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Abstract—In a time hopping ultra-wideband (UWB) impulse  of TH sequence increase [10], [11]. TH sequence of longer
radio system, each user is assigned a unique time-hoppingperiod can reduce the probability of interception by uricled
sequence. If aperiodic codes are used for time-hopping sequesce 4 ties as well. Furthermore, because performance of prelti

some benefits, such as smoothed spectrum and better perfor- UWB icati t is d dent ifi
mance, can be achieved. Recently, a correlation matching method 8CC€SS communication systems IS dependent on Speciic

is proposed to estimate channels in aperiodic time-hopping realization of a periodic TH sequence, aperiodic sequeane ¢
systems. Performance of corresponding multiuser and single user help to improve system performance by avoiding periodic
channel estimators is studied in this paper. Closed-form analytical yse of bad codes or exploring channel diversity in a fading
results are provided and verified by computer simulation. channel. Despite these benefits, channel estimation became
more complicated task if aperiodic TH codes are used since
_ _ o “hopping codes vary from symbol to symbol causing signature
Ultra-wideband impulse radio is shown to be an attractiy@aveforms change dramatically. Fortunately, difficultm®
spread spectrum technique in short range wireless commgjarcome by our recently proposed correlation matchindimet
nications [1]. A UWB system transmits trains of ultra-shorgqs [12] for either single-user or multiuser channel estiona
pulses modulated by pulse position modulation (PPM) e single-user method yields only the desired user’s adlann
pulse amplitude modulation (PAM). Multiple access is egébl estimate without knowing hopping codes of interfering aser
by assigning each user a distinct pseudorandom (PN) tifigjle the multiuser method provides channel estimates for
hopping (TH) sequence, which adds an additional time shiffj ysers simultaneously given their hopping codes. It is
to each pulse in the pulse train. The sub-nanosecond pulggs purpose of this paper to analyze statistical performanc
can provide high multipath resolution and significantlyueel of those methods. All analytical results will be verified by
fading effect in an indoor environment. Meanwhile, the |0Vtéomputer simulations.
power spectral density of transmitted signals and low do#ba  Notations: Following common practice, we denote Kro-
ity of interception make it suitable for secure commun@ati necker product by, Hadamard (element-wise) product by
applications. _ _ transpose by, inverse by~!. E{.} represents expectation of
To achieve reliable detection performance, UWB receiverg,random variable], an identity matrix of degree whose
including single user receivers [2] and multiuser recevefih column is denoted by,,. 1, is a vector of lengtha
[3], [4], need to know channel parameters. However, in gith all elements equal to one. An estimate of a quantity
dense multipath wireless environment, channel informaio (scalar, vector or matrix) is denoted by putting aver it, and
not known a priori. Single-user maximum likelihood (ML) correspondingly, the estimation error by preceding thetitya
methods are first proposed to estimate UWB channels [5], [Qith a 5, such asz and éx for vector respectively.
Subsequently, several blind channel estimation methokigw
use only up to the second order statistics of channel ougyats Il. SYSTEM MODEL

developed to improve estimation performance for a multiuse Consider a multiple access (MA) TH UWB system with

communication system [7], [8]. Those methods are suitalgq o The transmitted baseband UWB signal from kisean
for UWB systems with periodic TH sequences. RecentI}Se described by [1]
I

aperiodic time hopping sequences generated by using sianbo

dynamics are proposed for UWB impulse radio systems to i , )

enhance spread-spectrum characteristics [9]. Some stodie a(t) = \/7Tk Z w(t —iTy — cp()Te — Tr(liyng ) (1)
power spectral density properties have also shown the Isignha i=—00

spectrum can be smoothed when the length and randomngggre P, is the kth users transmission powery(t) is

h nd monopulse with duratiép, T is the fram
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I. INTRODUCTION



time hopping sequence. Each chip has durafion(|i/Ny|) [1l. BLIND CHANNEL ESTIMATION

€ [0,M — 1] is the kth user's information bearing symbol |tjs observed that alf,, are embedded in the statistics of the
during the ith frame, 7y, (i/n, ) = Ik([i/Ny])Tw IS the gata vector. However, because TH sequence is aperiodic and
corresponding modulation delay in multiples Bf, second's. Ch.r.m. is dependent on, the received signal (5) is not cyclo-
AssumeTy = N.T. andT. = MT,. Eq. (1) shows a nonlin- stationary. Its correlation cannot be easily estimated iBu
ear relationship between, (¢) and the transmitted information\ye treaty,y7 as an instantaneous estimate of the correlation
symbol. However, a linear relationship can be obtained @fytrix and choose a proper cost function, channel estimate
shown in [3]. Let us defin@/ virtual inputs for usei With  can still be obtained. If all users’ hopping codes are known,
the mth one assy . ([i/MN.Nys|) = §(I;(li/MN:.Ns|) — then their channel parameters can be estimated simultsiyeou
m). Herei is the pulse rate index. Clearly, only one O%/ielding a multiuser correlation matching (MU-CM) channel
B . e ’ estimator. In a case that only the desired user’'s hoppingsod
the M inputs will be nonzero each time. Also, we cane given, its channel can still be estimated, resulting in a
define a new pulse-rate code sequence withitheelement gjngje yser correlation matching (SU-CM) channel estimato
(1) = 5<WMNCJMNC + ek ([i/MN: )M — Z) Themth Both estimators have been proposed in [12]. They are rediewe
delayed version of this sequenég,, (m =0,---,M —1) nextin order to study their statistical performance.
corresponding to thenth virtual input can be generated byA MU-CM Channdl Estimator
Crm (i) = ¢x(i —m). Then, (1) can be equivalently expressed”

as Sincesy, ,,,; has non-zero mean, the time-dependent autocor-
oo M-l relation matrix ofy,, includes cross term&'\, x, = g, 91,

ar(t) =VPr Y Y ukm(iw(t —iT,) (2) of two generic users; and k;:

1=—o00 m=0
_ _ . R,=) C G, 1, Ct +021.
where uy (1) = Sp,m |4/ M NNy |) ek m (i), and ég (i) is n Z kymoma, b S kke & ko nmo o Tk kzmamas sl 56)

_the zth element of¢y ,,,. If we define an effective chanr)eIHere’ summation is  over ky, ky, m1, ma,li.ls  and
including effects from modulated pulse at the transmitter, is the correlation of inputs (n+ 1)
propagation channel and matched filter at the receiver ’Hk;”’“"’”(??’l“fl ) ki,ma !

g (t) = VPrw(t)*gr(t)*w(—t) wherex denotes convolution. k2,2 2

Assume each effective channel spdns- 1) pulse durations. _ 1 _ _ _
Considering additive white Gaussian noise (AWGN) and prop!Ft Fzmuma.lula = Mé(m1 m2)d(lh = 12)0(k1 = k2)
agation delayd;, for userk, the discrete-time output of the + 1 [ = 611 — 1)0(k1 — ko))
matched filter sampled at pulse-rate becomes M2 L r2)OL = 2 )]

q As in [13], vectored form is convenient to handle in the
y(n) = > urm(n—i—dy)gr(i) +v(n). (3) CM context. Define a new vectat which has entries of all

k,m i=1 possiblexy, r, = vec(G, r,) anda? as follows
If we collect v = MN.N; samples fromy(nv + =[x} @],y w00 (7)
1),...,y(nv + v) in a vector, then the received data vector . , ,
follows Using the property obec [14], we obtain vectorized correla-
tion r,, = vec(R,,)
Yn = Chrkmigrskm(n+1) +v (4)

" kzvn;l itk m( ) " Ty = Snm7 S, = [Sn,l,h Sn,1,27 Ty Sn,K,KaUBC(IV)]a
where! takes all integers-[q/v],---,0, g, iS an unknown Sk, ke, = Z Vier ez ma,mataste Cn ks ma s @Cn ey yma 1y -
channel vector for uset which contains channel coefficients ma,ma,li,la
at the pulse rate and power factofPy. C,, k.m, iS a code (8)

filtering matrix constructed frong, ,,, and is uniquely deter- 1 herefore, the following matching errors betweep and its
mined by the original TH sequence. Because TH sequencdngtantaneous estimatg = vec(y,,y,, ) for N symbol periods

aperiodic,C., . IS dependent on symbol index can be minimized to obtain an estimateaof
This model can be compactly expressed in another form 1 R
e T =52 llrn = 7all® 9)
Y = ZHn,k,lsn,k,z +v,=H,s,+v, (5) n
kit Considering (8), the solution to this optimization problem
after collectingM inputs in a vector becomes ) 1
ro— T —1 T~
Sn,k,l = [Sk,o(n-i-l),-",Sk7M_1(n+l)]T, T = (stnsn) (NZS'”T”) (10)
defining a corresponding effective channel maﬂ%m — Oncez is estimated, entries corresponding @, ;. can be
Cr k009 > Crk—1,9;), and successively stackinggytracted. ThenGi . is reconstructed by the reverse

such matrices (or vectors) ifl,, (or s,). By employing data operation. These operations can be described by
model (4), all channels can be estimated based on cormelati

of y,,. Gri = (el @ I)&kn, (el , @ 1) B,
q, q,9



T = [e§27(,€_1)K+k @ I,2,042 ]2 (11) wherez and7 are estimates of

Using (10), we can relat&,  to 7,,, %= o7, 27T, 7, = 1
7 = 17Z1] ) Tn_rn__ZTn
N
oS 1 1 n
Gk,k = ék” AT Sg?n 7"’7'1)16. N Sz?n
1(N ; ) 'q(N ; ) respectively,
12) - _
where W, =[ASn1,1,AD ],
Z’", SZSH —_

(I’k (e ®I )[6K2 (k 1)K+k®Iq 70q Xl](T) ' A15'77‘,171 = Sn,l,l - %Z‘S’n,l,la

fori=1,---, q.
OnceGy, i, is obtained, channel vectgy, can be estimated
fr_om its singular value deqompo_smon (SVD) by finding the ADl = D1 Y — — Z Dy,
singular vector corresponding to its maximum singular &alu
That singular vector becomes an estimate ggf up to a
multiplicative scalar. Similar as (11), we can extraet; from z and construcG, 1

B. SU-CM Channel Estimator as following

During the above process for obtaining channel parameters, - 1 - 1 N
we have to know all users’ TH codes. When only the desire€ 11 = | ®1.1(5 S wiE), Sl ZWZFH)] ;
user’s TH codes are available, a single user channel estimat n
is desirable. Because more unknowns (cross-products of cha
nel vectors) are introduced in the MU-CM method, significant _ -1
complexity reduction occurs in the single-user solution. P, = (equ @ Ig)[1 42,042 54 ( Z WT ) (18)
Without loss of generality, we assume user one is the desired '
user. Then we can break down the received signal (4) into the

n

desired signal, interference signal and noise: fori=1,---,q. Then we can apply SVD 0@1,1 to obtain
g
= Z Cn,l,m,lglsl,m(n + l) + Yint,n + v, (13) !
b C. Complexity

Here, the total effect of multiple access interference frain

other K — 1 users is lumped intgy,,,, , and approximated as ~ From (12) and (18), we can see matrix inversion and cor-
a stationary process with unknown mehn,; and unknown responding multiplication involved in obtaining,, ; or & ;
autocorrelationR;,;. Then we can rewrite the time-varyingconstitute major computational complexity of our proposed

autocorrelation matrix (6) as estimators. In the MU-CM method, matri&,, has dimen-
- sionality % x (¢?K? + 1). Multiplication in S¥'S,, is thus

R, = Z Crinmi i GL1C pmg 12 V1,1muma iz abouty?g K and matrix inverse has complexity (¢S K).
ml»l’”%ll-b Total complexity isO(Nv2¢g*K*). Similarly, the dimension

; L 9 ;
i Cirom LorcT ) + Re 14y Of W, in SU-CM method i9/® x (z/q+q_) and computation

M ml( tnmi Q4 QUL m) + Reor - (14) (L3, WIW,,)~! requires complexity)(Nv4¢?). Then

we can conclude SU-CM method has less complexity than
where Q, = gb),,, Rix = Rin + 02I. Let us define MU-CM method ifv < ¢K? is satisfied, which is usually the
nuisance quantitieg; = vec(Q,), and ry; = vec(Ryt). case in a multiuser system.
After taking vec operation, (14) becomes We want to mention there are several different approaches
o= Sp11%1 +-bl,nzl TPy (15) to estimateg:l from (_15) .in the SU-CM method and leach
~ ’ approach will result in different complexity. If we estimnaat
Here, D, ,, = Dl,n +I'Dyy, D1, =1/MI, ® Cpimi, 2z using z; first and then solver;, instead of estimating
r=[I,®e., I, ®e,,|" and we use the property ofbothx; andz; simultaneously as we did above we can show
vec operation that for any matrid, vec(A”) = Twec(A). the complexity can be reduced @(Nwv3¢3). Due to limited
Invoking cost function (9), unknowng, z;,7:,; Can be space, we will discuss this in detail elsewhere.
estimated. For example, we can solvg; first
Frs = _% Z(Sn,1,1w1 + Dzt — 7). (16) IV. PERFORMANCEANALYSIS
n For both MU-CM and SU-CM methods, a major source of
After back substitution and optimizing (9), we obtain thehannel estimation error is due to an estimation error in the
estimate of all entries i:; and z; data correlationR,, or equivalentlyr,. This error is highly
dependent on the number of data vectors used in our estimatio

-1
z=(=S wlw, — SN wir, 17) brocess. Thus, we analyze the statistical performance tif bo
(N zn: ) <N zn: ) () methods in this section.



A. MU-CM estimator

M
. . . . K, = — enierri) ® (Enri€y,
From our previous discussiog;, is an eigenvector oz, ;, ¢ M ZZ ) © (Ear i€,
corresponding to its unique non-zero eigenvalue. Becdnese t B _ _n T
is an estimation errobr betweenr, and its instantaneous ec(A)vec(A ) A@A-B30© By
estimater,,, an error is introduced t& . From (10) and wheree,;; = enr; — 1
(11), Gy . is perturbed byG i as T
B3 = (Iy @13)A(1y @ Iyy).

1 1
0Gr = | Praly > STor), - Pra( > 8Tern)| O

In (24), B, accounts for the non-zero mean of output signal

19 i i
, S y,, iIn UWB systems. With (22) and (24), channel mean-
Then the first-order perturbation in its eigenvegjgrbecomes square-error (MSE) can be found as the traceCof(dgy.).

[15] Sa. ~IIE 5C It —s.57 20 We can see the MSE is dependent on the fourth order stati_sti_cs

g, = g 0Grrgy, g, = 2k (20) of input because CM method uses the second-order statistics
where 3, is in size of g x (¢ — 1) and spans gq — 1)- Of the channel output. Moreover, MSE is roughly inversely
dimensional subspace orthogonalgio. Substituting (19) into Proportional to data lengttv.

(20), we obtain B. SU-CM estimator

1 . From (18), channel estimation error is introduced by inac-
5g, ~ (=S STsr,), ) =II} ). (21 ' (19), timatio y
G ’“<N Z n0rn), Wi 9 ng(l) ki (21) curate instantaneous estimaterof.

n i=1
, . 1 ~
Then the auto-covariance of channel estimate becomes 59, ~ ng-l(;Gl 191 = Q(N Z ws7,)
1 n
Cov(og) ~ 5% (Z SSIE{érmérSz}SW) ol
ni,n2

q
= Hél Zgl (1) P, (25)
=1

Then we can obtain the auto-covariance matrix for the user of

1
= =¥ (Z sZE{arn(srg}sn> v (22)

where the last equation follows from our assumption thg{terest

output vectors at different time are independent. This canc, v(6g,) = Q Z ( E{(S'Fn 57T W, )QT_

be always achieved by collecting data free of inter-symbol ool ! 2
interference. The termv{ér,,0r} depends on the data model ’ (26)
(5) and estimation method of,,. To facilitate evaluating it, Under the assumption that, at differentn are independent,
we will define some new variables first. it reduces to:

Notice that the mean of data vectgy, is not zero. But it 1
is easier to acquire different statistics of zero-mean eamd Cov(dg,) = WQZ (WZE{érnérZ;}Wn) ol (@7
vector. Therefore, we introduce a new data vecigr by n

subtractingy,, from y, Here, we have used the fact thg}, W,, = 0. Comparing (27)
=y, — 7, = Z Hy 1@t +0n, (23) to (2~6), we only need to evaluat_e the correlationof inste_ad
of ér,. As a result, we can directly apply the result in the
above proposition foE {67,071} and evaluate the covariance
wherea,, i = snk,1— 77 1. The correlation matrix oft, »,;  matrix Cov(dg, ). Channel MSE for the user of interest is then
is A = E{a,x,al,,} and that ofz, is R, = E{z,z]}.  the trace of this matrix.
Now, we give the result of£{ér,ér’} in the following It is worth to point out that the interfering signal plus
proposition with proof provided elsewhere. noise has been assumed as stationary process with unknown
Proposition: If channel model follows (5) and data correconstant mean and constant correlation in obtaining our SU-
lation is estimated from its instantaneous estimaté’as= CM channel estimator. This approximation is not accurate in
vec(y,,yl), then for a binary system\{ = 2) aperiodic TH systems, yielding additional modelling eritor
. ~ ~ channel estimates compared with MU-CM estimator, but is
E{ornér,} = K.+ Ry © Ry + B1© B1+ B2, (24) pot included in the above analysis. We will address its éffec
where later by simulation.

B, =(I,®1,)R,(1T ®1,),

k,l

V. SIMULATION
By = 4,9, ®R,+R,®Y, 9} 47,2 R,®Y,, +7, O R, ®7,,, In this section, we present numerical results for our presio
K, is the cumulant matrix of,, and related to the cumulzamt"jm""IySIS The system in our simulation adopts binary PPM
matrix K, of input vectora,, ; as modulation with N, = 4, Ny = 2. The monocycle pulse
” is chosen as normalized second derivative of the Gaussian
K.=Y Hyp i @H,p))Ko(Hppy @ Hyp)?, pulse with pulse duratio¥,, = 0.7ns. Four users in the
Kl system have equal transmitting power. A randomly generated



4-path channel has time delay resolutioriigf. Path gains for
different users are modelled as independent Gaussianmandc
variables and weighted by linearly decreasing weights [8].
We randomly generat80 sets of TH codes and perform

20 independent realizations for each set. Averaged channe
estimation errors with respect to data leng¥hare illustrated

in Fig. 1. Experimental and analytical results for both MMC 4
and SU-CM methods are plotted for comparison. Clearly the§
MU-CM estimator outperforms the SU-CM one due to accu- §
rate modeling of the system. All MSEs decrease with increas:
of N. When N is above300, MSEs from both estimators are
less tharl0—2. For the MU-CM estimator, the analytical curve
matches with the experimental curve very well. However, an
obvious gap occurs for the SU-CM estimator mainly attridute
to possible violation of our stationary assumption for the
interference signal. For verification, we intentionallysigs
short-codes to all interfering users and plot the MSE from
the SU-CM estimator in Fig. 2. Satisfactory agreement is
observed. In Fig. 3, we study the effect of SNR on MSE with
N = 500. Similar conclusions regarding closeness between
analytical and experimental results for both estimatons ca
be made. All MSEs decrease monotonically with increase o
SNR. MSE floors at high SNR are due to finite data length.

Normal
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