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Performance of Rake Reception in Dense Multipath
Channels: Implications of Spreading Bandwidth
and Selection Diversity Order
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Abstract—In this paper, we develop an analytical framework to  be found in [4]-[7]. One version of the Rake receiver consists
quantify the effects of the spreading bandwidth (BW) on spread of multiple correlators (fingers) where each of the fingers can
spectrum systems operating in dense multipath environments in geact/extract the signal from one of the multipath components

terms of the receiver performance, the receiver complexity, and . .
the multipath channel parameters. The focus of the paper is to created by the channel. The outputs of the fingers are combined

characterize the symbol error probability (SEP) performance of t0 reap the benefits of Rake diversity.
a Rake receiver tracking the L strongest multipath components in The equivalent matched filter version of the receiver involves
wide-sense stationary uncorrelated scattering (WSSUS) Gaussiany matched front-end processor (MFEP) (matchaty to the

channels with frequency-selective fading. Analytical SEP expres- . .
sions of the Rake receiver are derived in terms of the number of transmitted signature waveform) followed by a tapped delay

combined paths, the spreading BW, and the multipath spread of line and a combiner. Multipath components with delays greater
the channel. The proposed problem is made analytically tractable than the chip timel:. (approximately equal to the inverse of

by transforming the phySIca| Rake pa’[hS,WhICh are correlated and the Spread|ng BW) apart are resolved by the MFEP, Wh'Ch |S

ordered, into the domain of a “virtual Rake” receiver with indepen- : . . . .
dent virtual paths. This results in a simple derivation of the SEP for synchronized with the initial path of the received signal. The

a given spreading BW and arerbitrary number of combined paths. MFEP output is passed through a tapped delay line filter with
Index Terms—DPispersive channels, diversity methods, fading N: = Tu/T taps, wherdy is the maximum excess delay from

channels, maximal ratio combining, Rake receiver, selection the firstarriving path. The output of the taps provitigdiver- -
diversity, spreading bandwidth, spread spectrum techniques, Sity paths, all of which must be combined for the best possible

virtual path technique. performance.
We introduce the terrall Rake (ARakedeceiver to describe
|. INTRODUCTION the receiver with unlimited resources (taps or correlators) and

based q instant adaptability, so that it can, in principle, comhatieof the

M USL; lPL.E aﬁcess systetr_ns, ase Qtn slprefa Sdpecl.tr\"égolved multipath components. For a dense multipath channel
with T E}Iin) rilngial?r? %ror‘l)srl'es'l arc; S_Ilf;]a N Sgrm ﬁz'?ﬁlith a fixed T, the number of resolvable multipath compo-

ading multipath channets [1], (2] nese u p%entsNr increases with the spreading BW. However, the number
access techniques have recently seen significant deploymefnt : - . .
S S of multipath components that can be utilized in a typical Rake
in wireless communications systems, and they have also becerrlnbiner is limited by power consumotion issues. desian com-
proposed for third-generation wireless access [3]. One benefl?t i d the ch ypl imati 8p ' 9
of SS systems is that with a sufficiently wide transmissio exity, aln , ec annfe es |ma.|on[ ].h ) s of
bandwidth (BW), it is possible to resolve the closely spaced COMPlexity and performance issues have motivated studies o
multipath components encountered in the channel. Alterd&Ultipath combining receivers that process oniuaseof the
tively, systems using narrowband transmissions perceive mg¥gilableN: resolved multipath components, but achieve better
of the closely spaced multipath components as a single fad@iformance than a single path (SP) receiver. We will refer to
signal. such receivers aselective Rake (SRakegceivers. This paper

The detection of signals in a multipath environment leads tg@nsiders the SRake receiver that selectsltfuest paths with
Rake receiver, which is based on optimality theory tempered B} largest signal-to-noise ratio (SNR) (fravh available diver-
some heuristic ideas. Rake receivers resolve the componentsityf paths) and combines them using maximal-ratio combining
areceived signal (arriving at different times) and combine the(WRC) [7].
to provide diversity. Discussions on classical Rake receivers carfor a given transmission BW and for a typical power delay

profile (PDP), a fundamental question related to the SRake re-
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The design of receivers for code division multiple accessirements in urban and suburban environments [26]-[28] and
(CDMA) systems, and in particular the choice of the numb@nountainous terrain [29] exhibit characteristics supporting such
of combined paths, is often based on simulations and empiriealPDP since they show channels with energy spread over a con-
knowledge [3], [9], [10]. Recently, some theoretical and simdinuum of arrival times. Thus, the use of this PDP serves as a
lation-based efforts have been made to investigate the effectdasic model for analyzing the performance of Rake receivers
multipath fading [11]-[13]. Typical studies on the performanceperating in dense multipath environments. We plot the SEP
of direct sequence code division multiply access (DS-CDMA®sults obtained and observe the property of diminishing re-
as a function of the number of Rake fingers assume an ARakens with an increase in the number of combined paths. The
model € = N,) [14], [15]. In [16] and [17], the channel well-known results for the SP receiver and the ARake receiver
is modeled to consist of several groups of paths, where oc&n be obtained as special cases of the SRake receiver results.
dominant path per group is combined in the receiver. Second-generation cellular systems which are based on

However, as pointed out in [15], a more realistic model I€EDMA (1S-95) operate at a chip rate of 1.2288 Mchips/s,
the Rake receiver tracking the strongest out ofV, paths. and the third-generation (e.g., IMT-2000) systems will most
In fact, quasianalytical/experimental analysis of the ultra-widgobably operate at 3.84 Mchips/s. To support higher bit
BW SRake receiver (with largév,) in [18] shows that an rates, larger spreading BW's have been proposed [3]. As the
acceptable level of SEP performance can be achieved eweind-generation activities progress, the designers of receivers
with L = 1 and L = 2. This indicates that a high diversitywill face the question of how many fingers should be included
order can be achieved even with a selection diversity (SD) ior Rake receivers, and/or how many fingers should be active
SP receiver. If one were to use an ARake model to analyatany one time. The results of this paper provide part of the
such a system, the results would be misleading in thatniecessary inputs for making those decisions.
would suggest requiring more fingers. In [19], only = 2
and L = 3 out of N, paths were analyzed. The dependence of [I. SYSTEM MODEL
the signal power variance_on the receiver_ proce_ssing in terms Signal and Channel Models
of parameters such as chip rate, processing gain, and number i
of multipath components tracked is investigated for= 1, 1€ output of the channel is modeled as
2, 4, and 8 through simulationg in [13]. The bit error rate G(t) = g%{y(t)ej%fpt} (1)
performance of an SRake receiver was analyzed in [20] for
binary differential phase shift-keying modulatibnA closely Wherey(t) is the equivalent lowpass (ELP) output signal. The
related problem of hybrid selection/maximal-ratio combinin§LP channel outpu(¢) can be expressed in terms of the ELP
(H-SIMRC) receivers in a more general diversity setting wd&@nsmitted signai(#), with energy2Ey, in the time domain as

considered in [21] and [22]. +o0
The principal contributions of this paper are in discovering a y(t) = /

methodology and deriving exact SEP expressions of the SRake

receiver for arbitraryl. andN; (i.e., arbitrary spreading BW). Where 2(t, 7) is the ELP time-variant channel impulse re-

We develop an analytical framework to quantify the effec@POnse, witht and 7 denoting the time and delay variables,

of spreading BW on SS systems operating in dense multipdg$Pectively. For a physical channét, 7) must have finite

environments in terms of the receiver complexity and multipafi!PPOrt over the positive values of satisfying the causality

channel parameters. We assume that instantaneous estimd&fition- The functiom(z, 7) is typically referred to as the
Eput-delay spread function representing the response of the

h(t, T)s(t — 1) dr (2)

ade o)

of all possible multipaths is feasible, such as with slow fadin | at time due t ! | lied at i 30
However, SRake combining also offers improvement in fa; ﬁnne at time due to an impulse applied at time-  [30],

fading conditions, and our results serve as a bound on el_ . .

. . . he ELP received signal can be modeled as
performance when ideal channel estimates are not available.
The proposed problem is made analytically tractable by trans- r(t) = y(t) + n(t) 3)

forming the physical Rake paths into the domain of a “virtual ) N ) ) .
Rake” receiver, which results in a simple derivation of th@/heren(t) is an additive white Gaussian noise (AWGN) process

SEP for a given spreading BW and arbitrary number of with two-sided power spectral densityV,.2 The additive noise
combined paths process:.(t) is independent of the chanrglt, 7) and therefore

We first derive general expressions, and then focus on the Swg_ependent of the proceg#) [see (2)]
cial case of constant PDP over an interval. Several researck@_rsMatched Front-End Processor
have previously considered this type of PDP [23]-[25], [15] to

study various aspects of DS-CDMA systems. Propagation mea-cOnSIder a matched front-end processor (MFEP) with ELP
impulse response

1in [20], the probability density function (p.d.f.) of the sum of the signals
with the L strongest path SNR's was obtained as a convolution of the () =
p.d.f.’s of the strongest, the second strongest, and the Lt strongest

s(T,—t), 0<t<T;
0, otherwise

(4)

paths. We remark that, in general, the p.d.f. of the sum of the random2 .
variables is the convolution of the individual p.d.f.’s only if the random °The notatioriR{-} denotes the real-part operator.
variables are independent. 3The term “Gaussian” is used to denote “ELP complex circular Gaussian.”
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where 7} is the symbol duration. The MFEP output can besing (43) of the Appendix that the correlation function of the

written ag MFEP output samplessis
+oo
i) = [ rit=a)fula)da. 6 Tt
- . ’ . 4 7 EZ, |tz —t1] =0
Substituting (3) into (5), the MFEP output can be written as Ty
= 31 _ (12)
ra(t) = y(t) +nu(t) (6) W B -t =T

whereyy(t) andny (t) are the contributions of the signal and 0, |t — 1| = K1 k=23, ....

noise, respectively, to the MFEP output.

Using (2), the procesgu(t) can be written as The coefficients3 and 3 depend on the specific chip pulse

shape. We consider three types of pulse shapes in this paper,

oo pteo namely the rectangular, half-sine, and raised cosine pulse

ym(t) = /0 / h(t =, )s(t — = 1) fra(ex) dr dex. shapes. Each pulse shape has finite support over the interval
- @) [0, T¢) and is normalized to constant energy. Such time lim-

ited pulse shapes have been used previously in the literature

The noise processy(t) is given by [32]. The rectangular pulse shape is definedphy(t) = 1,
oo 0 < t < T.. Similarly, the expressions for the half-sine and
- :/ n(t — ) fu(a) de. (8) raised cosine pulse shapes are givenv®sin(nt /1. )pr.(t)
ulf) 0 ( Jfrale) and \/2/3[1 — cos(2nt/T:)]lpr.(t), respectively. The coeffi-

cients/s and/ are straightforward to compute and are given by

ll. SRAKE RECEIVER PERFORMANCEANALYSIS the following expressions:

In this section, the theory developed in [22] for a more general (2, rectangular pulse
diversity setting is applied to the study of an SRake receiver with 5 1 .
an arbitrary number of combined paths in a frequency-selective B={ 52 t3 half-sinepulse (13)
dense multipath channel. 35 1 ) )
242 + 3 raised cosine pulse
. N s
A. The SRake Receiver and
Let v; denote the instantaneous SNR of the MFEP output (&, rectangular pulse
samples defined by 5 1 half-si |
3 _ - —, alf-sine pulse 14
2
Ayt f am 12 1
= E{ | (t:)]?} © 135 raised cosine pulse
' (12 48727 '

wheret;’s are the sampling instants. We model th&s as con-
tinuous random variables with p.d,, («) and mean

E{ |y (t:)]?}
E{|nm(t:)?}

The instantaneous output SNR of the SRake receiver is

Numerically, 3 = 0.6666, 0.5866, 0.4811 an@ = 0.1666,
4.332 x 1072, 9.453 x 102 for the rectangular, half-sine, and
raised cosine pulses, respectively.

The correlation functio®, (¢1, ¢2) given in (12) implies that
samples of the MFEP output are uncorrelated as long as they
are not adjacent to each other. It also implies that even the ad-

L jacent samples are “weakly correlated” with correlation coeffi-
YSRake = Z 00 1<L<N, (11) cient equal to 0.25, 0.07386, and 0.01965 for the rectangular,
i=1 half-sine, and raised cosine pulse shapes, respectively. Moti-
wherery; is the orderedy;, i.e.,v1) > Y2y > > Yx)» vated further by analytical tractability, the MFEP output sam-

and N, is the number of resolvable multipath components. ARES are modeled to be uncorrelated. Therefore, they are inde-
pointed out in the prequel, increases with the spreading BW‘pendent_smcg]\q(t):s a complex Gaussian process. _
Itis apparent that several multipath combining receivers such a@enOt'ng’Y_(Ajr) = (Y1), V@) - Vv, was shown in
the SP and ARake receivers turn out to be special cases of (12%] that the joint p.d.f. ofy1), ¥2), -+, vv,) 1S, see (15) at

We model the time-varying channk(t, ) as a two-dimen- the bottom of the next. page. The paramétés the mean SNR
sional complex circular Gaussian process with zero mean. Siftééhe MFEP output given by
ym(t) is a Iinear_ transformatiqn di(t, 7) [cf. (7)], itis als_o a Ry(t1, t1) T. [ E.
complex Gaussian process with zero mean and correlation func- =5 N =P
. . . Ry(t, t1) Ta \ No
tion R, (¢1, t2). For a wide-sense stationary uncorrelated scat-

tering (WSSUS) channel with constant PDP, it can be showrrAlthough we are concerned only with the valuestef— t, | at integer mul-
tiples of T'. in (12), R, (¢1, t2) is in general a continuous function |8t — |
4Since the rest of the paper deals with the ELP notation, we shall drop the tetfncan be seen in (43).
ELP in the sequel. Here, and throughout the paper, the range of the integratiofThis justifies the standard assumption of “independent MFEP output sam-
is determined by the support of the integrand. ples” made in typical studies concerning Rake receivers (e.g., [7], [14]).

I, =E{v}= (20)

(16)
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where R, (t1, t2) is given by (45) of the Appendix. It is im- et V. 2 Vi, Va, ..., VNr]t, then the joint p.d.f. of
portant to note that the;)’s areno longer independent, eveny,, V,, ..., Vy, can be obtained as [36]
though the underlying;’s are independent.

Fom, (V1))

Ny
The SEP for an SRake receiver in a multipath fading environ- = /frx,) ({’V(i)}z‘=1>‘
ment can be written as

B. Error Probability Analysis in Virtual Rake Framework

Wy =9 (8 (Te )/ Ta) (s /No)I(Viu /1)
(23)

Pe srake = By {PF{CHSRake}} (17)  whereJ is the Jacobian of the transformation.
First note that the recursion formula for the virtual path trans-
where Pfe|ysrake iS the conditional SEP, conditioned on formation is
the random quantityysraxe. FOr coherent detection dff -ary B V.
phase-shift keying (MPSK), an alternative representation fok,, = ) + {/3 = <FS>} = i=1,...,N: (24)
Pr{e|ysrake } involving a definite integral witHinite limits, is Ta 0 t

given by [33] and [34] as whereyy, 41 = 0. This implies that the virtual path transforma-

L @ tion decouples the range &f,’s, and0 < V,, < oo. Since the
Pr{enpsk|YsRake} = — / ¢~ (Bupsic/sin” O)vsmare g (18)  transformation is linear, the Jacobian of the transformation can
& be calculated as

wheredyipsk = sin?(7 /M) and® = 7(M —1)/M. Of course, EN™ o5
for BPSK, épmpsk = 1 and® = =/2. Substituting (18) into A fl Ny ) (25)
(17), the SEP of the SRake receiver becomes

Substituting (25) into (23), it can be verified after some algebra

that the joint p.d.f. ofVy, V5, ..., Vv is

Pe,SRake = / ]E’st ko { 7(OMPSK/Sm ¥) YsRake do.
(19)

Substituting the expression fogr.x. directly in terms of the  f,, ({Vn}ﬁ’;l) _ Qe <_Z Vn) ; 05V <o
physical branch variables given in (11) by using the technique

of [35], we obtain 0, otherwise. (26)
Therefore, the instantaneous SNR'’s of the virtual paths are in-
P, sRake dependent and identically distributed (i.i.d.) normalized expo-

nential random variables with p.d.f. given by

et <<
Fu(v) = {0, otherwise. 27)

1 [® oM PSK
-2 | E., § j )b de (20
T Jo b {exp( sin26 76 (20)

1 O poo rmi V(Ny—1) 6MPSK L
LI ( >0 | |
0 J0 JO 0 i=1 The instantaneous SNR of the combiner output can now be

X Fros {’V(i)}ﬁ\il dy,y o dyey dyay df. (21) expressed in terms of the instantaneous SNR’s of the virtual
paths as

Since the statistics of the ordered pathserl®nger indepen- "
dent, the evaluation of (21) involve¥,-fold nested integrals, YSRake = Z b Vi (28)
which are in general cumbersome and complicated to evaluate.
This can be alleviated by transforming the instantaneous SN fiere the coefficients, are given by
of the ordered multipath components into a new setidtial

pathinstantaneous SNR’%},, using the following relationship: ; T. [ E. .

— | = <
al b {/ <N0>} "= 29)

T e 22 [ s .
K nz; [/ Td <No>} n (22) [[3 T <Fo>} — otherwise.
1\ 1

T Nr' = €X —— ) , > > e > g > 0

Frvw ({’Y(i)}f\él) = <F> p( r ;’7( )> Ty > @) V(N (15)

0, otherwise
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Note thatysraxe in (28) is now expressed in terms of i.i.d.This is a special case of the SRake receiver \ith 1. Substi-
virtual path variables as opposed to (11) where it was writtentating L = 1 into (33), the SEP for the SP receiver becomes
terms of dependent physical path variables.

Now the SEP for the SRake receiver can be reformulated in

e N: - 2
terms of i.i.d. virtual path variables by substituting (28) into (19) P, ¢p = l/ H sin” 6 do.
as 7 o nli ovpsk | B=— I ES l—I—Sill2 0
T NO n
Pe SRake (35)
/ Ev,) {GXP< ST;PSE Z b.V, ) } D. Special Case 2: The ARake Receiver
For the ARake receiver, the signals fraih Rake paths are
/ / / / weighted and combined to maximize the SNR at the combiner
output. The output SNR of the ARake receiver is given by
MPSK T T
X exp bnvn fv,, (vn) duy, dB. (30) Ny Ne
< sin® 6 Z ) 71—[1 YARake = Z Vi = Z RIOE (36)
i=1 =1

Exploiting the fact that th&’,’s are independent, (30) becomesgte again that the result for the ARake receiver can be obtained
N from the SRake results given in (33) by settihg= V,, since
1 [° N . in? 01V, ARake is a special case of SRake with= N,. Therefore, the
_ 7[()Mp51<bn/ s 91‘/71 r ’
Pe, sRake = /0 [1 & {e } dé SEP for the ARake receiver becomes

Ny
:l/eﬁz/jv <_M> 46 (31) 1 1@ 2 g
mJo oo sin® 6 P, ARake = —/ S de.
’ T Jo TC E
OMPSK |:/3 <N >:| —i—sm 7
wherey, (-) is the characteristic function (c.f.) df, and is 0
given by (37)
dy, (jv) 2 E {etiVnl = 1 —. (32) IV. NUMERICAL EXAMPLES
' 1—jv

In this section, the results derived in the previous section for

The effectiveness of the virtual path technique is apparent the SRake receiver are illustrated using specific examples. Figs.
observing that the expectation operation in (20) no longer ré-4 show the SEP versus the SNR/ Ny, for various spreading
quires anV,-fold nested integration. BW'’s or, equivalently, for various chip ratds. = 1/7,. We

Substituting (32) into (31), the SEP for the SRake receiver bdepictR; = 1, 5, and 10 MHz with maximum excess channel
comes (33) shown at the bottom of the page. Thus, the derivatitglay 7y = 2 ps for BPSK modulation using rectangular chip
of the SEP for the SRake receiver involving tNe-fold nested pulse waveform3.
integrals in (21) essentially reduces to a single integral éver In Figs. 1 and 2, the curves are parameterized by the number
involving trigonometric functions with finite limits. Note that of pathsL with the highest curve representidg= 1, or the
the independence of the virtual path variables plays a key rsi@gle path (SP) receiver, in each graph. Each successively lower

in simplifying the derivations. curve corresponds to an increasibgip to the maximundL de-
noted byN,, or the ARake receiver performance. We see that
C. Special Case 1: The Single Path Receiver an increase in the number of combined paths produces a lower

The SP receiver, also known as the selection diversity r@EF: but the improvement diminishes as the number of com-
ceiver, is the simplest form of diversity system whereby the rBin€d paths approachég. For example, V‘i'th 5 MHz spreading
ceived signal is selected froome of N, diversity paths. The BW: Fig. 1 suggests that at an SEP16f™", there is a 2.5 dB

output SNR of the SP receiver is "The SEP using other chip pulse waveforms, such as the half-sine and the
raised cosine, is not significantly different from that obtained with the rectan-
gular pulse shape. The difference is in the attenuation of the mean SNR, and for

TSP = Imax {vir =0- (34) comparison purposes, the rectangular pulse suffices.
L
. N, .
1 [® sin? 6 1 sin? 6
Pe SRake = — 11 dg  (33)
T

T. E T. E L
’ 3 tc s -2 n=L+1 ’ 3 *c s + .92
SMPSK [/ Ty <N0)} +sin” 6 SMPSK [/ T <N0)} . +sin” 6
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Symbol Error Probability (SEP})
) ]

10

10

1
2 4 8 8 10 12 14 16 18 20
E/N, (dB)

Fig. 1. The symbol error probability of the SRake receiver versus the BNR', as a function ofZ for 2. = 5 MHz andTy = 2 ps. The upper curve is for
L = 1 and the successively lower curves are for increadingp toL = N, = 10.

Symbol Error Probability (SEP)

2 4 6 8 10 12 14 16 18 20
E/N, (dB)

Fig. 2. The symbol error probability of the SRake receiver versus the BNR'; as a function of for R. = 10 MHz andT; = 2 ps. The upper curve is for
L =1 and the successively lower curves are for increadingp toL = N, = 20.

gain in usingL. = 2 paths fromL = 1, but only over a 1 dB observed in Fig. 2 for the spreading BW of 10 MHz. The di-
gain fromL = 2 to 3. The gain in decibels diminishes furtheminishing returns suggest that onlgabsebf paths need to be
whenL is increased from 3 to 4 and beyond. This trend is alsmmbined to give an acceptable level of performance.
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Symbol Error Probability (SEP)

2 4 6 8 10 12 14 16 18 20
E/N, (dB)

Fig. 3. The symbol error probability of the SRake receiver versus the BNR/, as a function of_ with Ty, = 2 us. The dashed curves are f8r = 1 MHz
and the solid curves are fdt. = 5 MHz. The solid curves depidd = 1, 2, 4, 8, and 10 in successively lower positions. The dashed curvesishewl to
L = N, = 2.

Symbol Error Probability (SEP)

2 4 6 8 10 12 14 16 18 20
E/N, (dB)

Fig. 4. The symbol error probability of the SRake receiver versus the BNR/; as a function oL with Ty = 2 ps. The dashed curves are By = 1 MHz
and the solid curves are fét. = 10 MHz. The solid curves depidt = 1, 2, 4, 8, 16, and 20 in successively lower positions. The dashed curvedshkowto
L = N, = 2.

Figs. 3 and 4 compare the SEP of systems With=1 MHz E. = 1 MHz are shown forl. = 1 through 2. The solid lines
and the case wittR. = 5 and 10 MHz. The dotted lines for depict the larger BW signals with the nhumber of pathsn-
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creasing in powers of 2 up t,, i.e.,L = 1, 2, 4, 8, 16, and combined paths increases, the incremental gain in performance
20in Fig. 4. The effects of the diminishing returns and the widdiminishes which suggest that onl\sabsebf paths need to be
range in SEP is evident as discussed above. It is also interestingibined to give an acceptable level of performance. In general,
to note the crossover in the curves between the two sdts’sf larger spreading BW'’s reduce the required power as long as
For example, it can be seen in Fig. 4 that at SNR’s above &Sufficient number of paths are combined. The results of this
dB, the SEP forZ, = 10 MHz with L = 4 is lower than the paper enable tradeoffs to be made between power, complexity,
R. = 1 MHz with L = 2 curve. But at SNR’s below 8.5 dB, and BW to provide a specified SEP performance.
the R, = 10 MHz with L = 4 curve gives a higher SEP than
R. = 1 MHz with L = 2. We see that at low SNR’s, more APPENDIX
paths need to be combined in the SRake receiver with larger  STATISTICAL PROPERTIES OF THEMFEP QUTPUT
BW'’s in order to achieve better performance than the SRakeS
receiver with smaller BW’s. For instancé,would have to be
increased to about 8 in Fig. 4 for th& = 10 MHz case in order
to achieve comparable performance with fhe—= 1 MHz with
L = 2 case for low SNR's.

It is also observed that the larger the chip r&tg the lower
the achievable SEP. With, = 1 MHz, the ARake receiver can doo  poo
only achieve an SEP of abowi®—2 at an SNR of 10 dB. For E{ru®)} = / E{h(t —a, 7)}
R. = 5 MHz, the ARake receiver can achieve an SEP of better 0 —o0
than10~2 at the same SNR. Alternatively, the ARake receiver X s(t — a = 7) fu(a) dr da. (38)
with 10 MHz can achievé x 10~* SEP atabout 10 dB, or a gain _ _ _ _
of 8 dB over the system with 1 MHz. The drawback in using ¥ote thatry(t) is zero-mean if the two dimensional process
larger spreading BW is that a greater number of paths need td%é 7) iS Zero-mean. o
combined to get better performance. If only one path is selectedl he correlation function ofy(t) is given by
(L = 1), then the system with a smaller BW has a lower SEP
over some range of SNR. This can be seen in Fig. 4 at 14 dB, R.(t1,t2) = {7’;1(t1)7’]\,1(t2)} . (39)
for example.

Itis apparent that a specified SEP can be achieved, in prisince the noise(t) is zero mean and is independent of the
ciple, with different combinations of receiver complexity (th@me-variant channel(t, ), R.(t1, t2) becomes
number of combined pathg), spreading BW of the signals
(R.), and the transmitte;-d power (SNR). For gxample, Fig.. 3 Ru(t1, t2) = Ry(t1, t2) + Rul(t1, t2) (40)
shows that an SEP df0—2 can be achieved with the combi-
nation of R = 1 MHz andL = 2, or with R; = 5 MHz and where R, (t,, t) and Ry (t,, t2) are correlation functions of
L =8.The perfom_]an_ce difference bet_vveen these casesis abz({)l\%t) andny (1), respectively.
6 dB. Other comblnatl_ons are also evident from the grgphs. Nit can be shown, using (7), that the correlation function of
general, larger spreading BW's reduce the power requwemem%(t) is
as long as a sufficient number of paths are combined.

4o ptoo ptoo ptoo
R (ty, t2 I/ / / / By (ti—oq, to—ao; 11,7
V. CONCLUSIONS AND COMMENTS vt t2) o Jo  Jooo oo ( ’ 71 72)

We derived exact SEP expressions for a selective Rake x s7(t — o1 =) falen)
(SRake) receiver in a multipath fading environment. In partic- X 5(t2 — az — 72) fr(a2) dmy dra day dovy (41)
ular, we considered frequency-selective wide-sense stationary
uncorrelated scattering (WSSUS) Gaussian channels wRereR.(t1 — ai, ta — ao; 71, 72) is defined to be
constant power delay profile. We analyzed this system in
the virtual Rake receiver domain which resulted in a simple Rn(t1 — a1, t2 — ao; 71, 72)
derivation.and formula of the SEP for a given spregding BW A g {h*(tl —aq, T)h(ts — as, 72)}' (42)
and anarbitrary number of combined paths. The key idea was

to transform the dependent ordered-path variables into a ne . _
S . any wireless communications channels can be modeled to
set of i.i.d.virtual paths and express the combiner output SNR o N ,
ossess channel statistics that remain “stationary” over short

as a linear combination of the i.i.d. virtual path SNR variable ime intervals (or over small spatial distances). To be precise
In this framework, the derivation of the SEP involving th? P ' P '

. . ; hese channels are not necessarily stationary in a “strict-sense”
evaluation of nested/-fold integrals, essentially reduces to the. ™. ) N .

. . : hor in the “second-order.” However, under translations over
evaluation of a single integral.

For a fixed BW, the SEP decreases with an increase in tﬁréort time intervals, their second-order statistics are invariant,

number of combined paths in the SRake receiver. The decreand Sc)anobrea :IESJIOX\E&E? \EZ S?Jelsngh;anggl-sgzassorsrﬁggggry
in the achievable SEP is much greater for larger BW signals ' y varying '

at the expense of the receiver complexity. As the number ofDefinitions for different kinds of stationary can be found in [37].

tatistical properties ofy(¢#) can be written in terms of
the statistical properties of the random time-variant channel
h(t, 7), and the additive noise(t). Using the fact that(t)

is a zero-mean process, the mean value of the MFEP output
process can be written as
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+oo N
/ Pu(0, PRt — Ty —

0,

Ry(t1, t2) =

)R,

(tQ—Ts—T)dT, |t2—t1|<

B, (43)

otherwise

function of the MFEP output is derived in [38] as (43) shown [9] F. Adachi, K. Ohno, A. Higashi, T. Dohi, and Y. Okumura, “Coherent
at the top of the page, whe®,(0; 7) is the PDP, also known
as the multipath intensity profile, and

Rs(t—Ts—ﬂ%/O

o0

st — a—7) fml(a) dev. (44)

In SS parlancelz,(7) is the periodic time autocorrelation func-

tion of the baseband spread signature sequence. For sequence

(10]

(11]

(12]

designs as in [39], the functiah, (7 ) possesses small sidelobes [13]
and has a narrow peak over the interjdl < 1/B;, whereB,
denotes the spreading BW which is roughly equal to the chipi4]
rate R, defined byR. = 1/7;. The symbol timéZ;, is equal to
the chip duration times the processing gain of the SS system. I[rl]5]
deriving (43), we have assumed that the sidelobe8,6f) are

Zero.

The correlation function ofy;(¢) can be derived similarly as [16]

+oo ptoo
Rn(tl, tg) = /0 /0 ]E{n*(tl — al)n(tg — CYQ)}

x farlan) fulae) dag dos

=2NoRy(ty — t1). (45)

In deriving (45), we have used the property titafn* (¢, —
a)n(ts — az)} = 2Nodp(ts — t + a1 — ), wheredp(+) is
the Dirac delta function.
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