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Abstract—To meet the implementation constraint posed by information data is represented by a pulse doublet consisting
ultra-wideband (UWB) delay lines, a new transmitted reference of a reference pulse and a data pulse. Normally the same pulse
pulse cluster (TRPC) structure is proposed where a group of 44 plet is repeated in multiple frames for one bit because the

reference and data pulses with short, uniform spacing is used . . L
for transmission. This structure enables a simple, robust and low power spectrum required by the FCC regulation limits the

practical auto-correlation detector to be implemented in the re- amplitude of each pulse doublet. A TR receiver can exploit
ceiver. It overcomes the major hurdle to practical implementation the multiple frame structure to increase the received signal-to-
of conventional transmitted reference systems, that is, the long noise ratio. To avoid inter-pulse interference (IPI), the delay
wideband delay line requirement. TRPC is also compatible with T, between the reference pulse and the data pulse within one

the signal format proposed within the IEEE 802.15.4a Working . .
Group for coherent and non-coherent systems. The performance frame is required to be longer than the length of the channel

of the proposed TRPC receiver and non-coherent pulse position impulse response’;,,. For a UWB channel,l;,, typically
modulation (NC-PPM) with energy detection are analyzed and ranges from 50 ns to more than 100 ns. Moreover, to be

compared. Simulation results show that TRPC outperforms the free of inter-frame interference (IF1), the frame lengdth

conventional TR, NC-PPM, the recently proposed dual pulse should be larger than twice thE,. That is, Ty > T, and
scheme and the frequency shifted reference system. In particular, 2 ’ m

it achieves power saving over NC-PPM by about 1.3-1.9 dB for Tf > 2Ty > 2T, A TR receiver needS_Td long delay
IEEE 802.15.4a channel model 1 and 1.3-2.3 dB for channel linés to perform autocorrelation and sometimes e¥grong

model 8. delay lines to achieve analog noise averaging over multiple

Index Terms— Ultra-wideband (UWB), transmitted reference frames. Aqalog r_‘OiS_e averaging refers to the process where the
pulse cluster (TRPC), dual pulse (DP), noncoherent detection, bit received signal is first added frame by frame to average out
error rate (BER) noise, requiring frame long delay lines. Then autocorrelation

within the aggregated frame follows. In practice, however,
|. INTRODUCTION implementing accurate wideband delay lines longer than 10
naris unacceptable for a UWB system [7], [13].

The transmitted reference (TR) technique has attracte .
o . . ; . _To address the long delay line problem of TR, a frequency
substantial interest from the academia and industry since its . .
multiplexed TR was proposed in [12] where the data and

ljnjgo?; ?:Isogi:]:)plljgr:t-r\ﬁgﬁ?sr;?]éur\é\ﬁ)sf%rg:;;m;iizn .?)F; %L’rgeéerence waveforms were multiplexed in disjoint frequency
not require explicitly estimating dense multipath UWB chan-ands' Recently, authors in [14] proposed a frequency shifted

: reference (FSR) scheme to avoid the use of delay lines in the
nels and collects channel energy more easily compared t?ra

. ?ditional TR system. In [15], a dual pulse (DP) scheme that
coherent rake receiver. Moreover, frequency dependent eﬁe&sséd two contiguous pulses to transmit data was proposed. The
of a UWB channel are straightforwardly taken into account bq .

the TR scheme. For 802.15.4a low rate applications with da glay between the reference and data pulses is then only of

a ; i .
rate at 1Mbps to 2Mbps, the transmitted reference technlq%lélse W'dth.T”’ which means the DP. receiver qnly neefls
) . . . Jong delay lines. The downside of this scheme is the presence
with autocorrelation receivers and simple energy detectio
. . o of IPI due to closely spaced reference and data pulses and
schemes become right choices considering the performance- :
cost tradeoff hénce degraded performance compared to the conventional

The TR technique is a subject of extensive study in th}RéI()lt V;?/zrgr(i)nposc?\?ermmhllg] I: ngec[;i?/lzdtoDrgItlf?:r:"?eslpllae?gre
literature [1]-[12] (and references therein). A delay hopped1 9 ging P

TR system was first proposed in [1], and experiment resuﬁusjtocorrelatmn, or to completely remove IP1 by using the

. S . . scheme. However, either solution required frame long delay
were presented in [2]. Variations to this original TR schenije . . .

. . nes as in the conventional TR system, except that in DP
were presented in [3]- [6]. Performance analysis of TR systems

were carried out in [5]- [11]. In conventional TR schemeslt1e frame length can be half the _frame Iength_ n TR, ..,
't.op > Ty,. Therefore, the delay line problem is addressed
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iterative receiver were proposed in [17], all of which havas given by
higher implementaion complexity than the conventional TR

. . . . Ny—1
rece|ve.r but without the long delay line requirement. sa(t) = Z gt — 20T) + glt — (20 + 1)T)
In this letter, we propose a new TR pulse cluster (TRPC) e
structure that repeats a closely spaced pulse pair e¥Eyy Ny-1
seconds, wher@; is the short separation between the refer- s_1(t) = g(t — 2Ty) — g(t — (2i + 1)Ty). (2)
ence pulse and the data pulse within the pair. In other words, —o

uniform spacing is achieved among all reference and data . .
pulses in the cluster. Suppo%g = T},, then we have a cluster SINC€ Sj,rl(t) # —s-1(t), the difference between the “+1’
composed of identical dual pulses placed side by side. Afd “-1" pulse clusters is not simply a (-1) factor. This is in
first sight, this seems counter-intuitive as IPI would be vef§Pntrast to the conventional binary phase shift keying (BPSK)
severe in a UWB channel when so many pulses are plad@gdulation. _ o
closely together. However, we will show in this letter through Unlike the conventional TR that looses 3 dB in signal
analysis and simulation that TRPC outperforms the conveP@Wer due to the transmission of the no_n-|nformat|0n bearing
tional TR scheme, dual pulse, non-coherent pulse posititfférence pulse, the reference pulses in TRPC can be used
modulation (NC-PPM) and the frequency shifted referenddth the data pulses in the previous pairs to collect energy
system. Furthermore, TRPC only requires short delay linfr data detection, in addition to the energy collected as in

and low implementation complexity comparable to that of NGD€ conventional TR. This is illustrated in Fig. 2. In this

PPM. figure, a “-1” pulse cluster is transmitted, wheré; = 4.

The rest of the letter is organized as follows. The systeInhe solid pulses denote the reference pulses and the dashgd

model and performance analysis of TR pulse cluster apulses denote the Qata pulses. The energy of each pulse is

presented in Section II. In Section IIl, the performance of ab/2Nf. At the receiver, the received signal is autocorrelated
" . ; .. With its T, delayed copy. Assuming an additive white Gaussian

non-coherent pulse position modulation system with a similar .

implementation complexity to the TR pulse cluster systerrﬁmse (AWGN) channel, the overall energy collected for data

is studied. Performance comparisons of TRPC, NC-PPM, tﬂgtecnon in TRPC is given by
conventional TR and FSR are given in Section IV and Section
V concludes the paper.

Ey
E =02N;—1)- — = FE. 3
TRPC ( f ) 2Nf b ()
Whereas in the conventional TR system, energy is only
collected for the correlation between the data pulses and
Il. SYSTEM MODEL AND PERFORMANCEANALYSIS reference pulses within the pairs, as illustrated by the four
blank rectangles in Fig. 2. That is,

The new pulse structure, TRPC, is shown in Fig. 1. A Ey 1
. =_-F 4
dual pulse pair composed of a reference pulse and a data

pulse with short delayl’; is repeated uniformly by every . . .
2T, seconds. Mathematically, the TRPC signal (including th'il'aheorencally, the _energy_collected n TRPC cogld be arbitrar-
ily close to E, by increasingN;. In implementation/N; can

receiver matched filter) can be represented b ' .
) P y not be too large because in this case, the energy per pulse
would be too low to combat the noise effect. In other words,

E i =Ny - — = .
conventionalTR f 2Nf 9 b

[e's) Nf*l

. E, , a large Ny would lead to a longer pulse cluster and also a
5(t) = 2N Z Z lg(t —mTs — 2iTy) longer integration interval, which would introduce more noise
m=—oo =0 to the autocorrelation receiver and impair the performance.

+omg(t —mTs — (2 + 1)T4)] As a result,N; is a parameter that can be optimized in the

) O — TR pulse cluster structure. Apparently, the uniform spacing
- 2N mzoo Sb (¢ = mTy) @ among all reference and data pulses in the cluster is crucial

to the performance of TRPC and the cluster is treated as a
whole entity in the detection. This is fundamentally different
where Ej, is the average energy per bivj; is the number of fgom the delay hopped TR in the literature.

repeated dual pulse pairs in one clustgr,) is the composite | realistic UWB channels, the interference among the
pulse with durationil, resulting from the convolution of the eference and data pulses caused by multipaths will be present.

transmitter pulseg,,.(t) and the receiver filter matched toThe UWB channel described by IEEE 802.15.4a channel
ger(t), Ts is the symbol duration determined by the bit ratgy,odels can be generalized as [18]

b, € {+1,—1} is the m-th bipolar information bit, and

sp, (1) = SN g(t— 20Ty) + by Sty gt — (2 + 1)Ty). K-l

The delayT; between the reference pulse and data pulse can h(t) = Z ad(t — i) )

be set as short &8,, or T, < T, < 10 ns. The pulse cluster k=0

width is thenT,, = 2N;T,;. The TRPC bearing data “+1” is whereoy, and;, are the complex amplitude and delay of the
called the “+1” pulse cluster and the other “-1" pulse clustek-th multipath. The received signal after the lowpass matched



filter ¢.-(t) can then be written as decision variable. The former has better performance, but

K1 requires frame long delay lines. In the proposed receiver for

Z ard(t — ) + n(t) TRPC, fche second 'pre of noise averaging is |mpl|q|tly per-
formed in the operation. The detector delays the received clus-

r(t)
k=0 .
ter by T; and then performs correlation on the whole cluster.

K—-1 [e'e)
By Z a Z sp, (t — 7, — mTy) + n(t) The summation pr'ocedure fo.r noise averaging is automqtically
2Ny &~ included by the integrator in TRPC. Moreover, additional

E oo o energy for data detection is collected in the correlation due to
= Sl Z G (t — mTy) + n(t) (6) the uniform structure of TRPC, as explained in the paragraph
2N
fm=—oo after (7).

K1 ) Remark 3 (ISl free and possible multiple-accessi the
whereg,, (t) = > x_q @ksp,, (t—7k), andn(t) is the complex TRPC system, sincd@, is much shorter than 10 ns and the
additive white Gaussian noise filtered fyy, (¢). The auto- repetition within one symbol isV; = 4, we have the pulse
correlation function of(¢) is given byRog(T) = En*(On(t+  quster width T, = 2N;T; < 80 ns. ForT, = 2.02 ns,

7)) = NoRin(7), where Ry.(r) = [~ gir(t)ger(t + 7)dt T _ 1616 ns. Given low data rate transmission such as
and No is the power spectral density of the complex whitgpps in 802.15.4a channels, the pulse cluster only occupies
Gaussian noise. _ _ a small portion of the symbol duration, which is indicated as
The receiver performs auto-correlation on the received sig-i, Fig. 1. It is known that the average delay of 802.15.4a
nal and itsT; delayed version. The decision variable (DV) foghannels is in the range of [50, 200] ns. Therefore after the

the m-th bit is given by pulse cluster is passed through the multipath channel, the
mTs+To resulting signal is still shorter than the symbol duration. By
D= r(t)r*(t — Ta)dt. (7)  “squeezing” the signal within a small portion of the symbol
mTs+T

duration, it minimizes the occurrence of ISI. This is in contrast
The receiver makes a decision on “+1” if R} > 0, and “-1”  to the conventional TR where pulses are spread over the whole
if Re{D} < 0. The choice of the integration intervl,75] symbol duration in the form of multiple frames.
is critical to the success of the detection scheme. In orderMoreover, considering a multiple access scenario, we can
to ensure that we capture all the energy in the received pullieide a symbol duration into multiple time slots as shown in
cluster, we select the integration interval as folloWs:= T;+ Fig. 1, and each user occupies a different time slot where a
Ty, To = Tq+2(Ny—1)Ty+Typ+T, = (2N;—1)Tq+T,+T,, TR pulse cluster resides. If time hopping is desired, it can be
whereT; andT}, are the beginning and end time of the UWBperformed on TR pulse clusters from time slot to time slot
channel for integration, respectively. Usually is close to be instead of hopping within each cluster. Similarly, scrambling,
the time-of-arrival (TOA) of the first significant path of theif to be used, should be carried out on a pulse cluster basis as
channel, especially in a line-of-sight (LOS) environment, angell.
the interval [T}, T,] should include sufficient channel energy Next we derive the bit error rate (BER) of TRPC conditional
for detection. Such choices df, and 7> guarantee that the on a given UWB channel. The subsequent analysis on (7)
auto-correlation covers the significant channel portion plusirvolves only one symbol, hence the subscripis omitted for
duration of2(N;—1)T;+1T, related to the pulse cluster width.convenience. Assuming the symbol inter@l is sufficiently
It is obvious from (7) that the receiver is very simple and onlpng so that there is no inter-symbol interference (ISI), we
needsTy long delay line. have

Some discussions on TRPC are presented here.

Remark 1 (Noise reduction due to short integration intervala: = Dit D 21_)13;—_?4
Note that in TRPC, the integration length of the autocorrelati _ By /TZ ST ST wrags(t - m)s*(t — m — T)dt
detector is around the cluster width plus the significant channef 2Ny Jr, = = Tk ! b
portion. In the conventional TR, integration performed in B T
each frame is over the pulse width plus the significant = 71’/ q(t)q*(t — Ty)dt
channel portion, and it is done witN; frames. The effective 2Ny Jr,
integation length in the conventional TR is much longer than E, [T .
that in TRPC. Due to the short integration interval, the noisd2 = 2Nf/T q(t)n*(t — Ta)dt
component included in the TRPC detection is much smaller, U
leading to substantial performance improvement over ttﬁ _ Eb/T"‘ “(t— Ty)n(t)dt
conventional TR, especially when the system signal-to-noise¢® 2Ny Jo ¢ 4
ratio is not very high. e
Remark 2 (Simple detector with noise averagindgir the D, = / n(t)n*(t — Ty)dt (8)
conventional TR and DP systems, noise averaging can be Ty

carried out in two ways. The received signal can be first addedhere D, is the signal-signal componenf), and D3 are
frame over frame for analog noise averaging and then follow#te random variables (RVs) representing the signal-and-noise
by autocorrelation. Or autocorrelation is first performed iproduct, andD, is an RV accounting for the noise-noise
each frame and the results are added to reduce noise in pheduct. It can be easily shown th&tDs; + D3] = 0 and



Ky Ko

Ty
mp(bm) = E[Re{D}] ~ Re{D1} = T%f /T Re(q(t)q" (t — Ty)}dt = Tﬁf (2Nf — D)EyEpbm + S S Re{araf MRes(ITa— 7+ 7l)]  (9)
1 I=K1 k=K1
k£l

E[D4] = 0 asT; > T,. Therefore, the mean of R®} through the UWB channel and AWGN is then given by

is given by (9), whereE, is the energy in the pulse(t), K1

K>
Ep = Zk:_Kl |ox|? is the channel energy collected by the ,.(4) Z aRd(t — ) + n(t) = By o(t) +n(t) (14)
integration interva(Ty, T3], and R, (1) = [~ s(t)s(t+7)dt. =0 2Ny

The first term is the TRPC energy collected from multipaths
for data detection, and the second term represents the Wlherev(t) = Zk o ozks(t 7). The receiver employs
Analysis for Do, D3 and D, is similar to [16], [7]. These two simple energy detectors to demodulate the received signal.
RVs can be closely approximated as Gaussian distribut&the outputs of the two energy detectors are given by
especially now that a pulse cluster is longer than a single T

dual pulse. To calculate the bit error rate of TRPC, we need Vy = / |r(t)|?dt (15)

to know the variance of the Gaussian RV {R¥. It can Ty

be easily shown that Gaussian RV%, + D3 and D, are and
independent, therefore the variance of{Rg is the sum of Tot 5
034(bm) = Var[Re{ Dy + D3}] ando?. In particular, Vi /

- |r(t)|?d. (16)
1+ 3

N2 f If Vo > V1, a decision on “0” is made; otherwise, a decision
oj = VarRe{D,}] = —* / (V2T; = 2ly) RE.(V2y)dy  on “17 will be made. The integration interval is determined
Vs (10) using the method similar to the TR pulse cluster system, where
Ty =T; andT, = Ty, +2(Ny — 1)1, with the interval[T;, Tj)
(aontaining sufficient energy of the channel.
Suppose “0” is transmitted, the energy detector oufigut
can be further written as

whereT; = Ty — Ty, ando3,(b,,) is given by (11).
The probability of error for the TRPC scheme conditione
on the channel realizatioh is then given by

‘723( 1)+UZ 2 033(1) + o3
(12) Where
whereh = {(ag, 7%)|k =0, ..., K — 1}. E, [T )
D1 = — |’U(t)‘ dt
2Nf Tl
[1l. NON-COHERENTDETECTION OFPPM E
D, = —b dt
The proposed TR pulse cluster and symbol structure are 2Nf
compatible with the signal structure presented in the IEEE z
802.15.4a standard [19]. The standard, however, uses non- Ds = b v*(t)n(t)dt
coherent pulse position modulation with energy detection. NC- 2Nf
PPM has similar implementation complexity to TRPC, and
therefore the relative performance of the two is of interest. Dy = /T (t)2t. (18)

The PPM signak(t) specified in the IEEE 802.15.4a standard

consists of 8 pulses with short, uniform spacing instead of '4'€ energy detector outplig is given by

single pulse for one information bit to meet FCC mask. During Tot L

the m-th bit intervalt € [(m — 1)Ts, mT], the transmitted Wi :/ In(t)|?dt. (19)
signal (including the receiver matched filter) is given by Ti+7

The final decision variable is then given by
E, E, T,

5() = (1 = bm) ms(t)”m Tms(t*?) (13) D=Vo—Vi=Di+Dy+Ds+Dy—Vi. (20)

Again, D can be approximated as a Gaussian RV with mean
D;. Becausdé)s, D3, D, andV; are independent, the variance
of D is given by

where the information bib,, € {0,1} decides which part of
the symbol interval thak(t) sits in. Sinces(¢) in [19] has
similar structure to TRPC, we can use either the “+1” pulse

clusters(t) = s;1(t) or the “-1” pulse clustes(t) = s_1(¢) 5 EbNO / / Re{u(
v(t

for transmission. As the “+1” pulse cluster is not the antipolar®?>  ~— (')} Rer (' — t)dtdt’

version of the “-1” pulse cluster, it is expected that the PPM

structures adopting “+1” and “-1” pulse cluster would give +2No/ (fT — 2|y R2.(v/2y)dy. (21)
different BER performance. The received signal after going



023(bm) = VarRe{Dy}] + Var[Re{Ds}] + 2E[Re{ D2 }Re{Ds}]
VarRe{D>}] = E*’NO/ /T Re{q(t)q* (t' )} Rer (t' — t)dtdt’

4N
VarRe{D3}] = i*}\]f\f/ / Re{q(t — Ty)q* (t' — Ty)}Rer (t' — t)dtdt’
E[Re(D2}Re(Ds}] = bj;jvfo / / Re{g(t)q" (¢! — Ta)} Rer (t' — t + Ta)dtdt! (11)

Therefore, the conditional probability of error for the nonFig. 4 shows that in CM8 channels, TRPC outperforms NC-

coherent detection of binary PPM is expressed as PPM with “+1” pulses by about 2.3 dB and NC-PPM with “-1”
D pulses by about 1.3 dB at BER 2 x 10~3. The conventional
P(elh) = P(D <0)=Q (1> . (22) TR scheme significantly lags behind the new TRPC scheme
oD

in terms of performance and implementation. This indicates
that the extra energy collected by TRPC over TR, and the
IV. SIMULATION AND NUMERICAL RESULTS noise reduction and ISI reduction due to its compact structure

In this section, we present simulation and numerical resuft$ceed the penalty caused by inter-pulse interference. The per-
for the performance of the proposed TRPC system, the ndatmance gain of TRPC in CM8 NLOS channels is larger than
coherent pulse position modulation and a conventional TR sy8-CM1 channels since CM8 channels are more sparesly spread
tem in two representative channels, i.e., IEEE 802.15.4a CNer longer time duration and hence result in less IPl and more
and CM8 channels. CM1 models strong line-of-sight (LOS)oise reduction. Both figures demonstrate agreement between
channels and CM8 models Non-LOS (NLOS) channels wifigmi-analytical and simulation results for the performances of
an extremely large delay spread [18]. The non-coherent PPNRPC and non-coherent PPM schemes.
system employs either all “+1” or all “-1” pulse cluster placed Fig. 5 plots the effect of; on the performance of TRPC in
at different time slots within a symbol and the position of th€M1 and CM8 channels, respectively. These are the simulation
pulse cluster represents information data. The conventional T@sults obtained with 1000 channel realizations. In general, the
system spreads oiX, reference and data pulse pairs evenly igaps among using differefy’'s are not significant. At high
one symbol duration. We did not include time hopping in th8NRs ¢~ 16 dB), T, = 5T, slightly outperformsT; = T},
conventional TR but it is expected that the performance will lgspecially in CM8 channels. This figure indicates that shorter
worse with time hopping. Here is a description of the systeg@ielay lines such ad,-long is preferred in TRPC and the
parameters. The transmitter pulse shape filter and the recelvenefit brought by larger; is not obvious.
filter are the root raised cosine (RRC) pulse with roll-off factor A practical imperfect factor at implementation is the delay
3 = 0.25. The zero-to-zero main lobe width of the RRC pulseffset between receiver and transmitter. Since TRPC requires
is T, = 2.02 ns, and a truncated RRC pulse of durati&fj, delay lines on the order of a few pulse widths, accurate
is used in the simulation. The pulse cluster is composed gifort delay is much easier to realize than long wideband
8 contiguous pulses, i.elN; = 4. The pulse cluster length delays. Moreover, the delay offset can be minimized at the
is thenT, = 16.16 ns. Low bit rates of 2 Mbps for CM1 manufacturing stage as long as the transmitter and the receiver
and 1 Mbps for CM8 are studied, and hence the system is I8e the same length delay lines. Fig. 6 shows the effect of
free. The sampling rate of the receiver analog-to-digital (A/Djelay offset on the performance of TRPC. When the receiver
device is equal to the symbol rate, i.e., 2 MHz and 1 MHz fatelay T is 1—16Tp longer than theT, delay used in the
CM1 and CM8 channels respectively. The integration intervitensmitter, a small degradation is incurred in CM1 channels.
related parameters; and7}, are determined as the beginningrhe degradation is about 0.3 dB in CM8 channels at BER
and end paths of the channel with magnitude larger than=al0~3.
fraction of the channel maximum magnitude. In other words, Fig. 7 presents the effect df; on the performance of TR
any multipath components befo# and after?}, are smaller pulse cluster system in CM1 and CM8 channels. As mentioned
than s - max(|ax|;—;'), wheres (= 0.3 in the simulation) is before, N; is the repetition times of the reference-data pulse
the scale factor andy, is the k-th path gain. pairs. It is observed that in both channels, the best performance

Fig. 3 shows that at BER= 1073 in CM1 channels, TR is achieved whenN; = 4. As expected, anNV; as large
pulse cluster outperforms NC-PPM with “+1" pulses by abowts 8 leads to poorer performance than a smaler (such
1.9 dB, and NC-PPM with “-1” pulses by about 1.3 dB. Thas 4 or 6) because of the noise effect. On the other hand,
performance gap between TRPC and the conventional TRNs = 2 underperformsV; = 4 because the former collects
wider at medium SNRs because of the noise reduction 3fi4E, and the latter ge¥/8F; in the receiver, as shown
TRPC due to short integration intervals. At higher SNR#n (3). Moreover, the fact that the curves &f; = 2 and
the IPI effect is more dominant and hence the performand& = 8 in CM1 channels cross can be explained similarly.
gain mainly comes from the extra energy collected in TRP®ecall that the integration length is approximately the length
The relative performance between non-coherent detection withthe channel containing significant energy plus the cluster
“+1” pulse cluster and “-1” pulse cluster is channel dependentidth. In CM1 channels, the width of a cluster with a large



N; can be often larger than the significant channel len
The Ny = 2 curve outperformsVy = 8 at low to medium
SNRs because the smaller cluster widthg = 2 leads
to much shorter integration interval thawi; = 8 and hence
less noise included in the decision statistics. When SNF
medium or low, the TRPC performance is dominated by
noise effect and thereforl®; = 2 leads to better performanc
than Ny = 8. As SNR increases, the noise effect is le
pronounced. According to eq. (3N = 8 results in15/16E;
energy collected, compared 8y4E; for Ny = 2. Therefore
Ny =2 has worse bit error rate thaN; = 8 at high SNRs.

Fig. 8 compares the BER performance of TRPC and F
in CM1, CM4 and CM8 channels. CM4 models office NLC
environments and the data rate simulated is 1Mbps. For
comparison, the peak power and the average power of
schemes are set to be equal, which leadsMprsr =
6Nsrrpc = 24 [14]. It is shown in Fig. 8 that TRPC
outperforms FSR in all three types of channels. The build
blocks of the TRPC and FSR receivers are very similar, ex
that the short delay line in TRPC is replaced by a mixer
FSR.

V. CONCLUSION

This paper has proposed a new TR pulse cluster struc
that consists of a group of identical dual pulses with unifa
spacing. This method allows a simple and robust receiver t
implemented, i.e., analog front end, symbol rate sampling
short delay lines, overcoming a major hurdle (long delay |
requirement) of conventional TR receivers. Simulation res
have shown superior performance of the proposed sch
over non-coherent PPM with energy detection, conventic

T, b=1

H “\\ ‘I ﬂ\ ||\\ H “\I
\!f “J\I\'ﬂﬂw
K 'u' ‘h‘ |
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'u\f I
p—f

(b

TR, dual pulse and frequency shifted reference systemsﬁg. 1. The proposed TR pulse cluster structure

multipath UWB channels.

REFERENCES

[1] R. Hoctor and H. Tomlinson, “Delay-hopped transmitted-reference RF

communications,” inlEEE Conf. Ultra Wideband Syst. Techn®ay
2002, pp. 265—-269.

[2] N. V. Stralen, A. Dentinger, K. W. Il, R. Hoctor, and H. Tomlinson,

“Delay-hopped transmitted-reference experimental results,TERE
Conf. Ultra Wideband Syst. Techn®ay 2002, pp. 93-98.

systems,”
16-19.

inNlEEE Conf. Ultra Wideband Syst. Technblov. 2003, pp.

[13] M. Casu and G. Durisi,
[3] H. Zhang and D. L. Goeckel, “Generalized transmitted-reference UWB

[11] Z. Xu, B. M. Sadler, and J. Tang, “Data detection for UWB transmitted

reference systems with inter-pulse interference,”Piroc. IEEE Intl.
Conf. Acoustics, Speech and Signal Processing (ICASSP)II, 2005,
pp. 601-604.

[12] W. Gifford and M. Win, “On transmitted-reference UWB communica-

tions,” in Proc. Asilomar Conf. Signals, Systems and Computéoy.
2004, pp. 1526-1531.

“Implementation aspects of a transmitted-
reference UWB receiverWireless Communications and Mobile Com-
puting pp. 537-549, May 2005.

[14] D. L. Goeckel and Q. Zhang, “Slightly frequency-shifted reference ultra-
[4] S. Franz and U. Mitra, “On optimal data detection for UWB transmitted

wideband (uwb) radioJEEE Trans. Communpp. 508-519, Mar. 2007.

reference systems,” iRroc. IEEE Global Telecomm. Conf. (Globecom)[15] X. Dong, A. C. Y. Lee, and L. Xiao, “A new UWB dual pulse

Dec. 2003, pp. 744-748.

[5] Y.-L. Chao and R. A. Scholtz, “Optimal and suboptimal receivers for

ultra-wideband transmitted reference systems,Pioc. IEEE Global
Telecomm. Conf. (Globecopi)ec. 2003, pp. 759-763.

[6] J. D. Choi and W. E. Stark, “Performance of ultra-wideband communi-
(17]

cations with suboptimal receivers in multipath channdEEE J. Select.
Areas Communpp. 1754-1766, Dec. 2002.

[7] S. Gezici, F. Tufvesson, and A. F. Molisch, “On the performance of
transmitted-reference impulse radio,” Broc. IEEE Global Telecomm.

Conf. (Globecom)Nov. 2004, pp. 2874—-2879.

communication systems in dense multipath channé&ZE J. Select.
Areas Communypp. 1863-1874, Sept. 2005.

[9] K. Witrisal, G. Leus, M. Pausini, and C. Krall, “Equivalent system modej19]

and equalization of differential impulse radio UWBFEEE J. Select.
Areas Communpp. 1851-1862, Sept. 2005.

[10] Y.-L. Chao and R. A. Scholtz,
systems,"IEEE Trans. Veh. Technolpp. 1556-1569, Sept. 2005.

“Ultra-wideband transmitted reference

transmission and detection technique,Hroc. IEEE Intl. Conf. Comm.
(ICC), May 2005, pp. 2835-2839.

[16] X. Dong, L. Xiao, and A. C. Y. Lee, “Performance analysis of dual

pulse transmission in UWB channelsEEE Commun. Lett.pp. 626—
628, Aug. 2006.

Q. H. Dang, A. Trindade, A.-J. van der Veen, and G. Leus, “Signal
model and receiver algorithms for a transmit-reference ultra-wideband
communication systemJEEE J. Select. Areas Commupp. 773-779,
Apr. 2006.

[18] A. F. Molisch, K. Balakrishnan, C.-C. Chong, S. Emami, A. Fort,
[8] T. Q. S. Quek and M. Win, “Analysis of UWB transmitted-reference

J. Karedal, J. Kunisch, H. Schantz, U. Schuster, and K. Siwiak, “leee
802.15.4a channel model - final report,” IEEE P802.15-04-0662-00-
004a, Tech. Rep., Oct. 2004.
I. Lakkis, “Modulation summary for tg4a,”
004a, Tech. Rep., Oct. 2005.

IEEE P802.15-05-617-01-



S(t) \/ /‘

LR | 1 Vo L
" 134 ) (51 l‘ i+t : %4
S(t-T,) et i e 4
[ 44 1 L L b L
b v (8] L] 10
[ 1y Ly Iy
h 'y 3] ‘i
o
W i i i 8 y
Ul U} Y Y
10" [ =~ Conventional TR,T,=125ns |:
¥~ NC, "+1" pulses,simu : >
¥ NC, " pulses,numerical
Fig. 2. Energy collection in the receiver of the proposed TR pulse cluster N el
N _E_TRP o 02ns,simu.
10 w TRPC/T =2.02ns, numerical
10° T T T T T T T
10'5 L L L L L L L
12 13 14 15 16 17 18 19 20

E,/N, (dB)

Fig. 4. The BER of TRPC and non-coherent systems in CM8 channels, with
Nj =4.

BER

*H == Conventional TR,T,=62.5ns
=¥~ NC, "+1" pulses,simu. B
¥ NC ulses,numerical
-6~ NC, "-1" pulses,simu.
@ NC."-1" pulses,numerical
TRPC,T,=2.02ns simu.
108 o TRPCT,=2.02ns,numerical |*

<<

E,N, (dB)

BER

Fig. 3. The BER of TRPC and non-coherent systems in CM1 channels, with o 7,202 001

Nf =4, ¢ T,=4.04ns,CM1 "

10°H % T ,=6.06ns,CM1 W
- = T#10.1n5,CM1
& T,72.02ns,CM8

A Td:4.04ns‘CM8

Xiaodai Dong (S'97-M’'00) received her B.Sc. de- 107F ilg:ié’,i:ijiﬂi

gree in Information and Control Engineering from !
Xi'an Jiaotong University, China in 1992, her M.Sc. ]
degree in Electrical Engineering from National Uni- 0 : : : : : : :
versity of Singapore in 1995 and her Ph.D. degree in 2 3 14 5 Eb/Nlos(dB) i 8 9 B

Electrical and Computer Engineering from Queen’s

University, Kingston, ON, Canada in 2000. ) . ) )
She is presently an Associate Professor anfig. 5. The BER of TRPC systems with differefiys in CM1 and CM8

Canada Research Chair (Tier 1) in Ultra-widebandFhannels.

Communications at the Department of Electrical

and Computer Engineering, University of Victoria,

Victoria, BC, Canada. Between 2002 and 2004, she was an Assistant Professor

at the Department of Electrical and Computer Engineering, University of

Alberta, Edmonton, AB, Canada. From 1999 to 2002, she was with Nortel o

Networks, Ottawa, ON, Canada and involved in the base transceiver design
of the third-generation (3G) mobile communication systems.
Dr. Dong is an Associate Editor for IEEE Transactions on Communications _
and an Editor for Journal of Communications and Networks. Her research 10
interests include communication theory, modulation and coding, and ultra-
wideband radio. .
10
o
L
[a1]
10
Li Jin (S'06) received her B.Sc. degree in Electronic L[| T8 QML zero delay offset
Information Engineering from the Teaching Reform 107"} —@— CML 1/16 T, delay offset
Class (TRC), Shanghai Jiaotong University, Shang- T CMs. zero delay offsel
hai, China in 2005. She is currently working towards » ——ce p T
the M.A.Sc degree at the Department of Electrical 0 3 14 15 16 17 18 19 20
and Computer Engineering, University of Victoria, E/N, (dB)

Victoria, BC, Canada.

Her research focuses on ultra-wideband commu-
nication. uFig. 6. The effect of delay offset on the BER of TRPC systems in CM1 and

CM8 channels.




BER

i ¢
12 13 14 15 16 17 18 19 20
E /N,

Fig. 7. The BER of TRPC in CM1 and CM8 channels with differéffs.

[CINRER
1 ‘\Er\\ == T.-e
0F HiEE I Titkol 3
TEL TNl T

BER
15

| | —=—cM1, TRPC
- B - CML, FSR
—<— CM4, TRPC
|| — < —cm4, FSR
—6— CM8, TRPC
-~ © —CM8, FSR

6 i i i i i
14 15 16 17 18 19 20 21 22
Average Eb/N0 (dB)

Fig. 8. Comparison of the BERs of TRPC and FSR in CM1, CM4 and CM8
channels.

Philip V. Orlik (S'97-M’99) was born in New York,
NY in 1972. He received the B.E. degree in 1994
and the M.S. degree in 1997 both from the State
University of New York at Stony Brook. In 1999 he
earned his Ph. D. in electrical engineering also from
SUNY Stony Brook.

He is currently a principal technical staff member
at Mitsubishi Electric Research Laboratories Inc. lo-
cated in Cambridge, MA. His primary research focus
is on sensor networks, ad hoc networking and UWB.
Other research interests include mobile cellular and
wireless communications, mobility modeling, performance analysis, queueing
theory, and analytical modeling.




