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Abstract— This paper derives the average likelihood ratio test This weighted correlation receiver obtained under the Rayleigh
(ALRT) receiver for ultra-wideband transmitted reference sys-  environment assumption is evaluated in IEEE 802.15.3a UWB

tems in multipath environments with Rayleigh path strength mod- ; ;
els. A theoretical weighting function is obtained by approximating environments with lognormal path strength models [6].

the ALRT receiver structure, and can be applied to correlation

receivers. Compared to a simple correlation receiver [5], results II. UWB TR SYSTEM MODULATION
show that theoretical weighted correlation receivers are more ro- . . . .
bust to different environments, and can reduce bit error probabil- The transmlttedIS|g.naI of a single user UWB TR system with
ities even for IEEE 802.15.3a ultra-wideband channel models with antipodal modulation is

lognormal path strength models. -

su(t)= Y gu(t—iTh) +biingu (t —iTi — Ty) . (1)

I. INTRODUCTION
I(;pre gr (t) is a transmitted monocycle waveform that is non-

L . . : . .zero only fort € (0,7y), andT; is the frame time. Each frame
their fine time-resolution capability, require Rake receivers wi . L
. . contains two monocycle waveforms. The first is a reference and
tens or even hundreds of correlation operations to take full ag- .
) ; e secondy seconds later, is a data-modulated waveform.
vantage of the available signal energy [1], [2]. Instead of us;

ing a Rake reception, Hoctor and Tomlinson proposed an U é}?v(jjatiaeb'iﬁg/i*é ir{zr;éfi Jsrersq:]easlgnlt':il]ﬁ i-r:(rj]g):r(])??ﬁe
transmitted reference (TR) system with a simple receiver str 4 Vsl 1S gerp s ep

. . ; ata bit modulating the data waveform in teframe. Hence
ture to capture all the energy available in a UWB multipat o ; . . .
. . ach bit is transmitted iVs successive frames to achieve an
channel [3]. In this TR system, a reference pulse is transmetae uate bit energy in the receiver, and the channel is assumed
ted before each data-modulated pulse for the purpose of defer-d 9y '

mining the current multipath channel response. The pro Oslgvariant over one bit time.
9 P P ) brop qn this TR system/[Ty is greater than the multipath delay

correlation receiver correlates the data signal with the reference ; .
. . . preadl s to assure that there is no interference between ref-
to use all the energy of the data signal without requiring ag*

. 7. . erence signal and data signal. The frame time is designed to be

ditional channel estimation and Rake reception, and only . . ;
N . , > 2T4 > 2Tmds SO that no interframe interference exists. Be-

analog delay line is needed to align the reference and signéf

i L cause the single user case is considered here, the time-hopping
pulses. The sampling frequency of the analog-to-digital COBr direct sequence modulation which is used to reduce mul-
verter is also reduced. Therefore, a TR system can simplify tﬁe

. . N . ser interference is eliminated for simplicity, but without loss
implementation not only by eliminating the Rake reception ano(#J eneralit
channel estimation, but also by reducing the digital sampling 9 Y-

Ultra-wideband (UWB) impulse radio systems, because

frequency.
This simple receiver structure has one major drawback, 'll- ALRT OPTIMAL RECEIVER AND WEIGHTED
namely the transmitted reference signal used as a correlator CORRELATION RECEIVERS

template is noisy. Averaging multiple reference pulses to pr8- ALRT Optimal Receiver

duce a cleaner template can improve the receiver performanc@ssuming the multipath channel is invariant over one bit

[4], [5] but it needs to store and process received waveforfige, the received TR signal of Hi is modelled as
and might not be possible to implement using analog devices.

In order to improve bit error probability (BEP) performance and r(t) = rs(t) +n(u,t), (2)
also maintain a simple receiver structure, we start by deriving Ne—1K—1

the average likelihood ratio test (ALRT) receiver in multipath — rg(t) = > > [prowgnl(t — iTi — kA) (3)
environments with Rayleigh path strength models. A subopti- i=0 k=0

mal weighted correlation receiver, which multiplies the product +prarbii/ng gt — Tt — Ty — kA)]

of the reference and data waveforms by a weighting function
before the integration, is developed from the ALRT receivewhere n(u,t) represents Gaussian receiver noise with two-
sided power spectral densil%&. This received signal adopts
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denoted by, ay, in whichp,, € {+1, —1} with equal probabil- out from (7). The result is shown in (10) without computation

ity, anday, > 0 has Rayleigh distribution details,
o Oéi ~ o ~
flag) = = expi—575 ¢ (4) p(Flbo = 1,p) = / p(Flbo = 1,p, o) f(ax)dex
o, 20}, oo
K-
where20? is the average power. It also assumgsand «; _ Hl w(k) prC(k)\/2mw3 (k) exp <w(k)02(k)>
are independent for anlyandj, and any two paths are spatial - o7 o? 2

uncorrelated. The received monocycle wavefeggit) arriv-
ing over a single path can differ in shape from the transmitted <@ (—ka(k) w(k)ﬂ ; (10)
waveform [8]. In the design and analysis of the ALRT optimal
receiver, we assume thag (¢) is known and can be used as @&ndw(t) is defined as
template in a correlator.

We now detect the biiy based on the observatigrof r(t), w(k) =
t € (0,NsT;). Minimizing the bit error probability using
ALRT, the decision rule is of the form

p(7]bg = 1)
p(7lbo = —1)

Definea = [(){0,()(1, ceny OéK_l], p= [po,pl, ...,pK_l}, then

NeTh ox 02( )\ w(k)
p(flb=1,p, ) _GXP{l/O [r(t)rs(t)]th} (6) (7lbo = H p( ) oz~ (12)

_ % (11)
1+ 20,%E'

It can be seen immediately that? E is the average signal-
energy-to-noise-power-spectral-density ratio (SNR) in e
path, andw(k) is always positive. Thep can be eliminated
using (9) and (10), and the result is

1
z 1L (5)

No
. _M p—
= Ii_[ exp{prarC(k) — 0iE}, (7) {ZQXP ( 2 ) ez
k=0 x[@ (~ctVe®) - @ (ctvu®m)]}-

where= is an equivalent symbol which ignores irrelevant con-

stants in the right hand side of (6). Equation (7) is simplified The likelihood functiorp(7|by = —1) can be computed us-
from (6) by using the resolvable multipath assumption which i8g the same manipulation, and the result is

made for analytical reasons, and parameters in it are defined as

k)D?(k k
| Nl o (F|bo = H exp< ( )> “’(2) x (13)
E=—Y" / [gix (t — Ty — kA) Tk
o= 2 7(k)D2(k) D(k)/2mw(k
:tgrx (t —iTy — Ty — kA)|%d FPATT + D(k)V2mw(k)
N:Ty
S R <[o (o) - a (bt )] .
N whereD (k) = 2-[Cr(k) — Cp(k)]. Substituting (12) and (13)
Cp(k) = / ° r(t)gi(t — i — Ty — kA)dt into (5), taking natural logarithrin() on both sides, and elimi-
— Jo ’ nating common terms, the decision rule can be simplified to
— 2 1
Cl) = g5 [Onli) + Colk)] lilbo=1) 2 qlibo=-1),

Using the assumption that andp are independent, we can
separate the averaging process of nuisance parameters in
into two steps. Because of the spatial uncorrelated paths as- K— C2(k) w(k)C2(k)
sumption which is often adopted in multipath modelling, thg#|by = 1) = Z { +1In {exp (_)
probability density function (pdf) ofx andp can be decom- k=0 2

posed as . +W (1 —20 ( (k)CQ(k))) H , (14)

re

K—1
fla) = H flag) = H jk exp{— } (8)
k=0 k=0 Kk
e : = [w(k)D(k w(k)D2(k
f(p):prk :H[ do(py —1) + 5D(pk+1)} 9) a(Flbo = —1) [ ()+ln{exp(—()2())
k=0 k=0 k=0

wheredp() is a dirac delta function. By doing some straight mw(k )D2 k) 1-9 D2k
; , . + Q (Vw(k)D?(k) ~
forward integration, the nuisance parametersan be averaged



x 10° ‘ ‘ ‘ ‘ B. Weighted Correlation Receivers

If we ignore the weights in (16), the decision rule becomes

K-

—

1
Cr(k)Cpb(k) 2 0, a7
4r 1 -1
k=0
Laf 1 which is recognized as the generalized likelihood ratio test for
UWB TR systems [5]. Comparing (17) and the decision rule of

ol | a simple correlation receiver [5] which is rewritten in (18)

Ns—1

L ] JTi+Ta+Tmas 1
1 / r(t—Tar()dt =0 (18)
J

j=0 Ti+Ty -1

W(K)C2(K) X 10° in which (¢ — Ty) andr(t) represent the received reference
and data waveforms, some similarities can be seen between
Fig. 1. w(k)c2(k) versusy(k) for k = 0, 1,..., K — 1. them. The intggration:(t — Ty), anQr(t) in (18) correspond
to the summationCr(k), andCp (k) in (17), and the summa-
. o , ) tionin (18) is imbedded i€z (k) andCp (k). Therefore we can
The2de0|5|qn statisticg(7lbo = 1), is a function of 5, multiply a weighting functiom(¢) , which is a continuous
w(k)C*(k). Without receiver noise/(k) is equal to zero when ¢ - wtion interpolated fronfuw (k) }< L, tor(t — Ty)r(t) in (18)
bp = —1. Therefore, with moderate or high SNR(%) and ; : RN .
0 ' , before the integration to provide the a priori information in the

2 —
alsow(k)C*(k) should be close to zerodf = —1, and should e iion. Then the decision statistic of the weighted correlation
have significant positive valuesify = 1. Definey(k) as the receiver becomes

term in the brackets in (14). Figure 1 shows thékt) is close

to w(k)c?(k)/2. This indicates the effect of the logarithm term Ns—1 T+ To+Tmas

in q(7|bp = 1) is small. The same explanation can apply tds(u) = / r(t — Ty)r(t)w(t — jT; — Ty)dt,

q(7|bp = —1). Therefore, abandoning the logarithm term is a j=0 YJiTi+Ta

reasonable way to simplify the receiver structure, and the sub- _ o - (19
optimal receiver is and we say the transmitted bit is 17¥(u) > 0, otherwise—1.

This is called a theoretical weighted correlation receiver, and

K-l 1 K w(t) is a theoretical weighting function (WF). The derivation
2 2 ’

E : w(k)C(k) _%1 Z w(k)D"(k). (15)  ofthe BEP is eliminated because of the space limitation. Given

k=0 k=0

a channel impulse response, the BEP is
ExpandingC? (k) and D?(k), and eliminating common terms

on both sides, the decision rule in (15) is equivalent to P 0 \/ﬁsfondsw(t)gz(t)dt
K—-1 1 bit = \/No Tm”sw2(t)92(t)dt + BNZ Tmds 2()dt
> w(k)Cr(k)Co(k) z0. (16) 0 5 Jo 40

k=0
where ¢(t) is the convolution of the transmitted pulse and

The meaning of (16) can be explained as follows. The trans- . e :
mitted bit is embedded in the phase difference of the refre}j];ngcv?gt?]el Impulse response, afids the one-sided receiver

ence waveform and data waveform. Therefore, without receiver h | modeli ltivath ch | ft d
noise, the polarity o€r(k)Cp (k) for all ¥ should be the same Ir! channel modelling, multipath channels are of enzassume
and is the transmitted bit. It is possible that we have detehf-ivIng an exponential average power profile, iz, =

—kA ; ; :
. ) . o =22) wheref? is the average power in the first path and
tion errors by usin@r(k)Ch (k) as a decision statistic becaus .eXp( L ) : ge power P

. ) - ‘i:nls the time constant. This assumption is reasonable even for
of the receiver noise, but the error probability decreases as

e . ; :
SNR nceases, Therfore, e Shouk ool ) i _ L2l 1o00S T cusere e CEE 802 19 3 i o e
ferent weights for differenk according to both the a priori 9 ' P 9

. : . . : . wer assumption,
information and received information, i.e., the average SNE? P

and sample SNR in thé"" path. For the suboptimal detec- o2

tion in (16), we discard the information of sample SNR, i.e., w(k) = 3 k —

logarithm terms iny(7|by = 1) andq(F|by = —1), in order to 1 +2( k=0 U;%E> X SR

reduce the receiver complexity. We only generate weights for 2 oxp(=kA) -
{Cr(k)Cp(k)}i-, according to the a priori knowledge, and = 2 r - (21)
the weights argw(k)}X'. For a specified value df, w(k) 1+ (A-SNR) x %

is an increasing function of?, andCr(k)Cp (k) gets a large
weight if the average power of tHé" multipath component is where A-SNR denotes the average signal-energy-to-noise-
large. power-spectral-density ratio of the received reference/data



N amazens, A SNACTods IV. NUMERICAL RESULTS
o 7\'_.3 +++ gamma=16ns, A-SNR=16dB | | . . . .
RN = - gamma=2ins, A-SNR-1od3 Two parameters decide the shape of a theoretical weighting
c W = t — . H H H
Zoer BN 1 functionw(t). One is A-SNR, and the other oneliswhich is
£ oaf NS . the time constant of the exponential average power profile of
Toof N 1 channels. Theoretical weighted correlation receiver is tested on
. R o e ‘ ‘ the IEEE 802.15.3a UWB channel model cm1, cm2, cm3, and
L e se) cm4 [6], which have lognormal path strength models and pois-
son arrival clusters and rays, representing four different envi-
1< T T T T T T T T T . . . . .
~A-SNR=16d8, gamma=2dns ronments. The single received pulgg(t) used in simulations
< v ~ — A-SNR=8dB, gamma=24ns
2 N T = - -SNRozadb, garmazans | is a second derivative Gaussian pulse with duration 0.7 nsec,
= - ~ - . . .
A I N 1 the one-sided receiver bandwidth = 4GHz, A = 0.7 nsec,
Soat T . and Ng = 1. In this section, (20), (24), and 1000 equal power
§ 02t 1 channel realizations for each channel model in IEEE 802.15.3a
‘ T Tt are used to obtain the average BEPs. Although paths arrive in
m o www e oo w0 o clustersin IEEE 802.15.3a, eg uivalent channe?s r‘r?odels without
time (nsec)
clusters and with exponential average power profiles exist for
Fig. 2. Weighting functions with different values of A-SNR aid analytical reasons [7]. The parameter A-SNR can be predicted

from the link budget computation. Given A-SNRs, equivalent
I's for four environments are acquired by minimized average
BEPs (which are 1le-4) at those A-SNRs, and listed in Table
= ws(t), we can obtain the optimdl.,,s which make the

exp(F) correlation receiver achieves the average BEP=1e-4 with min-
w(t) = exp(=) . (22) imum E,/Ny, and list those values in Table I. Using those

1+ (A-SNR) x S E- Texp(=E2) optimal parameter values in Table | far(t) andws(t), BEP

curves in four environments are plotted in Figure 3. Curves
show BEPs depend on application environments, and using the-
oretical weighting function outperforms using square weight-
ing function. This also means applying a theoretical weighting
function to a simple correlation receiver can improve the BEP
performance.

waveform. The theoretical Wiz (t) for the correlation receiver
can be obtained from (21) by interpolation and is expressed

It is worth noting thatw(¢) can be multiplied by any constant
without affecting the BEP. Figure 2 shows the shapev(f)
with different values of A-SNR and’. We can see that in-
creasingl’ lengthens the tail ofv(¢), while increasing A-SNR
increases the height.

The theoretical weighting functiom(¢) is not the only
choice for a weighting function. If we inspect (18) in details, ’ ‘ ML ‘ CNIZ ‘ CM3 ‘ CM4 ‘
the length of the integration interval can also affect the BEP
performance. The integration time, which is definedlgs,
here, should follow the constraint thBt, < Tmgs Under the

theoretical WFw(t)
A-SNR (dB) 17.80| 18.45| 19.35| 20.40

constraint, increasingo,; can increase the incoming signal en- |_L (1S€C) 7.5 100 | 20.5 | 39.5
ergy, but we also get more noise power through the noise cross square WFws(?)

noise term. Since the tail response of the channel is usually Tcorr (nsec) 20 25 50 75
small, it might not be good to usBr = Thgslike in (18). We
should adjust;o according to the channel response to mini- TABLE |
mize the BEP, and this adjustment is equivalent to applying a OPTIMAL PARAMETER VALUES OF THEORETICAL AND SQUARE
square weighting function WEIGHTING FUNCTIONS ATBEP=1E-4.
walt) = { 1, 0<t < Teon _ _ _
0, otherwise. Figure 4 shows the performance degradation of a theoretical

weighted correlation receiver in four environments if the value
of A-SNR orT" is not optimized. The x-axis is A-SNR (upper
Ns—1 0 jTi+Ta+Timas 1 figure) orT (lower figure), and the y-axis is the requirég/ Ny
/ r(t—Ta)r(t)ws(t—jTt —Ta)dt = 0, (23) to achieve average BEP=1e-4. The circle on each line marks the
J -1 position of the optimal value of A-SNR dr. Results show the
and the BEP given a channel response is receiver is not sensitive to the A-SNR deviation. As Fprun-

derestimation degrades the performance more than overestima-
2 (N 2BTeor ( No \”
Pt =2 Q 4 [ Y0 + corr 0
Ns \ nkx Ns nEx

The decision rule in (18) is modified to

j=0 YJTi+Ta

3 tion. Sincel  is related to application environments, we should
—— (24) consider large values df if the parameter is not adjustable in
the receiver.

Tots ) ) ) . Figure 5 compares the performance degradation in cm1 (up-
whereE; = 2 [ g*(t)dt is the received signal energy in oneyer figure) and cm4 (lower figure) environments using theoret-
frame, andy = fOT“’" g2 (t)dt/ fOTm"SgQ(t)dt is the efficiency ical and square weighting functions while parameters are not
factor. optimized. Because(t) andws(t) have different parameters,
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Fig. 3. BEP performance using theoretical and square weighting functions fig. 4. Ey,/Ny required to achieve BEP=1e-4 for different values of A-SNR

cml, cm2, cm3, and cm4. andl.

20.5 crpl environmer‘n ‘
we have to find a fair way to compare the degradation. Ta- 20 o ,
ble | shows the optimal values of A-SNR afidfor w(t), and @ 195 o i
the optimal values off o for ws(t) in cml, cm2, cm3, and > 19 ° ,
cm4 environments. For the theoretical weighting function, 1, uiss = o o 8
2, 3, and 4 at the x-axis in Figure 5 represent that (A-SNR, 18 S o S Peoeieavefing rcion |
I')=(17.80, 7.5), (18.45, 10.0), (19.35, 20.5), and (20.40, 39.5) 175 s 5 s .
which are the optimal values of A-SNR afidn environments optimal parameters in four environments
cml, cm2, cm3, and cm4. For the square weighting function, 27 - cm4 environment ———
1, 2, 3, and 4 at the x-axis in Figure 5 represent fhg{=20, 26 @ A |
25, 50, and 75 which are the optimal valuesgf;, in environ- g zi . ]
ments cml, cm2, cm3, and cm4. The y-axis in Figure 5 is the 223, 6 1
requiredE}, /Ny to achieve average BEP=1e-4. Under this def- w”2 o 8
inition of the x-axis, the comparison is fair. In the upper figure, ;1) | | ° B ]

we can see the best performance happens while x=1 becaus
parameters in both weighting functions are optimized for cm1

1 2 . 3 . 4
optimal parameters in four environments

enVIronmem' qu the same r'eason, the best performance h—%&.'s. Performance degradation of theoretical and square weighting functions
pens while x=4 in the lower figure. Both the upper and loweyy using non-optimal parameter values.

figures show the performance degradation by using a theoret-
ical weighting function is smaller than using a square weight-
ing function when the values of parameters are not optimized.
Using theoretical weighting functions makes the receiver morg!
flexible in different environments.

[2

V. CONCLUSION (3]

This paper derives ALRT and suboptimal receivers for singlg]
user UWB TR system in Rayleigh environments. A theoretical
weighting function is obtained from the suboptimal receivers
and applied to the simple correlation receiver. Besides this the-
oretical weighting function, applying a square weighting func-e]
tion to a simple correlation receiver is also examined. Althougl[1
the theoretical weighting function is derived with a Rayleighl7]
path strength assumption, results show it can improve the re-
ceiver performance in lognormal environments as well. Theg)
most important thing is receivers using a theoretical weighting
function is more flexible in different environments compared to
using a square weighting function.
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