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ABSTRACT

A mean estimator has been proposed to improve templatedor t
correlation receiver employed in a single user transmiteder-
ence (TR) ultra wideband (UWB) system. The receiver yielids s
isfactory detection performance even in the presence ei-milse
interference (IPI) while transmission rate is increasedear full
rate compared to 40% rate loss in a conventional TR system.
This paper further extends the TR modulation to a multiuser s
nario by assigning a pair of frame rate pseudo-random (PN) se
guences to each user, modulating the amplitude of each ulse
the doublet respectively, irrespective of adopted datautadidn
formats. Given a user’'s PN sequence that modulates theeneer
pulse, the mean estimator is still applicable to estimasnnohbl-
distorted waveform for that user in the presence of 1P| antipte
access interference. Then correlation based data dentioduis:
assisted by the other PN sequence modulating the data pulde,
constructed template from estimated waveform. Wavefortia es
mation error and bit error rate detection performance ardiet
analytically and experimentally.

processes. During estimation, IPI stems from the data kagrh
h can be maximally eliminated by statistical averaging, diiey a
more purified waveform. During detection, IPI can be sulbé&éc
after the waveform template is estimated. The wavefornmadtir
shows decreasing mean square error (MSE) with increased&iz
observation windows, significantly smaller than those fiattmer
existing methods and conventional TR scheme. Consequestly
tection performance improves significantly. It has alsonbele-
served that PAM is slightly better than PPM in terms of detest
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 fugikgnds
that scheme to a multiuser scenario. In order to enable phailti
access and increase capacity, proper coding is introdsaadar
to [9] motivated by an overlaying idea for a code division tiaul
ple access (CDMA) system [10], [11]. Since both referenag an
data pulses need to be discriminated across users, two-figtme
pseudo-random (PN) sequences are assigned to each user. The
first one modulates the amplitude of the reference pulsdewitné
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 intenfgrisers
reference signals and all users data signals can be mirdiraze
X X tributed to the PN property of each PN sequence. In the case of
ago for a narrowband system [1]-[3], is an effective meareoto- PAM signaling, zero mean of the PAM symbol enhances mini-
bat multipath distortion. It is recently applied to ultradeband  izati0n of the interference from all data signals. Thainested
(UWB) communications [4]-[6]. The second of the two well sep  \yayeform is either directly used as a template to detect &t P
arated consecutive pulses conveys information in eitheliarde gy o) or used to construct a template to detect the PPM symbo
(pulse amplitude modulation - PAM), phase (binary phasé shi 5 correlation receiver. The waveform estimator emplalayd
keying - BPSK), or position (pulse position modulation - PPM  gjements, adders and multipliers, and meanwhile the edivel
Spacing between two pulses is designed large enough to avoidgcejver performs addition, integration and symbol ratmping
inter-pulse interference (IPI) at the receiver. Thu_s date is usu- operations. Thus the receiver can be implemented in mixad an
ally upper bounded to at most 50%. In order to improve tereplat |oq/gigital circuits. In order to further alleviate mullépaccess in-
corrupted by noise, [5] and [7] propose to average signalSivi o ference (MAI), a hopping code is adopted to adjust thaydef

one symbol interval to minimize noise effect. Consequeis}- the data pulse of each user. Performance of waveform estimat
ter detection performance is achieved than a conventiecaiver and detection is analyzed and studied numerically as well.

built upon a noisy template.

The noise effect can be further alleviated by statistically
eraging signals over multiple symbol intervals [8]. Altigbuthe
reference pulse is distorted by channel yielding a chadistbrted
waveform, that waveform can be estimated by utilizing the fir- A conventional TR-UWB system considers single user trassmi
dgr statistic of received signals. Then estimated wavefambe sion and detection [4]. A user transmits a doublet in eaahdraf
either directly used as a template to detect a PAM symbol or be 7 seconds. The first pulse serves as a reference and is informa-
used to construct a template to detect a PPM symbol [S].28tli  jo, free. The second pulse is modulated by either a PAM symbo
tion of the mean of reqe!ved S|gnal§ requires less intertsivgpu- or PPM symbol and delayed K; seconds. Denote the pulse by
tations. We allow neglllglbly small time between t.he datspund w(t) with durationT’,,. Each symbol repeat¥; frames, so sym-
the reference pulse3 introducing IPI at the receiver. H(MQNDI bol period isT. = N;T;. In order to accommodate multiuser
can be suppressed in both waveform estimation and dataidetec  communication and easily obtain templates for each of twa da
modulation cases, we propose to modulate the amplitudeeof th
reference pulse by a unique PN sequence at the frame rate- Mea
while, the other PN sequence is applied to modulate the ampli
tude of the data pulse and also protect each user’s datae Hibs

1. INTRODUCTION

Transmitted reference (TR) modulation, proposed a few diea
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sequences help to reduce the waveform estimation MSE and supestimation technique will be proposed to clean the “dirtgint

press MAI as illustrated later. To enhance mitigation of Mile
delay of the second pulse is controlled by another user digpen
time hopping (TH) sequence. For easy illustration of pregos
methods later, we only focus on binary PAM and PPM signaling
although it is straightforward to generalize discussiankigh or-
der modulation.

2.1. PAM signaling

Denote the binary PAM symbol b, , € {+1}. The transmitted
signal with powerP;, from userk in a K-user system is proposed
in the following form

se(t) = \/@Z [Akmw(t —nTy)

+ Iy, /Ny ) Brnw(t — nTy — Tkm):| ) 1)

where Ay , and By, 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]. Nation
|-| is an integer floor operator. Delay,, = cx,»1. of the second
pulse is designed to minimize MAI as well wherg,, € {D, D+
1,--+, Dmas } is the hopping codel . is the chip duration]’s =

N.T.. The minimum spacing of two pulsesTs 2 DT.. It can
be arbitrarily small to achieve near full rate data transiois. It
thus eliminates a 50% rate penalty, similar to single-usedet

plate based on an observation window spanning multiple symb
intervals.

2.2. PPM signaling

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

() = 3D [Arahu(t = nTy)
k n

+Bk,nhk (t - an - Ck,nTc - TIka"/NfJ ):| + U(t)v (3)

whereh(t) is the waveform defined beforer, | = Ix 04
It noT. is the modulation delay controlled by a binary informa-
tion sequencédy, ,, that takes(0, 1}, o4 is @ modulation parameter
that can be properly designed [13].

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

3. TEMPLATE ACQUISITION AND SYMBOL
DETECTION

A conventional TR correlation receiver uses the instargasky

ing without PN coding [8]. The model subsumes a superimposed received signal in the first segment in each frame as a teenfat

training transmission scheme corresponding:tg = 0, as well

as a conventional TR systemif = 1, Ay ,, and By, take values

1, and delayry,,, is set asly. For a single-user systemy, ,, can

still be introduced to reduce waveform estimation errassiltated
later. For smalD, signals resulting from reference and data pulses
after multipath propagation may severely interfere witbheather,
causing IPI. If we denote a multipath channel impulse respdry
0x(t), and transmitter-receiver front end bandpass filteyfy),

the received signal becomes

= 3% [Ak,nhk(t —nTy)
k n
+Ik,\_n/NfJ By nhy (t —nTy — Ck,nTc) + ’U(t), 2

wherehy(t) = \/%w(t)*ek(t)*g(t) is the unknown waveform,

* denotes convolutiony(t) n(t) * g(t) andn(t) represents
zero mean Gaussian noise with two-sided power spectraltdens
%. Propagation delay for each user is ignored for simplidity,

is analytically unnecessary. Indeed, it creates the wanstneu-
nication scenario when other users maximally interferén e
desired user. Generally, MAI may be reduced if the usersatign
are mis-aligned. This simple reasoning suggests the wass-

detection performance (BER upper bound) based on this model

Suppose alhi(t) have support in0,7%). Since both reference
and data pulses propagate through the same chann@), is not
only the received signal due to the reference pulse, butthkso
waveform of the data symbol after delay,,,. Though technically
unnecessary, assurfi¢ + 7x,, < T for simplified analysis of
the methods proposed later. Even so however, severe |Rtsesu
Hence, if a noisy template directly taken from received aida
used for a correlation receiver as in a conventional TR syste
leads to a large data demodulation error. Therefore, a rhased

detect the PAM symbol. Such a template is very noisy even in
a single user system. In [7], averagingdf) over N; frames
within one symbol period is performed to reduce noise. In & mu
tiuser system, the situation deteriorates because offénégice
from reference signals of other users, all users data sigaad
background noise. Thus a clean template is required. BExmoi
the PN sequences and zero mean property of the noise, istatist
averaging of segments oft) (normalized byAy ,,) from differ-
ent frames across multiple symbol intervals significangdlgtuces
interference (even for the non-zero mean PPM symbol case).
Because of repetitive transmission of a reference pulsd) ea
user’s wavefornhy (t) repeats from frame to frame. It is reason-
able to partition the received signalt) into segments of duration
T, in order to estimate the waveform. Let’s consider usend
estimateh (t). Taker(t) in Ns symbol intervals, yielding a total

of N, 2 N;N, segments. Then/-th (m’ = 1,---,N,) seg-
ment is defined as,,/(t) 2 r(t + m'Ty) for t € [0,T}), and

Tt (1) 2 0 elsewhere. Similarly, define,, (¢) for the noise. Ac-
cording to (2) or (3), and assisted by the first PN sequencei®f t
user that takes valuesl, we find the following expected value

K
E{Ap e ()} = b+ Y Ag g Aphu(t)

Ik, 1=1

K
1 .
Z EAkJn’Bl,m’hl (t - Cl,m’Tc - ZO‘TC)7

(4)

wherex = 0 for PAM signaling, ands = 1 for PPM signaling, ex-
pected value of the PPM modulated data pulse has been #éyplici
evaluated with equally probable values{in 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 signgalor



both reference and data signals with PPM signaling. It caiube
ther reduced after considering the PN property. The timeaase
of each ofAy, .,y A; .,y and Ay, ,,,» B, v OVer N, frame intervals
favorably approaches zero A5 increases. Therefore, an estimate
of the waveform for a multiuser system can be described aloag
lines of a single-user waveform estimator in [8] as follows

E Ak m/rm’

m’l

©)

The estimator requires delay elements, multipliers, amigied
Detection of either PAM or PPM symbol continues straightfor
wardly employing the estimated waveform. Consider detecif
I, », then-th symbol of usek. There areV; segments,, (¢) for
m = nNy,---,(n+1)Ny—1. Reference signal can be subtracted
after waveform is estimated. If we assumedll,, ( =1, --, K)
are known to the receiver such as in the uplink, tHen, h;(¢) can
be subtracted from,, (¢) after waveforms, (¢) are estimated. Ina
case when onlyy ., is known, such as in the downlink, only the
desired user’s reference signal is subtracted. Denoteegherig
signal after subtraction by ., (t). Then the PAM symbol can be
estimated based on outputs 8 correlators in the:-th symbol
interval via

1 (n+1)Nf71 Ty
I n = Sign(N— / hk(t)fk,m(t)dt)7 (6)
m=nN g 0

_ A ~

7"k,m(t) - Bk,mrk,m(t + Ck,mTc)~ (7)
To simplify notations, we will omit the upper and lower limiin
each summation later, but follow the same convention foe tim
dicesm’ andm, given bym' from 1 to N, andm from nN; to
(n + 1)N; — 1. Others include user index(possibly additional
ones as$i, I2) from 1 to K, and PPM modulation index(possibly
additional ones a&, i2) from 0 to 1. Similarly, for the PPM mod-

ulated input, construct a template from the estimated voawef
and also perform a simple mapping frdat1} to {0, 1} as [13]

1
-(1- n)y
5 (1= Yrn)

whereyy, , is the detector’s output takingt1}
~ Tkt — aT, )]rk,m(t)dt).

Z / [ (t
9)

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

8)

Ik,n =

Ykyn = sign

4. PERFORMANCE STUDY

Given N, received signal segments, our waveform estimator de-
pends on statistics of received signals. Consequentlgcties’
performance based on constructed template is also depeoden
corresponding statistics. To quantify estimation perfamoe, de-

fine the waveform estimation error &y (t) = ﬁk(t) — hi(t) and
corresponding MSE as
Ty
&= / E{[5hx(t)]* }dt. (10)
0

Then BER of each detector with imperfect template will bdeva
ated. For tractable analysis, approximate PN sequencesd@sm

binary sequences with zero mean and unit variance. Thisrgssu
tion can yield fairly reliable results for large sample sias al-
ready demonstrated in an aperiodic CDMA system [14]. Also fo
concise analytical results, each TH sequence is assumiediiger
allowing dropping the time dependent indexaf,,, ascy.

4.1. PAM signaling

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

find
Z Ak,m’ Al,m’ hi (t) + Z Ak,m’ Umn! (t)

l,m/’ l#k m’

Z Ak,m’Blmz’Il#Lm’/ij hl (t — CZTC). (11)

I,m/

Oh (t)Np

+

Invoking assumptions on PN codes, inputs and noise, werbbtai

Zhl V(T

P ik

E{8hy,(t)5h (7

2

+;—Z¢(t —7)+ E > h(t—aT)h(r —al)  (12)

wheres? 2 0B, ¢(t) 2 sinc(rBt), % is the bandwidth of the

filter g(¢). Define a deterministic cross correlation of waveforms
of userd; andls (I1,l2 = 1,- - -, K) at offsetsd; T. andd.T. as

Ty
gll,lz,dhdz = / hll (t - lec)hlz (t - dQTC)dt'
0

Applying (12) the MSE (10) becomes

ZELIOO‘F_Z(C:ILLLCZ

L

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

UU_Tf (13)

4.1.1. UWB downlink

After subtraction of estimated reference signal, thdsegeneric
signalsry . (t) can be obtained. Signa}. ., (¢) given by (7) and
used in (6) becomes

fk,m(t) = Ik,nhk (t) + Uk,m (t)
whereus ., (t) represents interference plus noise

(14)

Uk,m(t) = —AkmBremOhi(t + ciTe) + vm(t + cxTe)Bim
+ Z [Al,mBk,mhl (t + Cch)
ik
+ BimBrmlinhi(t+ ciTe — 1) (15)

Expressing estimated waveform by(t)+dhs(t), the signal com-
ponent in (6) is identified a$k &k, x,0,0 Whose power is;
513,k,o,o, and the interference plus noise component as

T 1 T
Jk,n/ 5hk(t)hk(t)dt+mzm:/o B ()t (£)dt

0

1 T
+— 5hktuk,mtdt
Nf;/g (Ot

(16)



The powere,, = E{z2} depends on statistics of bodlhs (¢) and for 1 # I is required sinced;, ., and Ay, ., are assumed inde-
ug,m (). Reasonably approximat#(t) as independent of all  pendent. In a case @f, > 1, it has a simple form
terms inug . (t) except the first termE{uk,m (t)ur,m(7)} can

2
be simplified based on (15) and (12). Applying (12) once more, €n = aoHno + Z Sk,lﬁo,qf%‘ (20)
€n can be derived. It turns out thaf involves cross-correlations " Ny Ny
of different waveforms at different offsets and is a funotaf N, Lizk
N,, time hopping codes as Compared with (18), this power is reasonably smaller sieferr
ence signals from interfering users are subtracted.
0'2 0',2 2 H 0'4 y
En — v _U v . + v
(Nf Ny Npr) MO NN, 4.2. PPM signaling
2 2
+ Z(gk’l’ovcl + Er0,01-cx 4 0’37’(1,61) Considering (3) and (5)h (¢) satisfies
Np N¢N, Ny N,
! o Shi Ny = Y Ay A () > Vs (8) Ag
1 1 ,0,¢c;—c ,m/’ : m/’
+ Z [(Ff + ]Vf—N)glf,l,O,—ck + MOT;’“ Lm? 1k
LIk v + 3 B A it —aTe =71, ) (2)
n glg,l,0,0 n oMo | ooHi—cp UEHZ,clfck} Lm!
Ny N¢ Ny N¢ N, N¢ Ny, Then invoking assumptions on PN codes, inputs and noise and
2 g2 considering PPM modulation, we obtain
&l 1a,0,—c 11,02,0,¢1, —cy,
+ Z ( 1],\]2»]\,] ko N N2 )
hiohZhlogk 0T 7 E{ohs(6)5ha(T)} = 1~ Z fu(®hu(r) + 1 o(t = 7)
2 2 1,1#£k
l1,l2,¢1,—cp l1,l2,¢1, 5c19 —¢k
17 1 . .
+ Z NN, N/N, ), a7 B Z h(t — aT. —iaT)h(r — aT. —iaTe). (22)
l1,l2,l27#k 2Np i,l,m/
where Applying (22) to evaluate (10), the MSE becomes
Ty 2
EN E1,1,0,0 Elleptiae ria . Oyl
Hiq 2 //0 G(t — T)hi(t — dTe)hi (7 — dT.)dt dr, = Z +>° o R (23)
1,1#k il
A T 2 Similarly, two cases are discussed for detection next.
y= t—7)]°dtdr

Due to lack of space, we omit its derivation and also its esgioan 4.2.1. UWB downlink
for other cases in subsequent discussions. The result ésl lvas In this case, signal . (t) for detection is given by
our synchronism assumption, thus provides the worst-caerp ’

mance for an asynchronous system since MAI may be significant Trm (1) = hi(t — Ik naTe) 4 uk,m (t) (24)
reduced from pulsed asynchronous transmissions,If>> 1, whereuy ., (t) represents interference plus noise
then the waveform estimation error plays little role. Ithsh sim-
plified to Uk,m(t) = —Ak,mBr,mOhi(t + ckTe) + vm(t + cxTe) Br,m
o 0'12;7_(16,0 N Z (Slg,lﬁo,fck N Slg,lﬁo,clfck ) (18) + Z [Al,mBk,mhl (t + Cch)
n = —Nf Nf Nf s 1,1#£k
LIk + BimBimhi(t+ciTe — aTe — I n01:)]. (25)
mainly contributed by interference plus noise in the cursgmbol Detection is baseq Ok, m !n .(9). Then interference plus noise
interval. The BER of the detector can be evaluated)ag/ =) power again requires statistids{ux,m (t)ux,m(7)}. Based on
o 1 _a? " (25) and applying (22), it can be derived. In a caséVpf>> 1, it
whereQ(z) = [~ —i=e™ = da. has the following form
o2Q40 Fix —ck,0 Fiy el —cpion0
[ n = — Gk e D (26
4.1.2. UWB uplink ¢ 7 +> T + ) o (26)

In this case, each user’s waveform is estimated and estimete Ltk ik

erence signal is subtracted. The signal componem. jn (¢) is where
still Ii, by (t), while ug, ., (t) becomes

Ty
A
Fiylg,dy,dy = / huy (t— leG)\Plz,dz ()dt,
Uk, m (t) = - 5 AlmLBk,m(Shl (t + Cch) + Um(t + Cch)Bk,m 0

' Wy.a(t —hkt—dT) hi(t — dT. — oT%).
+ Z Bl,mBk,mIl,nhl (t +cTe — Cch). (19)
Li#k de—/ Ot — 7)Vh,a(t) Yk a(T)dt dr.

The power ofz,, can be derived according to (16), (19) and (12), The BER of this detector can be evaluated from the signal igeno
similarly as before. No cross-correlation &, (t) anddh,, (t) ratio (SNR) as before.



4.2.2. UWB uplink

Subtraction of estimated reference signals yields., (t) as

Up,m(t) = — Z Al,mBi,mhi(t + ckTe) + vm(t + ciTe) Br,m

l

—+ Z Bi,mBr,mhi(t + cxTe — aTe — Iy nad). (27)
Li#k

The signal power is same as before, and the noise powean be
re-derived. IfN, > 1, it becomes

67L_0Qk0+ Z

i1k

-7:l Lk, ep—cptia,0
o (28)

Clearly, it is smaller than (26).

5. NUMERICAL STUDY

We adopted the second derivative of Gaussian pulse of darati
D, = 0.7ns as the transmitted monocycle [13]. Binary PN se-
quences are generated randomly; = 2, T. = 1ns, K = 4.
Each user’'s TH code is chosen randomly from a{set, 5, 6}

in each of100 channel realizations according to the IEEE UWB
CM1 channel model [15]T% 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 recefor
PPM signaling, modulation delay is sef = 0.156ns [13]. Fig-

ure 1 shows effects aV; 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. “Bbund
curves are based on true channels, for comparison with ticwly
and experimental results. Our method improves signifigamitih

N; because of improved template. Convergence to each bound at
large N, is observed. PAM modulation is better than PPM. Noisy
template (for conventional detector) fails to recover iispuFig-

ure 2 presents effects df, /N, with waveforms estimated from
N, = 500 received signals. Convergence of experimental results
to analytical ones is observed. Also, BERs of the proposéecele
tors approach their bounds.
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