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Multiuser Transmitted Reference Ultra-Wideband
Communication Systems
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Abstract—A conventional transmitted reference (TR) modula-
tion scheme is an effective means to combat severe multipath dis-
tortion in an ultra-wideband (UWB) system, significantly relaxing
the equalization requirements. However, it suffers from multiple-
access interference and a data rate loss. In this paper, we propose
a multiuser TR scheme to extend TR modulation to the multiuser
case, while almost doubling the data rate by allowing arbitrarily
small spacing of pulse pairs. The proposed scheme assigns a pair
of pseudorandom sequences to each user to enable multiple access,
modulating the amplitude of data and reference pulses, respec-
tively. A waveform template is first estimated, followed by data de-
modulation. A time-hopping code can be employed to further min-
imize the effect of signal collisions. The method is appropriate for
both pulse amplitude modulation and pulse position modulation.
Waveform estimation and bit-error rate analysis are provided, and
confirmed with simulations. Substantial detection improvements
over conventional TR detectors are observed.

Index Terms—Interpulse interference, multiple access, multi-
user transmitted reference (MTR), ultra-wideband (UWB).

I. INTRODUCTION

THE APPROVAL of ultra-wideband (UWB) transmission
in the United States [1] and elsewhere has sparked sig-

nificant research interest [2]–[4]. Potential UWB applications
include not only short-range data and multimedia communica-
tions, but also sensing, localization, and tracking, as well as ve-
hicle collision avoidance and other radar-like scenarios.

UWB offers unique features such as high resolvability of
multiple paths, fine timing resolution [5], and coexistence via
overlay with existing wireless systems [6]. However, UWB
communication systems must somehow accommodate the sig-
nificant channel distortion, and a full accounting requires very
high receiver complexity. Generally, UWB receivers sacrifice
performance for lowered complexity [7], e.g., the RAKE [8]
and autocorrelation receivers [9]. A practical RAKE receiver
consists of multiple correlators. It must select a moderate yet
limited number of strong paths to combine from dozens to
hundreds of possible paths. Despite medium complexity, the
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captured energy may be relatively low. The RAKE also suffers
from channel (time of arrival and attenuation) mismatch, al-
though high rate sampling helps to estimate channel coefficients
in the design of linear receivers [10], [11].

Transmitted reference (TR) modulation is effective in mit-
igating multipath distortion [12]–[14]. It was proposed for
narrowband systems a few decades ago [15]. The first pulse
of each doublet is information-free, and the second (delayed)
pulse carries the user’s information via binary phase-shift
keying (BPSK), pulse amplitude modulation (PAM), or pulse
position modulation (PPM). The delay of the data pulse is
ideally designed to be larger than the channel spread such that
no interpulse interference (IPI) occurs after multipath propa-
gation. The received waveform resulting from the reference
pulse can then serve as a template to demodulate the latter
data pulse using a low-complexity correlation receiver [13],
[16]. However, minimum spacing of the two pulses inevitably
sacrifices data rate, especially when the channel delay spread is
large [17]. As the channel is used only half the time for data at
best, there is a 50% rate penalty. In addition, the template may
be very noisy, limiting the conventional TR performance.

In order to improve template estimation with PAM modu-
lation, [13] and [16] propose to average signals from multiple
frames within one symbol interval to minimize the noise ef-
fect; see also [18] where a channel estimation method in the
presence of IPI has been proposed, based on a well-formulated
discrete-time system model. Consequently, better detection per-
formance is achieved than a conventional receiver built upon an
instantaneous estimate of the template. For either PAM or PPM
modulation-based systems, the noise effect can be further alle-
viated by statistically averaging signals over multiple symbol
intervals [19]. The signal waveform estimator utilizes the first-
order statistic of the received signal. As in [18], no require-
ment on large pulse spacing is imposed, resulting in increased
data rate. At high signal-to-noise ratio (SNR), the waveform es-
timation mean-square error (MSE) decreases in proportion to
the observation window size. Consequently, detection based on
the improved template shows significant performance gain. This
gain is slightly better for PAM than for PPM, in terms of both
MSE and bit-error rate (BER) [19].

In this paper, we build on the above ideas, expanding to a
multiuser scenario. The proposed multiuser TR (MTR) scheme
incorporates psuedo-random spreading codes, similar to that
in [20], [21] borrowed from an overlaying code division mul-
tiple-access (CDMA) system [22]. Since both reference and data
pulses need to be differentiated across users, two pseudorandom
(PN) sequences are assigned to each user at the frame rate.
They modulate the amplitude of the pulse pair respectively. A
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mean-based estimation algorithm is proposed to obtain an im-
proved signal waveform template, applicable for both PAM and
PPM-based UWB systems. Arbitrarily small pulse separation
leads to increased data rate, a similar goal that can be achieved
by a differential UWB system [23]. Assisted by the waveform
template for the desired user, and the PN sequence modulating
its data pulse, the interfering contribution from its reference
pulse is subtracted before demodulation. Reference signals from
all users can be suppressed if their PN sequences are known
and signal waveforms estimated, such as in communications
from different users/nodes to an access point. For brevity, this
scenario is termed a uplink, and the opposite scenario a down-
link. The proposed scheme is able to mitigate both IPI and mul-
tiple-access interference (MAI), mainly due to the PN sequence
properties. In order to enhance the interference mitigation ca-
pability, a time hopping sequence may be applied to the data
pulse of each user to further avoid pulse collision. Waveform
estimation MSE and BER detection performance are developed
analytically, and studied via simulation using the IEEE UWB
channel model [17]. Substantial detection improvements over
conventional detectors are observed.

The paper proceeds as follows. First, in Section II, the pro-
posed MTR transmission schemes and data models are devel-
oped for both PAM and PPM. The corresponding waveform
estimation and detection methods are described in Section III.
Due to length constraints, performance is analyzed in detail in
Section IV only for downlink with PAM. Numerical examples
are shown in Section V, and key contributions of the work are
then summarized.

II. MTR-UWB SYSTEMS

Motivated by multiple access, we propose an MTR UWB
scheme to associate a unique covering PN sequence with the
reference pulse at the frame rate, and a second distinct PN se-
quence is employed to randomize the data modulated pulse. To-
gether, these two PN sequences uniquely specify a user. They
help to reduce waveform estimation error, MAI, and increase
the system capacity. The data pulse delay can be controlled by
another user-dependent time hopping sequence to further min-
imize MAI. Denote the pulse by with duration . We
assume each symbol repeats frames, and each frame has
duration , so the symbol period is . For easy il-
lustration of the proposed transmission, estimation, and detec-
tion schemes, binary PAM or PPM modulation is assumed. It is
straightforward to generalize the models and methods to higher
order modulations.

For PAM signaling, denote the th PAM symbol of user in
a -user system by . Its transmitted signal with
power can be described by

where and are frame-rate binary PN sequences taking
values . They can also be chosen randomly from a ternary

set with prespecified probabilities, providing more
flexibility to MAI rejection and multipath mitigation [24]. No-
tation is an integer floor operator. Delay of
the data pulse is adjusted by a hopping code

, where is the chip duration, . For
simplicity, a constant is assumed here, although it may vary
from frame to frame [25]. The minimum spacing
of two pulses can be arbitrarily small, eliminating a 50% rate
penalty, similar to a single-user case [19]. Signals resulting from
reference and data pulses after multipath propagation may se-
verely interfere with each other, causing IPI. If we denote a
multipath channel impulse response by , and the front-end
bandpass filter by , the received signal becomes

(1)

where is the unknown wave-
form, denotes convolution, , and rep-
resents zero-mean Gaussian noise with two-sided power spec-
tral density . Suppose all have support restricted
in . Since each pulse pair propagates through the same
channel, is not only the received signal due to the refer-
ence pulse, but also the waveform of the data symbol after delay

. Though technically and analytically unnecessary, propaga-
tion delay for each user has been ignored and
is assumed for simplicity. Our approach can be easily general-
ized to other situations. If the reference signal is directly used
as a template for a correlation receiver as in a conventional TR
system, it leads to a large data demodulation error due to in-
terference contamination. Therefore, a mean-based estimation
technique will be proposed to clean the “dirty” template based
on an observation window spanning multiple symbol intervals.

Clearly, our model subsumes a superimposed training trans-
mission scheme if . It reduces to a conventional TR
system if , and take values 1, and is set
as . Together with subsequent development, it can be adapted
to the case of preamble training [26].

Similarly for PPM signaling, the received signal has the fol-
lowing form:

(2)

where is defined as before, is the modula-
tion delay controlled by an information sequence
and modulation parameter . We assume , where
can be designed to optimize the detection performance [7].

Our goal is to detect information sequence in the un-
known channel according to (1) or (2). First, the signal wave-
form will be estimated from received signal . This
will serve as a template to detect the PAM symbol (or used to
construct a template to detect the PPM symbol) via a correlation
detector [7], [13].
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III. TEMPLATE ACQUISITION AND SYMBOL DETECTION

In a multiuser system, is corrupted by reference sig-
nals of other users, all users’ data pulses, and background noise.
Therefore, a clean template needs to be obtained. Exploiting the
PN sequences and zero-mean property of the noise, statistical
averaging of segments of (normalized by ) can sig-
nificantly reduce interference, even for the nonzero-mean PPM
symbol case. Because of repetitive transmission of a reference
pulse, each user’s waveform repeats from frame to frame.
Assume perfect frame synchronization (sensitivity to synchro-
nization will be considered later). Take in symbol in-
tervals. Partition it into segments, each of frame duration ,
in order to estimate . There are a total of
segments. The th ( ) segment is defined as

for , and else-
where. Similarly, define for the noise. For PAM sig-
naling, according to (1) and assisted by the first PN sequence
of this user that takes values , one can find that the following
expected value contains the desired waveform:

(3)

because and . So, in the
mean, interference is attributed to reference signals only. It can
be further reduced after considering the PN property, as dis-
cussed below. For PPM signaling, using (2) and noting mod-
ulation delay , where
takes equally probable values in {0, 1}, we similarly obtain

(4)

where , 1, in the first summation. If higher
order PPM modulation is employed, then we can adapt the upper
limit in the summation for (and change probability 1/2) in the
above equation. Now, interference stems not only from refer-
ence signals, but also data signals due to nonzero mean of all
inputs, and these depend on the PN sequences. The time av-
erage of each of and over frame
intervals favorably approaches zero as increases. Therefore,
according to (3) and (4), an estimate of the waveform for a mul-
tiuser system (either PAM or PPM signaling) can be described
along the lines of a single-user waveform estimator in [19] as
follows:

(5)

Detection of a PAM symbol is performed by employing the
estimated waveform. Consider detection of the th symbol
of user . Correspondingly, there are segments for

. If we assume all are known

to the receiver such as in the uplink, then the contribution of ref-
erence signals from all users can be subtracted from

after their signal waveforms are estimated. In a case when
only the desired user’s PN sequence is known, such as in
the downlink, only the desired user’s reference signal is sub-
tracted. Denote the generic signal after subtraction by .
It contains the signal part , and interfer-
ence plus noise part. Then, assisted by time hopping code
and the other user specific PN sequence modulating its
data pulse, we can obtain the following signal that carries its
data:

(6)

Afterwards, PAM modulated input can be estimated based
on outputs of correlators in the th symbol interval via

(7)

Various summations will be involved, and upper and lower
limits for corresponding indices need to be clearly stated. For
notational convenience, we will hereafter omit limits but follow
the same convention for time indices and , given by
from 1 to , and from to . Others include
user index (possibly additional ones as , ) from 1 to ,
and modulation index (possibly additional ones as , ) from
0 to 1.

For detection of the PPM modulated input, a template from
the estimated waveform is constructed as ,
which replaces in (7), and also a simple mapping from

to {0, 1} is performed [7].
In the next section, we jointly analyze detector performance

with waveform estimate given by (5).

IV. WAVEFORM ESTIMATOR AND DETECTOR PERFORMANCE

Given received signal segments, our waveform estimator
depends on the received signal statistics. Subsequently, the de-
tector performance also depends on these statistics. To quantify
the waveform estimation performance, define a waveform esti-
mation error for user , and the corre-
sponding MSE as

(8)

where is the maximum channel delay spread. If it is be-
yond , then the upper limit of the integral needs to be in-
creased together with duration of each segment used for
waveform estimation. The BER of each detector with imper-
fect template can be evaluated. For tractable analysis, we ap-
proximate binary PN sequences as random sequences with zero
mean and unit variance. This assumption can yield reliable re-
sults for large sample size, as for example demonstrated in an
aperiodic CDMA system [27]. Due to space limitation, we only
detail analysis for downlink detector with PAM signaling. Other
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cases can be similarly studied, with corresponding analytical re-
sults provided in [25].

Evaluation of (8) requires . After substituting
the received data model (1) into the estimator (5), waveform
estimation error can be expressed as

(9)

It consists of noise, reference signals, and data signals.
For easy later derivation of BER, consider a general term

, which encompasses the
special case required in (8) by setting and .

A noise statistic is first derived. For ideal bandpass filter
with unit frequency response over , then

Noting and ,
the autocorrelation of and can be found to be

where , . According to (9) and
invoking assumptions on PN codes, inputs and noise, we obtain
statistics of the waveform estimation error

(10)

To evaluate MSE, define a deterministic cross correlation of
PAM templates of users and at offsets and as

For convenience in subsequent discussions, also define

Substituting (10) in (8), and letting and , the
MSE becomes

(11)

The first summation has autocorrelations of interfering users
waveforms without offset, the second summation contains au-
tocorrelations of all users’ waveforms at offsets equal to delays

of their data pulses (determined by hopping codes), and the last
term results from noise. The MSE is inversely proportional to
the sample size (number of frame segments ). If only one seg-
ment from one symbol interval is used in the estimator, then the
MSE level may be unacceptable and the template too noisy. That
is the case of the conventional detector. If segments from
one symbol interval ( ) are used, then MSE decreases
[13], [16]. Our windowed smoothing of received signals across
multiple symbol intervals significantly reduces waveform esti-
mation error and improves detection quality. The degree of im-
provement depends on the window size.

Based upon the above result, analysis of the PAM-based
detector can be continued. For downlink, the desired
user’s waveform is estimated first, based on its PN se-
quence . Then, its reference signals are subtracted
to obtain segments in the th symbol interval
( ). Subsequently, (6) becomes

(12)

where consists of waveform estimation error, MAI, and
noise

(13)

Expressing the estimated template as , and sub-
stituting (12) into the detector (7), signal and noise components
can be identified as

Assume is a Gaussian random variable. According to the
central limit theorem, this assumption is reasonable when
is large since given by (9) stems from the sum of many
terms, and it directly contributes to both and . Then,
the BER of the detector depends on the signal to noise ratio.
Applying (10), the signal power is easily found to be

(14)

To evaluate the power of , statistics of and
are required. If those segments used for waveform estima-
tion exclude segments in the current ( th) symbol interval,
clearly, all terms in the expression of in (13), except the
first, are independent of . Even if those segments are
used, it is still plausible to assume that they are independent of

for simplified expressions, since the waveform may be
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typically estimated based on segments. Under this
assumption, we obtain the power as

(15)

Noting (13) and applying (10), statistics of can be easily
simplified, and subsequently, (15) becomes

(16)

where all terms of order have been ignored.
Once again, the power is observed to depend on autocorre-

lations, as well as cross correlations of all users waveforms at
different offsets, where offsets depend on the hopping codes.
Clearly, the larger difference in codes, the smaller their corre-
lations. Thus introduction of different hopping codes helps to
reduce interference power. Noise contributions are reflected by
terms and . Most terms in (16) are inversely propor-
tional to sample size , so increasing will decrease as
well. However, there is a lower bound dominated by those terms
dependent only on , which corresponds to the limiting case

. The result in this case is given by

(17)

Thus, even in the absence of waveform estimation error
( as according to (11)), contributions
from noise (first term), other users reference (first summation)
and data pulses (second summation) in the current symbol
interval are nontrivial. The spreading factor plays an im-
portant role. Except for the first term, all other terms in are
inversely proportional to . So, increasing is desirable to
minimize interference while meeting the data rate requirement.
However, the noise term will not decrease as increases be-
cause (or ) that characterizes the noise after spreading
includes the effect of , resulting in noise-limited power. The
signal power becomes based on (14). The BER
of the detector depends on the signal-to-interference-plus-noise
ratio. As discussed before, the interference plus noise can be
well modeled as a Gaussian process. Then, the BER can be

Fig. 1. Effect of data length on BER, comparing theory and simulation.

evaluated as , where the -function is given by
.

Reference signal subtraction helps to reduce interference.
Without subtraction of the desired user’s estimated reference
signal, one more term from the desired user should be added to
the first summation in (17) as

(18)

If all users reference signals are subtracted such as in the uplink,
then the first summation in (17) disappears, yielding

(19)

The system with PPM signaling has been comprehensively
treated in [25], and results are omitted due to space limitation.

V. NUMERICAL EXAMPLES

The second derivative of Gaussian pulse
is

adopted as the transmitted pulse with ns and
ns [7]. Except when stated otherwise, the

following typical parameters are set: , ,
ns, , dB, , ,

ns. One hundred total channels were generated
according to the IEEE UWB CM1 channel model [17], and
truncated at 99% total energy capture. The bandwidth of
the front-end bandpass filter is twice the higher 3 dB cutoff
frequency of the monopulse. is slightly larger than the
maximum channel delay spread, on the order of tens of
nanoseconds. Effects of , , , and spreading factor

are studied, with focus on PAM signaling.
First, the effect of sample size is examined. Theoretically,

the MSE is inversely proportional to sample size and the BER
is lower bounded when sample size is sufficiently large. Sim-
ulation and MSE analytical results are observed to perfectly
match. The MSE level is favorably low. BER performance is
demonstrated in Fig. 1. Curves with upward triangles are for
uplink, and those with downward triangles are for downlink,
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Fig. 2. BER versus SNR (E =N ), comparing theory and simulation.

Fig. 3. BER versus spreading factor N . Curves are parameterized by the
number of users K (K = f5; 10; 15;20;25;30g from bottom to top).

with stars for the conventional TR receiver. Solid lines are sim-
ulation results, while dashed lines represent bounds, where the
true noise-free waveforms are used in the detector in simulation.
Dashed-dotted lines are based on analysis, e.g., using (14) and
(16) for downlink. Simulation results converge to both analyt-
ical ones and bounds as sample size increases to about 1000. The
uplink detector is better than the downlink one for large sample
size. Both detectors significantly outperform the conventional
one that uses a very noisy template.

Fig. 2 shows SNR effect on the BER, comparing theory and
simulation once more. The ranges from 0 to 12 dB. Re-
liable detection is achieved, and the proposed detectors substan-
tially outperform the conventional receiver. The uplink detector
is slightly better than the downlink detector at high SNR, with
analysis and simulation agreeing closely. Small gaps from asso-
ciated bounds are due to the finite sample effect on the proposed
detectors.

The lower bound of interference power depends on spreading
factor and noise. Fig. 3 shows analytical BER versus
equal to for based on (17). The curves are

Fig. 4. BER versus number of users K , comparing uplink and downlink
receivers.

Fig. 5. BER versus SNR for a PPM system.

parameterized by number of users , taking values 5, 10, 15,
20, 25, 30 from the bottom to top curve. The BER lower bound
of about 10 is due to 10 dB noise (the same as the single-
user bound). To maintain a particular BER level, needs to
increase with increasing . If , the BER is about
2 10 . If the BER requirement is relaxed, to say 10 , the
system can support many more users. For example, can be
15 when is as small as 4, and can be more than 30 when

.
The effect of interference is demonstrated in Fig. 4. Ana-

lytical BERs of downlink detectors with and without reference
signal subtraction, and uplink detector with all reference signals
subtracted are shown for different varying from 1 up to 36
with a step size of 5. They are evaluated based on (17)–(19), re-
spectively. is fixed at 8 to make a fair comparison. Uplink
detector performs the best. When , downlink with sub-
traction reduces to uplink, providing a slight gain by subtraction
of user’s reference signal. As increases, effect of downlink
subtraction becomes marginal due to dominant MAI, leading to
convergence of two downlink curves. Downlink detectors de-
grade faster with increasing than uplink. All detectors are
able to provide raw BERs lower than 5 10 with five users.
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Finally, we present both analytical and simulation results for
PPM signaling in Fig. 5. Compared with results for PAM sig-
naling in Fig. 2, the BERs for PPM are slightly larger.

VI. CONCLUSION

Incorporating PN sequences, multiuser transmitted reference
schemes are proposed for both PAM and PPM UWB systems.
To obtain a satisfactory template for each correlation detector,
a mean-based waveform estimation method is derived. Perfor-
mance of waveform estimator and detector BER are analyzed.
Simulation results demonstrate that the proposed detectors sub-
stantially outperform conventional TR detectors. PAM signaling
is slightly advantageous compared to PPM. Aided by PN se-
quences, multiuser communication is enabled, leading to large
system capacity; the proposed systems can support many users
at a reasonable raw BER level, while almost doubling the data
rate of a conventional TR system.
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