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Abstract—Slot synchronization is a critical step for fast and , $Iot (=N chips) M chips
reliable cell search in intercell asynchronous direct sequence-code ot dat dat
division multiple access systems. To increase reliability, obser- |- ala |« S T ‘ aa

vations over a number of slots may be combined. In this paper,

combining schemes of multiple observations are studied for frame

slot synchronization. The optimal combining rule is determined o

based on detection theory. It is found that two known combining Fig. 1. Slot structured synchronization code).

schemes correspond to special cases of the optimal combining.

These schemes may not work well in typical environments, since gy mpo| duration, as shown in Fig. 1 [2]. The slot synchroniza-

the schemes are optimized for specific environments. To improve tion is f i ,E the starti iti f1h hronizati

slot synchronization performance in typical environments, a new QIS IOF _es Imating the starting position ot the synchroniza |9n

combining scheme is proposed in this paper. The performance code, which Corresponds to the slot bOUndary. The uncertainty

of the proposed combining scheme as well as other combining region for slot synchronization is confined to one slot duration.

schemes is analyzed for Rayleigh fading channels with frequency Thus, the starting position of the synchronization code may be

offset. Numerical analysis shows that the proposed combining yetermined from observations over one slot duration. However,

scheme significantly outperforms other combining schemes in - . .

typical environments. decisions based on observations over a single slot may be unre-
liable, when the signal-to-noise-plus-interference ratio (SNIR)

is low or if fading is severe. Reliable slot synchronization is re-

quired to minimize cell search time. In order to increase reli-

ability, observations may be made over a number of slots and

combined. This is possible, since observations associated with

. INTRODUCTION the relatively same positions in different slots contain the same

NTER-CELL asynchronous direct sequence-code divisi§iynchronization information.
I multiple access (DS/CDMA) has been chosen as a radio ac10 minimize cell search time, multiple observations should be
cess technology for next generation mobile radio systems [gffectively combined. Two combining schemes have been pro-
[2]. This system assigns different scrambling codes to differep@sed in [3] and [4]. The scheme in [3] combines observations
cell sites and eliminates the need for external timing referen@B€r squaring. This scheme has been referred to as noncoherent
source. Consequently, this system is generally expected to §@bining in [5], and will be referred to as such in this paper.
quire a longer cell search time than intercell synchronous sydthough this noncoherent combining scheme reduces fading
tems [3]. Cell search refers to the process of a mobile statigfects due to its inherent diversity property, it results in nonco-
establishing synchronization to the scrambling code associafiédent combining loss [6]. The other scheme investigated in [4]
with the best cell site. A three-step cell search scheme has bE@fbines observations without squaring or any preprocessing.
proposed in [3] and refined in the standardization process. THethis paper, this scheme is referred to as no-preprocessing
three steps in this scheme are: 1) slot synchronization; 2) frafnbining. It has been found that this scheme outperforms the
synchronization and code group identification; and 3) scrafioncoherent combining scheme in static and very slow fading
bling code identification. The first slot synchronization step ignhvironments. However, its performance degrades severely with
addressed in this paper. Doppler spread and frequency offset [4]. For the second step of

In an intercell asynchronous system, a synchronization coerl! search, the use of the coherent combining scheme has been

is periodically transmitted at the beginning of every slot for on@roposed in [2], and has been found to significantly reduce cell
search time compared with the noncoherent combining scheme

, . _ JSA However, this coherent combining scheme cannot be em-
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Fig. 2. Structure of a slot synchronization block based on multiple observations.

to special cases of the optimal combining. To improve sléading model [9],«(¢) is a complex Gaussian random process
synchronization performance in typical environments, a namith the autocorrelation function given as

combining scheme of multiple observations is proposed in this .

paper. The performance of the proposed combining scheme is Ela(t)a™(t2)] = Jo(2r fplts — t2]) 2

analyzed and compared with that of other combining schemggere £1.] denotes the statistical expectatiohy-) is the ze-
for Rayleigh fading channels with frequency offset. roth-order Bessel function of the first kind, arfigh is the max-

This paper is organized as follows. Section Il introduces the, -, Doppler spread.

system model. Combining schemes of multiple observationsthe grycture of a slot synchronization block is depicted in
are studied in Section [ll, and a new combining scheme (g > \wherer, and NV, respectively, denote the number of slots
proposed in Section IV. In Section V, the detection and mean 4g-he combined and slot length in chipé.is the duration of a
quisition time performance of the proposed combining, 0ptimal,ge phase uncertainty region. A synchronization code matched
combining, noncoherent combining, and no-preprocessifer () is employed to collecl observations corresponding
combining schemes is analyzed. In Section VI, numericg x gifferent code phases for each slot interval. For each phase,
results are presented and the performance of the propogegservations are collected from MF outputscsiot duration
combining scheme is compared with that of noncohereqfy compined to form a decision variable, and the code phase
combining and no-preprocessing combining schemes. Finallyrresponding to the largest decision variable is selected. If the
conclusions are drawn in Section VII. selected code phase is the correct phase, the slot synchronization

is completed, otherwise, the above test is resumed after penalty

Il. SYSTEM MODEL time.

) A MF output for thenth code phase in thkth slot may be
The slot structure for an intercell asynchronous system cQfkpressed as

sidered in this paper is depicted in Fig. 1. One slaVighips
long, andc is the synchronization code which &7, long 1

in time whereZ, is the chip duration. The complex basebant* =~ 31 Z rak[mlelm],  k=1,2,....L,

equivalent of the received signal over the first slot intetval m=0

[0, NT.) may be expressed as n=01.. . N-1 (3

M-1

wherer,,[m] = r((kN 4+ n + m)T.) denotes thén + m)th

M—1 sample of the received signal in thth slot. There are two kinds
r(t) = \/Ea(t)eﬂ“ft Z c[mlp(t — (m + 7)T%) of hypotheses: code alignme(it; ) corresponding to a correct
m—0 code phase, and code misalignmit ) corresponding toN —
N—1 1) incorrect code phases. For a given hypothesis, the MF output

+ Z dim]p(t — (m+7)T.)| +w(t) (1) in(3) may be calculated as

R I VBa e e
where S is the transmit signal powet, is the received code .ei2me(kN+n)
phase offfsetln ch|p$§f is frequency offset between transr_nﬁter Fnk = —l—% Zi\nfz—é wpr[m]efm], underH; (4)
and receiver, ang(t) is 1 overt € [0,7.) and 0, otherwise. 1 EM—l’ [m]c]m] underH.
c[m] andd[m] are, respectively, the:th chip of the synchro- M Zm=0 Wnk[TETT, 0
nization codec and the data symbol spread by a scramblinghereq,,;. denotes a fading coefficient for thth code phase in
coden(t) is a complex additive white Gaussian noise (AWGNphekth slot, and it is assumed to be constant over the correlation
process with one-sided power spectral den8igyand it repre- time M7,; cpr = a((kN +n+m)T,)for0 < m < M — 1.
sents noise plus interference. The sum of interfering signalsuisy[m] = w((kN + n + m)T.) is a sample of the AWGN
assumed to be complex Gaussian distributgd) denotes the processu(t), ande = A fT, denotes the normalized frequency
multiplicative Rayleigh fading channel [8]. According to Jakesdffset. For bothH; and H, phases, the MF output,; fol-
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lows a complex Gaussian distribution, since the signal termas Ry = [S - (sin’(M7e)/M?sin’(ne)) +o2] - I and
well as the noise plus interference term is complex Gaussian R, = o2 I wherel denotes the.-dimensional identity
distributed. matrix. The optimal combining rule (7) in this case is
simplified to
lll. STUDY ON COMBINING SCHEMES OFMULTIPLE L
OBSERVATIONS D, =z27, = Z ik (8)
k=1

In this section, we investigate combining schemes of multiple o o o
observations for slot synchronization. In Section I1I-A, the op-  Which is the noncoherent combining scheme studied in
timal combining scheme is determined for a general environ-  [3]and [5]. Toform a decision variable in this scheme, the

ment using detection theory for multiple observations [7], and ~ MF outputs are squared before summation. Note that this

in Section I11-B for two specific environments. combining scheme is the same as the optimal combining
scheme of statistically uncorrelated observations, which
A. Study on Optimal Combining has been found in the general detection theory [7].

2) Static channels without frequency offsét/hen the

_ The maximum-likelihood (ML) detection theory for mul- channel is static without frequency offset, the signal parts
tiple observations may be utilized to determine the optimal of MF outputsz., (k = 1,2,..., L) associated with the

combining rule. The ML criterion is to choose a code phase  ¢;me code phase do not vary, and they are statistically
that maximizes the likelihood function. In the slot synchro- perfectly correlated. In this case, it can be shown that the
nization case, the likelihood function is the joint probability covariance matrices are express’ed%as: S.E+o21
density function (PDF)Tof a set oV MF outpL_Jt_ vectors andRo = 021, whereE denotes a matrix with alluéle—
{zn = 201,202, .., 2] :0 < < N — 1}, conditioned on ments equal to unity. Using the matrix inversion lemma
the received che phase. Slnge the elements, aire JOI.nt|y [11], R7* can be calculated, and the optimal combining
complex (_Baussmn randc_)m variables, the PDE,ofor a given rule in (7) reduces to the no-preprocessing combining
hypothesisH; may be written as [10] scheme presented in [4]

1
fzn (Zn|HZ) = I aam ) Xp [_ZgRi_lzn] ’ L L L :
'l det(Ry) D, =z%Ez, = 2 2t = Znk 9
n=01,...,N—1 (5) " ;_1; nk kz::l ®)
whereR,; = F [z,z |H,] is the covariance matrix ef,, for a To form a decision variable in this scheme, MF outputs are
given hypothesis?; and(-)¥ denotes the Hermitian transpose summed without any preprocessing, which is followed by
operator. Thek, £) element ofR; is determined using (4) and a squaring operation.
is found as
S Jo(2nfp(k—£)NT,) IV. PROPOSEDCOMBINING SCHEME
E [zt | Hi] = %ﬁfﬁz) - I 2mEN (k=0 ©) As presented in Section I1l-B, the noncoherent combining
R +02 8[k — 4], i=1 and no-preprocessing combining schemes are optimal for spe-
o2 [k — 1], i=0 cific environments. The former is optimal for an extremely fast

wheres? = No/MT, is the noise plus interference power i fading channel, while the latter is for a static channel without
a MF oﬁtput andS[kT is the delta function, defined as 1 fog‘requency_ offsgt. Howe:\ver, both of these schemes may n.ot.per-
k=0andO é)therwise Using (5), the deciéion variable for thfgrm wellin typical environments. Th_e noncoheren_t combining
log-likelihood ratio test. is found a’s 7] scheme may not be effective in static or slow fading channels
due to noncoherent combining loss. The performance of the
D, =z (Rg1 — Rfl) Z,. (7) no-preprocessing combining scheme may severely degrade due
This equation describes the optimal combining rule and iné%qegngiﬁglgﬁziﬁgs 1?6:/;Lgr?seh\gth;gvtvh;:roi%fncy offsetis not

cates thit channglllnforman_on 'S r_eq_wred o construct the_ " Differential detection has been widely used for the detec-
tricesRy ™ andR[ . In practice, this information is not avail- .

able in the slot synchronization process and, thus, the optiré}'zc?’]lr.1 %f a d|ﬁerent|ql ph?]se-smft_key!ng (DSS? ;lgnarll [12]. f
combining is difficult to implement. is does not require phase estimation and obtains phase ref-
erence information from the symbol preceding the symbol to be
detected. Recently, the differential detection technique without
combining has been proposed for code acquisition of a direct se-
The matrixRy* — Ry in (7) may be simplified under cer- quence-spread spectrum (DS/SS) to reduce the effects of back-
tain environments. In this subsection, the optimal combining ¢ound noise in a static channel without frequency offset [13].
investigated for two special cases. We propose employing differential processing prior to the com-
1) Extremely fast fading channelsFor an extremely bining of multiple observations for slot synchronization. The
fast fading channel, the MF outputs for the samadifferential preprocessing reduces the effects of phase fluctua-
code phase become uncorrelated, singg, in (4) tions due to frequency offset and fading, and allows differential
varies fast enough over one slot duration. Conserocessing outputs to be combined coherently without severe
quently, the covariance matrices are expressed degradation.

B. Special Cases of the Optimal Combining



356 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 1, NO. 2, APRIL 2002

Differential Detection

MF Zoe o ‘iZ* 2 > I| —» D
correlator " =R !
S
n(k-1) ) Absolute
Summation
Value

NI, =¥ ()

Fig. 3. Differentially coherent combining scheme.

Assuming that theirth code phase corresponds to tHe where fp(x|Hy) and Fp(x|Hp) represent, respectively, the
phase, the signal componentzglf(k_l)znk after differential de- PDF of a decision variabl® for the H; phase and the cu-
tection of the MF outputs may be expressed as mulative distribution function (CDF) oD for the Hy phase.
Applying the flow graph method [14], we can determine the

2
M j2meN mean acquisition time for all four combining schemes dis-

* _ *
Sn(k—1)Snk =5 * Q1) Onk

M?sin’(me) ’ cussed in this paper with respect to the corresponding detection
k=2,3,....,L (10) probability as
where s, = VSanr(sin(Mre)/M sin(me))e/ ™= (M=1) LN+ K
ei2re(kN+n) denotes the signal component of; in (4). ElTacql = < P, _K> I (13)

Note that the phase rotatiad?~" due to frequency offset o ,
is independent of slot inde% in (10), and that the phaseWhereK denotes the penalty time in chips caused by false

fluctuation due to fading would be significantly reduced by thglarm- The PDFs and CDFs of decision variables are required to
operationa;(k_l)ank, if the fading is slow enough not to Varycalculate_ (12) a_nd (13). These are derived for each combining
significantly over one slot interval. The differential detectiofcNeMe in Section V-A-D.

outputs;:;(kfuznk for k = 2,3,..., L are summed together.

This summation may be viewed as a coherent combinidg PDF and CDF for the Optimal Combining Scheme

since the signal components in (10) are nearly phase aligned.. - . . : .
by differential processing. The termi?==" in (10) splits the %lnce the decision variablé® in (7) is of a Hermitian

; . . . quadratic form, the PDF and CDF & may be derived using
signal components into real and imaginary parts. To capture L . 2 .
. . characteristic function. The characteristic functiorofor a
both signal components, an absolute value operation mayabe : ) :
! ) 2 given hypothesidi; (i = 0,1) is expressed as [15]
employed after summation. Hence, the resulting combini
scheme is a combination of the differential preprocessing, & (jw|H;)=E [exp {jwzH (Rgl — Rl_l) z} |Hi]
summation, and absolute value operation. The structure of the I
proposed combining scheme, referred to as the differentially — H # (14)
coherent combining scheme is depicted in Fig. 3, and the 1 1 —jwAix
decision variable for thath code phase is expressed as

3 where;.s are the eigenvalues of the matix (R, ' — R, 1).
D Fne-ry
k=2

When all the eigenvalues are distinct, the product in (14) can be

Dy = : (11) expressed as a summation using partial fraction expansion

™

. Yik
Cp(jwlHi) =)

= 1= jwdix
V. PERFORMANCEANALYSIS
where
In this section, the detection and mean acquisition time L 1
performance of the differentially coherent combining scheme, ik = H — (15)
as well as, the optimal combining, noncoherent combining, and PR el v

no-preprocessing combining schemes is analyzed for Rayleigh . . . .

fading channels. The detection probability is defined as ti%;l(]mt%;hgtl)n;?r:ze téi”j;?ir\/n;g;(sla using the Residue theorem
probability that the decision variable associated with the correct™ y

phase has the largest value. The subsartipepresenting the L ik T

nth phase will be omitted in representing a decision variable (z|H:) = Z )\jk exp <—)\‘k> u(x)
L

D,, for simplicity in performance analysis. The detection k=1
X <0

Nip >0
probability is given as '

o Tk op [ =2 ) w(—z 16
Pd:[ fo(z|Hy) - [Fp(x|Ho)Y tdz (12) A P< Aik) 9
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whereu(z) is the unit step function, defined to be 1 for> 0 D. PDF and CDF for the Differentially Coherent Combining
and 0, otherwise. Integrating (16) with respect:tathe CDF Scheme

may be calculated as

For a given observation vecter= (21, 22, . . . the de-

’ ZL]T;

L @ cision variableD in (11) may be rewritten as
Fp(z|H;) = ; Yik {1 — exp <—)\—Zk>} u(x) L .
= >z 2 D+ jDg (24)
L k=2
x
* ; ik [“(x) +exp <_ Aik) “(_x)} + 7 whereD; = 27 Qz, Do = 2" Qoz, and
k<0 01 0 - 0
When multiple poles exist in (14), partial fraction expansion is 1 0 1 ° :
also possible and the corresponding PDF and CDF may easily 1 _ '
be derived. Qr=510 1 0 " o0
B. PDF and CDF for the Noncoherent Combining Scheme o -« 0 1 0O
Since the decision variablB in (8) is also of a Hermitian and
quadratic form, the PDF and CDF may be derived in a similar
manner as for the optimal combining scheme. The characteristic 0 —j 0 0
function for a given hypothesi#; (i = 0, 1) is given as 0 .
J —J
A i H 4 1
O p(jw|H;) EL[exp {jwz"z} |I—1[Tj] Qo =slo i o 0 (25)
1 Vik . .
=[[-—— = Z—, (18) T
po LT dWAie i L= e 0 -~ 0 4 0

where);s are the eigenvalues of the math which are as- Using (5), the joint characteristic function of the real variables

sumed to be distinct in (18). Sinde; is nonnegative definite, p; and D, for a given hypothesi#f; (i = 0,1) is found as
all of the eigenvalues are nonnegative. From this fact and (16),
the PDF may be expressed as @, pg (1, v[Hi)

= Elexp{j(uD; + vDg)}|H;]

I
fo(z|H;) = 2 zzz exp <— )\i> u(x) (19) _ /Oo exp {jz" (1Qy + Qo) 7} fo(z| H;)da
and the corresponding CDF may be described as _ - 1
7l det(R;)
Fi(alHy) Zm 1o (-5 )|wo. @ [ e (i (R~ (0 +1Q0) 2
- (26)

C. PDF and CDF for the No-Preprocessing Combining

SinceQ; andQg are Hermitian symmetric, (26) may be sim-
Scheme

plified to [17]

Since the sum of MF output; without any preprocessing is a(I)DIDQ (1, v H;) = [det(I — jR;(1Qy + VQQ))]A_
complex Gaussian random variable, the decision variable in (9)
is central chi-square distributed with two degrees of freedorhhe joint PDF fp, p,, (dr, dg|H;) of Dy and Dg may be ob-

(27)

Hence, the PDF may be expressed as

fotelt) = o (<1 ) ute)

where
S . sin® (Mre)
M?2 sin? (we)
N (L+2Ek “YL - k)Jo(2n fpkNT,)

. COS(ZWEICN)) + Lo?,
Lo2

w?

The corresponding CDF may be calculated as

Fp(e|Hy) = [1 — exp <—Aﬁ)} w(z).

(21)

i=

1 =0.

(22)

(23)

tained by taking the inverse transform of (27). Using a pair of
transforms via the change of variablgg; = xcosf,dy =
xsin@} and{u = pcos¢,v = psin ¢}, the joint PDF may be
expressed in a polar form as

@ / / pPp;pg(pcosd, psinp|H;)
eI dgdp.  (28)

By averaging the joint PDF in (28) with respec#tover|0, 2 ),
the PDF of the decision variable for a given hypothesis$i;
may be derived as

Py T —
-Jo(px)dpdp.

fD@(.T 9|H

fo(e|Hi) =
(29)
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Fig. 4. Detection probability versus number of combined slotfig. 5. Mean acquisition time versus number of combined slots
(SNIR/chip = —20 dB, fp = 18.5 Hz, andAf = 0). (SNIR/chip = —20 dB, fp = 18.5 Hz, andAf = 0).

Using the propertyl{z?J,(x)}/dz = «?J,_1(x) [18], where 08

Jp(-) is thepth-order Bessel function of the first kind, the cor- | | | | | I A — _—
responding CDF may be obtained as 0.7 et
- fommsmme s S A A I S N ES SR A
Fp(z|H;) :/ [p(§|H;)d¢ 06 S S o B —
[ e [ - T /'” S e -
1 [ [ 2 R
=5 / / (I)DIDQ (pCOSd)vain(MHi) § 0.5¢-
27 0 . & A
“ 504
: p§Jo(p€)dE | dpdp 3
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“ [ -2 no-preprocessing (Eq. (9))
- Ji(px)dpdp. (30) —e— differential (Eq. (11))
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VI. NUMERICAL RESULTS Doppler Spread [Hz]

In this section, the performance of the combining schemgg. 6. Detection probability versus Doppler spredd= 8, SNIR/chip =
described in Section V is evaluated and compared. The detgé? 98- andaf = 0).
tion probability of each combining scheme is calculated using
(12) and the corresponding PDF and CDF equations: (16) dniding for L greater than 3. The no-preprocessing combining
(17) for optimal combining; (19) and (20) for noncoherent conis shown to be near the optimum, since the channel varies very
bining; (21) and (23) for no-preprocessing combining; and (28)Jowly in this case. Fig. 5 shows that there exists an optinhum
and (30) for differentially coherent combining. Equation (13) inthat minimizes the mean acquisition time. The optimlrns 9
dicates that the mean acquisition time is inversely proportiorfar the differentially coherent combining in Fig. 5. The reason
to the detection probability for a given number of combinefbr this is that an increase ih not only increases the detec-
slots L, and the combining scheme with the greater detectition probability, but also increases the processing time in pro-
probability provides shorter mean acquisition time. In the peportion to L. Therefore, the mean acquisition time increases if
formance evaluation, the synchronization code lefig#h) and the increase in the processing time is more significant than the
slot length(V) are assumed to be 256 chips and 2560 chips, lieerease in the detection probability.
spectively. The chip rate and carrier frequency are assumed té-ig. 6 shows the effects of Doppler sprefsl on the detec-
be 4.096 Mcps and 2 GHz, respectively. These parameters twe performance, wheh = 8, SNIR/chip = —20 dB, and
from [1]. Af = 0. As fp increases, the performance of the no-prepro-

The effects of the number of combined sldison the de- cessing combining scheme is found to degrade significantly,
tection probability and mean acquisition time are shown, resile that of the noncoherent combining scheme is found to
spectively, in Figs. 4 and 5, whe8SINTR /chip = —20 dB, slightlyimprove for a given range of Doppler spread. The reason
fp = 18.5 Hz, andA f = 0. The detection probability is found for this is that an increase ify, makes the MF outputs become
to increase with, increasing for all combining schemes. Thestatistically less correlated as explained in Section 1lI-B. The
performance of the noncoherent combining is poor becausedetection probability of the differentially coherent combining
noncoherent combining loss. As expected, the differentially ceeheme is observed to increasg gsncreases from0to 175 Hz,
herent combining is shown to outperform the noncoherent coand to decrease whefy, exceeds 175 Hz. This may be ex-
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SNIR /chip = —20 dB, andfp = 100 Hz. The performance

of the no-preprocessing combining scheme is the worst, except
for some specific values of frequency offset. From Figs. 7 and

8, it is seen that the differentially coherent combining scheme

is superior to the noncoherent combining and no-preprocessing
combining schemes for a typical range of Doppler spread and
frequency offset.

VII. CONCLUSION

In this paper, we have investigated combining schemes
of multiple observations for slot synchronization in intercell
asynchronous DS/CDMA systems, and proposed a new differ-
entially coherent combining scheme. The detection and mean
acquisition time performance of the proposed differentially
coherent combining scheme as well as the optimal combining,
noncoherent combining, and no-preprocessing combining
schemes has been analyzed for Rayleigh fading channels with
frequency offset. It has been found that the performance of the

08 westene optimal (Eq. (7)) differentially coherent combining scheme is superior to that
0.7 e --a-- nonceherent (Eq. (8) of the noncoherent and no-preprocessing combining schemes
e ---&- no-preprocessing (Eq. (9)) . . . .
e, —e— differential (Eq. (1)) for typical environments, and is relatively robust to channel
06} T FEM variations.
z A )
£ 05} : ’" -
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