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Abstract - This paper presents the influence of antennas the on performance of UWB systems. Two systems, DSS-SS and
MB-OFDM are investigated. The systems operate on the IEEE802.15.3a channel, which is modeled with a Saleh Valenzuela
model. An extension of the model to include direction of arrival (DoA) is used. The antenna model is taken from a monocone
UWB antenna characteristics. The impact of the imperfect antenna on the channel estimation and equalisation algorithms is
presented for the four IEEE802.15.3a channel scenarios. It can be seen that to maintain a target packet error rate while assuming
a realistic, non-ideal antenna, the requirements are higher in terms of power and complexity of the receiver algorithms. The
new requirements are given and performance degradation is presented with the help of system simulations.
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I. INTRODUCTION

Ultra-wideband (UWB) communication systems are emerging as potential candidates for short range, high rate wireless
data communication. To qualify as UWB, a system must have a bandwidth which either exceed 500 MHz or is larger that 25
% of its centre frequency (i.e a fractional bandwidth larger than 25%). In 2002, the FCC released the so called UWB band,
spanning from 3.1 to 10.6 GHz, with a maximum emitted power (EIRP) of -43.1dBm. The spectrum mask can be found in [1].
Over the past few years, the IEEE has been in the process of developping a standard for UWB systems with the IEEE802.15a
working group for WPAN. Two systems emerged as potential candidates for UWB [2], [3]. The first system is based on
direct sequence spread spectrum (DS-SUWB) while the second one uses multiband OFDM (MB-OFDM). Both systems use
a bandwidth between 3.1 and 4.6GHz. The DS-UWB system is a classical direct sequence spread spectrum system using
a pseudo random sequence to spread the information over the bandwidth. Multiband OFDM divides the available 1.5GHz
bandwidth into 3 bandwidths of 500MHz each and sequentially transmits an OFDM stream over one bandwidth after the other
[3]. In [4], the IEEE presented a UWB channel model based on the Saleh-Valenzuela model where multipath components
arrive in clusters of rays, with time of arrivals (ToAs) following a double Poisson process. In [5], a extension of the model
for the channel direction of arrival statistics for the clusters and rays was proposed. One of the issue that UWB system may
face deals with antennas. UWB systems span a very large bandwidth and send very short pulses. For these pulses, an antenna
acts as a pulse shaping filter for which the impulse response is a function of the signal direction of departure and/or arrival
(depending wether you consider the transmitting or receiving antenna or both). Ideally, an antenna would have the same gain
over all directions and for all frequencies, but since this is not the case for a real antenna, it is of interest to investigate the
impact of antennas on the transceiver performance. The aim of this paper is to assess the impact of a real antenna on the
receiver performances. We assume the antenna at the transmitter to be an ideal isotropic antenna. On the receiver side, we use
a tap delay line, direction dependant model from a UWB antenna designed at ENSTA [6]. The paper is organised as follow:
In section II the channel model is described. In section III we detail the MB-OFDM and DS-UWB systems. In section IV, we
provide the transceiver algorithm used for channel estimation and equalisation. The simulation settings and results are given
in section V and finally we give our conclusion.

II. CHANNEL MODEL

A. The Modified IEEE 802.15.3a channel model

The statistical description of the IEEE 802.15.3a UWB channel employs a Saleh–Valenzuela model [7]. In this model,
multipath components arrive in clusters. The extension of the model to include DoA was proposed in [5]. The modified
Saleh–Valenzuela model describes the channel impulse response as follow [4]:

hch(τ, θ) = Xc(τ) = X

Lc∑

l=0

Lr(l)∑

k=0

ζk,le
jφk,lδ(τ − Tl − τk,l)δ(θ − Ωl − ωk,l) (1)

where l represents the cluster index and k the ray within a cluster index. X = 10χ/20 is a log-normal shadowing term where
χ is a Gaussian random variable with zero mean and 3dB standard deviation. There are Lc clusters and within the lth cluster,



Table 1

THE IEEE UWB CHANNEL MODEL PARAMETERS FOR FOUR DIFFERENT SCENARIOS

Model Characteristic CM1 CM2 CM3 CM4 unit

Distance 0-4 0-4 4-10 m

(Non-)line of sight LOS NLOS NLOS NLOS

Model Parameters

Cluster arrival rate Λ 0.0233 0.4 0.0667 0.0667 1/ns

Ray arrival rate λ 2.5 0.5 2.1 2.1 1/ns

Cluster-decay factor Γ 7.1 5.5 14.00 24

Ray-decay factor γ 4.3 6.7 7.9 12

Cluster fading σ1 3.3941 3.3941 3.3941 3.3941 dB

Ray fading σ2 3.3941 3.3941 3.3941 3.3941 dB

Shadowing σx 3 3 3 3 dB

Rays DoA standard deviation (all CMs) σω = 25 deg

Sub-band allocation SB1 ∈ [3100, 3600], SB2 ∈ [3600, 4100], SB3 ∈ [4100, 4600] MHz

there are Lr(l) rays. The average power of ζ is defined by

E[|ζk,l|
2] = e−Tl/Γe−τk,l/γ (2)

where Tl is the time of arrival of the lth cluster and τk,l the time of arrival of the kth ray inside the lth cluster. Γ is the decay
time constant of the clusters and γ the decay time constant of the ray within a cluster. The statistics of the interarrival time
are given by negative exponential distribution. The time between clusters distribution is

pT (Tl|Tl−1) = Λe−Λ(T−Tl−1) (3)

where Λ is the average time between clusters. The time between rays within a cluster distribution is

pτ (τk,l|τ(k−1),l) = λe−λ(τ−τ(k−1),l) (4)

where λ is the average time between rays within a cluster. The phase φk,l can take the value 0 or π with equal probability. It
is assumed that the channel is normalised so that the sum of the powers in each path is equal to one (that is,

∑
k,l |ζk,l|

2 = 1).
The direction of arrival for each ray within a cluster θ depends on two processes. Ωl gives the distribution of the mean
DoA for a cluster and is uniformly distributed over [0, 2π), while ωk,l gives the DoA for the lth ray within a cluster and is
Laplacian distributed with zero mean and standard deviation σω. Based on several measurement campains, the channel model
specifies four modes (CM1-4) as specified in [4].

B. Antenna Model

In a system model of a communication link, an antenna is seen as a direction-dependent filter. The antenna impulse response
g(t, θ)is measured for a set of directions of arrival θ. For wideband signals, the impulse response of the filter is of length
comparable to the signal so that the antenna has a frequency selective, direction dependent effect on the overall channel. The
concatenation of the channel fading and the antenna produces the overall channel impulse response

h(τ, θ) = hch(τ, θ) ⊗ g(τ, θ) (5)

The antenna we used was built and characterised at ENSTA. The design is documented in [6]. The gain of the antenna as a
function of the angle of arrival and frequency is seen in Figure 1.

III. SYSTEM MODEL

A. DS-UWB

DS-UWB does not differs from other DS-SS systems as described in academic texts such as [8]. During UWB standardis-
ation, two direct sequence systems were proposed, one being carrier-based and the other built on a impulse radio principle.
In this contribution we will focus on the carrier-based solution. In this system information bits are first encoded through
a convolutional outer encoder with rate Rcc1 and then by a repetition inner code of rate Rrc. The coded sequence is then
block-scrambled by modulo-2 adding an ML sequence. After the scrambling the stream is modulated into QPSK symbols,
pulse-shaped using square-root raised cosine (SRRC). The system spans a total bandwidth of 1.5GHz. An extensive study of
this system performances has been documented in [9].
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Fig. 1. Antenna characteristics. The Antenna parttern shows overlaps of the gain for different freqency over all the angles of arrivals. The frequency response
is shown for different angle of arrival over the UWB bandwidth (3.1 to 10.6 GHz)

Table 2

OFDM SYSTEM PARAMETERS

Parameter Value

Sampling frequency fs = 528MHz

Number of subcarriers 128

Number of pilot subcarriers 12

Pilot positions 2 OFDM symbols preamble

Guardband Subcarriers 10

Null subcarriers 6

FFT/IFFT period 242.424ns

guard time 9.47ns (5 samples)

Cyclic extension 60.6ns (32 samples)

Total OFDM symbol duration 312.5ns

Raw channel bit rate 640Mbps

Packet Length 1024 bytes (41 OFDM symbols)

B. MB-OFDM

In an OFDM system, the channel is split into N sub-channels, and within each subchannel the fading can be considered
flat. Such a channel is much easier to handle at the receiver. Using orthogonal waveforms and a cyclic prefix of appropriate
duration, the system is kept free from intersymbol and intercarrier interference. The subcarriers are generated using a N -point
FFT which effectively transfers the signal in the time domain. at the receiver, the cyclic prefix is removed and the signal is
downconverted with an IFFT block back into the frequency domain.

The considered OFDM system uses QPSK as base modulation for the N subcarriers which carry either data, pilots or zeros
as described in Table 2. The information bits are coded with a convolution code of rate Rcc2. Each symbol is preceeded by
a cyclic prefix long enough to overcome the intersymbol effect of the channel spreading. The OFDM symbols are allocated
to the three sub-bands one subband after the other, i.e SB1, SB2, SB3, SB1, etc... A gard time between each OFDM symbol
is used to provide a time buffer for the transceiver to switch between bands.

IV. CHANNEL ESTIMATION

The two systems use a packet-based transmission scheme. The assumption is that once a link is established, the channel
remains static during the whole tranmission. The only available diversity is thus on the frequency axis. Another assumption
is that time synchronisation is perfect (i.e the delay of the first path is perfectly known).

A. DS-UWB

The DS-SS systems uses a preamble in the packet to estimate the channel impulse response. The preamble is cross
correlated with the received signal to obtain the channel impulse response estimate (sliding window estimation [9]). The L
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Fig. 2. example of the system performance for MB OFDM over the UWB channel, with an ideal antenna, compared to the antenna measured at ENSTA
with the standard and proposed channel estimation algorithm.

largest amplitudes and their associated delays are then used into a coherent, selective rake receiver algorithm. Ideally the rake
receiver is able to resolve all paths, but for practical reason, the rake receiver resolution is lower than the channel’s. This
implies a penalty in SNR (or transmission range) and thus in the performance of the receiver.

B. OFDM

The OFDM system uses a very simple algorithm which only relies on the fact that the channel is constant over time once
the link is established. At the head of the packet, two OFDM pilot symbols are used for channel estimation. Since the channel
is static over the packet, the channel can be estimated by simple averaraging over the two pilots for each subcarrier. The same
channel estimate is used over the whole packet, since the channel is constant. The subcarrier are considered independent, i.e.
we do not take advantage of a possible frequency correlation. At the receiver after the FFT block the signal equation can be
written as [10]

Rm(k) =Dm(k)Hm(k, θ) + Wm(k), (6)

where Wm(k) is additive white Gaussian noise with variance N0/2, accounting for the noise at the kth subcarrier. Hm(k, θ)
is derived from Section II is the Fourier transform of the combined channel and antenna impulse response at the frequency
of the kth subcarrier for the mth OFDM symbol. putting all subcarriers in a vector we obtain:

Rm = HmDm + Wm. (7)

In this equation, Rm = [Rm(0), ..., Rm(N − 1)]T , Dm = [Dm(0), ..., Dm(N − 1)]T and Wm = [Wm(0), ..., Wm(N − 1)]T .
The matrix Hm = diag[Hm(0, θ), Hm(1, θ), ..., Hm(N − 1, θ)] denotes the channel effect matrix.

V. RESULTS

A. simulation setup

The channels simulated are the standard 100 channels as reported by the IEEE standards. These channel are then convolved
with the corresponding antenna impulse reponses according to the DoA for each cluster and rays. The system specifications
and parametres for all channel models CM1-4 is available from [9]. Both systems use a packet transmission scheme containing
8192 bits or 1 kilobyte. The DS-SS system is parametrised according to the information in [9], Table C-4. The rake receiver
setup is set for a PER performance of 8percent at a 4 meters distances [9]. In our simulation we searched for the number of
additional fingers required to maintain that performance. For the OFDM system, we looked at the additional power (or SNR
cost) required to maintain the same performance. Moreover we introduced a different channel estimation algorithm which,
although being more complex, reduces the SNR cost due to the antenna.

B. Modified algorithms

The algorithms for channel estimation were not considering antenna . In this section, we present some possible modification
to accomodate the effect of antennas. Including antenna effects in system simulations shows performance degradations. In
order to compensate for the antenna, one solution is to increase the transmitted power. Another one is to increase the receiver
complexity with a more elaborate receiver algorithm. For the DS-UWB system, one option is to increase the size of the



rake receiver to collect more power from the scatterers. For the OFDM system we choosed to make the channel estimation
procedure more complex by introducing decision directed estimation as well as information from the adjacent channel (i.e
frequency correlation).

In a first step, we only use the pilots available in the packet header. Let us arrange the received pilots in the frame in a
vector Y. The estimate of the vector Hm is obtained by [11]

Ĥm = CHYCYY
−1

Y (8)

where CHY = E[diag(Hm)YT ] is the cross-correlation matrix between the diagonal elements of Hm and the observation
vector Y, and CYY = E[YY

T ] is the autocorrelation matrix of the received pilot vector Y.
At this stage, we perform a preliminary symbol decision on the packet payload, decode the packet and form a set of

raw decision of the transmitted symbols. After this the estimation is refined using decision taken from the data to form a
new Y which contain the received Rm(k)/Dm(k) samples for all the symbols in the packet, using pilots and preliminary
decision at their respective position. Note that the system is coded here, so that the estimation would benefit from iterative
decoding/estimation. However for the sake of low complexity, only one-shot (single iteration) estimation and decoding are
performed.

C. Interpretation

The simulations were made on the four channel models, including and excluding shadowing on both systems. As an example
of degradation of the performance we show in Figure 2 what happens to the OFDM system under CM1 when the antenna
is inserted, and what is the performance gain obtained using the new algorithm. A summary of the degradation for both the
DS-SS and OFDM is given in table 3.

Table 3

PERFORMANCE SUMMARY: NUMBER OF RAKE FINGERS REQUIRED WITH AN IDEAL AND A REALISTIC ANTENNA FOR DSSS. EXTRA SNR REQUIRED

FOR MB-OFDM WITH THE STANDARD AND THE PROPOSED ALGORITHM

Antenna: DSSS (rake fingers) MB-OFDM (SNR loss)

antennas : ideal antenna real antenna real ant. std alg. [dB] real antprop. alg [dB]

CM1 4 9 3.5 2

CM2 5 10 4 2.2

CM3 7 12 5.3 3

CM4 12 14 6.3 2.4

The required extra rake fingers on the DS-SS system to compensate the antenna insertion is given in Table 3. The simulation
shows that among the four channel model, CM4 is the one with the least degradation when considering a real antenna. This
is easily understood, given that CM4 is very time dispersive. The extra dispersion given by the antenna is minor compared
to the dispersion of the channel.

The simulation in the OFDM systems confirms what the DS-SS system showed, that is that CM4 is not very degraded
by the antenna (only two extra fingers required), whereas CM1-3 suffer the most (5 extra fingers each). We simulated the
same system with our modified algorithm which include frequency correlation. The results are shown in table 3 In this table,
we show the SNR loss with respect to the original estimation algorithm with ideal antenna. It can be seen that by including
frequency correlation in the channel estimation procedure, we managed to better the standard channel estimator.

CONCLUSIONS

This paper presented a first effort in studying the effects of antennas in the performances of UWB systems. It showed that
if no action is taken, a realistic antenna model will increase the required transmitted power in order to maintain performance.
This paper showed solution to accomodate antenna in th existing scenarios with modification to the system parameters. For the
DS-SS system, we proposed to extend the length of the rake receiver. For MB-OFDM, The proposed solution introduce a more
elaborate estimation algorithm that includes frequency correlation knowledge and takes advantage of the present convolutional
code. For the DS-SS system, a larger rake receiver allows to pick up more of the channel spread power.

The authors futur research is aiming toward a global view of the channel-antenna problem. Among the topics to be explored
are time-frequency channel estimation, space diversity issues and multiple antennas as well as MIMO for UWB.
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