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Abstract

This letter considers and recommends OFDM with adaptiveauier modulation as a suitable candidate for wireless UWB
communication in computer chassis. A rigorous measuremm@mpaign studies the guaranteed spectral efficiency. itledes
that enhancement of the existing WiMedia OFDM systems withaadwidth of 528 MHz in order to support adaptive OFDM
would enable data-rates above 1 Gbps over short rangethe.spectral efficiency would be doubled. Moreover, the gui@ed
spectral efficiency is shown to increase with bandwidth,the guaranteed data-rate increases better than linedhybandwidth.

Index Terms
UWB, Ultrawideband, adaptive OFDM, Wireless Interconn&xmputer chassis

I. INTRODUCTION

IRELESS interconnect in computer chassis is an emergind f€&lshort range communications. It is expected to
replace the wired bus systems [1] - [5]. The benefits are: atimhu of latency, chip/printed circuit board area, and
electromagnetic interference; simplification of architees; and increased flexibility of the architecture [1] }. [5

The candidate technologies are Ultrawideband (UWB) [1]]; [8], mm-Waves (60 GHz) [1] - [4], sub-THz [2], and THz
technologies [2]. mm-Waves, sub-THz, and THz technologféer significantly higher data-rates and are reported tonoee
energy efficient than UWB [1], [2], [4], but they have a lindteange. Sub-THz and THz links are considered for rangesbelo
25 mm [2]. SISO 60 GHz links have been considered for rangkswb® mm [2], [4].

The advantage of UWB communication links, is the fact thaytban service links with ranges in the€lO cm range even
for the NLOS case [1], [5]. Thus for wireless links transfiegrdata between more distant components, e.g. motherlamard
the hard-disk unit, UWB, assessed here, seems to be theltezsative. In Section Il, the letter discusses the advgegand
disadvantages of different architectures for such a systetnselects Adaptive OFDM as the most suitable candidattioBe
[l and IV then explore the performance of such a system.

Il. IMPLEMENTATION OF UWB IN COMPUTER CHASSIS
A. Impulse Radio and BPK

The UWB wireless channels in computer chassis have beeiedtegtensively by numerous authors [5] - [8]. To our best
knowledge, the implementation of such a link has only begioerd by Intel Corp. e.g. in [1], and by Chen et.al. in [9].

Intel Corporation selected On-Off-Keying (OOK) Impulsdi@ [1]. The implementation is capable of providing up to
500 Mbps. Despite using 2-tap equalization [10], the penfonce is limited by the Inter-Symbol-Interference (ISl)dense
multipath environments [10]. For 500 Mbps the system matsfER > 10~! for ranges> 8 cm [10]. For ranges above
10 cm, the data-rate has to be reduced to 125 Mbps but themsysii fails to establish a reliable communication link in
more confined areas of the computer chassis [11].

Introduction of a guard interval prevents ISI as discussgdia [12], [13], but such an approach significantly reduthes
spectral efficiency of the scheme. Considering the poweaydptofiles of wireless channels in computer chassis regonte
[5] - [8], the guard interval should be at least as long as fiolobr systems, i.e. more than 50 ns [5] - [8]. For OOK systems,
this means a maximum data-rate of 20 Mbps.
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The direct modulation using BPSK with dynamic shifting oétmtegral window at the receiver is explored in [11]. The
simulated system achieves data-rates of up to 650 Mbps @®jever such data-rates require SNR above 35 dB [9]. Realisti
UWB'’s link budget is 60-65 dB (spanned between thermal naisg UWB radiation limits) [12]. The path loss in computer
chassis is 27-30 dB [5] - [8], with fading and the electromatgminterference the link is likely to fail.

B. OFDM

OFDM systems possess higher spectral efficiency [14]. Tdmiwback is higher complexity associated with higher power
consumption per bit. Furthermore, commercial UWB OFDM eys fail to operate in confined environments [15]. The
frequency selective fading, which is more severe in confimedtipath-rich environments, causes a significant vaath the
SNR among OFDM subcarriers. The weakest subcarriers batgrimostly to the overall BER and communication link fails
even though the overall energy of the OFDM symbol is well @&the system’s requirements [15].

C. Adaptive OFDM

It is possible to remedy the OFDM limitations by using OFDMt&mMs which adapt the subcarrier modulation to the specific
channel properties. The concept of adaptive OFDM is not nesvibhas been studied for wideband OFDM systems as well
as for UWB OFDM indoor systems [16] - [19]. The contributiohtbis letter is therefore summarized as follows.

The concept is applied in computer chassis where it has rest bensidered before. The static environment is suitable fo
deployment of the adaptive OFDM technique. The wirelesswobhof the small confined environment is very specific - low
path loss but severe frequency selectivity [5] - [8], [15grde, an evaluation using a rigorous channel measuremmipiadgn
iS necessary.

The main contribution of this letter is quantification of thenefits as a function of bandwidth. This quantification hats n
been performed before and it enables a) to quantify the nimirbandwidth required for a guaranteed spectral efficieiney,
to estimate how much bandwidth is required by a realistitesysto guarantee data-rates required by different busédeins
the computer, and b) to show how the guaranteed spectrakefficincreases with bandwidth.

IIl. CHANNEL MEASUREMENTS

The measurement configuration used for the results reporteds letter was as presented in [5]. It was performed using
Vector Network Analyzer for the frequency range 3-11 GHz inoanputer chassis as depicted in Fig. 1. The measurements
were performed with the motherboard (incl. network and eidards which are not depicted in Fig. 1) in the chassis.

The antennas were compact bowtie antennas operating inetpeeincy range 3 - 11 GHz. The receiver was in the proximity
of the hard-disk slot and the position of the receiver wasedafor two planes perpendicular to the motherboard. In each
plane, the receiver was moved into 36 positions (squareGxédpositions spaced by 1 cm).

The top plane was at the same level as the receiver antenram 2bove the bottom of the chassis, with a mean TX-RX
range of 20 cm. The bottom measurement plane was located 20etow the top plane. Both polarizations were explored,
providing experimental data for a total of 144 SISO channels

IV. ADAPTIVE OFDM EVALUATION
A. Overview

The performance evaluation of the spectral efficiency of gida OFDM systems is performed as follows. The measured
channel transfer functions are applied on the realistichindget of 60 dB and the SNR of individual subcarriers areudated.

I
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Fig. 1. Measurement setup
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These individual SNR levels determine the subcarrier metthr, i.e. the data-rates of individual subcarriers. Tialtdata-rate
over all payload subcarriers is calculated. The spectfaieficy is determined as the data-rate over the total badttivaf the
OFDM symbol.
The SNR decision levels for individual subcarrier modulatiwere selected so that the gross (uncoded) BER of each
subcarrier remains below 18 and are specified below:
SNR < 10.5 dB - none, subcarrier unused
10.5dB< SNR< 14 dB - QPSK
14dB < SNR< 17dB - 8-QAM
17dB < SNR< 21dB - 16-QAM
21dB < SNR< 24dB - 32-QAM
24 dB < SNR< 27 dB - 64-QAM
27 dB < SNR - 128-QAM

The limit of gross BER below 1(? is chosen as it is the upper limit of the code strength in th&i¥dia standard. For
gross BER above 1, the net BER is such that the PER exceed% 104].

Two evaluations are performed. Firstly it is shown that etleough the WiMedia devices are not suitable for operation
in an enclosed environment, a small modification of the systising the channel estimation already present in the stdnda
enables to achieve data-rates above 1 Ghps. Secondly,hteved spectral efficiency was explored as a function of éatith
(number of data subcarriers) in order to quantify what badtwis required for an adaptive OFDM system to provide a
wireless replacement for a specific bus.

B. Discussion about the assumptions

The performance evaluation as discussed in the preceditigrsés based on two assumptions - the properties of thergian
transfer function are known, and the channel is static ait e the duration between two channel estimations. Inghidion
it is shown that the WiMedia OFDM system satisfies both cooné. Thus the consideration of Adaptive OFDM represents
only a minor change to the scheme.

The packets in the Wimedia Standard, described in detaill4j, [have the following structure. The packet consists of a
preamble, header and the payload. The header carries iafiormfor the PHY and MAC layer. The preamble consists of
synchronization sequences followed by six pilot symbolsdiaannel estimation essential for channel equalizatioith \itie
received signal strength intensity and received signalityuadexes also foreseen by the standard, the receivedetgrmine
the instantaneous SNR [20] of individual subcarriers.

The first condition is therefore satisfied when the recigyoof the wireless channel is assumed, or if a feedback-atlann
transferring the channel-state-information is implerednSince the feed-back channel for sharing channel stéaesiation is
being routinely implemented in other systems such as th&I&&.11n systems [21]. It is contended here that such a ehang
to the system is a worthwhile endeavor considering the padace improvement quantified in sections IV.C and IV.D.

In terms of channel stationarity, the maximum length of tlaeket in the WiMedia standard is 656 OFDM symbols, i.e.
its duration is 205us [14]. This duration was selected with the stationarity e thdoor wireless channel in mind. In other
words, the channel estimation determined by the preamidefficiently precise for all OFDM symbols in the same packet i
a dynamic indoor environment. The computer chassis is afisigntly more static environment than the indoor channgh[5
[8]. Most of the electromagnetic interference occurs aeshe UWB band [1]. Hence, it is concluded that even the scon
condition is satisfied.

Since the environment is more static than indoor or outdbanoels, the system can additionally benefit from slow nesou
allocation algorithms with low requirement of computatibnresources such as [22], [23].

As a final note before the performance evaluation, it is ntited not all subcarriers in an OFDM symbol transmit data. In
the WiMedia OFDM symbol, only 100 subcarriers representigey, the remaining 28 are pilots or guard subcarriers. The
role of the pilot subcarriers is to improve the equalizafib4]. This is comparable to the IEEE802.11a standard witlu&i&
subcarriers out of 64 [21].

In the first evaluation, 100 payload subcarriers spaced alseinViMedia standard are assumed. In the second evaluation
with variable bandwidth, it is assumed that the payloadesgnts 8% of the bandwidth of the OFDM symbol.

C. Results - Fixed bandwidth

The performance of the WiMedia-like system with fixed bardtiis presented in Fig. 2 which compares the spectral
efficiency of a WiMedia-like system considering the meaducbannels for the 14 center frequencies as specified by the
WiMedia standard [14].

The following can be concluded based on Fig. 2. Firstly, tagggmance is slightly inferior for higher frequencies.igis
due to the fact that the path-loss increases with range €highthe bottom level) and with frequency.
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Secondly, the spread is lower for lower frequencies the mari data-rate is limited by the maximum modulation level, i.
some subcarriers could support modulations higher tharQ&Bl which would increase the spread towards higher values.
128-QAM was selected as the highest modulation order bgdhia system complexity in mind.

Thirdly, even though the communication range is larger far bottom level, the results do not suggest that either of the
positions is better. This is a positive result as it sugg#dsts the achievable data-rates are independent of thectizes's
position to the motherboard.

Finally, in terms of result quantification, it can be condddthat for center frequencies below 6 GHz, for all bands the
measured efficiency was above 3 bit{z) which corresponds to data-rates above 1.5 Gbps. Wittexiception of the top
level position for the highest center frequency, all of theasurements provided the data-rate with spectral effigziahove 2
bit/(sHz) which corresponds to gross data-rates above 5Gbp

In comparison, the WiMedia system has gross data-rate ofMigfls, which corresponds to 1.21 bitkkz), but as shown
experimentally in [15] even with the lower spectral effiadgrthe WiMedia systems fail to establish a data-link due tese
multipath fading in confined environments.

D. Results - Variable bandwidth

Fig. 3 then compares spectral efficiencies achieved in thasored channels with variable bandwidth for five center
frequencies (5, 6, 7, 8, and 9 GHz). The number of subcarrés varied from 2 to 950 corresponding to OFDM symbol
bandwidth from 8.5 MHz to 4 GHz. The duration of the OFDM syrimas kept 312.5 ns as in the WiMedia systems. As
mentioned n IV.B it is assumed that only Bf the subcarriers carry data payload.

In Fig. 3, it can be observed that the median spectral efiigieamains constant, independent of the bandwidth. However
the spread of the spectral efficiencies between differesitipos decreases, due to the ability of the adaptive OFD#esy
to mitigate the impact of frequency fading, i.e. strong sukiers compensate for weak ones.

For bandwidths below 50 MHz, the system cannot guarantegdrgpefficiencies above 1 bit/{3z). To guarantee efficiencies
above 2 bit/(dHz) the adaptive OFDM system in a computer chassis should hawninimum bandwidth of 200 MHz.

For UWB bandwidths of 500 MHz and 2 GHz, none of 720 measurésn@®4 positions for 5 frequencies) yielded in
spectral efficiency below 2.3 bit/3z) and 2.7 bit/(dHz), respectively. These measured values suggest theapefficiencies
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Fig. 2. Spectral efficiency of an adaptive OFDM system witmdvaeidth 528 MHz as a function of center frequency. The ebams represent the
minimum/maximum measured spectral efficiency over 72 nreasents.
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are guaranteed for more than%®®f the cases.

V. CONCLUSION

This letter has studied adaptive OFDM as a suitable carelidatwireless UWB communication in computer chassis. Resul
from an extensive measurement campaign have led to two noaiciusions:

1) If existing WiMedia systems were enhanced to support tkla@FDM, a system with a bandwidth of 528 MHz would
enable data-rates above 1 Gbps across the entire UWB bandltave 1.5 Gbps for the lowest 6 WiMedia Bands. Our
measurement suggests that this measure should at leade dbatspectral efficiency of WiMedia system, it is also expdc
to improve its energy consumption per bit.

2) The guaranteed (99 of cases) spectral efficiency of a UWB OFDM system with ad&ptiubcarrier modulation increases
with bandwidth. Efficiency> 2 bit/(sHz) is guaranteed for bandwidths above 200 MHz. The prddtigaortance of this result is
that the guaranteed data-rate for such a system increasegtmaa linearly with bandwidth. Our results suggest thaidwadths
of 500 MHz and 1 GHz guarantee data-rates of 1.2 and 2.6 Gbpgectively.

The disadvantage of this technique is that the transmittegeform is tailored for the specific frequency selectivifytioe
channel between the transmitter and the receiver. Thisiéecy selectivity is a location-specific fingerprint of thamitudes
and delays of the multipath rays. Hence, the adaptive OFD#fesy can only be used for point-to-point data-links, not for
complex information dissemination in multi-node netwodsse.g. in [24].

In summary, despite the location-specific drawback the tda@FDM for wireless interconnects in computer chassis or
other confined environments it is believed to be a power efiicihigh-data-rate competitor to existing wired conreexgifor
ranges above 10 cm.
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