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ABSTRACT Although receivers in [9] can be partially implemented gsin

analog circuits, digital implementation is of great inwreecause

it offers many advantages as in conventional narrow barte s
such as low cost and high flexibility. Some researchers have b
gun to consider digital architectures in UWB systems [10]][
[12], [13], [14]. Unlike in narrow band systems, analogdigital
converters (ADCs) constitute major technical difficultiedJWB
systems because ADC is required to achieve a few giga samples
per second according to the Nyquist sampling theorem. Tdte-st
of-the-art ADC is reported to have only 6 bits of resolutian a
1.3 GSamples/s [15]. Consequently, a practical way for énpl
menting UWB digital receivers is to apply low resolution ABC
In [13], the authors studied monobit receivers with diffearADCs

An ultra wideband (UWB) transmitted reference (TR) systhat t
allows inter-pulse interference (IPI) was recently praabslt re-
laxes a restrictive requirement that the reference pulsetthae
well separated from the data-modulated pulse as in a caonaht
TR system. With that scheme, data rate is substantiallyasad,
especially in a long multipath channel, and better detagtier-
formance of the receiver is achieved even if IPI is preserhén
system. For low cost and high flexibility, this paper conside
practical digital implementation of the receiver. Impattusing
a low resolution analog-to-digital converter is investegh Joint
performance of template estimation and symbol detectiaisis

studied. and showed effective monobit receivers require oversamgplive
consider ADCs with finite resolution and examine their effean
1. INTRODUCTION digital receivers proposed in [9]. Different from [14], werform
) ) ) ) joint performance analysis of estimation and detectionfsys-
As an ideal candidate for high-rate short-range wirelessnso- tems with IPI. In addition, because our current focus is les-r
nication links, ultra-wideband (UWB) technology has caieytot olution ADC, we need to accurately model the quantizatianrer
of attention recently [1]. However, there are still greadida chal-  jnstead of assuming it is uniformly distributed as in [14].
lenges in realizing its potentials. Conventional UWB inggura- This paper only considers binary pulse amplitude modutatio
o_llo correlates the received signal wnh alocal template_t.danor- (PAM) without repetition of a symbol by multiple frames. But
tions to these extremely short transmitted pulses by trét@man-  giscyssions can be easily extended to arbitrary moduldgigets,
tennas, multipath and receiver antennas are non-negigithlere- multiple frames and pulse position modulation (PPM) basééBU

fore, the signal waveform is unknown to the receiver. Apmyi systems.

a pre-assumed template leads to suboptimal receivers, @dsio

mation of multipath channels and pulse level synchrororatire

difficult tasks in the context of UWB due to the facts that ttaas- 2. RECEIVER STRUCTURE
mitted pulse duration is in the order of sub-nanosecondsrand

tipath components are very rich [2], although high rate dam9p |, 3 pPAM-TR UWB system, two pulses are transmitted withirheac
makes channel estimation pqssnple by sacnﬁcnng low coraple symbol duration off, seconds. The second pulse is data mod-
ity [3]. To overcome these difficulties, transmitted refeve (TR)  jjated by PAM and delayed; seconds from the first reference
technique is applied to UWB systems with demonstrated demod pulse. Denote the pulse used in the systenp(@y with duration

ulation capability in unknown multipath channels [4], [H], [7]- T and the binary PAM symbol byl,, € {41}, The transmitted
In this scheme, the delay of the information-bearing putsde- siI(i;naI with p(ljweég can bg descri?end by{[5] b !

signed to be larger than the channel spread such that thremeée

pulse does not interfere with the information-bearing eldter

multipath propagation [4]. However, that delay inevitabBcri- s(t) =/ P/2 Z[P(t —nTs) + Anp(t — nTs — Ta)]. (1)
fices data rate for good performance, especially in a longipath n

channel [8]. In [9], this constraint is removed in the TR miadu

tion design and corresponding reliable data detectionrsebeare Reasonably assunig, > T, andT,; + T, < Ts, meaning the first

developed to tackle inter-pulse interference (IPI). Batv tom- and second pulses do not interfere each other before priopaga
plexity mean-based approaches and optimal ML approaclees ar through a channel. However, this no longer holds at the vecei
proposed therein. after the transmitted signal passes through a multipathreda If
) o o we denote the response of a multipath channey @y and apply
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whereh(t) = /P/2p(t * p(—t) is the dispersed wave-
form W|th energyEb /2, % denotes convolution, andt) represents
white Gaussian noise with zero mean and double-sided pqeer s
tral densityNo /2. We assume the physical channel is quasi-static,
implying it does not change over a transmission burst but wil
change from burst to burst. Without loss of generality, sigep
h(t) has support in0,7,) and T}, + Ty < T, to avoid inter-
symbol interference (ISI). However, all later discussiaas be
generalized to a situation with ISI.

Our receiver structure is depicted in Fig. 1. After the recei
ing antenna, the low noise amplifier and the matched filerrehe
ceived signal is sampled and digitized by ADC. Then we can pro
cess the resulting digital signal to detect transmittedrimftion
symbols. The ADC samples the signdt) everyT; seconds at a
b-bit precision. T} is related tol; by T, = LT; with integerL.
Under such sampling, the number of samples in one symbat inte
val becomesK = [%1 where[ | denotes integer ceiling. The

maximum multipath channel span is upper bounded by [?—'j
units. Accordingly, ally channel coefficients are stacked in a vec-
torh = [h1,-- -, he]". We define discrete-time digital samples in
the nth symbol intervalr(n, k) = r(t)|t=n1.+11, + €(n, k) for

k =1,---, K. Here, the quantization error has been modelled as
additive noisez(n, k). If all these samples are collected in a vector
T, then according to [9] and incorporating quantization apis
becomes

h 0L><l
rn = |: 0 :| + An h +vn +en
(K-a)x1 O(k—L—q)x1

wherew,, contains discrete-time noise componentsis the quan-
tization noise vector,

T 0L><q
Co=[ o, 00 ]+4n 1, . @
(K—q)xq O(k—L—q)xq

andI, is an identity matrix of dimensioq.

In order to achieve reliable detection, we want to extract a
clean reference waveform from the noisy digital signal fifgten
we can apply a correlation receiver to detect transmittédr-in
mation symbols. For low complexity, we consider the first or-
der statistic ofr,, to estimateh as described in [9]. It is ob-
served from (3) that botH,, andv,, have zero mean, thus we have
E{r,(1: q)} = h if no quantization noise. Here a Matlab nota-
tion to extract elements from a vector has been introducddt T
implies the mean completely captures the channel resp&vezn
with quantization noise, we can still build a mean-baseinetor
based onV received data vectors

Q)

Because of the existence of quantization error in the output
ADC, additional error due to quantization is introducedie &bove
channel estimator besides the error due to finite samplesirke
ied in [9]. It thus leads to further performance degradatidve
will quantify such a degradation and discuss associatedeinf-
ing factors in the next section.

Onceh is obtained, an estimate of,, can be obtained using
the low-complexity correlation receiver as [9]

A, = sign(R'y.,). ®)

Here,y,, is the received data vector after inter pulse interference
is removed
=ra(L+1:L+q)  ha,01x]”.

Yn - [EL‘Flf"

3. PERFORMANCE STUDY

In this section, we study performance of the above propoggtd
receiver with practical ADC. We will first obtain some stéitis of
guantization noise and then analyze channel estimatiam and
probability of symbol detection error sequentially.

3.1. Quantization Noise

In the literature, quantization noise is commonly assuneetet
uniformly distributed and uncorrelated with the analoguinfi4].

But in the context of UWB systems, this assumption becomes
guestionable. Because high resolution ADCs with severat GH
sampling rate is far from being practical, the major comwditto
justify these assumptions becomes invalid [16]. Therefore
need accurately formulate the distribution of quantizatimise.
Assume the ADC is not overloaded and has symmetric full scale
from —V,, to V;,,. We only consider a midriser ADC, which means

it has an even number of output levels and does not contairoa ze
in its output. Then quantization step = 2V,,,/(2° — 1). Sup-
pose the ADC uses a roundoff quantizer. The probability itlens
function (PDF) of quantization errergiven inputz is [16]

L Lo 1)F (225 exp(225e),
fe(e) = —A/2<e<A/2 (T)
0, otherwise.

¢=(w) is the characteristic function of input analog signal, give
by

W) = / o ) explimw)da. ®)

From (3), we know the analog signal before quantization=
C,h + v, is conditional Gaussian 0A,, with conditional mean
1, or u, and covariance matriz2l x. p, andpu, are two pos-
sible vectors ofC,,h corresponding tod,, = +1. BecauseAd,,
takes two values with equal probability, we obtain

1 . 1 1 1
6 (w) = 5 exp(jwm — 5w or)+5 exp(jwpz — 5w ar), (9)
wherep; andue are corresponding elementsyin andp,. Sub-

stituting (9), (7) becomes

)+

% {1 +> (005(72”]“(?“1)) + 005(72”]“(?“2)))

(1) exp(— 2By —A/2<e< A)2

A2 = )j| El
otherwise.

fe(e)

0,
(10)
We want to point out the above PDF subsumes the special case th
input signal is Gaussian distributed with mgaand variancerZ.
The PDF can be directly obtained by settipg= p2 = pu.
Next using (10), we can calculate the mean and correlation of
the quantization error as follows:
)+ (53]

Ele] = Z A [sin(
k0
X exp (— ) , (11)

2k
A

a2 27rk,u2

27k A

2n2k%02
A2



Ele’] = = +Z 22 [COS (2WZH1) t o8 (%)}

X exp (_ 2n2k%o2 )
A2 ’

With (11), it is clear that the mean of quantization noiseegalty

is nonzero because; o} are nonzero. The smaller number of bits

the quantizer has or the smaller the background noise ibjdger

the mean is. This counter-intuitive result will be furthexsdribed

in Section 3.2, as well as in our simulation results in Sectio
Another conventional assumption we think inappropriate in

UWB systems is that input signal is uncorrelated with quamti

tion noise. The cross-correlation can be derived as in [16]

(12

2
E[me] = % Z (% sin (271-2/“) + 2727” Ccos (271'§u1)
k#£0
M2 2k iz ) 2m712, (27rk:,u2 )
+ A sin ( A + A Ccos A
2n2k%02
X exp (—T> . (13)

When o, is small and the number of bits of ADC is small, the
dependence between input signal and quantization noiseriesc
more obvious.

Becauser,, are independent at different time e, ande,
are also independent for; # n.. However, different elements
in e, are dependent because they are related to the shme
For a givenA,, e.(i1) and e, (i2) are independent as,, (i1)
andv,(i2) are independent ifi # i2. Thus, cross-correlation
Elen(i1)en(i2)] of theii-th element and,-th element ine,, is
given by

E[en (il)en(i2)] =

A2 1 . 271'[{31[11(7:1)
ﬁ[ 2 k:lkgsm( A
k1 ,ko7£0
[ 2mkap (i2) 2n%03 (kT + K3)
2

1 27Tk31/1,2(i1)
> e ( “

oy ka0
. 2 2712 2
X sin <727Tk2g2(22)) exp <—727T U”(Ak; h kQ))] . (14)

Similarly, cross-correlation between input and quanitiranoise

at the same: is obtained
27k
—Sl ( ™ /1‘1(Z2))
k;éo

2r2k2 o2
27k
+ I~L2 i1) E (7ﬁ MQ(Z2))
(15)

k;éO
< e p( 27r2k20'§>
xp | ——— | .
A2

E[wn(il)en (7'2)]

3.2. Channel Estimation Performance

Our waveform estimator is constructed by exploring statsof
N digital random vectors. Its performance is affected by @ois
guantization error and data length. For notational corareze, we
define

xn(1:q), =x,(L+1:L+q),

Ly = X

e,.=en(l:q), ee=en(L+1:L+q),
vi=v.(L+1:L+q),

where subscripts “u” and “I” represent upper and lower sabtors
of a vector. With (3), the estimator (5) can be rewritten as

N
Z T, + eu
" (16)

where matrixJ of sizeq x g represents a shift-down operator with
all elements to be zero except the first lower sub-diagondleto
1's. Then estimation error

N
=h+ N (AT R+ v, +eu),

n=1

Sh=h—h =6hs+¢,

wheredh; = N1 Zle(AnJLh + v ) represents the channel
estimation error if the quantizer has full resolution (iftBrnum-
ber of bits), ance = N1 Z Jeuisa newly defined averaged
guantization noise vector. ince the covariance matri&rof is
derived in [9] as:

17

I = E{6h;6h}} = % (J*rh' T " +0l1,),  (18)

covariance matrix obh is obtained as

COV = E{héh'} =TI+ % (E{mue,} — hE{e,}

+ FE{eux,}— E{e.}h' + E{eue;})
+ (1= 5) BleaBleL), (19
where’ denotes transpose operation. Comparing (18) with (19),
we can clearly see the additional errors incurred due totqsan
tion by the mean and variance of quantization noise, andseros
correlation between input and quantization noise. Althoug
can reduce the effect of quantization error by increading some
extent, there is a limit in such an improvement because ofatte
termin (19), which does not decrease with resped{tdAn mean-
square-error (MSE) floor appears wh¥Tis above a certain value.
However, the error floor will diminish if the noise powef is big

or the resolution of the quantizer is high.

3.3. Detection Performance

Without loss of generality, we first assume informatiahis trans-
mitted, i.e.,A,, = 1. With (3), (6) and (17), the decision statistic
can be rewritten as

Ry, =h (Ach+J “h+ v +e —J “h)
= (h+06hs+e)(Anh+v,+e —J “oh; —J Te)
= Anh,h +&n, (20)



where all noise terms are lumped irgto. According to the central
limit theorem, it is reasonable to assufeis a Gaussian random
variable with conditional mean and conditional variance as

MWm-hJI tm+hm+m'm

e

- (J*L(xll+x11’+é+n)), 1)

o: ooh’h + b/ (IL+ J  I1J* — 20 “II)h + o2tr(I1)

Q

+ R (®+2+20+J "I — 27 "®)h

+ o2tr(®) 4+ 202h'm + tr(©0) — (m'm)?

+ 20(Q+Q+@)m+2h (B — T LR)m

+ 2tr(OQ) + 2 (T +J FwJt — e — T EW )R

+  200tr(®) + tr(IIO + 2%'O)

+ WM+ 4+ —J ' —-J e — g )m

+ 2tr(IIQ + Q¥ + QF), (22)
where

m = E{ei|A, = 1}, m = E{e},
© = E{eej|A, = 1},0 = E{ee'},
® = E{(e1 —m)(er — m)'[A, = 1},

& = E{(e —m)(e—m)'},
Q= E{xe)|A, =1} — (h+J "h)m/,
W = N"'(E{xze'} — hm').

We have approximate@lg by keeping those terms up to the second
order statistics ofh, v;, € ande;.

Similarly, we can obtain the mean and variance conditioned
on A,, = —1. Theoretically, they are different from those in (21)
and (22). But from our simulation, they are close to eachrothe
Thus, we approximate the average bit error rate (BERDy

1 1
P = §Pe\An:1 + §Pe\An:71
h'h+m
X Pya,o1 = Q(———), (23)
er3
whereQ(-) is theQ-function defined a§)(z) = [~ \/%e% dt.

To gain more insight into the detection performance charac-
terized by (21)-(23), we will discuss two special cases wiRER
results can be simplified.

A. Full resolution quantizer: No quantization error exists in
this case. (21) and (22) reduce to

me = —tr (JVII) (24)

of ~ oph'hA-h/ (4+J"TLT " —2J " *II)h+ootr(I1). (25)
B. Large sample size: In this case, those terms inversely pro-

portional toN can be ignored, which includd, 5137 . However,

P O, 670 are non-negligible. Consequently, conditional mean
and variance become

me =h'm—h'J "m+hm+m'm-—tr (J*L@) » (26)

o? ocih'h + R (® +2Q)h
+ o2tr(O®) + 202h'm + tr(©@0) — (m'm)?
+ 20/(Q + Q)m + 2tr(ON).

Q

27)

Itis clear that increase d¥ can not completely counter the quan-
tization error although it can reduce its effect to a cereadtent.

4. SIMULATIONS

We adopt normalized second derivative of Gaussian puldeduit
ration of 0.7ns as transmitted monopulsé’s is 51ns and Ty is
10ns. Discrete-time multipath channels are generated using the
IEEE UWB CM2 channel model [8] with maximum delay spread
Ty = 40ns and and time resolutioh 1ns. About80% of the mul-
tipath energy is beyond tH®ns delay window of the information-
bearing pulse, causing severe IPI. The maximum quantizgaibu
valueV,,, of the ADC is chosen to be twice as large as the maxi-
mum value of transmitted clean signal afid= 0.1ns. We first
test ADCs with different resolution and sample si¥e Chan-
nel MSE normalized by the number of estimated parameters, i.

¢ Y|R||"2E{||h — ||}, is plotted in Fig. 2. It is observed that
analytical results are consistent with simulated ones.Herother
hand, analysis based on conventional assumptions showd®me
viation from simulations, especially at high SNR and lowotas
tion. Compared with the full resolution quantizer (i.e.,qeanti-
zation error), the 1-bit quantizer results in larger MSEcdmtrast
to unlimited decrease of MSE with increase®fusing full res-
olution ADC, a MSE floor occurs for each finite resolution ADC
when N is sufficiently large as predicted by (19). The error floor
level and the critical valu&v at which the floor appears depend on
both resolution and SNR.

To have better understanding of the effect of SNR and ADC
resolution, we test the channel estimator and detector fedfi
N = 200. Fig. 3 shows MSE. At higher SNR, differences of
channel estimation performance among different resgilADCs
become bigger. This confirms previous analysis that quatiiz
noise is larger at higher SNR. All MSE curves decrease fiist t
increase, and finally converge. The analytical expressiéhdgan
help us explain such a pattern. Because channel noise d@sina
MSE in low SNR region, MSE decreases with increase of SNR.
On the other hand, quantization noise increases as SNRaB&se
After certain point, quantization noise will dominate MSEhen
MSE trend reverses and eventually converges. Convergeuek |
is lower with high resolution ADC than that with low resoluti
ADC. Fig. 4 shows detection performance of our digital reeei
Simulated and analytical BERs are compared at differeriuies
tions. A small gap is observed for a mono-bit receiver, butcyo
agreement for receivers with more than one bit. The monoebit
ceiver has worse performance than a full resolution receBat
a 3-bit receiver can almost attain the same performance ak a f
resolution receiver. Therefore, three bits are sufficienblr dig-
ital receiver to function properly in UWB systems with infaulse
interference.
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Fig. 4. Detection performance with different resolution ADC at
different SNR. Experimental results: solid lines; anagtire-
sults: dash-dotted lines; analytical results based onestinnal
assumptions: dashed lines.



