares error
The Multiband OFDM transmission is organized in packe{g SE) channel estimator for the time-domain channel imguls
with varying payload sizes. For our purposes it suffices o sgesponse (CIR) using thé pilot OFDM symbols in the
that the standard proposal [4] envisages the transmisdionpacket header. For a more general treatment, wePldbe
two pilot OFDM symbols (all tones are pilots) per frequency design parameter, but we note that= 2 is proposed
band in the packet header for channel estimation. in [4]. The responses in different frequency bands can be
B. UWB Channel Mode estimated seperately, since pilot symbols are transmftied

each band. The LSE estimator is chosen instead of minimum-

For a meaningful performance analysis of the Multibanghean-square error (MMSE) estimation because it does not
OFDM proposal, we consider the channel model developggyire assumptions regarding the statistical structdréhe
under I[EEE 802.15 for UWB systems [7]. The channel impul$&,anne| correlations. Furthermore, it has been shown t88&t L

response is a version of the Saleh-Valenzuela model [y MMSE estimation perform almost equally well for cases
modified to fit the properties of measured UWB channelg¢ practical interest [9].

Multipath rays arrive in clusters, with exponentially disuted The LSE estimator exploits the fact that the CIR has a
cluster and ray interarrival times. Both clusters and rag8eh avimum of L < N taps. Starting from (1), the frequency-

decay factors chosen to meet a given power decay profile. Thgmain vector channel estimate is straightforwardly otedi
ray amplitudes are modeled as lognormal random variableg, (¢, e g. [9])

and eac_h cluster_ of rays also unde_rgoes a lognormal f_ading. H-H+E, )
To provide a fair system comparison, the total multipath o _
energy is normalized to unity. Finally, the entire impu|3@_vhere the channel estimation error vectdr denotes Hermi-
response undergoes an “outer” lognormal shadowing. THan transpose)

g‘;’“* FFT »| Deframing| .|

channel impulse response is assumed time invariant during s
the t_ransmissipn_period of (at least) one packet (see [7hfor E = FNxLFij ‘B Z Xfi[k]N[k] 3)
detailed description). k=1

Four separate channel models (CM1-CM4) have been madéndependent ofd and zero-mean Gaussian distributed with
available for UWB system modeling, each with arrival ratesorrelation matrix
and decay factors chosen to match a different usage scenario 2. L
The four models are tuned to fit 0-4 m Line-of-Sight (LOS).Rgr= Fy..F, , (P—J\Q’ZXL[k]Xd[kO FnorFly
0-4 m non-LOS, 4-10 m non-LOS, and an “extreme non- k=1
LOS_ multlpath channel”, respectively. The_means and stahda - FNxLFkaafv/p (4)
deviations of the outer lognormal shadowing are the same for ]
all four models. The model parameters can be found in [ (3) and (4), F . denotes the normalized/ x L FFT

Table 2]. matrix with elements=#27/N /\/N in row p and column
. . v, ando? is the AWGN variance. For the last step in (4) we
C. Multiband OFDM Receiver assumed the use of constant modulus pilot symp®)§k]| =

The block diagram of the receiver considered in this paperis We observe from (2) and (4) that the LSE channel estimate
depicted in Fig 1b). We assume perfect timing and frequenisydisturbed by correlated Gaussian noise with variance
synchronization. Furthermore, for the system parameteds a ) L )

UWB channel model outlined above, the cyclic prefix can 92 = NypoN TN - )
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In order to keep complexity low we do not attempt to N

Vi N — - — Measured: CM1

exploit the correlation, and we further assume that becauseg / \ Measured: CM2

4 — — —Measured: CM3

of interleaving the effect of correlation is negligible. \Will \ Measured: OM4.

refer to parametery = L/(NP) in (5) when evaluating o7 v’ \ =R

the performance of Multiband OFDM with imperfect CSI in | / \

Sections IV-C and V. I \ 1
2) Diversity Combining, Demapping, and Decoding: 2;:0‘5, / \ i

Maximume-ratio combining (MRC) [10] in case of time and/or;i /

frequency spreading (see Section II-A and [4]) and demapping °“ A ]

in the standard BICM fashion [6] are performed based on the sl | ] \

channel estimator outpu. The resulting “soft” bit metrics 1 \

are deinterleaved and depunctured, and a soft-input Viterb o. N\ 1

decoder is used to restore the original bitstream. N
0.1 \\ B
I11. UWB CHANNEL AND DIVERSITY ANALYSIS FOR
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MULTIBAND OFDM SYSTEMS o os 1 15 2 25 2

The UWB channel model developed under IEEE 802.15
[7] (see Section II-B) is a stochastic time-domain mOdellig. 2. Distributions of normalized channel magnitudé}’| for channel
In this section, we consider a stochastic frequency-domaypes CM1-CM4. For comparison: Rayleigh distribution withme variance.
description, i.e., we include transmitter IFFT and receeT
into the channel definition and consider realizationsFbfin ~ distribution of equal variance, which is in accordance wité
(1). In doing so, we intend to (a) extract the channel pararsetStatements above.
relevant for the performance of OFDM-based UWB systems,

(b) examine whether the Multiband OFDM proposal is add. Correlation
guate to exploit the channel characteristics, (c) quarttify

impact of the different UWB cha_nnel types CMl'C_:MA'_OrBignaI effectively experiences a (classical) frequency-no

system performance, and (d) possibly enable a classifieafio oo |0 tive Rayleigh fading channel. Therefore, knowledgbe

the UWB channel model into more standard channel modelg;onq.order channel statistics, i.e., the correlatioméen

used in communication theory. . different fading coefficientd?;' and H}', i # j, is important
Fro!”n (1) we observe that the QFDM transmit S'gnaft)r the design and assessment difersity techniques such

experiences a frequency non-selective fading channel wgg coding, interleaving, and frequency hopping, which are

fading along the frequency axis. Thereby, the outer log@drmy isioned in the Multiband OFDM system. Since coding is
shadowing term is irrelevant for the fading charactersts _performed over all bands, we treat all 3 bands jointly.

I affgcts a!l t%n.es ﬁqllia::y' Hence, thde Iognormgl shngwm As an appropriate figure of merit we examine the ordered
lterm IS or|n|tte t')nt eto EW|.nghconS| erat|or(1j§. eno;!mtgedt eigenvalues of th&-N x 3-N correlation matrixRgg» g» Of
ognormal term byG, we obtain the correspondingprmalize H" = [H}...H} \]". Figure 3 shows the first 40 ordered

frequency-domain fading coefficients by eigenvalues (every second from 1st to 21st, and the 30th and

Magnitude |H}'| —

The findings in the previous section indicate that the OFDM

o = H,/G . (6) 40th) of the measure® g =, Which has been obtained from
‘ averaging over 10000 channel realizations, as a function of
A. Marginal Distribution the total employed signal bandwidth. We only show results
The first parameter of interest is the marginal distributiofp” channel models CM1 and CM4, which constitute the
of H?, i.e., the probability density function (pdf( Z2). two extreme cases as the corresponding impulse responses

First, we note that the frequency-domain coefficiéht is have the least (CM1) and most (CM4) independent multipath

a zero mean random variable since the time-domain multipfMPonents. The respective curves for models CM2 and CM3

components are zero mean quantities. Furthermore, we hi§dn Petween those for CM1 and CM4.

observed thatZ? is, in good approximation, circularly sym- From Figure 3 we infer the following conclusions:
metric complex Gaussian distributed, which is explained by 1) By increasing the bandwidth of the OFDM signal

the fact thatH results from the superposition of relatively the diversity order of the equivalent frequency-domain
many time-domain multipath components. Since these mul- channel, i.e., the number of the significant non-zero
tipath components are mutually statistically independée eigenvalues ofRgn g, is improved, since, generally,
variance ofH} is independent of the tone index more time-domain multipath components are resolved.
Figure 2 shows experimental measurements of the pdfs However, a 1500 MHz total bandwidth provides already
p(|H?|) of the magnitude frequency-domain gaiff}*| for > 40 (CM4) and> 30 (CM1) strong diversity branches.

the different channel models CM1-CM4. As can be seen, the  This indicates that the 528 MHz bandwidth and 3-band
experimental distributions agree well with the exact Rayle frequency hopping of Multiband OFDM is a favorable



0 st = ‘ required conditional pdf of the channel output is given in
Vﬁafff\\\>f\fq\’\*v0ﬁ Section IV-B. Finally, numerical results are presented and
T N S — —  discussed in Section IV-C.

A. Capacity and Cutoff Rate Expressions

10
! The instantaneous capacity in bits per complex dimension
§ of an N tone BICM-OFDM system is given by (cf. e.g. [6],
2 [11])
= ~
E LN Xz)g)(mHuXi)
g C(H) =m—= Eby, { logy | —= .
=] N ;; > p(Yi|Hy, X5)
10" XiEXbe

(7)
In (7), m is the number of bits per symbak is the signal
constellation andt; is the set of all constellation points
10;DO 4(‘)0 600 8!.1)0 ldDO 12‘00 14‘00 16‘00 18‘00 2000 X E ‘3( Whose |abe| haS the Valuee {01 1} In pOSItlon Z,
Bandwidth [MHz] — p(Y:|H;, X;) is the pdf of tpe channel outpi for given input
X; and channel estimat#;, andE.{-} denotes expectation
Fig. 3. First 40 ordered eigenvalues of the correlation malRgn gn ; ; ; ;
(every second from 1st to 21st, and the 30th and 40th). lvgt:szzﬁzteig;tc:hgsr_l\ﬂ;:tslb\/a';}%OFDM'X is the QPSK Slgnal
Similarly, we can express the instantaneous cutoff rate in
ts per complex dimension as (cf. e.g. [6], [11])

compromise between complexity and available diversi%
for CM1.

2) Since the system, comprising the convolutional code (see Ro(H) =m(1 —logy(B(H) + 1)) (8)
Section II-A) with free distance: 15 (depending on the i, the instantaneous Bhattacharya paramétefefiotes the
puncturing) and spreading factor 1, 2, and 4, can at bec?}mplement ob)
exploit diversities of order 15, 30 and 60, respectively,

bandwidths of more than 500 MHz per band would only N S p(YilH;, X;)
- _ m X ext
be beneficial for the lowest data-rate modes, and the%(H) _ ZZ E, v ex! _ . )
only for very low error rates. mN L~ S p(YilHi, X;)
3) Though CM4 provides higher diversity order than CM1, ==t X, €x}

the latter appears advantageous for high data-rate mo
with code puncturing due to its larger first ordere
eigenvalues.

In summary, we conclude that, given a particular realizati
of the lognormal shadowing term, the equivalent frequenc
domain channeH in (1) is well approximated by a Rayleigh
fading channel with relatively high “fading rate”, which-in
creases from CM1 to CM4.

%?SCOnditional PDF

In order to calculate capacity and cutoff rate, we requiee th
d:onditjonal pdfp(Yl-|HZ—,)A(i). In the case of perfect CSI we
aveH, = H;, andp(Y;|H;, X;) is a Gaussian pdf with mean

;X; and variancer;.

To obtainp(Yi|Hi, X;) for the more realistic case of imper-
fect CSI, we assume the application of LSE channel estimatio
as described in Section 1I-C. According to the results of

IV. CAPACITY AND CUTOFF RATE ANALYSIS Section 1lI-A and since channel estimation is performed for

The purpose of this section is to quantify potential datagatone realizatiorG of the lognormal shadowing term, we further
and power efficiencies of OFDM-based UWB transmission. @ssume zero-mean circularly symmetric Gaussian distibut
particular interest here are (a) the channel capacity ataffcu channel coefficientsf; with variances?;, = G* (see Eq. (6)).
rate, which are widely accepted performance measures fidris means thai; is also zero-mean Gaussian distributed
coded transmission, (b) the influence of the particular oan with variancecrfq = 0% + 0% (see Egs. (2) and (5)). Let be
model (CM1-CM4), and (c) the effect of imperfect channehe correlation betwee#; and H;,

estimation on these measures. Since coding and interfpavin -
are limited to single realizations of lognormal shadowing, = ot v . H - = / . (10)
focus on the notion obutage probabilityi.e., the probability OHO g opt+og Y+

that the instantaneous capacity and cutoff rate for a giVgfherey, is defined in (5) and = o2, /o2, is the signal-to-noise
theoretical performance measures will be compared with sing (cf, e.g. [12])
ulation results for the Multiband OFDM system in Section . 9
V. : 1 Vi — XiHipi?|

. , , : (Yi|Hi, Xi) = ————5——~exp| ——57—5——
In Section IV-A, we briefly review the capacity and cutoff’ m(ox (nu? + 1)) o (nu? +1)
rate expressions for the considered BICM-OFDM system. The 11)
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Fig. 4. Outage probability foil0log,,(Es/No) = 5 dB and 10 dB and Fig. 5. 10% outage capacity and cutoff rate for perfect CSlI.
perfect CSI. Left: Outage capacity. Right: Outage cutoféra

e considerably improved by deliberately introducing ogdi

dundancy This effect is a little more pronounced for the
capacny measure relevant for more powerful coding. On
the other hand, the effect of shadowing, which cannot be

The Gaussian density of (11) implies that the system wi
imperfect CSI can be seen as a system with perfect CSI at a
equivalent SNR of

Ej {|E_|2}H4 ~ 12) averaged out by coding, causes a flattening towards low eutag
,76 — 2 — . g, . e
o2 (2 + 1) (1 N 1) 1 probabilities < O_.l. I_n the high qutage probab|l!ty range we
note that CM1 is slightly superior to CM4, which is due to

We note that in the high SNR regime the loss due to esumauHheB'arge dominant eigenvalues of CM1 identified in Section

error reaches a constant valuelof(n + 1).
In Figure 5 we consider the 10% outdgmpacity and cutoff

C. Numerical Capacity and Cutoff Rate Results rate as a function of the SNR) log,,(Es/No). Again we note
We evaluated expressions (7) and (8) via Monte Cartbe close similarity between the UWB channel models and
simulation using 10000 realizations of each UWB channtie i.i.d. Rayleigh fading channel with lognormal shadagvin
model CM1-CM4. To keep the figures legible, we presedt comparison of the capacity with the corresponding cutoff
representative results for CM1 and CM4 only. The CM2 angte curves indicates that decent gains of 2.5 dB to 3 dB in
CM3 models not shown have performance figures that ljgower efficiency can be anticipated by the application ofenor
in between those of CM1 and CM4 (cf. also Section Ill-B)oowerful capacity approaching codes instead of convatatio
For comparison we also include results for independent anddes, which are propopsed in [4] and which usually perform
identically distributed (i.i.d.) Rayleigh fading on eacme and in the vicinity of the cutoff rate.
an outer lognormal shadowing term identical to that of the 2) Imperfect CS: Figure 6 shows the SNR loss due to LSE
UWB models (labeled as “Rayleigh + LN"). channel estimation according to Eq. (12) with various value
1) Perfect CS: First, we consider the case of perfect CSlof . For reference, the Multiband OFDM system uges- 2,
Figure 4 shows the outage capacRy{C(H) < R) (left) N =128, and so choosind. = 32 (equal to the cyclic prefix
and cutoff ratePr{ Ry(H) < R) (right) as a function of the length) leads ta; = 0.125.
threshold rateR for 10log,o(Fs/No) = 5 dB and 10 dB,  We can see from Figure 6 that the performance penalty due
respectively, wherel’; is the average received energy pefo imperfect CSl is about 0.5 dB in the range of interest fer th
symbol andV, denotes the two-sided power spectral densitylultiband OFDM system. Reducing the channel estimation
of the complex noise. overhead toP = 1 (n = 0.25) could be an interesting
It can be seen that both capacity and cutoff rate for thgternative for short packets, as the additional loss ig ahbut
UWB channel models are similar to the respective parameters dB in E, /Ny (in terms of required energy per information
of an i.i.d. Rayleigh fading channel with additional logmai bit £, the loss is even smaller). Further reduction of pilot tones
shadowing. In fact, the curves for CM4, which provides thig not advisable as the gains in throughput are outweighed by
highest diversity (see Section I1I-B), are essentiallyniiteal the losses in power efficiency.
to those for the idealized i.i.d. model. The high diversity
provided by the UWB channel also results in relatively steepzye note that 10% outage is a typically chosen value for UWBesys
outage curves, which means that transmission reliabiliity cand the considered channel model [4].
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Fig. 6. Lossin SNR due to LSE channel estimation with différeaccording  Fig, 7. 101log;o (Es/No) required to achievéBER < 105 for the 90%
to (12). best channel realizations (markers). For comparison: 10%ge cutoff rate
(lines). Channel model CM1 and LSE channel estimation.
V. SIMULATION RESULTS

In this section, simulation results for the Multiband OFDMNe UWB channel are similar to those of a perfectly interezhv

system described in Section Il and the UWB channel mod@pyleigh fading channel plus shadowing. The BICM-OFDM
CM1 (using 100 realizations) are presented. We consider fotfheéme proposed for Multiband OFDM performs close to the
different transmission modes with data rates of 80, 160, 32}/fage cutoff-rate measure and is thus well suited to exploi
and 480 Mbps corresponding to 0.25, 0.50, 1.00, and 1 te available diversity. From the_ comparison of outage cmy)a_
bit/symbol, respectively (see [4, Table 3] for the detaifs @nd outage cutoff ra_te we anticipate tha_t more powerfulegdi
puncturing etc.). In the simulations, detection is perfedm (8-9- Turbo codes) improves power efficiency by up to 3 dB.

with perfect CSI as well as with LSE channel estimatioft Simple LSE channel estimator has been shown to enable
and = 0.125. Following the procedure in [4], we reportperformance within 0.5-0.7 dB of the perfect CSI case for the

the worst-case performance for the best 90% of chanrff@PPosed Multiband OFDM system.
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