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Abstract— Ultra-WideBand (UWB) has been recently pre- location to another. This last property can be used for flexible

sented as a promising radio technology due to the large band- code allocation in decentralized networks such as UWB ad-
width available. This feature enables point to point high data hoc networks.

rates at short range as well as high temporal resolution with

long channel impulse reponses (CIR). In this paper, we present an . . . .
original multiple access scheme called Channel Division Multiple Until recently, the main focus of ultra-wideband studies

Access (ChDMA), where we use the CIR as a user signature. The has been on the analysis of point to point communications.
signature code is given by the channel and the users are separatedHence, in [2], Kennedy showed that the infinite bandwidth
by their position: this signature is uniquely determined by the capacity of a Rayleigh fading multipath channel with perfect
user's position, which changes from one position to another. This ~p3nnel knowledge at the receiver is the same as the infinite
signature location-dependent property provides decentralized - ; . o . .
flexible multiple access as the codes are naturally generated by ba_ndw'dth capacity of thg non-fading additive Wh'te, gaussian
the radio channel. The results derived can be straightforwardly ~Nnoise (AWGN) channel with the same average received power

applied to UWB ad-hoc networks. To analyze the multiple access (the asymptotic bandwidth capacity in this case is equa){;oto

scheme performance, we evaluate the channel capacity in aj, nats/s. whereP is the average received power Wh"zég

wideband power limited regime by the tradeoff of the spectral . . . . .
efficiency (b/s/hz) versus the ratio between the number of users is the power spectral density of the additive white gaussian

and the system resolution. The framework is analyzed and NOiS€). An interesting feature is that this capacity can be
validated by capacity assessments using UWB measurementsachieved with any kind of orthogonal code set. In [3], [4],
performed at Eurecom and compared with classical CDMA [5], these results are generalized to the case where the channel
schemes with random spreading. The following receivers are jg not known at the receiver with different constraints on the
considered: optimal joint processing, single-user matched filter input signal. In [3], the infinite bandwidth capacity is shown to

and MMSE receiver. T\ p )
. . be equal to (1 — 272 ) &~, whereT; andT. are respectively
Index Terms— Multiple access schemes, multi-user systems, he del d Cd hO h . . Lin th
channel signatures, channel division multiple access, code di-t e delay spread and the coherence time interval in the case

vision multiple access, channel capacity, fading channels, noisy Of no inter-symbol interference (ISI). Surprisingly, the result
channels, spectral efficiency, multiuser detection, multiuser infor- in this case is not valid for any code set, but it depends

mation theory, spread spectrum, wideband regime. crucially on the type of the orthogonal signaling. In particular,
by transmitting at very low duty cycle, capacity of the infinite-
|. INTRODUCTION bandwidth AWGN channel can be achieved independently of

Ultra-WideBand (UWB) signalling techniques are bein he number of paths and code sets, which Is not the case for
éaread spectrum signals. Spread spectrum signals (which could

considered for indoor short-range high data rate radio lin e good candidate for multi-user communications) were shown
overlaying with other existing wireless systems. Such tech- 9 i . : .
suffer a dramatic loss in terms of mutual information unless

nigues, as well as others are being considered in the st A h | . lowlv al Ci _stati
dardization process of IEEE 802.15a Wireless Personal Ar £ channel vanes very slowly aimost in a quasi-static way.

Networks (WPAN) proposal. FCC's "Report and Order” al- e basic guidance behln_d this fact is that as the bandywdth
increases, the power available to estimate each path is too

lows for a UWB system bandwidth that extends from 3.1- ) :
10.6 GHz. This large bandwidth represents a high potent mall for accurate channel detection techniques to work well.
. ' his effect degrades significantly the signal to noise ratio

regarding capacity and flexibility issues and makes UW ; . :
systems attractive for applications such as localization, se NR). Low duty cycle signals are mFere;tmg as they reduce
e penalty factor due to channel estimation [6].

rity systems, emerging automotive and home based "locati
awareness” systems. Thanks to their large bandwidth, thesq

This work is part of the European Network of Excellence NEWCOWC of UWB systems _iS large (typically a_bOUt 108) whereas
Contract IST NoE 507325. the delay spread’; is very small (typically about 1m:s),



each users sends a very modulating peaky signal elgty hy

User 1
The resulting impulse response modulates the signal of interest /
and is decorrelated of any other user sending information at
the same time and in the same band. The system is equivalent
to an uplink code division multiple access (CDMA) with h
random spreading system for which the capacity region is
known [7]. Due to the fact thaLTTd is small, the channel User 2

estimation occurrence will be limited and the power dedicated
to estimate the channel when the bandwidth increases is
bounded. Moreover, the high number of degrees of freedom
of the channel provide enough uncorrelated random spreading
codes to separate the users. Note finally that the low spectral
efficiency typical of wideband systems does not imply thap9- 1. Channel Impulse Division Multiple Access Scheme with three users.
the communication is wasteful of channel resources or that .

the system operates far from channel capacity. In multiuser

channels, the spectral efficiency achieved by any user may

small but the sum of the data rates may actually be near t r I I I I werr @
channel capacity. 0 o o o

The remainder of this paper is organized as follows. ]
Section 1l, we describe the system model of the ChDMi I I I I by ChamEl @)
architecture and provide the capacity expressions for t

T

system. In Section Ill, we detail the measurement campaig = eooe e e
performed at Eurecom Institute in a typical office environmeni. I I I I Chamnel ()
In Section 1V, the capacity results of the ChDMA proposal ar s

evaluated and compared with the capacity of the CDMA sys- 6« & & o
tem with random spreading in a non-fading AWGN channel
The Section V is dedicated to a brief discussion about th
ChDMA proposal and our perspectives.

User 3

Channel (1)

eg 2. Channel Division Multiple Access signaling.

environment, like a multiple access scheme as CDMA. It is
Il. SYSTEM MODEL important to note that the impulse radio has long been seen as
To build the system model, we consider a fading channalmodulation scheme and never as a multiple access scheme.
with additive white gaussian noise, like typical ultra-wideband Note that each user has a particular charimgl and we
wireless environments. Furthermore, considering the uplirsippose that each channel is independent from the Gthers
case, we assume that the system empléyssers, where each Because of this assumption, it is possible to use the channel
user wants to communicate towards the same destinationségnature to separate the signals that come from different users.
shown in Fig. 1. Each user transmits a low duty modulatinghe system can achieve very good spectral efficiency as long
signal as presented in Fig. 2. The signal is transmitted evexg the number of users is high compared to the delay spread
Ty. In this case, the symbol received at the access pointésd the coherence time is quite long. Moreover, the system is
given by: flexible in the sense that the spectral efficiency of the system
depends mainly on the number of users and increases for each
user (although the total spectral efficiency decreases) as the
y =Hs+n, (1) number of users decreases. In all the following, we assume

wherey is a N x 1 vector with N = W which ¥ is the that for anyi, E(| h; ) =
bandwidth allocated for the ultra- Wldeband signal aid is

the frequency resolutiod = [h,,...,hk] isa N x K matrix A, Spectral Efficiency expressions
which contains the frequency response vettgiof each user
i.nis aN x 1 additive white gaussian noise vector of varianc

0.2

Assuming Gaussian signaling, the instantaneous spectral
EfflClency is given by:

In the system employment, the ISI is avoided due to the fact * For the optimum receiver:

that users transmit only evefl),;. s is a K x 1 vector which
contains the transmitted symbols of the various users, typically
{+1,—1} due to the low spectral efficiency of wideband
signals. As a consequence, we can consider that the channél
impulse responses works as users signatures to access the 1 & | h; |*
WE = Zlogg 1+ — .7 %4 NTE
lwe suppose, for simplicity sake, that all the users have the same delay | | + Zj=17j¢71 | i |
spreadTy. Otherwise, users send a peaky signal evEf{#* where T =
max; (T7%) 2See section II-B for a discussion on this issue.

1 1
Yopt = N 10g2 det (IN + ;HHH>

For the matched filter:




« For the MMSE receiver: « At low SNR (typical of UWB) :

25:1 Ai
No?

which shows that there is a limit in the number of users
whereH; is an N x K — 1 matrix, without columnrh,. since the system depends only énand not X anymore

For all receiver, the signal to noise ratig; is related fohr high r]urgbsrfof usersH The nbumbfrdhas alreafd]?/ bze” f
to the spectral efficiency by: - = %y K5. The spectral ¢ ara_c(';ert;zed iore e}sg e ”(Lj“'?h_er 0 t‘?g“ta_es Oh reedom o
efficiency of these receivers with random spreading has belllf wideband channel [8] and this contribution shows once
studied in [7]. In the following, we extend the analysis fo9aiN its key rqle the channel division multlplg access realm.
real measurement data for which the spreading correspor%%‘d'es are still being conducted to characterize .the number
to different channels measured and asses the multiple accesgegrees of freedom with respect to the spatial position
separability of the system with respect to the bandwidth. Nofd'd geometry of the scatterers. Interestingly, one should note
that Gaussian inputs in the UWB setting are not mandatofjat for UWB systems, the spectral efficiency scales with the
to achieve the previous spectral efficiencies. Indeed, for I0fj'€rgy provided by the channel and not the multiplexing gain
signal to noise ratios, binary antipodal inputs are as go&1C€ One operates at t very low signal to noise ratios.
as Gaussian inputs in the sense that the ratio of mutual
information (with BPSK signaling) to capacity approaches . M EASUREMENT CAMPAIGN
unity. A. Equipment and Measurement Setup

In section IV, comparisons are made with the optimum The measurement device used in this study is a wideband
receiver, the matched filter and the MMSE receiver to thgector network analyzer (VNA) which allows complex transfer
case where we employ a rati§> equal to 5dB and 10dB. function (e.g.S2;) parameter measurements in the frequency
The curves have been plotted only for Gaussian signaligmain extending from 10 MHz to 20 GHz. This instrument
as capacity and mutual information are similar in the lowas low inherent noise<(-110 dBm for a measurement
SNR regime (typical of UWB systems and which providepandwidth of 10 Hz) and high measurement spee®.%

a practical framework for Channel Division Multiple Accessys/point). The maximum number of equally-spaced frequency
as the transmitter sends either positive or negative peaks). sgmples (amplitude and phase) per measurement is 2001. The
compare the spectral efficiency of our proposal, we simulatedleasurement data are acquired and controlled remotely using
a CDMA system where signature waveforms are assignedtaé RSIB protocol over an Ethernet network permitting off-

random. In this case, each code word is chosen equally likge signal processing and instrument control in MATLAB.The
and independent for each user, where each chip correspoRgisasurement system is shown in Fig. 3.

0 (- i)

K
1 = _ 1 1 H
MSE = - Y log, (1 +n @B + 6%1) 1hi) ~ logs det <1N +—HH ) 02 oo
=1

B. Degrees of freedom versus number of users

For a given environment, the problem that arises concer |*"¢rma TSk Cross) extenna RX(Sky Cross)

the maximum number of users that the system can incorpore
Indeed, the environment provides different channel signature
However, as the number of users increases, the differe
signatures become more and more correlated as they L/’/i aripsa gl ShR
generated by the same filter environment. In particular, tt
number of scatterers and their relative positions will undoubt

Clabls
writh fix WINA

determine the maximum number of users. To better understg| distance VM it
this effect, consider the matrid of size N x K which contains Distance
the different signatures of the users. We have, Vaziows
Betwreen
1 . 1-12m
lim —HH"” =R 2
Nl—I>noo K ( )
which is the covariance matrix of the channel. Thenon- - g [Ri45]
zero eigenvalues of the matriR. determine the scaling of | g I~
the spectral efficiency with the optimal receiver. Indeed, fc ﬂ
K — oo (and supposing the non-zero eigenvalues equal;to
with 1 <i < L): station for post-processing data S21(response of VINA)
« At high SNR: _
Fig. 3. Channel measurement setup.
L
1 R 1 i . :
— loggdet ( Iy + HH" | —,2_ —Zlogg(—) In order to perform truly wideband measurements with
N o N < o2 - . :
i=1 sufficient resolution several bands can be concatenated using
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Fig. 4. Transmitter/Receiver positioning.
Fig. 5. Channel measurement environment.

consecutive measurements. In this study we performed mea-

surements from 3 to 9 GHz by concatenating 3 groups of 20Qdceiver, this also has the effect of reducing the amount of
frequency samples per 2 GHz sub-band (3-5 GHz, 5-7 GHggattered paths which reach the receiver and thus the richness
7-9 GHz). This yields a 1 MHz spacing between frequencyt the propagation channel. For the two measurement sce-
samples. As discussed in the following section, this resolutiopyips with transmitter/receiver separation of 6m representing
was found to be sufficient for the analysis of the second ordgii 0s and LOS communications, we acquired 400 different
statistics of the channel impulse response. The correspondiiignplex frequency responses each. Similar experiments with
maximum time domain resolution &' = 167 ps in a 1S fewer measurements were also made for transmitter/receiver
time-interval. The use of passive elements in the measuremeggparations varying from 1-12 m in both LOS and NLOS con-
apparatus (cables, SMA connectors, etc.) imposed a systemgfiGrations. The measurements were carried out in Eurecom
and frequent calibration measurement (which was controllggstitute Mobile Communication Laboratory, which is a typical
remotely), in order to compensate undesirable frequendynoratory environment (radio frequency equipment, comput-
dependent attenuation factors that could affect the collectgpsy tables, chairs, metallic cupboard, glass windows,...), as
data. Following the VNAs manual recommendations, thgnown in Fig. 5, rich in reflective and diffractive objects. For

calibration "through response” type was selected, and thgnplicity, all numerical results reported in this paper refer to
cables and the connectors were included in this calibrationyhe 6m LOS scenarios.

The wideband antennas employed in this study are om-
nidirectional in the vertical plane and have an approximate |v. CAPACITY PERFORMANCE AND COMPARISON
bandwidth of 7.5 GHz (varying from 3.1 to 10 GHz). They RESULTS
are not perfectly matched across the entire band, with a VSWR

; . 14| , In this section, we analyze some of the results obtained by
(Voltage Standing Wave Ratid/ SWR = l% wherep is

h ) fici ¢ reflecti 1-]p]" 5 using the measurements of a real environment. Considering
the WaveT Cﬁe icient o r:e ectlor;f)_ varying froBm% t°552(asthe measurements carried at a typical laboratory environment,
an example the antenna has an efficiency of aBout at 5.2 o assumed that each user channel is given by the channel

GHz). reponse of a measured transmitter-receiver with fixed positions
separated by% = 5 cm, which gives a total of 400
B. Measurement Environment users. It is important to note that this assumption does not

Measurements were performed at spatially different loc&€Present a real case, because all the users are close to each
tions for both Line-Of-Sight (LOS) and Non—Line—Of—SightOther’ |_mply|ng in a higher correlation b_etween the signals
(NLOS). The experiment area is set by fixing the transmittinge™ different users when compared with the case where
antenna on a mast at 1 m above the ground on a vertidQp users are spread in the hole enwronment._Furtherm'ore., a
linear grid (20 cm) close to the VNA and moving the receivePretreatment in the measured data was done with the objective

antenna to different locations on a square grid (50 cm x 4@ be fair with the comparison. This treatment was employed

cm) in 222 — 5 cm steps. The transmitter/receiver positionind® guarantee that the total system power was constant, by

is depicted in Fig. 4. The height of the receiver antenna w&A9'malizing the channel impulse response of each user, i.e.,
also 1m above the ground. This type of propagation scenaf@c channel column vectér; was assumed to have norm
clearly targets peer-to-peer applications. equal to £. In the same vein, the CDMA codes were generated

A measurement scenario is described by the transmiff- (e Way that each code word has noffey|| equal to 1.
ter/receiver separation and the presence or lack of a Los!" Fig- 6 and 7, we show the spectral efficiency of two
component. The latter was achieved by inserting a larg¥Stems when Gaussian signaling is employed. One of the
obstacle between the transmitter and receiver in order to blockye normaiized the channel by dividing all the elements of the velstor
the LOS path. Because of the proximity of the transmitter arng ||h;||.
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Fig. 6. Capacity comparison in a Gaussian signaling assumptionﬁgit&

5dB. Fig. 7. Capacity comparison in a Gaussian signaling assumptlon%lt&

10dB.

V. CONCLUSION
systems is the ChDMA, which uses the CIR of each user,, wis paper, we have provided a constructive scheme

and the other is a CDMA-based system with random pseud@y 1 itiple access using low duty cycle nicknamed Channel
noise codes. The spectral efficiency is evaluated in terms @ ision Multiple Access. The genuine idea is to benefit from
the ratio between users/chips, or users/resolution, of thigR jchness of the channel which provides code separability
different receivers (Optimal receiver, Match Filter receiver angf the users in a natural way. Some performance results have
Minimum Mean Square Error receiver). been presented to illustrate the capacity that this scheme can

The curves presented in Fig. 6 were simulated foka achieve. Despite the unfair comparison, where the considered
of 5dB. As we can see, the performance of the CDMA-basddiannel was built without considering the spread of the users
case presents better results than the ChDMA case. Desgieover the environment, the ChDMA scheme have shown
this, when we employ MMSE receivers, the gain is not vertp be able to achieve close to CDMA performance without
significative, showing almost the same performance as tRentralized code allocations. Furthermore, in the simulations,
CDMA-based case. This result imply that it is possible to builée could note that the performance of the ChDMA scheme is
receivers for the ChDMA that is able to achieve a performangéitically dependent of the receiver structure, but the analyzed
comparable to the CDMA capacity. receivers were not able to achieve the optimal performance.

. . Focusing almost completely on the description of the
In Fig. 7, we present the curves for% of 10dB. As said ~,pmA scheme, we have shown only some performance
heiore, ihe performance of the CDMA-based case Presepiults of this scheme when a Gaussian signature is employed
better results than the ChDMA case, but when we emplgy 5 55 environment. As future work, a detailed evaluation
optimal or MMSE receivers, the gain is not very significatives \he impact of the modulation and the environment should

It is important to note that the results presented for thge done. Furthermore, it is also of interest to evaluate and
CDMA case is for a AWGN channel, i.e., the channel dod® propose other types of receivers, where are more adapted
not have multipaths, which is an unfair assumption when wier this multiple access scheme. Further studies are being
consider real channels. Actually, when we employ CDMA&onducted taking account mutual information criteria as well
systems in real channels, it is necessary to add some comgigannel estimation mismatches.
structures like scrambling codes, which increases the code
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