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ABSTRACT

A mean estimator has been proposed to improve template for the
correlation receiver employed in a single user transmittedrefer-
ence (TR) ultra wideband (UWB) system. The receiver yields sat-
isfactory detection performance even in the presence of inter-pulse
interference (IPI) while transmission rate is increased tonear full
rate compared to a50% rate loss in a conventional TR system.
This paper further extends the TR modulation to a multiuser sce-
nario by assigning a pair of frame rate pseudo-random (PN) se-
quences to each user, modulating the amplitude of each pulsein
the doublet respectively, irrespective of adopted data modulation
formats. Given a user’s PN sequence that modulates the reference
pulse, the mean estimator is still applicable to estimate channel-
distorted waveform for that user in the presence of IPI and multiple
access interference. Then correlation based data demodulation is
assisted by the other PN sequence modulating the data pulse,and
constructed template from estimated waveform. Waveform esti-
mation error and bit error rate detection performance are studied
analytically and experimentally.

1. INTRODUCTION

Transmitted reference (TR) modulation, proposed a few decades
ago for a narrowband system [1]-[3], is an effective means tocom-
bat multipath distortion. It is recently applied to ultra wideband
(UWB) communications [4]-[6]. The second of the two well sep-
arated consecutive pulses conveys information in either amplitude
(pulse amplitude modulation - PAM), phase (binary phase shift
keying - BPSK), or position (pulse position modulation - PPM).
Spacing between two pulses is designed large enough to avoid
inter-pulse interference (IPI) at the receiver. Thus data rate is usu-
ally upper bounded to at most 50%. In order to improve template
corrupted by noise, [5] and [7] propose to average signals within
one symbol interval to minimize noise effect. Consequently, bet-
ter detection performance is achieved than a conventional receiver
built upon a noisy template.

The noise effect can be further alleviated by statisticallyav-
eraging signals over multiple symbol intervals [8]. Although the
reference pulse is distorted by channel yielding a channel-distorted
waveform, that waveform can be estimated by utilizing the first or-
der statistic of received signals. Then estimated waveformcan be
either directly used as a template to detect a PAM symbol or be
used to construct a template to detect a PPM symbol [5]. Utiliza-
tion of the mean of received signals requires less intensivecompu-
tations. We allow negligibly small time between the data pulse and
the reference pulse, introducing IPI at the receiver. However, IPI
can be suppressed in both waveform estimation and data detection
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processes. During estimation, IPI stems from the data signal and
can be maximally eliminated by statistical averaging, yielding a
more purified waveform. During detection, IPI can be subtracted
after the waveform template is estimated. The waveform estimator
shows decreasing mean square error (MSE) with increased size of
observation windows, significantly smaller than those fromother
existing methods and conventional TR scheme. Consequently, de-
tection performance improves significantly. It has also been ob-
served that PAM is slightly better than PPM in terms of detector’s
bit error rate (BER) performance.

Since method in [8] is designed for a single user TR-UWB
system and relies on digital processing, this paper furtherextends
that scheme to a multiuser scenario. In order to enable multiple
access and increase capacity, proper coding is introduced,similar
to [9] motivated by an overlaying idea for a code division multi-
ple access (CDMA) system [10], [11]. Since both reference and
data pulses need to be discriminated across users, two frame-rate
pseudo-random (PN) sequences are assigned to each user. The
first one modulates the amplitude of the reference pulse, while the
second one the data pulse. Then using a user’ first PN sequence,
the waveform of that user can be estimated by a mean estimator
because contributions of interference from both interfering users
reference signals and all users data signals can be minimized, at-
tributed to the PN property of each PN sequence. In the case of
PAM signaling, zero mean of the PAM symbol enhances mini-
mization of the interference from all data signals. That estimated
waveform is either directly used as a template to detect the PAM
symbol or used to construct a template to detect the PPM symbol
by a correlation receiver. The waveform estimator employs delay
elements, adders and multipliers, and meanwhile the correlation
receiver performs addition, integration and symbol rate dumping
operations. Thus the receiver can be implemented in mixed ana-
log/digital circuits. In order to further alleviate multiple access in-
terference (MAI), a hopping code is adopted to adjust the delay of
the data pulse of each user. Performance of waveform estimation
and detection is analyzed and studied numerically as well.

2. NEAR FULL RATE MULTIUSER TR-UWB SYSTEMS

A conventional TR-UWB system considers single user transmis-
sion and detection [4]. A user transmits a doublet in each frame of
Tf seconds. The first pulse serves as a reference and is informa-
tion free. The second pulse is modulated by either a PAM symbol
or PPM symbol and delayed byTd seconds. Denote the pulse by
w(t) with durationTw. Each symbol repeatsNf frames, so sym-
bol period isTs = Nf Tf . In order to accommodate multiuser
communication and easily obtain templates for each of two data
modulation cases, we propose to modulate the amplitude of the
reference pulse by a unique PN sequence at the frame rate. Mean-
while, the other PN sequence is applied to modulate the ampli-
tude of the data pulse and also protect each user’s data. Those PN



sequences help to reduce the waveform estimation MSE and sup-
press MAI as illustrated later. To enhance mitigation of MAI, the
delay of the second pulse is controlled by another user dependent
time hopping (TH) sequence. For easy illustration of proposed
methods later, we only focus on binary PAM and PPM signaling
although it is straightforward to generalize discussions to high or-
der modulation.

2.1. PAM signaling

Denote the binary PAM symbol byIk,n ∈ {±1}. The transmitted
signal with powerPk from userk in a K-user system is proposed
in the following form

sk(t) =

√
Pk

2

∑

n

[
Ak,nw(t − nTf )

+ Ik,⌊n/Nf ⌋Bk,nw(t − nTf − τk,n)
]
, (1)

whereAk,n andBk,n are frame-rate binary PN sequences taking
values±1. They can also be chosen randomly from a ternary set
{+1, 0,−1} with pre-specified probabilities, providing more flex-
ibility to MAI rejection and multipath mitigation [12]. Notation
⌊·⌋ is an integer floor operator. Delayτk,n = ck,nTc of the second
pulse is designed to minimize MAI as well whereck,n ∈ {D, D+
1, · · · , Dmax} is the hopping code,Tc is the chip duration,Tf =

NcTc. The minimum spacing of two pulses isTd
∆
= DTc. It can

be arbitrarily small to achieve near full rate data transmission. It
thus eliminates a 50% rate penalty, similar to single-user model-
ing without PN coding [8]. The model subsumes a superimposed
training transmission scheme corresponding toτk,n = 0, as well
as a conventional TR system ifK = 1, Ak,n andBk,n take values
1, and delayτk,n is set asTd. For a single-user system,Bk,n can
still be introduced to reduce waveform estimation error illustrated
later. For smallD, signals resulting from reference and data pulses
after multipath propagation may severely interfere with each other,
causing IPI. If we denote a multipath channel impulse response by
θk(t), and transmitter-receiver front end bandpass filter byg(t),
the received signal becomes

r(t) =
∑

k

∑

n

[
Ak,nhk(t − nTf )

+Ik,⌊n/Nf⌋Bk,nhk(t − nTf − ck,nTc)
]

+ v(t), (2)

wherehk(t) =

√
Pk
2

w(t)⋆θk(t)⋆g(t) is the unknown waveform,

⋆ denotes convolution,v(t) = n(t) ⋆ g(t) and n(t) represents
zero mean Gaussian noise with two-sided power spectral density
N0

2
. Propagation delay for each user is ignored for simplicity,but

is analytically unnecessary. Indeed, it creates the worst commu-
nication scenario when other users maximally interfere with the
desired user. Generally, MAI may be reduced if the users signals
are mis-aligned. This simple reasoning suggests the worst-case
detection performance (BER upper bound) based on this model.
Suppose allhk(t) have support in(0, Th). Since both reference
and data pulses propagate through the same channel,hk(t) is not
only the received signal due to the reference pulse, but alsothe
waveform of the data symbol after delayτk,n. Though technically
unnecessary, assumeTh + τk,n < Tf for simplified analysis of
the methods proposed later. Even so however, severe IPI results.
Hence, if a noisy template directly taken from received signal is
used for a correlation receiver as in a conventional TR system, it
leads to a large data demodulation error. Therefore, a mean-based

estimation technique will be proposed to clean the “dirty” tem-
plate based on an observation window spanning multiple symbol
intervals.

2.2. PPM signaling

In this system, the second pulse conveys information by the pulse
position. Similarly, after propagating through a multipath channel,
received signal has the following form

r(t) =
∑

k

∑

n

[
Ak,nhk(t − nTf )

+Bk,nhk(t − nTf − ck,nTc − τIk,⌊n/Nf⌋
)
]

+ v(t), (3)

wherehk(t) is the waveform defined before,τIk,n = Ik,nσd =
Ik,nαTc is the modulation delay controlled by a binary informa-
tion sequenceIk,n that takes{0, 1}, σd is a modulation parameter
that can be properly designed [13].

Our goal is to decode information sequenceIk,n in the un-
known channel for either PAM or PPM modulation based on model
(2) or (3) respectively. Waveformhk(t) will be estimated from re-
ceived signalr(t) first, and then used for symbol detection.

3. TEMPLATE ACQUISITION AND SYMBOL
DETECTION

A conventional TR correlation receiver uses the instantaneously
received signal in the first segment in each frame as a template to
detect the PAM symbol. Such a template is very noisy even in
a single user system. In [7], averaging ofr(t) over Nf frames
within one symbol period is performed to reduce noise. In a mul-
tiuser system, the situation deteriorates because of interference
from reference signals of other users, all users data signals, and
background noise. Thus a clean template is required. Exploiting
the PN sequences and zero mean property of the noise, statistical
averaging of segments ofr(t) (normalized byAk,n) from differ-
ent frames across multiple symbol intervals significantly reduces
interference (even for the non-zero mean PPM symbol case).

Because of repetitive transmission of a reference pulse, each
user’s waveformhk(t) repeats from frame to frame. It is reason-
able to partition the received signalr(t) into segments of duration
Tf , in order to estimate the waveform. Let’s consider userk and
estimatehk(t). Taker(t) in Ns symbol intervals, yielding a total

of Np
∆
= NfNs segments. Them′-th (m′ = 1, · · · , Np) seg-

ment is defined asrm′(t)
∆
= r(t + m′Tf ) for t ∈ [0, Tf ), and

rm′(t)
∆
= 0 elsewhere. Similarly, definevm′ (t) for the noise. Ac-

cording to (2) or (3), and assisted by the first PN sequence of this
user that takes values±1, we find the following expected value

E{Ak,m′rm′(t)} = hk(t) +

K∑

l6=k,l=1

Ak,m′Al,m′hl(t)

+κ

1∑

i=0

K∑

l=1

1

2
Ak,m′Bl,m′hl(t − cl,m′Tc − iαTc), (4)

whereκ = 0 for PAM signaling, andκ = 1 for PPM signaling, ex-
pected value of the PPM modulated data pulse has been explicitly
evaluated with equally probable values in{0, 1}, and zero mean of
PAM symbols and noise has been used. So, in the mean, interfer-
ence is attributed to reference signals only with PAM signaling, or



both reference and data signals with PPM signaling. It can befur-
ther reduced after considering the PN property. The time average
of each ofAk,m′Al,m′ andAk,m′Bl,m′ overNp frame intervals
favorably approaches zero asNp increases. Therefore, an estimate
of the waveform for a multiuser system can be described alongthe
lines of a single-user waveform estimator in [8] as follows

ĥk(t) =
1

Np

Np∑

m′=1

Ak,m′rm′(t). (5)

The estimator requires delay elements, multipliers, and adders.
Detection of either PAM or PPM symbol continues straightfor-

wardly employing the estimated waveform. Consider detection of
Ik,n, then-th symbol of userk. There areNf segmentsrm(t) for
m = nNf , · · · , (n+1)Nf −1. Reference signal can be subtracted
after waveform is estimated. If we assume allAl,m (l = 1, · · · , K)
are known to the receiver such as in the uplink, thenAl,mhl(t) can
be subtracted fromrm(t) after waveformshl(t) are estimated. In a
case when onlyAk,m is known, such as in the downlink, only the
desired user’s reference signal is subtracted. Denote the generic
signal after subtraction bỹrk,m(t). Then the PAM symbol can be
estimated based on outputs ofNf correlators in then-th symbol
interval via

Îk,n = sign
(

1

Nf

(n+1)Nf−1∑

m=nNf

∫ Tf

0

ĥk(t)r̄k,m(t)dt
)
, (6)

r̄k,m(t)
∆
= Bk,mr̃k,m(t + ck,mTc). (7)

To simplify notations, we will omit the upper and lower limits in
each summation later, but follow the same convention for time in-
dicesm′ andm, given bym′ from 1 to Np andm from nNf to
(n + 1)Nf − 1. Others include user indexl (possibly additional
ones asl1, l2) from 1 to K, and PPM modulation indexi (possibly
additional ones asi1, i2) from 0 to 1. Similarly, for the PPM mod-
ulated input, construct a template from the estimated waveform,
and also perform a simple mapping from{±1} to {0, 1} as [13]

Îk,n =
1

2
(1 − yk,n), (8)

whereyk,n is the detector’s output taking{±1}

yk,n = sign
(

1

Nf

∑

m

∫ Tf

0

[̂hk(t) − ĥk(t − αTc)]r̄k,m(t)dt
)
.

(9)
In the next section we jointly analyze PAM and PPM detector per-
formance with waveform estimate given by (5).

4. PERFORMANCE STUDY

Given Np received signal segments, our waveform estimator de-
pends on statistics of received signals. Consequently, detectors’
performance based on constructed template is also dependent on
corresponding statistics. To quantify estimation performance, de-
fine the waveform estimation error asδhk(t) = ĥk(t)−hk(t) and
corresponding MSE as

ξk =

∫ Tf

0

E
{
[δhk(t)]2

}
dt. (10)

Then BER of each detector with imperfect template will be evalu-
ated. For tractable analysis, approximate PN sequences as random

binary sequences with zero mean and unit variance. This assump-
tion can yield fairly reliable results for large sample size, as al-
ready demonstrated in an aperiodic CDMA system [14]. Also for
concise analytical results, each TH sequence is assumed periodic,
allowing dropping the time dependent index ofck,m asck.

4.1. PAM signaling

Using (2) to obtainrm(t) and subsequently substituting in (5), we
find

δhk(t)Np =
∑

l,m′,l6=k

Ak,m′Al,m′hl(t) +
∑

m′

Ak,m′vm′ (t)

+
∑

l,m′

Ak,m′Bl,m′Il,⌊m′/Nf ⌋hl(t − clTc). (11)

Invoking assumptions on PN codes, inputs and noise, we obtain

E{δhk(t)δhk(τ )} =
1

Np

∑

l,l6=k

hl(t)hl(τ )

+
σ2

v

Np
φ(t − τ ) +

1

Np

∑

l

hl(t − clTc)hl(τ − clTc) (12)

whereσ2
v

∆
= N0

2
B, φ(t)

∆
= sinc(πBt), B

2
is the bandwidth of the

filter g(t). Define a deterministic cross correlation of waveforms
of usersl1 andl2 (l1, l2 = 1, · · · , K) at offsetsd1Tc andd2Tc as

El1,l2,d1,d2
=

∫ Tf

0

hl1(t − d1Tc)hl2(t − d2Tc)dt.

Applying (12), the MSE (10) becomes

ξk =
1

Np

∑

l,l6=k

El,l,0,0 +
1

Np

∑

l

El,l,cl,cl
+

σ2
vTf

Np
. (13)

Two cases will be discussed for detection of input next: downlink
and uplink.

4.1.1. UWB downlink

After subtraction of estimated reference signal, thoseNf generic
signalsr̃k,m(t) can be obtained. Signalr̄k,m(t) given by (7) and
used in (6) becomes

r̄k,m(t) = Ik,nhk(t) + uk,m(t) (14)

whereuk,m(t) represents interference plus noise

uk,m(t) = −Ak,mBk,mδhk(t + ckTc) + vm(t + ckTc)Bk,m

+
∑

l,l6=k

[Al,mBk,mhl(t + ckTc)

+ Bl,mBk,mIl,nhl(t + ckTc − clTc)]. (15)

Expressing estimated waveform byhk(t)+δhk(t), the signal com-
ponent in (6) is identified asIk,nEk,k,0,0 whose power isǫs =
E2

k,k,0,0, and the interference plus noise component as

zn = Ik,n

∫ T

0

δhk(t)hk(t)dt +
1

Nf

∑

m

∫ T

0

hk(t)uk,m(t)dt

+
1

Nf

∑

m

∫ T

0

δhk(t)uk,m(t)dt. (16)



The powerǫn = E{z2
n} depends on statistics of bothδhk(t) and

uk,m(t). Reasonably approximateδhk(t) as independent of all
terms inuk,m(t) except the first term,E{uk,m(t)uk,m(τ )} can
be simplified based on (15) and (12). Applying (12) once more,
ǫn can be derived. It turns out thatǫn involves cross-correlations
of different waveforms at different offsets and is a function of Nf ,
Np, time hopping codes as

ǫn = (
σ2

v

Nf
+

σ2
v

Np
+

σ2
v

NfNp
)Hk,0 +

σ4
v

NfNp
Y

+
∑

l

(
E2

k,l,0,cl

Np
+

E2
k,l,0,cl−ck

Nf Np
+

σ2
vHl,cl

NfNp
)

+
∑

l,l6=k

[
(

1

Nf
+

1

NfNp
)E2

k,l,0,−ck
+

E2
k,l,0,cl−ck

Nf

+
E2

k,l,0,0

Np
+

σ2
vHl,0

NfNp
+

σ2
vHl,−ck

Nf Np
+

σ2
vHl,cl−ck

NfNp

]

+
∑

l1,l2,l1 6=k,l2 6=k

(
E2

l1,l2,0,−ck

NfNp
+

E2
l1,l2,0,cl2

−ck

NfNp
)

+
∑

l1,l2,l2 6=k

(
E2

l1,l2,cl1
,−ck

NfNp
+

E2
l1,l2,cl1

,cl2
−ck

NfNp
), (17)

where

Hk,d
∆
=

∫∫ Tf

0

φ(t − τ )hk(t − dTc)hk(τ − dTc)dt dτ,

Y
∆
=

∫∫ Tf

0

[φ(t − τ )]2dt dτ.

Due to lack of space, we omit its derivation and also its expression
for other cases in subsequent discussions. The result is based on
our synchronism assumption, thus provides the worst-case perfor-
mance for an asynchronous system since MAI may be significantly
reduced from pulsed asynchronous transmissions. IfNp ≫ 1,
then the waveform estimation error plays little role. It is then sim-
plified to

ǫn =
σ2

vHk,0

Nf
+

∑

l,l6=k

(
E2

k,l,0,−ck

Nf
+

E2
k,l,0,cl−ck

Nf
), (18)

mainly contributed by interference plus noise in the current symbol
interval. The BER of the detector can be evaluated asQ(

√
ǫs
ǫn

)

whereQ(x) =
∫ ∞

x
1√
2π

e−
x2

2 dx.

4.1.2. UWB uplink

In this case, each user’s waveform is estimated and estimated ref-
erence signal is subtracted. The signal component inr̄k,m(t) is
still Ik,nhk(t), while uk,m(t) becomes

uk,m(t) = −
∑

l

Al,mBk,mδhl(t + ckTc) + vm(t + ckTc)Bk,m

+
∑

l,l6=k

Bl,mBk,mIl,nhl(t + ckTc − clTc). (19)

The power ofzn can be derived according to (16), (19) and (12),
similarly as before. No cross-correlation ofδhl1(t) andδhl2(t)

for l1 6= l2 is required sinceAl1,m andAl2,m are assumed inde-
pendent. In a case ofNp ≫ 1, it has a simple form

ǫn =
σ2

vHk,0

Nf
+

∑

l,l6=k

E2
k,l,0,cl−ck

Nf
. (20)

Compared with (18), this power is reasonably smaller since refer-
ence signals from interfering users are subtracted.

4.2. PPM signaling

Considering (3) and (5),δhk(t) satisfies

δhk(t)Np =
∑

l,m′,l6=k

Al,m′Ak,m′hl(t) +
∑

m′

vm′(t)Ak,m′

+
∑

l,m′

Bl,m′Ak,m′hl(t − clTc − τIl,⌊m′/Nf ⌋
). (21)

Then invoking assumptions on PN codes, inputs and noise and
considering PPM modulation, we obtain

E{δhk(t)δhk(τ )} =
1

Np

∑

l,l6=k

hl(t)hl(τ ) +
σ2

v

Np
φ(t − τ )

+
1

2N2
p

∑

i,l,m′

hl(t − clTc − iαTc)hl(τ − clTc − iαTc). (22)

Applying (22) to evaluate (10), the MSE becomes

ξk =
∑

l,l6=k

El,l,0,0

Np
+

∑

i,l

El,l,cl+iα,cl+iα

2Np
+

σ2
vTf

Np
. (23)

Similarly, two cases are discussed for detection next.

4.2.1. UWB downlink

In this case, signal̄rk,m(t) for detection is given by

r̄k,m(t) = hk(t − Ik,nαTc) + uk,m(t) (24)

whereuk,m(t) represents interference plus noise

uk,m(t) = −Ak,mBk,mδhk(t + ckTc) + vm(t + ckTc)Bk,m

+
∑

l,l6=k

[Al,mBk,mhl(t + ckTc)

+ Bl,mBk,mhl(t + ckTc − clTc − Il,nαTc)]. (25)

Detection is based onyk,m in (9). Then interference plus noise
power again requires statisticsE{uk,m(t)uk,m(τ )}. Based on
(25) and applying (22), it can be derived. In a case ofNp ≫ 1, it
has the following form

ǫn =
σ2

vQk,0

Nf
+

∑

l,l6=k

F2
l,k,−ck,0

Nf
+

∑

i,l,l6=k

F2
l,k,cl−ck+iα,0

2Nf
, (26)

where

Fl1,l2,d1,d2

∆
=

∫ Tf

0

hl1(t − d1Tc)Ψl2,d2
(t)dt,

Ψk,d(t)
∆
= hk(t − dTc) − hk(t − dTc − αTc).

Qk,d
∆
=

∫∫ Tf

0

φ(t − τ )Ψk,d(t)Ψk,d(τ )dt dτ.

The BER of this detector can be evaluated from the signal to noise
ratio (SNR) as before.



4.2.2. UWB uplink

Subtraction ofK estimated reference signals yieldsuk,m(t) as

uk,m(t) = −
∑

l

Al,mBk,mδhl(t + ckTc) + vm(t + ckTc)Bk,m

+
∑

l,l6=k

Bl,mBk,mhl(t + ckTc − clTc − Ik,nαTc). (27)

The signal power is same as before, and the noise powerǫn can be
re-derived. IfNp ≫ 1, it becomes

ǫn =
σ2

vQk,0

Nf
+

∑

i,l,l6=k

F2
l,k,cl−ck+iα,0

2Nf
. (28)

Clearly, it is smaller than (26).

5. NUMERICAL STUDY

We adopted the second derivative of Gaussian pulse of duration
Dg = 0.7ns as the transmitted monocycle [13]. Binary PN se-
quences are generated randomly.Nf = 2, Tc = 1ns, K = 4.
Each user’s TH code is chosen randomly from a set{3, 4, 5, 6}
in each of100 channel realizations according to the IEEE UWB
CM1 channel model [15].Tf is set to be slightly larger than the
maximum channel delay spread on the order of tens of nanosec-
onds because of long tails, yielding severe IPI at the receiver. For
PPM signaling, modulation delay is setσd = 0.156ns [13]. Fig-
ure 1 shows effects ofNs on BER of the conventional correlators
and proposed uplink and downlink detectors for both PAM and
PPM based systems with 10dB bit energy to noise ratio. “Bound”
curves are based on true channels, for comparison with analytical
and experimental results. Our method improves significantly with
Ns because of improved template. Convergence to each bound at
largeNs is observed. PAM modulation is better than PPM. Noisy
template (for conventional detector) fails to recover inputs. Fig-
ure 2 presents effects ofEb/No with waveforms estimated from
Ns = 500 received signals. Convergence of experimental results
to analytical ones is observed. Also, BERs of the proposed detec-
tors approach their bounds.
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