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~ Abstract—In a traditional pulse position modulation (PPM) To achieve reliable detection performance, UWB receivers,
time hopping ultra-wideband (UWB) communication system, including single user receivers [6] and multiuser recesver
each user is assigned a distinct time-hopping sequence, hait [7], [8], need to know channel parameters. However, in a

periodic short sequence or aperiodic long sequence. This par . ) . . '
focuses on blind multiuser channel estimation in aperiodicime ~d€NSe multipath wireless environment, channel infornmaito

hopping UWB systems, using both the least squares method N0t knowna priori. Single-user maximum likelihood (ML)
and the correlation matching method. After we formulate the methods are first applied in estimation of channels [9], [10]
PPM UWB signal to a pulse-rate discrete-time linear model, Blind channel estimation methods, which use only up to the
instantaneous estimate of the mean or correlation of receéd gacond order statistics of channel outputs and specifitaily

signals can be explored to estimate the channel. We also ik . ¢ t ltio| interf MAD st
duce corresponding single user variants of both methods. T into account multiple access interference ( ) structuaes

estimation performance is evaluated by simulations in thered. *  Proposed in [11], [12]. However, discussions in these work
are confined to periodic TH codes only. If aperiodic TH codes

Index Terms - Ultra wideband, aperiodic time hopping, are used, channel estimation becomes a more complicated
pulse position modulation, channel estimation, moment task. In this paper, we will apply both least squares (LS)
matching. method and correlation matching (CM) method to address this

problem. In particular, we first develop a pulse-rate digcre
|. INTRODUCTION time channel model, similar to [7], to linearize PPM TH-

Ultra-wideband (UWB) impulse radio is shown to be afWB signals. A unique code matrix related to TH codes
attractive spread spectrum technique in short range wiseldill be formulated during this step. Then we can define a
communications [1]. In a conventional UWB system, trains ¢ftnk-one channel dependent matrix for each user [13]. lyinal
ultra-short pulses in the order of sub-nanosecond arertigns channel parameters can be, obtained by exploring instastiane
ted to achieve wide-spread spectrum and low power specﬁéf'mate of received signal’s second order statistics {308
density. Pulse position modulation (PPM) or pulse ampéitud'Sing the LS or CM method. _
modulation (PAM) can be used to carry information symbols, Notations: Following common practice, we d?note Kro-
Multiple access is enabled by assigning a pseudorandom (BIgFKer product byx, transpose by", inverse by~!. E{-}
time hopping (TH) sequence to each user. The TH sequefiEBre€SeNts expectation of a random varialdlg,an identity
adds an additional time shift to each pulse in the pulse .traiff@{rix of degreen whoseith column is denoted by, ;. 1,

Most of current work only concentrates on periodic THS @ vector of lengthu with all elements equal to one. An

codes for multiple access UWB systems. Recently, sorftimate of a quantity (scalar, vector or matrix) is dendtgd

studies on power spectral density properties have begunPi#ting @~ over it, such ase.

consider aperiodic TH codes because the latter may bring som Il. SYSTEM MODEL

ber_1efits over.the former [2], [3]. Althou.gh the aut_hors in [3] Consider a multiple access (MA) TH UWB system with

_clalm the perloq of TH sequence has little effect in terms sers. The transmitted baseband UWB signal from &szan

increasing maximum transmission power under FCC reguias jascribed by [1]

tions, it is believed that the spectrum will be smoothed when

increasing the length and randomness of TH sequence [2]. In = _ .

addition, it has been found that performance of current UWE™ (t) = VP Z w(t =Ty = ex(i)Le = 71, li/ngpy) (1)

communication systems is dependent on specific realizafion =T

a periodic TH sequence. Aperiodic sequence thus can impravieere P;; is the kth user’s transmission poweu(t) is the

system performance by avoiding periodic use of bad codésiseband monopuls€}; is the frame durationNs is the

Furthermore, in a fading channel, aperiodic sequence wifh h number of frames over which al¥-ary PPM symbol repeats,

to explore channel diversity. In fact, long code techniduage {cx(i) € [0, N. — 1]} is a pseudorandom time hopping se-

been applied and well studied in CDMA systems [4], [5]. quence. Each chip has durati®n I (|i/Ns|) € [0, M —1] is
thekth user’s information bearing symbol during tik frame,
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then (1) may be expressed by linear modulation in a chip rate

as [7] Sk = [sko(n+1), - sear—1(n +1)]"
0o M-1 - ; ; ;
_ ) defining a corresponding effective channel matrix
ap(t) =Pk Z Z U (1) Wiy (T — iT) 2
i=—00 m=0 H,ii=[CniiTogs, - CniiTr-19;]
where chip index has replaced frame index in (1), and successively stacking such matrices (or vector&J in(or
N . N s,). The total number of symbols froili users is denoted by
k(1) = Sk’m(tl/(NcNf)J)ck(l) L = K(P+ [q¢/(MN.N;)]). By employing data model (5),
o , ) , all channels can be estimated based on the statistics (mmean o
cr(i) = 5(U/NcJNc + er([i/Ne]) = l)- correlation) ofy,,.
It is clear according to (2) that input ., (i) is modulated by [1l. BLIND CHANNEL ESTIMATION

waveformuwn,(¢) at a chip rate. The ”a”SfT““.ed signal (t) Itis observed that aly,, are embedded in the statistics of the
propagates through a multipath channel with impulse reSPONata vector. However, because TH sequence is aperiodic and
gr(t). At the receiver, the channel output is first passed throu 1., is dependent 0|’n, the received signal () is not cyclo-

a maiched filter ”?atChed to the moqopuls(e). We can define staﬁbnary. Its mean or correlation cannot be easily esticha

a front-end effec'uvg channel mclqdlng effects from maded .But if we utilize instantaneous estimate of mean or coriateat
pulse at th? transmitter, propagation chf;mnel and matched f'matrix, channel estimate can still be obtained, yieldingdrS

at the receiver by, ;. (t) = v/Prwn (t) x gr (t) xw(—t) where  ~y i o accordingly

* denotes convolution. Considering additive white Gaussian '

noise (AWGN)wv(t) and propagation delay; for userk, the A. LS approach

output of the matched filter becomes Let us denote the time-varying mean 9f, asy,. From

e ; ; 1
£ — NG (t— iy T —dy) +v(t). (3) our deflnl_tlon, the mean of;, ,, ; is easily found to beﬁlM.
y(t) Z wkm (11)gkm (F = 11 k) o). (@) Since noise has zero mean even after the matched filter, we

k,il,m

have
Assume each effective channel has length Then y(¢) 1
is sampled everyr seconds to yield a discrete-time output ¥, = > CnxiTmgr =Y _Coxgy =Cng  (7)
: ) : . M
y(n) = y(t)|lt=no. Using the discrete-time version of the k,m,l k
effectlvedcTannel and invoking. = Mo, we obtain a pulse- where all channel vectors are stacked in a big vegtdf we
rate mode approximatey,, as an estimate o, then a LS criterion can
a n—is ) be applied to estimatg from N data vectors as follows
¥ =323 () gemlia) + o). (@) 1
k,m i2=0 §: argmlnNZH,yn _yn||2' (8)
ConsiderP symbol intervals of data samples with correspond- n
ing time instantss M N.Ny + p for p =1, ---, v and collect Invoking (7), the solution to (8) has the following form
them in a big vectory,, of lengthv = MPN.Ny. After 1 1
noticing our definition ofuy,, (i), a vector form data model g=(> ") (=D 'y, 9)
follows [12] N < N <
= C i TG 5km(n+1) + v, 5) Then the estimate gf, can be obtained from the correspond-
Y k%:z ot Tm Gyt (n +1) ( ing subvector ofg asg,, = (e}, ® I,)g.

where symbol index takes all integers-[q/(MN.N;)], B. CM approach

~-,P —1, g, is an unknown channel vector for usér  Sincesy ,; has non-zero mean, the time-dependent autocor-
which contains channel coefficients at the pulse rate an@&powelation matrix ofy,, includes cross term&y., r, = g, gg

. . . . ’ 1 2

factor /Py, T = [0,1,,0]" is a tall selection matrix in of two generic userg; and ks:

order to obtain thenth subchannel frong, (delayed inmo
seconds or equivalently downshifted byelements)(C', 1 ; is o

a matrix constructed from correspondifigi) and is uniquely R, = Z Crin s Ty Gy ko Ty Oy i, Vi k2 oma yma L
determined by the TH sequence. It consists of only zeros and | ;27 (10)
ones. We want to underline here, different from [12], this Y

code matrix is dependent on symbol indexbecause of the Here, summation is over ki, ka,m1,m2,l1,l2  and
aperiodic nature of TH sequence. This model can be furthes, ks,mi,ms.i,.0. iS the correlation of inputsy, ., (n + 11)
expressed in a compact form and sg, m, (n + 12)

1
Yn = ZH%/CJS/%”J + Up = Hnsn + Un (6) V1, ka,my,mao,l1,le = Mé(ml — m2)§(ll - 12)5(]{1 - kg)
k,l
' 1

after collecting inputs in a vector + g 10 = 12)d(ky — k2)].



As in [13], vectored form is convenient to handle in thélere, the total effect of MAI from all othek —1 usersy,,,, ,,
CM context. Define a new vectat which has entries of all is approximated as a stationary process with unknown mean

pOSSiblEvec(gklg;‘g) ando? as follows b;n: and unknown autocorrelatioR;,,;. As a result, the time-
varying mean (7) becomes
x = [vec(G11)",vec(G1 )T, vee(Gr k)T, o]
(11) Un = Cn1g1 + bint. (18)

Using the property ofiec [14], we obtain vectorized corre-
lation r,, = vec(R,,)

Trn = Snmv Sn - [Sn,l,lv Sn,1,27 Tty Sn,K,Ka vec(Il/)]a

Using the LS criterion as in (8), we can obtain the estimate
of b, first

~ 1

bint = N 4 (Cn1g1 — Yn)- (19)

Sn-,k17k2 = E Vk1,k2,m1,ma,l1,l2

mi,ma,l1,l2

X (Cn,k2,l2Tm2) ® (Cnyklyllel)'

-1
Therefore,r,, can be matched with its instantaneous estimate ~ 1 T 1 T ~
~ ’ . = = ACT A — A 7
7, = vec(y,yL) in a vector form 91 (N zn: Cn,1ACn 2 N ; Cn1¥n

When we back substitute the above result into (18), the-east
(12) squares criterion (8) will lead to channel estimate:

~ 1 ~ 2
T = argmin — T, — Toll”. (13) _ 1 ~ . i
Considering (12), the solution to (13) is given by B. CM Approach
~_ A Tq y-1/1 T If f ite th lati
z=(=Y 87s, —N"8T7). 14 we start from (17), we can rewrite the autocorrelation
(N Xn: nSn) (N Xn: nfn) (14) matrix (10) as
Oncew is estimated, entries corresponding@a, &, (k1 = R, = Y Cint,Tm,G1aTr,Cl, 1 7 1m0 msis s
ko = k) can be extracted. Thef}, i, is reconstructed by the M1 masli sl

reversevec operation. These operations can be described by

1 ~
5 T o LYo (e L 1a + S (CLaiTn@ + QITECT, ) + Rint (21)
Gk-,k = [(eq,l Y Iq)mkv ) (equ b2 Iq)mk] (15) m,l
Ty = [ef<27(,€_1)I<Jrl ® Ip2,042,]2. (16) where@; = g,bl ., ﬁmtf R;,; +021. Let us definez; =

R vec(@,), andr;,; = vec(R;,:). After we takevec operation,
Once G, is obtained, channel vectgy;, can be estimated (21) becomes
from its singular value decomposition (SVD) by finding the _
singular vector corresponding to its maximum singular ealu Tn = 8p11T1 + (D1n +TD1y)z1 +Tine (22)
Thalltt_ f_mq[ylar velctor becomes an estimategof up to a Here, Dy, = 1/MI,®Co1, T = [I,®ey1, -, I, @ey,]"
mutliplicative scaiar. and we use the property akc operation that for any matrix

T
IV. SINGLE USERESTIMATOR A, vec(A") = Tvec(A).

, Following similar procedures as in LS method, we first find
So far we have successfully obtained channel parametgfs osiimate foi . from the criterion (13)

using the LS and CM methods. However, we have to know
all ysers’ TH godes in the above. discussions. It_ is often %—m _ 1 (Snii1 + 131,n21 ) (23)
desirable to estimate the channel with only the desiredauser N <
TH codes available. Our main objective in this section is to _
find corresponding single user counterparts for both methowhere D, ,, = D, + I'D, ,. After back substitution and
Additionally, as we will see later, this effort brings somdra optimization of (13), we obtain an estimate of all entries in
benefits in the CM context by reducing complexity. Because= [z{, 27]T as
more unknowns (cross-products of channel vectors) are-intr 1
duced in the CM method, complexity increases compared with = 1 T 1 7=
the periodic TH scenario [12]. Thus, low complexity solatio = (N Z W, Wn) (N Z W 7“”) (24)
is of importance. " "
where .
A. LS Approach P Z o
Without loss of generality, we assume user one is the desired N~
user. Then we can break down the received signal (5) into the ~
desired signal, interference signal and noise: W, =[AS,11,AD1 ],

1
Yp = Z Cn-,llemglsl-,m(n + l) + yint,n + V. (17) ASn,l,l = Sn,l,l — N Z Sn,l,la

1,m,l



1

AE1.,n = bl,n - N

> Dy, [8]
Then we can extract, from z, constructG; ; and use SVD
to getg,, similar to (15)-(16).

Performance of the above methods will be studied elsewhé¥el
due to lack of space.

El

[11]
V. SIMULATION

In this section, we examine the performance of our proposed
channel estimators by simulations. The system adoptsybin
PPM modulation withN, = 4, Ny = 4 and four users with
equal transmitting power. The monocycle pulse is chosen as
normalized second derivative of the Gaussian pulse Witbqou[13]
durationD, = 0.7ns. Modulation delay parameter is set to be
o = D,. A randomly generated 4-path channel has time deléi#]
resolution of D,. Path gains for different users are modeled

as independent Gaussian random variables and weighted by

linearly decreasing weights [12P = 1 is used in the above
methods.

Averaged channel estimation errors with respect to dat:
length N over 100 independent realizations are illustrated
in Fig. 1. Four curves corresponding to the multiuser LS
estimator (MU-LS), single-user LS estimator (SU-LS), mul-
tiuser CM estimator (MU-CM), and single-user CM estimator
(SU-CM) are plotted. All of them decrease almost inversey
proportionally with increase ofV. When N is above 400,
MSEs of all estimators are less thaf—2. CM estimator is
found to be consistently better than the LS estimator while
both multiuser LS and CM estimators outperform their single
user counterparts. However, the difference is not very Ing.
Fig. 2, we study the effect of SNR on MSE withi = 200.
Both CM estimators perform better than LS estimators for all
SNR and all curves decrease monotonically with increase o
SNR. But these curves show a trend of MSE floor because c
the finite data lengtiV we use in our simulationg.

Normalized M
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Fig. 1. Channel estimation error under SNR=15dB.
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Fig. 2. Channel estimation error with respect to SNR.



