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Abstract—Differential, transmitted reference (TR) and energy
detection (ED) based ultra-wideband impulse radios (UWB-
IR) can collect the rich multipath energy offered by UWB
channels with a low-complexity receiver. However, they perform
satisfactorily only when the channel induced inter-pulse inter-
ference (IP1) is negligible. This can be achieved by appending
a guard interval with duration greater than or equal to the
channel’s delay spread to each frame — an operation limiting
the maximum achievable data rate. As a remedy, this Letter
advocates block transmissions in conjunction with orthogonal
spreading sequences to remove the introduced IPI. The resultant
scheme requires no channel knowledge besides timing offset
and incurs slightly more complexity than non-block alternatives,
while it increases the data rate at no cost in error performance.
Given a fixed data rate of 25Mbps, the novel block scheme
exhibits about 1.8 dB gain relative to its non-block counterpart
in single-user simulated tests.

Index Terms—Differential modulation, impulse radio, trans-
mitted reference, orthogonal code, ultra-wideband.

I. INTRODUCTION

LTRA-WIDEBAND impulse radios (UWB-IR) offer dis-

tinct advantages over narrowband systems, including the
potential for higher data rates, simple baseband operation
and ability to directly benefit from the UWB channel’s rich
multipath diversity. Although a RAKE receiver can be em-
ployed to collect the available multipath energy, estimation
of all the tap gains and delays can be formidable as there
is a large number of echoes in a typical UWB channel
[8]. Furthermore, UWB-IR RAKE reception is very complex
due to the large number of fingers required. Sensitivity to
mistiming and channel distortions are additional challenges
RAKE faces in a UWB-IR setup [17].

To alleviate RAKE limitations, the transmitted reference
(TR) approach is advocated in [7] where an unmodulated
reference pulse is transmitted followed by a data pulse. As
both of these pulses are distorted by the same channel, the
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received reference pulse can be used as a correlation template
to demodulate the received data pulse. TR collects all the
multipath energy with much less complexity than RAKE and
is more robust to mistiming, but its performance is suboptimal
as the noisy template introduces a noise-noise cross-term at
the autocorrelator (ACR) output that clearly degrades SNR
at the decision statistic. Transmitting multiple replicas of the
same pulse and pre-/post- combining them at the receiver side
improves SNR [13] and will be applied in this paper’s design
as well. Another major limitation of TR is that reference
and data pulses should be separated at least by the channel
delay spread in order to avoid channel induced IPI which
degrades error performance. This leads to a 50% rate loss.
In addition, half of the transmitter power is wasted to send
reference pulses. A differential UWB system is introduced by
[6] to mitigate the 50% rate and power loss incurred by the
TR system. The main idea is to use each pulse both as data as
well as reference. This is achieved by differentially encoding
and decoding the data. However, IPI should still be avoided
to ensure acceptable performance which imposes a limit on
the maximum achievable bit rate.

Rate can be increased if TR pulses are spaced increasingly
closer and the resultant IPI is equalized. The ACR output
in this case is well approximated by a second-order \olterra
model, and several approaches have been proposed to equalize
it [11], [14]. However, these algorithms require knowledge of
the \Volterra model parameters [11], [14], which should be
estimated via periodic re-training so that a batch or adaptive
equalizer can be implemented [14]. This in turn increases
complexity and the associated overhead. The present Letter
introduces an algorithm to increase data rate while bypassing
channel estimation (Timing synchronization is needed in all
options). Each data bit in the novel scheme is transmitted via
several successive pulses in multiple frames. Multiple pulses
allow the transceiver to maintain a certain minimum BER
requirement while satisfying the spectral mask imposed by the
federal communications commission (FCC) [17]. It also allows
for a smaller dynamic range, thus simplifying the design of the
analog frontend. In the multiuser setup, multiple pulses enable
incorporation of time hopping and direct sequence codes to
ensure multiple access and make the receiver robust against
pulse collisions. The increased data rate of the proposed
algorithm is achieved via block transmissions where multiple
symbols per block are transmitted over identical frames. Each
symbol in the block is further assigned a signature code
orthogonal to the codes of other symbols. These orthogonal
(e.g., Walsh-Hadamard) codes are employed to eliminate IPI.
Consequently, rate is increased at no cost in error performance
with a relatively minor increase in complexity. Under the
general block transmission framework which includes TR, ED,
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and differential UWB systems, the “dual pulse technique” of
[1] can be thought of as a special case of block TR system
with orthogonal codes of length two namely (+1,+1) and (+1,-
1). For clarity of exposition, we will consider the differential
UWB system in detail. Generalizations to TR and ED are
straightforward and included in the simulations.

Il. DIFFERENTIAL UWB SYSTEM

Let d(k) {+1, 1} denote the binary pulse amplitude
modulated (PAM) data symbols to be transmitted. First, d(k)s
are differentially encoded using the standard multiplicative
recursion [6]:

ak)=ak 1dk 1) k=1,2... ()

where a(0) {+1, 1}isa fixed initial value. To guarantee a
satisfactory bit error rate (BER) while respecting FCC’s spec-
tral mask and enable the application of TH and direct sequence
(DS) codes for multiple access, each a(i) is transmitted via
N¢ pulses over N¢ successive frames. The transmitted signal
waveform is
Ne 1
s() = & a(k)p(t
k=0 n=0
where Ej, is the energy per pulse, p(t) is the UWB monocycle
of duration Ty normalized to have unit energy, T Ty is
the frame duration, and Ts = N¢T¢ is the symbol duration.
After passing through the UWB channel and the frontend ideal
low-pass filter, the received waveform is r(t) := s(t) h(t) +
(t), where denotes convolution, h(t) := :‘201 Pt )
represents the L-tap UWB channel and (t) is the low-pass
filtered AWGN with two-sided power spectral density Ng/2.
Defining® g(t) :=p(t) h(t+ o), r(t) is written as
Ne 1
r))= E a(k)g(t
k=0 n=0
The receiver first estimates g(t) by averaging r(t) over N¢
frames of the kth symbol. Supposing that timing ( ¢) has been
acquired (using e.g., the algorithms in [17]), the estimate of
the kth symbol template Ty (t) := a(k)g(t) is formed as

Ne¢ 1
r(t+ o+nTe+KkTs), t

nTs KkTsg) 2)

o)+ (1. (3)

ﬂm=m- [0, T¢). (4)

n=0
In order for fk(t) to reliably estimate a(k)g(t), IPI between
successive transmissions should be negligible. The latter is
possible if T  Tp+Tqg, where Tg := 1 o isthe channel
delay spread. If T4 is not known exactly, an upper bound can
be used instead. Consequently, the symbol rate will satisfy

1
NfTg'

After recovering fk(t) as in (4), differential demodulation
yields

.
dk D =sign Tk 1OTe(®dt .
0

1The effects of UWB channel on p(t) can be easily incorporated in
subsequent derivations by replacing p(t) with the distorted pulse pr(t) in
(3), and all our conclusions will hold true in this case as well.
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I1l. BLOCK DIFFERENTIAL UWB SYSTEM

In this section, we will introduce our block transmission
scheme which improves the data rate of the differential system
in Section I1. Block transmissions lead to severe IPI amongst
data symbols belonging to the same frame. We will show
that orthogonal spreading codes are capable of eliminating
the introduced IPIl. As a result, spreading can increase the
rate promised by block transmissions while ensuring the same
BER performance as the original system. Orthogonal codes
of length two namely (+1,+1) and (+1,-1) have been used
in a TR system to remove IPI between successive reference
and data waveforms. In this case, the data pulse is placed
arbitrarily close to the reference one to increase the data rate.
This approach was advocated in [1] under the term “dual pulse
technique” and can be viewed as a special case of orthogonal
codes we introduce later in this section. Before beginning the
exposition, recall that Walsh-Hadamard spreading codes are
rows of the Hadamard matrix [10, page 424]

1 1
1 1

HG D
HG D

HG D

@ —
HY = HG D

, H® = i 2,
where each row is orthogonal to all others. Although any
orthogonal spreading sequence can be used instead, Walsh-
Hadamard ones are chosen here since they have constant mod-
ulus which is a desirable feature at the power amplification
stage. Besides, Walsh-Hadamard codes entail —1 entries which
allows for simple implementation of (de-)spreading operations
in practice.

Suppose that N¢ = 29, where q 0 is a non-negative
integer and select the Hadamard matrix H(®, which yields?
29 = N¢ codes of length N¢. As for the data to be transmitted,
after being differentially encoded as in (1), the symbols a(i)
are grouped into blocks of length N¢. Let symbol | inside
block k be denoted as a(kN¢ +1), 1 [0, Nf 1]. Instead of
simply repeating a(kN¢ +1) over N¢ frames, at the nth frame
we send a(kN¢ +1)H; n where H; , denotes the (I+1, n+1)th
entry of H. In other words, a Walsh-Hadamard code is used
instead of the typical repetition code. All N¢ symbols in a
block are transmitted jointly on the same frames with delay
Tp relative to each other. The transmitted waveform is given

by

Ne 1Ng 1
s = E a(kNg + DH n
k=0 1=0 n=0
ptt 1T, nTr KTs). (6)

Fig. 1 depicts transmission of a sample block with N¢ = 4,
where four symbols are to be transmitted across four suc-
cessive frames resulting in a rate of one symbol per frame
compared to one symbol per four frames in the original
scheme. For illustration purposes, all four symbols are set
to +1. The ith symbol in the jth frame is multiplied by
the (i, j)th element of H®. Observe that summing the four
frames with corresponding signs of (+1, +1, +1, +1) which is
the spreading code for symbol 1 eliminates the waveforms of
symbols 2, 3, and 4. The same holds true for the other symbols

2Fr(or)n now on we drop the superscript for simplicity and use H instead
of H@,
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