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Abstract— A multiuser transmitted-reference (MTR) ultra  detection performance of the MTR-UWB receiver [5], [6]
wideband (UWB) transceiver is recently proposed to not only \when random timing jitter from each user’s signal is present
increase the data transmission rate, but also enable multip and a noisy template is obtained by sample averaging. Timing

access effectively. Both features are realized by incorpating t f lock drift illat . 9
frame-rate pseudo-random sequences. This paper further sties €TO'S may stem from clock drift, oscillator noise [9], or

detection performance of the MTR receiver when timing is an imperfect acquisition algorithm. Jitter is modeled as a
acquired with some random errors from clock synchronization, stochastic stationary process as in [10]. The detectorubutp

delay estimation, etc. A timing acquisition scheme is alsorp-  signal and noise powers are shown to depend on correlations
posed, by peak-picking the power of the aggregated template ¢ ifferent waveforms at random time shifts. Following
estimate. . . . . ..
the transformation idea illustrated in standard commuitna
. INTRODUCTION books [11], as practiced in [10], we adopt a frequency domain
Ultra wideband (UWB) communication technology iJepresentation of each received waveform to derive the BER

promising to establish high rate short-range wirelessslink?! the MTR receiver. The analytical result is explicitly kied
Design of low complexity transceivers in the presence & the characteristic function of each jitter random precéise
severe multipath fading has been one of the primary objestiWVindow size for template estimation, the multiuser intexfeee
for practical delivery of its various features. Transmdtte(MU!), and background noise. Two cases of practical interes
reference (TR) modulation may be a very effective solutigf© SPecifically discussed, uniformly and Gaussian disteith
[1], [2], where reference and data pulses are transmitted i€’ Connections with previous results in the absenqétef
pairs. Then, a receiver can utilize a very simple correfetid? [3] are illustrated, and a synchronization method for the
demodulation mechanism. However, the very noisy templdtel R receiver is suggested along the lines of [12].
has been observed to impose a limitation to the TR receivqrI
performance. '
To improve the template estimate, different sample averag-Denote the transmitted pulse of duratidp by w(t). Each
ing methods have been proposed [2], [3], [4]. In particulagymbol repeatsV; frames of periodl’y, leading to symbol
orders of magnitude improvement in the estimated templaieriod 7s = N;Ty. User k in a K-user system has a
mean-square-error (MSE) is possible [4], in proportion toinary information sequench; ,, € {+1} to transmit. Then,
the window size, leading to very good bit error (BER}Jhe transmitted signal with poweP, from userk has the
performance. Furthermore, channel utilization is sigaifity ~following form [5]
improved. Since those TR schemes are designed for a sin-

AN MTR-UWB TRANSCEIVER WITHTIMING JITTER

gle user UWB system, a multiuser transmitted reference sp(t) = 1/& Z [Aj nw(t — nTy)
(MTR) transceiver was recently proposed, introducing am 2 & '
rate pseudorandom (PN) spreading codes to individual users + I nn, Benw(t — nTy — )], 1)

[5], [6]. Then, a generalized mean-matching technique was _
applied to obtain a clean template, assuming coarse tiitygere 4, ,, and By, are frame-rate binary PN sequences
synchronization. taking valuest1, andd;, is the data pulse delay. For notational

Although TR receivers show a certain degree of immunity ferevity, we have dropped limits for frame index Later, we
timing errors, detector performance may still be quite gimas Will follow a similar practice for user inde% or [, and new
to mistiming [7] or timing jitter [8]. This paper further sfies frame indicesn’ andm. After propagation through multipath

channelg(t), the received signal is

1This work was supported in part by the U. S. Army Research tatboy

under the Collaborative Technology Alliance Program, Goafive Agree- r(t) = Av . hi(t —nTy — ¢
ment DAAD19-01-2-0011. The U.S. Government is authorizedeproduce ( ) Z Z [ k.m k( Y kn)

and distribute reprints for Government purposes notvatiding any copyright kon

notation thereon. +Ik,in/Nfin,nhk(t —nTy —dy — Ekn)i +v(t),(2)



where hy(t) is the unknown waveform including effects ofwhere7y, ., (t) = By m7r.m (t+di). Noting (6), the signal and

the front-end filter and transmission powey,, is the random interference plus noise parts gf* are easily found to be
jitter for the nth frame, andv(¢) represents the output of an

. . ) . . . o 1 Ty
ideal filter confined inf € [-5, 5] whose input is additive Ys = Djn— Z/ To(£) s (£ — 3. )dt, 8)
white Gaussian noise (AWGN) with zero-mean and double- Ny = Jo

sided power spectral densiﬁéﬂ. The noise power is thus given
by 02 = %B, and noise correlation by [5]

1 Ts ~
Yn = - B ,mh (t) A ,mh (t+d —€ ,m)
B{o(tp(r)} = o26(t— 7). 6(t) 2 sine(xBY). (3 Ny 2 ) Braned)[ A+ e~

The data model can account for asynchrony of different users A (t + di) + vm(t + dy)

and randomness of different propagation delays. The mean of + Z[Al,mhl (t+di —cim)

er,n May represent a constant time shift. lkgt(t) have max- I#k

imum support in(0, 7,) and assu_md“h_ <.Tf. Also assume + LnBinhi(t+dy —d; — 5l,m)]:|dt- 9)

dp < TY%, |ern| < Ty, although in principles;, ,, may take

an arbitrary value i{—oo, co) in some cases such as a whité®erformance of the receiver depends on jitter statistarspde

Gaussian process. All jitters are assumed independenssacigize NV,,, spreading factorVy, MUI and AWGN.

time and users. Inter-symbol interference (ISl) is negléch

the model. However, the following discussion can be extdnde ) . .

to a system with ISI with reasonably increased complexity in The receiver output has signal compongnand noise com-

the analysis. ponenty,,. The BER depends on the signal to interference plus
At the receiver, a template is first obtained based on tR@ise ratio (SINR). For tractable analysis, we model the PN

received signat(¢). That template is then time shifted and corséquences as independent binary random sequences. Denote

related with the currently received signal in order to eatien the desired signal power b&sz = E{y}, and interference

Iy, ,,. Partitionr(t) spanningN, symbol intervals intaV, 4 plus noise power by, = E{yn}' For sufficiently 'afgeN '

NN, segments, each of which has frame duration. tith yn can be reasonably apprquated as a Gaussian process
' . ) A according to the central limit theorem. Then, the BER is

(m' =1,---,N,) segment is defined as,/(t) = r(t+m'Ty)

. é - ~ . .
for t € [0,T¢) and rp,(t) 2 0 elsewhere. Similarly, define given byQ(V gn),u\:vhereQ(x) 's the Q-function given by
segmented noise, (t). Then, in the absence of ISk, (1) Q(z)= [~ \/%e‘Tdu.

has the form From (8), consideringAzk(t) and hy(t — ex.m) are (or are
o () = Z [Az,m/hz(t — ) approximately) independent, we obtain the signal power

Ill. PERFORMANCESTUDY

l

2 2
1 ~
L, N | Bime ha(E = di = €1m)] + v (2), (8) s = N_f2 Z // E{Hhk(ti_akvmi)}E{Hhk(ti)}dtldtQ’
=1 =1

from which hy(¢) is estimated as follows sz . .
where the double integral is ovéd, 7). Further development

ﬁk(t) = LZAk,m’rm’(t) requires second order statistics at random delays, and in
Np m the following we also require up to fourth-order statistics

1 to evaluate&,,. Motivated by this, we next consider a more
- N Z [ Ak At ha(t = €1,m) general case.

P
1 oty ) Aty B ha (8 — dy — etm)] + Apymr vm (£)(5) A. Statistics of Waveforms at Random Delays

Consider a frequency domain representation of each wave-
form at a random time shift, e.g., see [10], as(t) =
[5 Hy(f)e* I df via the Fourier transforndfy,(f). Denote
the pth order correlation f = 1,---,4) of the kth user
waveform with the same jittes;, ,,, by

This provides an estimate dfy(t), corrupted by MUI and
noise, and includes timing jittey ,,,-. Oncehy(t) is estimated,
we can estimate inpufy, , using received signals,, (¢) for
m = nNy,---,(n+ 1)Ny — 1. Next, the reference signal is
subtracted to obtaif ., (t) = ru, (t) — Ak,mﬁk(t) as

Fem(®) = > [Anmbhi(t = €1,m) O (tr, 1) = B{[] ha(ts — )},

l i=1

+Il,nBl,mhl(t - dl - El,m)} + Um(t) - Ak,mhk(t). (6) and . the characteristic function Otk.,m by (I)k(f) é
Then, the data symbal, can be estimated based d¥y E{e’?/exm 1 Then the following can be easily verified

correlator outputs in theth symbol interval by » p
O (11 t) = [+ ou(= X ) T] Halryer 5o,
i=1 i=1

~ 1 Ty
T = sign(y™), y{™ = — / ()P (B)dt, (7
kn =sign(y"), v Nf;g E(O)km (), (7) (10



B. Satistics of Estimated Waveform 6(1) Z tl, 6( )(tl —dj, to — dy)]
With (10) and (5), we can proceed to derive the following @ @ ! @ @
correlations of the estimated waveform +02[0, 7 (t1)0}, ) (t2)o(ts — ta) + 0,7 (t1)O} (t3) (2 — ta)]
+02[01) (1)OF (t)6(t2 — ts) + O (12)0 (t)d(t1 — t)]
+07101” (1)1 (ta)d(tr — ta) + O} ()0 (ta)s(t1 — t2)]
for p=1,---,4. Since PN codes, inputs and AWGN all havdNote that higher order statistics@l3)(t1,t2,t3) and
zero mean, one immediately obtains 6( )(t1,---,t;) are not involved One major cause is
1) ) that many terms in the order @( ) for i > 1 have been
1) (h) = 6,7 (1)- (1) giscarded.

To obtamT( )(t1,t2), we expanduy, (t1)hy (t2) using (5). Due C. Signal Power
to (3) and the zero mean assumptions previously stated, w
obtain

1 2)
gs = // TI(CQ)(tl,tQ) —6( (tl,tg)
T (1, t2) = H®(1) ¢(t1 —t2)

P

T,(f)(fla e ty) E E{Hﬁk(tz)}

?Jsmg the above, the signal power is

) W (t;) | dtydt (15)
N ZtG“’(tl,mH@‘ Yty —dy ta — dp)]. (12) H @] dnt
L

Using (12) and (10), and a given distribution of the timing
Similarly, we find that

jitter for each useré; can now be evaluated.

Xty to, 1 2 8 D. Interference Plus Noise Power
k( 1,02, 3) +(1_ Zz:ll)H@(l) ts

N, Starting from (9), a straightforward simplification 6f can
(13) be carried out. First, expectations on PN codes, inputs and
where terms of order higher tha’ﬁ(Nip) have been ignored, AGWN are taken, yielding

1 - ~
X (t1,t2,t3) = &, = FE{ //hk(tl)hk(t2)
(ta, t3) + O (ty — dy, ts — dy)] f

ng) (tlv t27 t3) ~
i=1

X [(hk(tl +di — €km) — ?Lk(tl + dk))

X (hk(fz +di — €km) — T (ts + dk))

Z
+oV(t, Z Dty ts) + 0Pty — di, ts — dy)]
D

—t-@(l) tl, ta) + @ (t1 —dj, ty —dy)] + Z hi(ty + di, — 1,m) i (te + dy — €1,m)
£k
+o? [6( )(t1)(ts — t3) + @ ) (t2)d(t1 — t3)] + Z hy(ty + di, — di — €rm)ha(ta + dx — di — €1,m)
+030 (t3) (11 — t2). .
t1 —t9)|dtrdts ;. 16
Similarly, we obtain Foudlt 2)} ! 2} (16)
Yl ) 23 oy Incorporating notation of the waveform statistics, thisdmaes
(4) Yy, _ 2ui=1? D) (4.
T (e ta) ~ N, t N, )g@k e, = Ni// [T,§4)(t1,t1+dk,t2,t2+dk)
(14) !
where ~T (b1, by + dy, 12)O4) (b2 + dy)
Yi(ty, - ) = —T;}Z (t1,ta, 2 + dé))@;(el)(tl +d)
0 (110 (t2) Y [0 (ts,ta) + O (t5 — di,ta — dy)] ARG zl: O (b + dis t2 + i)
l
(2) (2) _ _
+0( (1)0 (t5) Y107 (ta, ta) + O (t2 — dy, t4 — dy) Tt t2) ; O (b +di —diyta + dy — i)
l
2
+01 (110 (1) Y (017 (ta, t5) + ©{P (s — dy 15 — dy)] o2 (tr, t2)(ts — t2>] dtydts. (17)
" ) ! @) @) Using our results for waveform statistics derived in Setctio
+0, (12)0, (t3) > [0, (t1,ta) + ©;” (t1 — di,ts — di)]  11I-A and Section I1I-B, £, can be evaluated.

l

E. Discussion
+017 (12)01 (ta) D101 (11, t5) + O (t1 — d, t3 — dy)] . .
7 Next we examine some special casesdorand&,,.



1) Largesamplesize N,: As N, — oo, & in (15) becomes where 7; is its mean, andA; its standard deviation. Its
characteristic function is given by

2
1 ;
E = //Hgl(gl)(ti)[]v_f@](f)(tht?) (I)l(f) _ e]27rfn—%(27rfAl)2.
=t L2 Substituting these characteristic functions into our ltesu
(1 —)H@g)(fi)}dtldt} (18) and evaIuatmg_muItlpIe mtegrals,_thc_e SINR can be foqnd
Nyt and BER obtained. For other distributions, the resulting

characteristic function may not have a closed form, in which

Also, we observe from Section 1lI-B in this limiting case thaCase numerical integration can be employed.

p
T () = HGS)(E) 3) Deterministic jitter: Our derived results assuming ran-
i=1 dom jitters can be applied to a system with deterministic
for p=1,---,4. Substituting into (17), we obtain jitters as well. Denote the timing error for usérby 7.

, Now, each pdf can be expressed as a delta funcfion) =
1 (1) (2) d(x — 7). In this case, the characteristic function becomes
En = N //HGk (ti)[Gk (t1 + di, t2 + dy) @y(f) = e92™/7. Then, ®;(— >_"_, f;) can be factored as
) =t P, ®i(—f;). Consequently, from (10) we obtain

~TTe +di) + > 0Pt + di, tz + di) P
1-1;[1 ; O (t1, - 1) = [ uti — 7). (20)
=1
+ 6(2) (tl + dk - dl, tQ + dk - dl)
; : Now, 0% (t1,t,) = [[2_, ©\")(;), reducing to correlations

of users waveforms. Thu§, in (15) and &, (17) can be
found directly from the waveform correlations in this case.

®) ) No weighted coupling occurs because of the particular form
&s depends om©,”(ty, -, tp) for p = 1,2, that in turn  of the characteristic function.

depends on the Fourier transformi(f) weighted by  Thjs general observation is consistent with [5], that deals
the characteristic function ofy ,, at different frequencies ith constant time shifts. To clearly identify the conneas,
according to (10).£, depends on all users channels agys consider the special case whah — oo for which &,

well as jitter statistics, as seen from ter®$” (t1,---.,). andé&, in [5] obey very simple forms. Now, (18) and (19)
In addition, AWGN has a contribution scaled by a factofeduce to

=, @Ecl)(ti) determined by the desired user channel )
and jitter statistic. Not surprisingly, this factor appean & = //[hk(tl = 7k)hi(t2 — )] dtrdts,  (21)
every term in&; and &, due to the correlation operation

+03¢(t1 — tg)} dt1dts. (19)

of the receiver, and converging result of the template _ 1 Bty — )i (t — 74)
estimate to its mear@él)(t) as N, — oo. The term R kAL = Tk ) (b2 — Tk
@;f)(tl +dy, to + dy) — H2_1 @,(Cl)(t- + dyi) also appears in « [ L
’ o : t1 +dy — 1)hi(to + di —

both &£, and &, because of jitter variance. #Zk ((tr+die = m)hu(tz + di — )

2) Uniform and Gaussian timing jitters: The general re- + > hulty+dp —di = T)hi(tz + dx — di — 1)
sults previously derived require each characteristic tionaof I#k
timing jitter. This takes a simple form for the following two +o2o(ty — tQ)} dtidts. (22)

special cases, as also discussed in [10E, If, is uniformly

distributed, then its probability density function (pds) i Performance depends on propagation delays. If we assume all

users are synchronized to allow maximal collision of users

B Ail A <z <Ajpe signals, thenr; = 0. The results coincide with those in [5],
fil@) ={ 0 otherwise and depend on auto- and cross correlations of differensuser
o waveforms.
whereA; = Ay 5 — Ay Its standard deviation isz=A;, and  when the timing error is only due to propagation delay,
its characteristic function is given by then detection performance is determined by synchrooizati
y(f) = Sinc(ﬁfAl)ejgﬂfn errors. In fact, a synchronization algorithm can be dewvetop

based on the estimated template at different candidate time
wherer; = %(Az,l + A;2) is its mean. Ifg;,,, is Gaussian shifts in the light of [12]. Re-write the estimate (5) as

distributed, then its pdf is ~ 1
hi(t) = — Z [Ake s At i (t — 70)

_ (177'1)2 Np L.om/

1 2Al2 e

filz) = \/2_TA16 10, Ny | At Bime ha(t = di = 1) | 4 A s v ().(23)



It has a contribution from the desired user in the fornipft).
Consider the power ol (¢ + 7). It achieves its maximum at
T =1, as N, — oo and interference plus noise is negligibls
Therefore, a criterion to estimatg is given by

Th 2
Tp = hi(t dt. 24
Peak picking of this function will yield an estimate within
specified resolution, set by a variable grid size.

IV. SIMULATION

In this section, we present some performance results u:
our above analysis. Normalized second derivative of Gaas!
pulse with duration of0.7ns is used as transmitted monc
cycles. Frame duratioffy is 30ns. Each symbol spans twc
frames. Multipath channels are generated using the IE

TG802.15.3a CM1 channel model [13] and their tails are

truncated to capturg0% of multipath energy. These discrete-
time channels have time resolution 0003ns. We use FFT
of size 1024 to calculate the channel’s frequency respon
Four users are active in the system. Each has an intt
delay d;, arbitrarily chosen fromins to 6ns. Fig. 1 shows
the BER with uniformly distributed timing jitter wit\; ; =
0. Standard deviation of each jitter changes fréms to
80ps. All timing jitters for Fig. 2 are Gaussian distribute
with zero mean. It can be seen from these two figures t
detection performance degrades fast with increasing gm
jitter. Compared with perfect timing, performance is abiwud
orders of magnitude worse when jitter deviation8igps at
E, /Ny = 12dB. Gaussian distributed jitter has less impact
the performance than uniformly distributed jitter with theeme
jitter deviation. Performance degradation is more sesgsiid
jitters with deviation in the range fro20ps to 60ps, a similar
observation as in [8].

REFERENCES

[1] R. T. Hoctor and H. W. Tomlinson, “Delay-hopped trangeit
reference RF communications,” iroc. |IEEE UWBST, Balti-
more, MD, May 2002, pp. 265-270.

BER

BER

Uniformly Distributed Jitter

T

—6&— 0ps
—+— 20ps
—v— 40ps
—— 60ps

10

0 2 4

10°

-3

10

0 2 4

—8— 80ps

T

i

T

6
E,/N, (dB)

8 10 12

Fig. 1. BER with uniformly distributed timing jitter.

Gaussian Distributed Jitter

—6— 0ps

—+— 20ps

—— 40ps

—— 60ps

—8— 80ps
I

E/N, (dB)

8 10 12

Fig. 2. BER with Gaussian distributed timing jitter.

[2] J. D. Choi and W. E. Stark, “Performance of ultra-widethan (9] p. Thirupathi and K. M. Chugg, “Frame synchronizationdan
communications with suboptimal receivers in multipath reha channel acquisition in impulse radio,” Proc. of SPAWC, New
nels,” IEEE JSAC, vol. 20, no. 9, pp. 1754-1766, December  vork June 2005. ' '

2002. - ) . [10] M. Z. Win, “A unified spectral analysis of generalizedns-

[3] Y. Chao and R. A. Scholtz, “Optimal and suboptimal reees hopping spread-spectrum signals in the presence of tiritieqj
for ultra-wideband transmitted reference systemsPrioc. |IEEE IEEE JSAC, vol. 20, no. 9, pp. 1664-1676, December 2002.
Globecom, vol. 2, pp. 759-763, San Francisco, CA, Dec. 200311] J. G. ProakisPigital Communications, 4th ed., McGraw Hill,

[4] J. Tang, Z. Xu and B. M. Sadler, “Digital receiver for TRAB New York, 2000.
systems with inter-pulse interference,”noc. of SPAWC, New [12] L. Yang and G. B. Giannakis, “Blind UWB timing with a djrt
York, June 2005. . , , template,” inProc. of ICASSP, May 2004, vol. 4, pp. 509-512.

[5] Z. Xu and B. M. S"a_dler, Code aided near full rate multiuser;3) hitp://grouper.ieee.org/groups/802/15, “Channedeling sub-
TR-UWB systems,” irProc. of SPAWC, New York, June 2005. committee report final,” Nov. 2002, |IEEE P802.15-02/368r5-

[6] Z. Xu and B. M. Sadler, * Multiuser transmitted referendéra SG3a.

[7]

(8]

wideband communication system$ZEE JSAC: UWB Wreless
Communications - Theory and Applications, 2006 (in press).

Z. Tian and G. B. Giannakis, “BER sensitivity to mistinginn
correlation-based UWB,” ifProc. |IEEE Globecom, Dec. 2003,
vol. 1, pp 441-445.

W. M. Lovelace and J. K. Townsend, “The effects of timing
jitter and tracking on the performance of impulse radi&GEE
JSAC, vol. 20, no. 9, pp. 1646-1651, December 2002.



