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Performance of Ultra-Wideband Communications
With Suboptimal Receivers in Multipath Channels
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Abstract—The performance of a single-user ultra-wideband a large bandwidth, the channel is extremely frequency-selective
(UWB) communication system employing binary block-coded and the received signal contains a significant number of resolv-
pulse-position modulation (PPM) and suboptimal receivers in gpje multipath components [15]-[19]. The fine time resolution

multipath channels is considered. The receivers examined include - - .
a rake receiver with various diversity combining schemes and of UWB signals reduces the fading caused by several multi-

an autocorrelation receiver, which is used in conjunction with Path components from different propagation paths overlapping
transmitted reference (TR) signaling. A general framework is pro-  in time and adding destructively [20]. However, each multipath
vided for deriving the performance of these receivers in multipath component (or more appropriately, pulse [23]) associated with a

channels corrupted by additive white Gaussian noise (AWGN). particular path collectively exhibits distortion after reflections,

By employing previous measurements of indoor UWB channels, igractions, and scattering and does not resemble the ideal re-

we obtain numerical results for several cases which illustrate the _ . . . . .

tradeoff between performance and receiver complexity. ceived signal Correspo_ndlng to the '"_‘?'_Of's'ght (LOS_) path [1],
[2], [21]-[23]. This heightened sensitivity of UWB signals to

different scatterers makes them particularly well-suited for radar

applications [1], [2], [22], while making it more difficult for

practical communications receivers to fully exploit the multi-

path diversity inherent in the received signal [16].

. INTRODUCTION Among the main claimed advantages of UWB communi-

LTRA-WIDEBAND (UWB) communications involves cation systems is the availability of technology to implement
the transmission of short pulses with a relatively larg@Ww-cost transceivers which can operate over such large band-
fractional bandwidth [1], [2]. More specifically, these pulse®idths [5], [24]. In general, current embodiments of UWB
possess a 10-dB bandwidth which exceeds 500 MHz or 209k€eceivers [4], [25], [26] sacrifice performance for low-com-
of their center frequency [3] and is typically on the order oflexity operation and a large discrepancy in performance exists
one to several gigahertz. The large bandwidth occupancy $ftween these implementations and the theoretically optimal
UWB signals primarily accounts for both the advantages af@ceiver for most indoor and outdoor environments.
disadvantages associated with UWB communication systemd'he most common receiver implementations cited in UWB
[4], [5]. For instance, the large bandwidth of UWB signals ifiterature include threshold detectors [4], [24], [26], correlation
conjunction with appropriate spreading techniques [5]-[18} rake receivers [1], [4]-[8], [10], [16]-[19], [21], [27]-{31],
provides robustness to jamming, as well as a low probabili@nd autocorrelation receivers [1], [9], [11], [22], [32]. The rela-
of intercept and detection. These favorable characteristics Hv€ performance of these receivers in multipath and jamming
offset by the fact that UWB communication systems must c6hannels and the inherent tradeoff between performance and
exist with narrowband and wideband systems already operatfjnplexity have not been fully examined.
in dedicated frequency bands. In order to minimize interferenceThe majority of the performance analyses of UWB com-
to these systems, UWB systems must follow strict regulationgunication systems assumes the use of correlation receivers
[3] which limit the achievable data rates [4], [14], transmissiofr rake receivers [10], [16]-[19], [21], [27]-[31]. Because of
range, and implementation of power control. The presencetbg large number of resolvable multipath components present
multiple interfering signals also necessitates additional receiv@rthe received signal, practical UWB rake receivers must
complexity, even with the potentially large processing gains 6elect, process, and combine only a small subset of these
UWB spread-spectrum (SS) systems. components (hence, employing hybrid selection combining
This duality regarding UWB signaling also manifests itself ifH-SC) [33]-[35] or suboptimal variations). The energy capture
the effects of the channel. Because UWB signals possess sathWB rake receivers can be relatively low for a moderate
number of fingers [16] and is highly dependent upon the choice
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signal energy for slowly varying channels without requiringransmitted signal [44] or in a SS multiple-access system. It is
channel estimation. The primary drawback of autocorrelati@so noted that some of the assumptions stated in the system
receivers, however, is the performance degradation associatestiel will apply to the TR system considered in Section IIl.
with employing noisy received signals as reference signals

in demodulation [37], [38]. Autocorrelation receivers havé. System Model

been typically used as suboptimal differential detectors for

) ) . X . The user employs binary signaling in which the transmitted
differential phase-shift keying (DPSK) in narrowband SyStemsﬁgnals consist of a low duty cycle sequencegfUWB pulses

S\ZJB[::Q]SILﬁlV-\I/—;‘se a:pc))plécsaet:jofr:) :):a%u;?f;rrzﬁgggggg'vﬁ:s;é%t with energyE, . The signal waveforms correspond to code
Y prop 9 PUROERtds of a binary block code with length and Hamming distance

in [22]. The signaling and detection scheme described in t . . ; it
work [22] falls under the classification of a transmitted referr}—k%” in which each code element is pulse-position modulated.

ence (TR) system [38]. TR communication systems opereil'zge ;lgnals{si(t)}}zo are equally likely to be transmitted and

by transmitting a pair of unmodulated and modulated signa%e given by

and employing the former to demodulate the latter [9], [38]. Np—1

Similar to differential modulation and pilot symbol—assistegi(t) = Z Eﬁ(t —§Tf — ¢i jTp),

modulation schemes, TR systems in essence transmit reference ;5

signals to generate side information regarding the channel. 0<t<N,Ty (1)

A TR-SS communication system employing UWB pulses or

noise for signaling and a hybrid of time-hopping (TH) anevherep(t) = p(t)//E, denotes a unit energy pulse with time

direct-sequence (DS) spreading techniques has been receditisationT),, Ty is the average pulse repetition perify >

proposed in [9], [11], [32]. T,), ci j is thejth binary code element associated with itte
This paper examines the performance of rake and autmde word being modulated, anglis the delay associated with

correlation receivers with varying degrees of complexity. WePM. In general, overlapped PPM refers to the case in which

consider these receivers in the context of a single-user UM < T, while orthogonal PPM corresponds to the case in

system employing binary block-coded pulse-position modulahich 7, > T,,.

tion (PPM) in multipath channels corrupted by additive white |n order to simplify the ensuing analysis, the modulated code

Gaussian noise (AWGN). We extend previous work involvingiords are assumed to have equal weight, thereby implying that

block-coded PPM and rake reception [8], [17], [21], [27], [28]x,, is even. For concreteness, the binary code elements are de-

[30] by providing a more general analytical framework anfined to becy ; = jmod 2 ande; ; = 1 — ¢ 4, V4. In addition,

considering various suboptimal diversity combining schemage cumulative effect of the transmit and receive antennas has

These schemes select a subset of the received multipgdan implicitly incorporated into the definition pft) for nota-

components, either optimally or suboptimally, and combing,na| simplicity.

them with maximal ratio combining (MRC) or square-law The muyltipath channel is modeled as a linear, randomly

combining (SLC). Furthermore, we examine a TR systefine.varying filter which is time-invariant over a symbol du-

employing block-coded PPM and an autocorrelation receivgfion with impulse responsie(t) and maximum excess delay

which averages previously received reference pulses a eadr},, (T, > T,). A tapped-delay-line representation of

means of noise suppression. It is noted that although UWR, hannel impulse response is assumed with a tap spacing
systems encounter narrowband and wideband jamming, Bch less tharl and random tap weights. Furthermore,

effect (.Jf such |n.terfer<.ance upon thg syst(_am pe_rformance IS §Q pulse repetition period is chosen to be sufficiently large
taken into consideration for analytical simplicity. In order t?ﬂ

. . Ty > T, +T, ,) to preclude intersymbol and intrasymbol
obtain numerical results, the performance of both the rake a ife ’y Ty +m)top y y

autocorrelation receivers is evaluated with measured indoor rference.
Assuming without any loss of generality thaf(t) is trans-
channel data [15]. 9 y 9 y tha(t)

The paper is organized as follows. In Section I, the syste%'md’ the received signal is

model and performance analysis involving rake receivers are ;) — g (¢) « h(t) + n(t), 0<t< N, T} )
presented. Likewise, Section Ill details the performance anal- ' T
ysis associated with the TR system. The performance of these
two systems is evaluated for various cases by employing indoor
UWB channel measurements in Section V.

N,—1
= Y VEp(t — Ty — cojmp) x h(t) +n(t) (3)
j=0

wheren(t) is a zero mean, AWGN random process with two-
sided power spectral densily, /2. The substitution of (1) into
(2) yields the last expression (3). This expression can be simpli-
In this section, we consider a single-user UWB system erfied by employing the relatiop(t) = j(t) * h(t) as follows:
ploying binary block-coded PPM in a multipath channel with
AWGN. We first describe the system model and then analyze
the performance of a rake receiver with arbitrary tap delays and
either MRC or SLC. Because of the assumptions made in this
section, the results are independent of any TH which might Baus, the received signal energy in the absence of noise
employed to help smoothen the power spectral density of ttaen conditioned upon the channel &,E,FE,, where

Il. PERFORMANCE OFRAKE RECEIVERS

N,—1
r(t) = > VEug(t — jTs — com) +n(t).  (4)
=0
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E, = fOT" g%(t) dt and T, is the time duration of a received Because the diversity combining schemes of interest ma-

UWB pulse(T, = T, + T}). nipulate these correlator outputs differently, their operation
Because UWB signals occupy such a large bandwidth, taed associated performance are described in the ensuing two

channel is extremely frequency-selective. The received sigisalsections.

consequently contains a significant number of resolvable mul-

tipath components and in order to exploit the multipath diveB. MRC

sity, a rake receiver is considered. Because of complexity con-The optimal linear combining technique is MRC which yields

straints, however, the rake receiver processes only a subset otHzémaximum output signal-to-noise ratio (SNR) [46], [47]. For

total number of received multipath components. The receivéfe rake receiver under consideration, the combiner appropri-

operates by passingt) through a tapped-delay-line and perately weights the correlator outputs according to their SNR prior

forming cross correlations with two reference signald.aa8p to summing. The performance and optimality of MRC conse-

de|ayS{Tz}lL;(Jl, where0 < To < TP < -0 < TLoy < 'Tm- guently depend upon the receiver’'s knowledge of the channel.
The normalized reference signds;(t)};_, corresponding to Assuming that the receiver can perfectly estimate these optimal
the two possible transmitted signals are given by weights, the maximal ratio combiner output corresponding to

each decision hypothesis is

L—-1
Zi = \/N E a(Tl)Zi’l./ = 0./ 1. (9)
0<t< N,y (5) Z; e

In general, the template pulse comprising the reference sitfie substitution of (8) into (9) then leads to the following ex-
nals need not be equivalentf¢¢) because of either limitations pansion:
in receiver complexity or the fact that UWB pulses which are re- {

N,—1
1
5i(t) = —= Y bt =Ty — cijmp),
VN =0

L-1 2 ;=
flected, diffracted, or scattered during propagation may notre- 7, = NpEp ZIL=_°1 o*(m) + 1o, L =0
semble the ideal received pulse corresponding to the LOS path NpEyp3Zo a(m)B(msmp) +m, i=1
[1], [2], [21], [22], [45]. The use of an orthonormal set of teMyheren,; = \/leL:Ol a(r)niy andfB(m, ) = [aln +
plate pulses has been proposed in [16], [18], and [19] withoppt) +aln —1)]/2. a ’
accompanying performance resu_lts. ) For notational simplicity, we collectively denote the channel-

The operation of the rake receiver can be viewed from an %‘épendent random variabléa(r;), B(1,7,) ZL_—Ol asU in this
ternative implementation in which the received signal is corrgaction. By conditioning upo#, it can be shown that the de-
lated with delayed versions of the reference signals [46]. Rysjon statistic§ Z; }1_, are jointly Gaussian random variables
assuming that the tap delays are chosen suchi#hat 7| > which are either correlated or independent depending, om
T,,Vl # k, the reference signals comprisifigo(f — 7)},Z,  order to derive the conditional probability of error, we define the

= L-1 ;
and {3:(t — m)},Z, , respectively, form two separate sets Ofandom variableZ, = Z,—Z; whichis conditionally Gaussian
orthonormal basis functions. The output of the correlator corigh the following mean and variance:

sponding to théth finger of the rake receiver is given by 11
Zu = / T(t)gi(t — Tl) dt, E[ZA |Q = ﬂ] = NPEP Z az(Tl) - a(Tl)IB(Tlv Tp) (11)
=0

—00

(10)

i=0,1, [=0,...,L—1. (6)

Prior to evaluating the equation faf; ;, we define the cross- v,z |7 = w) = N.E. No | (1 —
h ) ) U=u)= Yp (T a” (T
correlation function betweeq(t) andp(¢) as (Za] ) pEpNo »(77)) = )
aaplr) = [ ot -t ™
oo L-1L-1
wherea,; (1) = 0if 7 < T}, orr > T,. The cross-correlation - Z Z a(m)a(te) vp(m — T + 7p)
function is simply denoted ag(r) in the remainder of the paper 1=0 ;2201
for notational simplicity. (12)
By substituting (4) and (5) into (6) and employing the pre-
vious definition (7), the output of the correlator becomes In (12),v,(7) denotes the normalized autocorrelation function
, { VN Byo(m) + oy, i=0 g Ol endisgrenty
ol = a(rit+p)+a(r—1p) F- e
VN By SRRt i ey, i () = [ iopte - (13)
wheren;; = ffooo n(t)s;(t — 7)) dt. The assumption that the T

modulated code words have equal weight is used in the derivaFrom (11) and (12), the conditional probability of error is
tion of 7y, in (8). It is noted that{no,;} =t and {n:;}r simply
represent two separate sets of independent, zero-mean Gaussian  p, () — P[Za < 0|U = u, so(f) transmittedl  (14)
random variables with varianc¥, /2. Collectively, these two

Q <¢ E[Za|U = u]? )

sets of random variables are correlated or uncorrelated de-
Var(Za |U = u)

. (15)
pending uporr,.
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where Q(z) = 1/@];’0 e~t’/2 dt. As evidenced by the freedom forr;_, + 7, < 7, < T,, whereasZ; becomes a
derivations for the conditional mean and varianceZgf, the central chi-square random variable fgr > 7. Although the
resulting equation for the conditional error probability foconditional probability of error can be derived for these two
binary block-coded PPM is cumbersome in general. cases (see Appendix A), the resulting equations do not provide

It is noted that the tern{jfz_o1 a?() in (11) and (12) de- much insight into the relative performance of SLC with respect
notes the energy capture of the rake receiver. The normalizedVIRC.
energy capturQlL:_O1 o?(m)/E,, whereE, is defined in (4),is  As a result, we consider the case in which the number of
simply the normalized energy of the signal space representatammbined multipath componentg) grows large and the deci-
of the noiseless received signal. This notion of energy captigien statistics in (18) can be modeled as independent Gaussian
is a loose interpretation of the definition provided in [16] whicllandom variables when conditioned ug@nSimilar to the case
specifies the tap delays }/-=;' to be optimal. The impact of of MRC, we define the conditionally Gaussian random variable
selecting optimal, as well as suboptimal, delays upon the perfdfa = Z, — Z;, which possesses the following mean and vari-
mance of rake receivers is discussed in Section IV. In additicamce:
the normalized energy capture equals one when the noiseless L-1
received signal can be expressed completely in terms of one of  E[ZA |U = u] = N, E, Z o (m) —
the two sets of orthonormal basis functions and corresponds to 1=0
the optimal receiver for the case of MRC.

Although the PPM delay, is typically chosento be lessthan ~ Var(Za |U = u) = N, E,No
one or a few multiples of;,, we consider the case in which
the two possible received signals without noise are orthogonal a?(m + 1)
(r, = T,). Substituting this value af, into (15) and noting that T
vp(7) = 0 for || > T,,, we obtain the following simplification:

T Thus, the approximate conditional error probability of SLC
NpEp 32120 &*(1)

rio-aly )

a?(m + Tp)

1 (19)

L-1
LN, 9
+ 2 a (Tl)
AR

p

(20)

(16) for the case of largd. is obtained by simply substituting the
Ny above equations into the previous derivation (15). As might be

. ) ) expected, the energy capture parameter is presahi(in) for
It is noted that this particular case of block-coded orthogongLC through (19) and (20).

PPM is equivalent to one in which the code elements of a dif- £\, thermore. we note that the first term of the conditional

ferent set of equal weight code words of length and Hamming jance (20) corresponds to the noise-on-noise term which oc-
distanceV, are modulated by on—offkeying (OOK) with a puls&, -5 \yhen expanding the equations in (18). This term degrades
repetition period offy = T, the performance of the rake receiver with SLC whenever the re-
ceived SNR is small relative té. It is emphasized that prior
C. SLC ; :
_ . o .. to making a comparison between SLC and MRC or any two

A suboptimal, reduced-complexity diversity combiningchemes, the potential differences in data rates arising from the
scheme is SLC which does not require an estimate of thg|action ofr, must be taken into account.
optimal weights. This scheme is commonly employed in The performance gap between SLC and MRC is more clearly
conjunction W|'§h orthogonal mogiulauon and noncohereRf,strated by again considering the case in whigh= T,,. For
reception in wideband and multichannel systems. For thgg designation, the conditional mean and variancg,okim-
previously described rake receiver structure, the square-Igyyy, becausex(r; + 7,) = 0,V, in (19) and (20). The con-

combiner operates by squaring and then summing the correlgigional probability of error under the Gaussian approximation
outputs Z; ; associated with each possible transmitted signghen becomes

The decision statistics after SLC are thus

L-1
Zi=S 7%, i=0,1. (17) N,E, S 1 a2(n
; N Pg(@) — Q P le_0L71 ( ) — ) (21)
N, E, T a?(T
In general, SLC is not well-suited for overlapped PPM and must No |2+ (%)
be used with orthogonal PPM, > T},). In order to exploit the

multipath diversity of the received signal and obtain reasonabiiais equation indicates that binary block-coded OOK with SLC
performance, the delay, is chosen such thaj, > 7,1 + 7,,.  suffers a 3-dB loss relative to the same signaling scheme with
The substitution of the correlator outputs (8) into (17) yield)IRC (16) when the Gaussian approximation is valid and the

the following: SNR is very large. The noise-on-noise term manifests in the
L-1 2 second term of the denominator in (21) and has a deleterious
/N, E 1=0
7, = =0 (VNpBpa(n) +1m01)" ' (18) effect for low to moderate SNR.

2
lL:_O1 (V NPEPW + 771,1) ;o 1=1
where the simplification fo#; results from the fact that for the
7, being consideredy(r; — 7,) = 0, V.
Conditioned upoil/, the decision statistics are both indepen- An alternative approach to collecting the received multipath
dent noncentral chi-square random variables Mitthlegrees of signal energy is the use of autocorrelation receivers which

Ill. PERFORMANCE OFTR SYSTEM WITH
AUTOCORRELATION RECEIVER



1758 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 9, DECEMBER 2002

perform differential detection suboptimally. In this section, In order to demodulate thggh data pulse, the receiver first
we consider a TR system employing binary block-coded PPivultiplies 7(¢) during the time frame € [jT} + 7 ;,(j +

and an autocorrelation receiver which suppresses the noi$€'] with an appropriately delayed average of ffigl < N <

by averaging the reference pulses prior to demodulation. Thg /2) previously received reference pulses. The receiver then
analysis below does not take into consideration the effect iotegrates this product over time durati@fi0 < T' < T,).

TH for simplicity. The autocorrelator outputs corresponding to the two possible
transmitted code elements for thith received data pulse are
A. System Model thus

The user employs a variation of the binary signaling scheme JTi4m 4T | Nl
described in Section II. In par_tlcular, _the TR system transmits 7, . — / P(t) [_ Z Pt — KTy —7;5)| dt
a reference pulse which carries no information prior to each T+74,5 N =0
pulse-position modulated data pulse. The modulated data pulses (27)
correspond to code elements of equal weight, binary code words
of length and Hamming distandg, /2 (thereby implying that where the term inside the brackets corresponds to the averaged
N, /2 is even). The signalés;(t)}1_, are equally likely to be reference pulses. Next, by making the substitution= ¢ —

transmitted and are given by (yTr + m,;) and taking into account the previously received

N,/2—1 symbol(t € [-N,Ty/2,0]), the outputs can be reexpressed as

sit) = Y Ep(t — j15) + /Epp(t — jTs — 7i 5) T
j=0 Zi7j = / [f\/Epg(’U-l'Ti;j _To,j)+ﬁ(v+ij+Ti7j)]
(22) o
V—1
wheret € [0, N,T¢/2], Ty = 2(T + Tpp) + 7, @andr; ; = L E G 2 i —
) ) _ nar;, VER,g(v) +n(v+ (5 —k)Ty)| dv. (28)

T+ 1, + ¢ 7. Unless otherwise stated, the previous assump- N kz_o pA(v) + v+ i)

tions regarding the parameters in (22) still hold. In addition, the . )
user is assumed to have been transmitting continuously since thé/e next defin&Z ; = 7o ; — 71 ; and employ the previous
previous symbol duration. result (28) to obtain the following expansion:

We employ the same channel model as before with the no- N1 N1
table exception being that the channel is assumed to be time- Zn;=X1,+ Xo + Z Xs ik + Z Xujk (29)
invariant over two symbol durations, as opposed to a single : ’ e =0
symbol duration.

Assuming without any loss of generality that(t) is trans-
mitted, the received signal is

where

T
X, = E, / G0 — gt + 0y — o )it (30)

r(t) = so(t) * h(t) + n(t) (23)
Np/2—-1 T .
= > VEu(t—iTs) + VEy(t = jTf —m0,) Xoj =V By /0 [t + 5Ts + 70.5)
i=0 — it + jT5 +71,5)] - §(t) dt (32)
+n(t) (24) =
VE, R .
wheret € [0, N, Ty /2] and (24) employs the substitution of (22) X3k = ~ /0 [9(t) = 9(t + 715 — 70,5)]
into (23), as well as the same relation specified in (4). We also A+ (G — k)Ty) dt 32)
defineT, = T,, + T, andE, = fOT“ g*(t) dt as before in (4). LT d
The autocorrelation receiver under consideration first passesy, ;; = — / [t + jTf + 105) — 2t + 5T¢ + 715)]
r(t) through an ideal bandpass filter with bandwid#h and N Jo

center frequency... The bandwidth of the filter is chosen to be ~h(t + (7 — k)Ty) dt. (33)

sufficiently wide(W > 1/T,) such that negligible intersymbol

and intrasymbol interference results [37]. The received signl?? no(jteghat the Ia_stt tv(;/o t.ﬁ:ms n I(2f9) r?}lect thg pzrf;r{nancle
after filtering is expressed as egradation associated with correlating the received data pulse

with averaged reference pulses which contain noise.

A Np/2-1 ) , The decision statistiZ » is obtained by summing over all of
(t) = Z VEg(t = jTy) the differences between the autocorrelation outputs as follows:
j=0

+VEpg(t — T — 79,5) +1(t) (25) B Np/2=1 p a4
wheren(t) is a zero mean, Gaussian random process. The au- A z_;) A (34)
tocorrelation function of the filtered noise [37] is given by NJ/2—1 Nt Nt

Ra(r) = E[a(t)a(t + 7)] = NoWsinc(Wr) cos(2m fo7) = > | Xt Xeg+ ) Xojat+ Y X
(26) §=0 k=0 k=0

(39)
wheresinc(z) = sin(rz) /7. =V1+YVo+Y5+Y) (36)
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whereYy, Y3, Y3, andYy in the last step correspond to the four We note that the third term in the denominator of (39) is asoci-
quantities being summed in (35), respectively. ated with the conditional variance Bf and becomes negligible
In this section, the random variables associated with tf@r large SNR, while degrading the system performance for low
tapped-delay-line representation bft) are collectively de- to moderate SNR or largEWV . For the case in which the refer-
noted asU. Conditioned uporl/, the decision statistic (36) ence pulses are not averaged = 1), this term does not con-
can be decomposed as follow®; is nonrandom,Y, is a tainXV, and consequently becomes large when the SNR of each
sum of weakly correlated, jointly Gaussian random variablesceived UWB pulse is small. Because the central limit theorem
{X5;}. Y5 is a sum of correlated, jointly Gaussian randorf#6] was invoked in this section, as well as in the case of SLC,
variables{ X3 ; »}, andY, is a zero mean random variableto approximate the sum of conditionally independent chi-square
which is uncorrelated with; andYs (see Appendix B). random variables, the corresponding conditional probability of
Itis noted that modeling equations similar{t&, ; .} in (33), error expressions exhibit several similarities and the product
which compriseY, (36), has proven to be problematic in thél'W can be interpreted as a measure of diversity order for the
analysis of autocorrelation receivers for DPSK [37], [43]. Bputocorrelation receiver.
employing a truncated Fourier series expansion of the receiveds in the previous section, we consider the case in whjch
signal (24) [37], [39]-[42] and conditioning updh, X, ; , can 7, and the two possible received signals without noise and the
be approximated as the difference of two correlated central créference pulses are orthogonal. This particular scheme can be
square random variables. If we interchange the summations c@fuivalently viewed as block-coded OOK in which a reference
responding td’; and assume tha,, is large, then for a given pulse is transmitted for every two modulated code elements. By
k, Z;\gé?*l X4, can be approximated as the difference gsubstituting this delgy into (39), the conditional probability of
two correlated jointly Gaussian random variables. For the SNE¥Or for NV = N, /2 is given by
range of general interest, the Gaussian approximation is also
valid whenT'W is large [37]. Consequently, we assume fHat
is a zero mean conditionally Gaussian random variable.
Furthermore, it is assumed for simplicity tht and Y3, oN. et , NE, \7'
which are very weakly correlated whéw > 1/T,, are uncor- oGt Gt (m)
related. Thus, the decision statisfig, (36) when conditioned
uponU is approximated as the sum of a constaht,and three \vhere(y, ¢4, and¢; are defined in Appendix C. Equation (40)

mutually independent, zero-mean Gaussian random variabigsarly parallels that for the case of block-coded OOK with rake
{Y2,Y3,Y4}. As aresult.Z, itself is conditionally Gaussian reception and SLC (21).

with the following mean:

Ny By [y 92() di] ’

(40)

IV. NUMERICAL RESULTS

T ~2
/0 go(t)dt — p<Tf’)] 37 In this section, the performances of block-coded overlapped
PPM and OOK are compared for the different systems consid-
T . ered by employing measured channel data. In order to make a
v.vherep(r.p) = (1/2) fo g®)[g(t + 1) + g(t — 7)] dt. The meaningful comparison, the parameters of the different schemes
first term inside the brackets (37) represents the energy CaptHFﬁponing overlapped PPM and OOK are chosen appropriately

of the autocorrelation receiver and approximately equiglsf g1, that they possess a date rate (bits/sec) equal to or approxi-
T = T, andW exceeds a sufficient bandwidth measurg@j. mately equal to = 1/N, T
- p-g-

For the case in whictv = N,,/2 previous reference pulses
are averaged by the autocorrelation receiver, the conditiorl\al
variance of the decision statistic is given by '

Np by

BlZ5|U =1 =2

Processing Measured Indoor Multipath Channel Data

In order to obtain the numerical results, we use previous mea-

N,E,Ng 2N TW (4 surements of UWB signals received over short transmission dis-
Var(Za|[U=w) > ——— @+ G+ —w% ( tances (approximately 5.5-17.5 m) in a modern office building
p=p

[15], [18]. The ideal received UWB signal associated with the

where(,, (3, and(, are associated with the conditional varianck©OS path resembles the third derivative of a C.Eaussian.pulse in
of Y, Y3, andYa, respectively. These terms are fully specifie&‘ese measurements. A truncated and normalized version of the

in Appendix B and their dependence upon various parametet9nal, which corresponds fig?) in (1), is illustrated in Fig. 1.
including7,, is suppressed for notational simplicity. This pulse possesses-al0-dB bandwidth of approximately
The conditional probability of error then immediately followsl'1 GHz, a center frequency of 1.1 GHz, and a time duration

from the substitution of (37) and (38) into (15) and is given b)pf Iy =2 ns.
We consider onlyN. = 490 of the 741 measurements,

which were taken over a 300 ns window, and omit rooms

N,E, [fo §2(t) dt—p(Tp)r A, B C, E, HW, and R. The rooms A, B, C, an_d E have
P.(u)=Q i = (39) particularly low SNR a_nd_ the_begmnlng of the re_celved signal
2N, [Cz G+ (mNPT?f ) } could not be easily distinguished from the noise floor. The

oTWea majority of the channels in the measurement campaign have
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Time (ns)

Fig. 1. The ideal received UWB pulse associated with the LOS path in th
measured date.

SNR (dB)

an obstructed LOS propagation path (NLOS). As a result of

shadowing and the different transmission distances, the charfi@l2. Performance of the optimal receiver for binary block-coded overlapped

data is normalized such that the average received energy REM and OOK in the AWGN channel and the measured multipath channels.

each set of measurements taken within a room is the same

for all ten rooms considered. This modification attempts the€ measured multipath channels. For overlapped PPM, the

isolate the deleterious effects of multipath fading from thogtelay 7, which minimizes the autocorrelation function of

of shadowing and path loss. The performance degradatieft) and, hence, the probability of error in AWGN, is chosen

resulting from these latter channel impairments is considerégf = 0.4395 ns, y,(7;) = —0.7268). This delay is used

in [45] and [48]-[50]. throughout this section when evaluating the performance of
The expected received energy per bit is approximated by tBéerlapped PPM.

sample mean of the energy of the measured received signalsig. 2 presents the performance of the two modulation

[which corresponds t&, in (4)]. For overlapped PPM with rake schemes for the AWGN channel, as well as the measured

reception, this quantity is given by multlpath channels. In this and all Subsequent figures, the

average bit-error rate (BER) is plotted with respect to the

4 average received SNRE;,/Ny). We note that overlapped

E{) =N,E,  (41) PPM provides a 2.39-dB gain over OOK in AWGN but only a

=0 0.38-dB gain in the indoor multipath channel$atR = 10 °.

The performance degradation of overlapped PPM stems pri-

where the supersgript iEﬂ('l) indexes the cha_nne_l realization% rily from NLOS channels which cause the received signals
and the last equality results f_rom _the _normallzatlons performia possess poor cross-correlation properties’ at
on the data set. The approximation in (41) must be appropri-

ately modified for the other systems considered, as should {he Rake Receiver
corresponding conditional error probability expressions, to re-

flect the reduced number of pulses which can be approximately 0" the rake receiver structure considered in Section I, the
transmitted during a symbol duration &, T, choice of tap delays plays a significant role in the system per-
g - . . .
As in [21], the expected probability of bit error is approxi_formance. We first consider the case in which iheelected

mated by averaging over the channel realizations as follows:d€l2ys are optimal and yield the maximum energy capture for
a given channel realization. This selection scheme is identi-

NpEp N.—1

Eb = NpEpE[Eg] ~ T

P o0 o0 P 4 42 fied as selection combining (SC), although SC is typically as-
S R (1) fu (u) du (42)  sociated with the case where only the strongest path is em-
N1 ployed in demodulation. Next, we consider two suboptimal, re-
~ 1 Z P, (g(i)) (43) duced-complexity selection schemes. The first of these subop-
Ne o timal schemes, SC-NSC, couples SC with nonselective com-

_ o - ~ bining (NSC) in that only the strongest path is trackeg)
where in (42) fy(u) denotes the joint probability densityang the remainind, — 1 tap delays are chosen in a suboptimal
function of the channel-dependent random variables apghnner such that = 7 + 1T, forl = 1,..., L — 1. The third
P.(u) corresponds to the previously derived conditional errgjn final selection scheme considered is NSC, where thefirst
probabilities. arriving multipath components are chosen independent of their

, , signal strength; that is; = [T}, Vi [30], [45].

B. Optimal Receiver The L multipath components which are selected ac-
Prior to evaluating the performance of various suboptimabrding to these schemes are then combined using MRC

receivers, we first determine the performance of the optimat SLC. Consequently, we consider a total of six different

receiver for both block-coded overlapped PPM and OOK idiversity combining schemes in this subsection: SC/MRC,
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e
| =+ Optimal Rx 1 L TSI T SRRSO

"— Rake, SC-NSC/MRC |
-~ Optimal Rx

0 5 10 15 20 25 30 0 5 10 15 20 25 30
SNR (dB) SNR (dB)

Fig. 3. Performance of binary block-coded overlapped PPM with rakeg. 4: Performance of binary block-coded overlapped PPM with rake
reception and SC/MRC fqiL = 1,2,4,8,16,32). reception and SC-NSC/MRC f¢ = 1,2,4, 8,16, 32).

SC-NSC/MRC, NSC/MRC, SC/SLC, SC-NSC/SLC, an 10 F= ST TR EEEEEEE s SRR SRR R ERREEEER
NSC/SLC, where SC/MRC and SC/SLC are also referred SRR R ;
as hybrid selection combining [33]-[35]. The performanc
of overlapped PPM is considered only in conjunction witl
schemes employing MRC, whereas the performance of OOK
considered for all of the cases.

We note that the first arriving path is typically not the
strongest multipath component in NLOS channels [18?0
whereas the first arriving path is strong in LOS channels. As
result, SC-NSC is better suited than NSC for NLOS channe
where the strongest path can be tracked, while both SC-N:
and NSC should perform adequately in LOS channels.

First, we consider the performance results for binar
block-coded overlapped PPM with MRC and the differer
selection schemes. Fig. 3 illustrates the performance i i i :
overlapped PPM with SC/MRC in the measured multipat 0 5 10 15 Sstde) 25 30 8% 40
channels. This scheme vyields the best performance among
the diversity combiners considered while requiring the mosiy. 5. Performance of binary block-coded overlapped PPM with rake
complexity. The figure indicates that diminishing performanc@ception and NSC/MRC fdiL = 4,8,16,32).
gains are achieved aftdr = 32, at which point the scheme
is 3.63-dB removed from the performance of the optimailon schemes. In order to generate the numerical results, the
receiver aBER = 10~°. The case of overlapped PPM withexact conditional error probability equation (44) was employed
SC-NSC/MRC corresponds to Fig. 4, which shows that the (43). Fig. 6 reveals the expected cross-over behavior among
scheme provides reduced gains relative to SC/MRC, as migie performance curves as a result of the noise-on-noise term
be expected. In fact, the performance difference betwearisingin SLC. In general, there exists an optithalhich min-
selecting optimal delays and selecting one optimal and the remsizes the bit error probability for a given SNR [46]. The per-
suboptimal delays increases as the number of combined pdtirmmance gains of SC/SLC diminish after abdut 16 where
increases. For the case whére- 32, SC-NSC/MRC performs it suffers a 9.6-dB loss compared with the optimal receiver at
8.63-dB worse than the optimal receiverBER = 10 °. BER = 10 °. For the case of OOK with SC-NSC/SLC (Fig. 7),
Finally, Fig. 5 details the performance of overlapped PPhhere exists only a 1.5-dB gain in performanc®&R = 10~°
with NSC/MRC. Although the performance of NSC/MRC idy increasing the number of combined paths frém= 2 to
comparable to that of SC-NSC/MRC for large diversity ordets = 32. More significant performance improvement as a func-
(L > 32) (in part because most of the received signal energign of receiver complexity is demonstrated by the NSC/SLC
arrives at the beginning), there exists a significant performanseheme (Fig. 8) although similar to the case of NSC/MRC, sig-
degradation for small, thereby underscoring the importanceanificant performance degradations result for sniall
of tap delay selection. The results of these figures (Fig. 2-8), as well as additional

Next, the performance of binary block-coded OOK with rakperformance results involving binary block-coded OOK with
reception and SLC is considered for the three different selddRC, are provided in Table I. The table indicates that binary

— Rake, NSC/MRC
|- =- Optimal Rx
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—— Rake, NSC/SLC
— - Optimal Rx

0 5 10 15 20 25 30 35 40 45
SNR (dB) SNR (dB)

Fig. 6. Performance of binary block-coded OOK with a rake receiver arfdd- 8. Performance of binary block-coded OOK with a rake receiver
SCISLC forL = 2.,4,8,16,32. employing NSC/SLC foll = 4, 8,16, 32.

" Rawe. SO-NsCiSLC]l  autocorrelation receivers, the filter bandwidth is not optimized

|- = Optimal Rx 1 for the ensuing performance results. In general, increaging

o improves the energy capture of the autocorrrelation receiver at
the expense of increasing the noise present in the demodulation
process.

The TR system with binary block-coded overlapped PPM and
autocorrelation reception, where the reference pulses are aver-
aged, suffers a 5.39-dB loss (3 dB of which is accounted for
by the transmission of reference pulses) when compared with
the optimal receiver aBER = 107° in the AWGN channel
(see Fig. 2), [49]. Likewise, the TR system with block-coded
OOK suffers a 4.71-dB loss relative to the optimal receiver for
block-coded OOK in AWGN (see Fig. 2). The overlapped PPM
schemes yields a 1.71-dB gain over OOKB&R = 10™°.

i The performance of the TR system in the measured multipath
0 5 P s %0 channels is detailed in Fig. 9 for variots For the bandpass
filter specified, we observe that the performance gains associ-
Fig. 7. Performance of binary block-coded OOK with a rake receiver argted with increasing the integration time and equivalently, the
SC-NSC/SLC forl = 2, 4,8,16,32. energy capture of the autocorrelation receiver, begin to diminish
afterT = 20 ns. The performance of overlapped PPM and OOK
block-coded OOK with MRC suffers approximately a 2-3-dByre 11.73 and 11.64 dB, respectively, removed from the perfor-
loss atBER = 10~ when compared with overlapped PPM foimance of the optimal receiverBER = 10~° whenT = 40 ns.
a particularL and selection scheme. This loss is more consis-\When comparing the performance of the rake receivers in the
tent with the performance degradation exhibited by OOK reyevious subsection with that of the autocorrelation receiver, the
ative to overlapped PPM in the AWGN channel. In additiorfact that the TR system incurs a 3-dB loss for the transmission
when comparing the performance of OOK and the various sgtreference pulses must be taken into account since all com-
lection schemes with SLC to that with MRC it is evident thqﬁ"'"ng schemes which emp|0y MRC or SC require p||0t Symb0|s
the performance loss of SLC is marginal (approximately 1 df perform channel estimation. Despite the penalty, we observe
at BER = 10°) for small L but increases to approximatelythat for the case of binary block-coded overlapped PPM, the au-
3-4 dB atBER = 107 asL increases. It is noted that the pertocorrelation receiver fof' = 40 ns performs slightly better
formance of OOK with SLC af. = 64 and. = 100 can be than SC/MRC withL, = 1, SC-NSC/MRC withL, = 4, and
approximated by employing the Gaussian approximation (213pproximately the same as NSC/MRC with= 16. Similarly,
) . . the autocorrelation receiver for OOK affd= 40 ns performs
D. TR System With Autocorrelation Receiver slightly better than SC/MRC witl, = 2, SC-NSC/MRC with

We specify the ideal bandpass filter to have center frequenty= 16, NSC/MRC withZ = 16, and SC/SLC with, = 4.
fe = 1.05 GHz and bandwidth” = 2 GHz, which corresponds  Although autocorrelation receivers capture a significant por-
to approximately the-20 dB bandwidth ofp(¢). AlthoughW tion of the received signal energy, their performance is ulti-
represents an important design parameter in the performancenately limited by the presence of the noise-on-noise term. The
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TABLE |
PERFORMANCE OF BINARY BLOCK-CODED MODULATION SCHEMES WITH RAKE RECEPTION
AND DIVERSITY COMBINING

Diversity Minimum Required SNR (dB) for BER = 10~°
Mod Combining Combined Multipath Components (L)
Scheme 1 2 4 8 16 32 64 100
Overlapped SC/MRC 26.37 | 23.66 | 21.22 | 19.14 | 17.51 | 16.56 | 16.23 | 16.18
PPM SC-NSC/MRC | 26.37 | 26.03 | 25.18 | 24.24 | 22.7 | 21.56 | 21.09 | 20.99
NSC/MRC - - 37.21 | 30.51 | 24.61 | 21.67 | 20.52 | 20.36
OOK SC/MRC 28.94 | 26.21 | 23.76 | 21.64 | 19.93 | 18.92 | 18.54 | 18.48
SC-NSC/MRC || 28.94 | 28.68 | 27.86 | 26.85 | 25.32 | 24.11 | 23.58 | 23.46
NSC/MRC - - 39.18 | 33.0 | 27.21 | 24.34 | 23.13 | 22.92
OOK SC/SLC - 27.15 | 25.28 | 23.84 | 22.91 | 22.78 - -
SC-NSC/SLC - 29.66 | 29.41 | 29.14 | 28.42 | 28.13 - -
NSC/SLC - - 41.17 | 35.67 | 30.44 | 28.48 - -

10 T Gverianpea POV | APPENDIX A
: 00K RAKE RECEIVERWITH SLC
107" The derivation of the conditional probability of error for
‘ binary block-coded orthogonal PPM with rake reception and
S NN NN SLC follows immediately from [46]. Although the derivation
1072 : N : is straightforward, the resulting equations must be evaluated
- i using numerical integration for most cases. As a result, we
0 N o S\ ERRREUREORED AR do not provide the general derivation and only consider the
107 ' specific case in whichZ; in (18) is a conditionally central
o S W - chi-square random variable,, > T,) and L is even. Under
O s N Tmdos AL A these conditions, the conditional probability of error is given
1074 T T T P PP NPT by [51]
. e NE, S Eta2(n) ) 2 /1) EH
s w0 15 a0 2 a0 w5 a0 as L@ =exp(—— sz?\_[s & > (5)
SNR (dB) 1=0

] I L-1 o k
Fig. 9. Performance of TR system with binary block-coded overlapped PPM . Z I+ 2 = 1 i NPEP Zl:o o (Tl> (44)
and OOK and autocorrelation receiver which averages the reference pulses for -k k! 2Ny )
T = 2,20,40 ns.

It is noted that (44) represents the exact conditional probability
suppression of noise by averaging previously received refereréeerror while (21) serves an approximation for lafge
pulses requires the implementation of precise delays which may

be burdensome. Hence, the signaling scheme must be appropri- APPENDIX B
ately designed to reduce the need for noise suppression. TR SYSTEM WITH AUTOCORRELATION RECEIVER
The conditional expectation of the decision statisfig is

The tradeoff between performance and complexity for rake
and autocorrelation receivers is examined for the case of af[Za |U =u] = E[Y1+Y> +Y3|U =u] + E[Y4]. (45)
single-user UWB system employing binary blocked-coded
PPM. Numerical results are obtained for a variety of cas¥¥e observe thak> andY; (36) are conditionally zero mean
by evaluating the analytical derivations with indoor chann&taussian random variables because) (26) is a zero mean
measurements. random process.

In order to obtain robust performance, the complexity of rake The expected value df, (36) is given by
and autocorrelation receivers may need to be increased. For rake
receivers, this implies the use of more fingers and some form of
selection combining where strong paths are tracked. As for auto- By = Z Bl Xa ] (46)

Np/2—-1N-1

correlation receivers, the need for noise suppression techniques =0 k=0

depends significantly upon the signaling scheme implemented. p N1 Ne/2-1

Future areas of research include the performance of these subop- - N Z Z Ry (kTy + Ty + co,j7p)

timal receivers when channel impairments such as narrowband k=0 j=0

and wideband jamming, intersymbol interference, and multiuser = Ri(kTy + Ty + c1,57p) (47)

interference are present. =0 (48)
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whereR, (7) is the autocorrelation function of the bandpass-fiwhere

tered AWGN and the simplification in (48) results from the 1 [T T r
previous assumptions regarding the code elemgntst. Asa €3 = N / Ri(t—v) |g(t)g(v) — g(t)g(v + 75)
result, the conditional mean & is simplyY; which is pro- 0o o L
vided in (37). — 9090 = 7) + Z3(t +7,)3(v +7,)

Next, the conditional variance of the decision statigtic is 1 ;
given by + 50t = )g(v —7) | dtdv (58)

Var(Za|U=u) = B[(e+ Yo+ i [U=u] (40) " o o
4 4 (:—//Rnt—v[z}t(}v—q v+
=SS B |U = u]. (50) T A (t =) |9(t)g(v) = 9(t)g(v + 7p)
m=zim'’'= A A 1 A ~ 1
2m=2 =903 —7) + 700+ )3 (v +7) + 79(t = )

The ensuing derivations employ the assumpiiorns 1/7, ) ) )

and neglect those terms for whidty, (7) is very small relative 90 =) + §g(t +7p)g(v = 7p) | dt dv. (59)

to other terms [37], [43].

Employing the definition provided in (35) and (36), we f|rstd Itis n(:tedlfjhat ave][agintg ”:je ptrevioNt%h/ 2 ref(zr?ncelpulses
compute the conditional variance Bf as follows: oes not yield a significant reduction in the conditional variance

of Y3 when compared with case of no averaging.
N,/2—1N,/2—1 Next, we derive the variance &, which is specified in (35)

E [Y22 | U= Q] _ Z Z E[Xy; X0 |U = u] and (36), and initially obtain the equation
- N,/2—1N,/2—1 N—1N-1

Gl EY, Z Z > > BlXy;xXajw] (60)

N,/2-1 =0 k=0 k'=0
~ 2 e .
= Z E [X2,j | U= ﬂ] (52)  The expectation inside the summations above can be approxi-

J\;:J_'g N mated as
— p 217 0 <-2 (53) 2 T T )

ElXsjxXajw] = 5750550 R (t - v)
J0 0
where — Ryt —v)Ra(t —v+7,)dtdv  (61)

where we have employed the fact that the expectation of the
G = No / / a(t—v) = Ra(t — v+ 7)] product of zero mean, jointly Gaussian random variables

G()g(v) dt dv.  (54) {n(t1),n(t2),n(ts), n(ta)} is given by [37], [52]
Eln(t1)n(t2)n(ts)n(ts)]

The conditional variance dfs, which is defined in (35) and = Ri(t1 — t2)Ra(ts — ta) + Ra(t — t3)Ra(ts — ta)
36), is given b " " " "
(36), Is given by 4 Ri(ts — ta)Ra(ts — 1), 62)
E[Y]| U= u] Substituting the (61) back into (60), we obtain
Np/2—1Np/2—-1 N—1N-1 N, 2
Y N2TW (¢, N =1,
E[X3, 5 X3, 0 |U = 55 EYZz{? 0 ! ’ (63)
Z 2:0 kz:o kZ: 3,7,k\3,5" k | u] ( ) [ 4] NgTWQ;, N = Np/2
where

ForW > 1/T,, the expectation in (55) can be approximated as

G = NQTW//RQt—v) Ri(t —v)

BE[X3,6 X35, kaIEU = uj ‘Ri(t — v+ 1) dtdv. (64)
P
J=d" k=K pg It is evident from (63) that averaging the reference pulses leads
to a significant reduction in the variance of the noise-on-noise
/ / 9(t+ (crj = o))l term whenevetV,, is large. For the simple case in whidf), =
[9(v) = g(v + (01 = o)) Rt —v)dido (56) 2 the conditional variance of this term is the same as that when

N, # 2 and averaging is employed over the previdvs/2
. . _ eference pulses. However, the Gaussian approximation may no
yv?ergtéa,b is thitKror;ﬁcI;ehdellta f.unctlon. By substituting (SGjonger hold forN, — 2 (depending upo ') and may over-
into (55), we obtain the following: estimate the conditional probability of error for the SNR range
of interest.
E [Y32 U= E] ~ m&u = (57 In order to complete .the computation_of the conditional vari-.
L2053, N =N,/2 ance, we must determine the expectation of the cross terms in
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(50). We note that bot[Y2Y, |U = w] andE[Y3Y, |U = u] [7]
equal zero because the expected value of the product of three
zero mean, jointly Gaussian random variables is zero [37], [52].

[8]
In addition, we neglect the terB[Y2Y5 |U = u] for W >
1/Ty. 9
Summarizing the previous results, the conditional variance of[ ]
the decision statistic (50) for the case/éf= N, /2 is approx-
imated as [10]
N, E N, 2Ny TW
Var(Za |U = u) = =220 16 + (3 + ZSI—EQ [11]
p=p
(65) [12]
APPENDIX C (13]
TR SysTEM WITH AUTOCORRELATIONRECEIVER, OOK
(14]

The derivation of the conditional probability of error for the
special case of block-coded orthogonal PPM or OOK (40) ig15)
obtained by substituting,, = T, into the definition ofp(7,)
specified in (37), as well as in (54), (59), and (64). The condi-

16
tional variance terms then simplify as follows: el

i(t)§ [17]
G = No/ / a(t—v)g(t)g(v)dtdv  (66)
3= - 5 [18]
G = 3N0/ / At —v)g(t)g(v) dt dv (67) i
“= N@TW/O /0 Rt = vy dedo CI

and the mean and variance of the decision statistic become

T 21
E[ZA|U =] = %/ G2 (t) dt (69) 124]
0
N, E N, 2N TW(, [22]
Var(Za | U = u] ~ YeEaNo [CQ e 075} . (70)
NpEp [23]
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