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Rapid Acquisition of PN Signals for DS/SS Systems
Using a Phase Estimator

Suwon Kang and Yong-Hwan Le®ember, IEEE

_ Abstract—\We propose a new scheme for rapid acquisition of PN scheme can reduce the mean acquisition time by starting the
signals in direct-sequence spread spectrum (DS/SS) systems by essearch from the most probable region and expanding to less
timating the phase of the received PN signal with the use of an aux- probable region [6]-[8]. In synchronous CDMA cellular sys-

iliary signal. The auxiliary signal can be generated by a sum of the
phase shifted PN signals. The phase of the incoming PN signal istems such as 1S-95 [9] and cdma2000 [10], the use of global po-

estimated using the properties of cross correlation between the PN Sitioning system (GPS) timing or triangulation with three base

signal and the auxiliary signal. True phase alignment is detected stationsinthe uplink can provide information on the phase of the
using a conventional serial search scheme, where the initial phase PN codes, thus reducing the acquisition time. On the other hand,
of the local PN generators is set to a value obtained by the phase 5 q1e| acquisition schemes examine all the phases in parallel

estimator. The performance of the proposed acquisition scheme is © . ) N
analytically evaluated in terms of the mean acquisition time. Nu- using a bank of correlators or matched filters, significantly re-

merical results show that the proposed scheme can achieve acquisi-ducing the acquisition time compared to the serial schemes [11].
tion at least two times faster than the conventional scheme in nom- However, the implementation complexity of parallel acquisition

inal operating condition. schemes becomes prohibitive, especially in the case of long PN
Index Terms—Acquisition, auxiliary signal, DS/SS, PN signal. ~ Sequences. To compromise the implementation complexity, hy-
brid schemes can be used with comparable performance [12].
The phase alignment detection problem can be modeled
as testing a simplén-sync hypothesis against an alternative
T IS FIRST required for reception of direct-sequence spreadt-of-synchypothesis [13]. It is well known that the use of
spectrum (DS/SS) signals to synchronize the phase of the sequential probability ratio test (SPRT) results in the most
local PN sequence with that of the transmitter [1]. The synchrefficient phase alignment detection scheme since it requires
nization is normally achieved by a two-step sequential procesénimum average time for the hypothesis testing [14]. How-
of acquisitionand tracking Acquisition is a coarse synchro-ever, fixed sample size test (FSST) is widely used due to its
nization process whereby the phase of the local PN sequesisplicity of design and implementation. Unlike conventional
is coarsely aligned to that of the received PN sequence withifpbase alignment detectors that examine only one code phase
locking range of the tracking circuitry. The acquisition schent a time, a number of phase alignment detectors have been
is composed of the search scheme and the phase alignmentpdeposed that simultaneously examine multiple code phases
tector. After correct acquisition, the tracking process providgs5], [16]. Corazza [15] showed that the mean acquisition
fine synchronization of the two PN sequences. A number tine of a serial search scheme can be reduced by the use of a
acquisition schemes have been proposed that employ variphase alignment detector employing the MAX/TC criterion,
kinds of search strategies and phase alignment detectors (g&e the maximum value among successive correlator outputs
[2] and references therein). is compared to a threshold to detect phase alignment. Lin and
Three types of search schemes have been widely consideiei [16] proposed a phase alignment detector that correlates
serial, parallel, and hybrid schemes [2]. Serial search schertfe& received PN signal with a sum @i phase shifted PN
serially examine the possible code phases of the incoming Bignals to inspect/ phases simultaneously, reducing the mean
signal. They are generally preferred due to their low implemeacquisition time. The rapid acquisition performance of these
tation complexity, and their acquisition performance has be&to schemes results mainly from the fact that the number of
analyzed extensively in the literature [3]-[5]. In the absence tiflse alarms are reduced by jointly inspecting the possible
any a priori information about the phase of the incoming PNhases.
sequence, the serial search scheme starts the search from a radiecently, a closed-loop acquisition system using an auxiliary
domly chosen phase and proceeds until true phase alignmersiggal has been proposed [17]. The auxiliary signal can be gen-
found. If a priori information on the phase of the incoming PNerated by a sum of the phase shifted PN signals so that its cross
signal is available by some means, however, the serial seagetirelation with the PN signal has nonconstant magnitude over
the entire PN signal period. In the receiver, the incoming PN
signal is correlated with an earlier version and a delayed ver-

Manuscript received February 28, 2000; revised May 19, 2000 and Novem34PN of the §1UX|I|ary ?'gnal' The phase of the local PN S|gna| _'S
6,2000. This paper was presented in part at the 49th IEEE Vehicular Technolaydated using the difference between the two cross-correlation

. INTRODUCTION

Conference, Houston, TX, May 16-20, 1999. . __outputs. While the phase tracking system updates the phase of
The authors are with the School of Electrical Engineering, Seoul Natlonﬁj' | | PN si | h l d .
University, Kwanak, Seoul 151-742, Korea (e-mail: ylee@snu.ac.kr). e oca S'gna' a separate phase a |g|.1ment- etecto.r per-
Publisher Item Identifier S 0733-8716(01)01902-3. odically tests alignment of the phase of the incoming PN signal

0733-8716/01$10.00 © 2001 IEEE



KANG AND LEE: RAPID ACQUISITION OF PN SIGNALS FOR DS/SS SYSTEMS 1129

False detection

v

.P hase Aligned Tracking True detection
alignment > R T tauibstsotsca >
(1) Q_,—. detector circuitry
t= tl i
Phase ~
estimate 0
Phase

estimator

Fig. 1. Block diagram of the proposed acquisition system.

with that of the local PN signal. The acquisition performandeand equivalent representation of the incoming PN signal can
can be improved by employing a preloop estimator that eskie given by
mates the initial phase of the incoming PN signal and initial-
izes the phase tracking system [18]. Although the closed-loop y(t) = VPc(t —19) + n(t) 1)
acquisition scheme provides good acquisition performance, the
implementation complexity is increased due to the need for afere
additional closed-loop phase tracking system. P average power of the received signal;
Since the cross correlation between the auxiliary signal ando  unknown phase of the incoming PN signal;
the incoming PN signal has a nonconstant value over the entire:(t) zero-mean additive white Gaussian noise (AWGN)
PN signal period, it can be directly applied to phase estimation with two-sided spectral density equal g /2; and
of the incoming PN signal. We consider the use of the max-c¢(t) PN signal expressed as
imum likelihood method to estimate the phase of the incoming

PN signal with the use of an auxiliary signal. The obtained phase 0o
estimate is used to initialize the phase of the local PN code gen- ot) = Z auh(t — KT¢). 2)
erator, making a conventional serial search scheme rapidly find ke — oo

out true phase alignment.
In Section Il, we describe the proposed acquisition systeffre.cx denotes théth chip of a binary PN sequence which is

employing the phase estimator. The performance of the pﬂgriodic with a period of, 7 denotes the chip duration, and

posed acquisition system is analyzed in terms of the mean &€t is the impulse response of the pulse shaping filter so that

quisition time in Section Ill. The performance of the proposed 1 00

scheme is verified by computer simulation in Section IV. Fi-

nally, conclusions are given in Section V.

|R(t)|? dt = 1. (3)

ade o)

Tc

Without the loss of generality, it can be assumed thate

[l. PROPOSEDACQUISITION SCHEME [0, LT). We consider the use af-sequences ford}. Let o
The proposed acquisition scheme consists of a phase &-the chip signal-to-noise ratio (SNR) defined by
mator and a phase alignment detector as shown in Fig. 1. The A PTe
proposed scheme first estimates the phase of the incoming PN Yo = m- (4)

signal by using a phase estimator based on the observation from
timet = 0tot = ¢;. When a phase estimate is obtained at An auxiliary signal can be generated by [17]
t = t1, the phase alignment detector starts to search true phase

alignment using a conventional serial search scheme, where the B2 g .
initial phase of the local PN code generator is setto avalue ob- () = Y {T - |'L|} ot —ilc).  (5)
tained by the phase estimator. In this paper, we consider the use i=—((L=3)/2)

of asingle dwell serial search scheme. The cross correlation betwee(t) and«(t) is

A. PN Signal and the Auxiliary Signal 1 LTc
Although data modulated PN signals can be applied to acqui- Beal8) = LTe /g ol + E)alt) dt
sition process [19], we consider the use of unmodulated pilot (L—3)/2 1
signals for the acquisition [9]. We assume for ease of descrip- = Z {% - |i|} R.((£+iTc) (6)

tion that the received signal is coherently demodulated. A base- i=—((1—3)/2)
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Fig. 2. Block diagram of the proposed phase estimator.

whereR.(¢) is the autocorrelation function eft) given by D is an integer equal td/.J. Let a; be the sampled output of
the (j + 1)th correlator

1 LT~
R.(§) = —+ c(t +&)c(t) dt. 7 -MLTc
© =gz | O ) %:/ St — DT d
0
Note that the autocorrelation functiai.(£) is periodic with =s;(70) +n; 9

period LT but it has a constant magnitude of nearly zero for
|€] > Te. Therefore, it cannot provide explicit information orwheres; () andn; are the signal and the noise terms, respec-
the difference between the phase of the incoming PN signal anatly, given by
that of the locally generated PN signal.

Assuming thath(¢) is a unit-amplitude rectangular pulse s;(710) =VPMLT:R.(jDTe — 10) (20)
having a duration of chip time intervdl-, the cross correlation MILTc
betweerc(t) and«(t) is given by N = /0 n(t)a(t — jDI¢) dt. (11)

((L—-1)L+3) L+1 Note that the variance ef; depends upon the characteristics of
4L N LT €], the specific PN sequeneg. However, when the PN sequence
(L - )Te has a long period, it can be approximated as a random binary
Rea(§) = €] < I sequence [20]. Assuming the use of long PN sequences as in
commercial CDMA systems, it can easily be shown that the
2
_(L-1 (L-DIc _ €] < (L+DTe  variance ofy; is approximated by [18]

\ 4L 7’ 2 2
8 2
ML(L - 1) (L? — 4L+ 1) NoTc
SinceR., () is periodic with period. T~ and has a nonconstant Var{n; } = 24
magnitude over the whole period, the use of the auxiliary signal MIANYT -~
can provide information on how much the phase of the auxiliary =" o1 (12)
signal differs from that of the incoming PN signal.

Let us define the SNR af; by
B. Phase Estimator

2
As depicted in Fig. 2, we consider the use/oforrelators in v(ay) 2 ﬂ (13)
parallel to correlate the incoming sign#lt) with the auxiliary Var{n; }
signala(t) for an interval ofM LT, whereJ andA{ are integer ;
numbers. The phase of the auxiliary signal used fof fhel )th and the normalized phagg by
correlator is phase shifted b\DT~ with respect to that of the A To
reference auxiliary signat(t), wherej = 0,1,...,J — 1, and b=t Vsb<l (14)
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Then, it can be shown that By letting
PTe [Rea(jLTe)J — LTob)]? J-1 onid
;) ~24M J
~v(a;) N [ L I, = 2) a; CoS 7
R.o(LTeB)]° =
Qz - Z CLJ sin —— 7

whereg; = j/J — 6. It can be seen from (8) that, for a given
B, Reo(LTc ;) /L is almost independent df whenZ > 1. it can be shown that
This implies thaty(a;) depends o/ and~o, but not onL. oo omi
Since the auxiliary signak(t) is a sum of PN signad(t), it f(r) = Z er cos( T ¢ + 51) (21)
has randomness properties similar:¢o). Thus, the noise sam- i=0 LTc
ples in (11) can be modeled as uncorrelated Gaussian ranqﬁﬂére
variables. The maximume-likelihood (ML) estimate of the code

phasery is the least square estimate given by Gi =1} + Q?
J—1 9 ¢ = tanH(Q;/1;)
7o = arg min Z [\/ﬁMLTCRca(jDTC —7)— aj} 0. I >0
=0 bi = {w, otherwise.
J—1
= arg min [\/ﬁMLTCRw(j DTy — T)} 2 _Evaluating the magnitude of’s, we can see that the mag-
T =0 nitude of r; is larger than that of;,i > 2, by more than

20 dB regardless of. Therefore, an approximate solution of
= = the problem (16) can be obtained by findinghat maximizes
~ 2VPMLT: Y Reo(jDTe = 7)aj + Y o2 P y

j=0 j=0 16 fi(r) =rGy COS<Z§£ — 1+ 61> . (22)

where0 < 7 < LTe. Since it is very complicated to find the Thus, an approximate phase estimageof the incoming PN
solution of (16), we consider a simple method to fisdwith ~ signal is given by
some approximation. . LI
From the characteristics @.(¢), as.J increases, the first o= (2rm + ¢1 — 61) (23)
term in (16) rapidly approaches a constant independent of
[21]. Since the third term in (16) is also a constant, an approxéherem is an integer such thag € [0, L7¢). The estimatd,
mate solution of the problem (16) can be obtained by findingof the normalized phas# can be obtained by
that maximizes the second term ) 1
s 90=m+%(¢1—51)~ (24)
f(T) = Rca(jDTC - T)aj. (17)

J

It should be noted that the proposed phase estimator does
not require the knowledge on the powerof the incoming PN

Since R..(¢) is periodic with periodL7- and even sym- signal, although its performance dependsiarNote also that
metric with respect tg = 0, it can be expressed by the Fouriethe shape ofR.({) affects the performance of the proposed

Il
=

cosine series phase estimator. If the pulse shaping filter has an impulse re-
oo . sponse different from the rectangular pulse shape, it may af-
Rea() = Z r COS( 2m 5) (18) fectthe shape ofi.(£). Since the shape df..() is affected
o Lic mainly by the triangular weighting of the auxiliary signal and

little by R.(¢), the characteristics of the shaping filteft) do
not seriously affect the performance of the proposed acquisition
scheme.

wherer;s are the Fourier coefficients dt.,(¢). Therefore,
f(7) can be represented by

J—1 oo i Since¢; andé; are obtained froma;s whose SNRy(q;) is
f(m)y = Z Z - COS[ 7” (jDTc — T)} aj. (19) independent oL, they are statistically independentfLet 6.
j=0 i=0 LT be the normalized phase estimation error defined by
Using the trigonometric identity and exchanging the order of 0. a fo — 6o (25)

summation, we have
and7. be the phase estimation error defined by

%) J—1 .
27rLJ 2mer
E; Ti Z <“J ST S T e 2 7y — 10 = LTb.. (26)
o 2myy  2miT 5 It can be seen thd, is statistically independent df, but de-
+ajsin—=sin - ) (20) Gondent upory, and M.
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C. Phase Alignment Detector T
The phase alignment detector begins the search for alignmt Reset Alignment

— search

of the phase of the local PN signal with that of the incoming PI
signal using a phase estimate obtained by the phase estims
The estimated phase is first quantized with respect to the st
size AT for phase update, yielding,

o = \[ AT;C]‘ ATe (27)

where|[z]] denotes an integer nearesttol he normalized step
size A is usually set to a value of 1 or 1/2, depending upon th
locking range of a tracking circuitry. Note that there d&rgA
phases to be examined for each period of the PN signal. T
guantized phase estimatg is used to initialize the local PN
code generators.

To achieve rapid acquisition, two serial search schemes ¢
employed in parallel, each of which consists of a PN code ge
erator, a correlator, and a phase alignment decision device. Fi¢
depicts a block diagram of the phase alignment detector usec
the proposed acquisition scheme. The phase of each PN ct
generator is updated in the direction opposite from each oth g
from the initial phaser,. The phase alignment detector cor- o(2)
relates the received Sign@(t) with the local PN signal for a Fig. 4. Flow graph diagram of the proposed acquisition scheme.
fixed interval and makes a decision by comparing the corre-

lator output with a threshold. If a phase alignment between thg, e optained when the absolute phase offset between the two
two PN signals is detected by one of the serial search sche ' sequences is less th, i.e., |§| A u— | < 1. The

the tracking circuitry starts fine synchronization process. Oth; : . .
erwise, the PN code generators update their phasesAiy; phgse alignment Qetecu_on prok_JIem can be r_nodeled as testing
' ¢ asimple hypothesis against a simple alternative oneH,dte

and phase alignment search continues. If phase alignment is[ Si-

multaneously declared by both the serial search schemes, EF hypothesis thas| < 1 andH, be the alternative hypothesis

) . > 1, i
PN signals of the two PN code generators are applied to tﬁwé’71 6] > 1. When the phase of the local PN code generator is

tracking circuitry one after another for verification. When alvpdated byATc, there can be cases of upoA or ((2/4)—1),

L/A phases have been checked without any phase a”gnm%%frrespondmg to hypothesiz, [3]. N
: . . 0 analyze the performance of the proposed acquisition
detection, the phase alignment search resumes with the phases

L scheme, we can use the flow graph technique [4]. Assume
of the two local PN code generators reset to the initial phigse that the difference between the initial phase of the local PN

code generatofy and the nearedil; phase is:AT¢, and that
there are-H; phases, where andy are integers. Then, a flow
Assume that the phases of the local PN code and the incomgrgph diagram of the acquisition scheme can be represented
PN code are:T andv1., respectively, and that the lockingas depicted in Fig. 4, where the alignment search proceeds
range of the phase tracking circuitry4s/'=. Then, acquisition from node 1 in a clockwise direction. Note that the two serial

® :node H,
o :node H,

My (Z)

Ill. PERFORMANCEANALYSIS
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considering that one search scheme that inspecfé,aphase
declares eitheH; or Hy, while the other one that inspects an
H, phase declareH,. Since the time spent {5, for no false
detection andZp + Tp) for a false detectionH ;=) can be
represented by

Hypi(z) = (1= Pp) [(1 — Pp)z™ + Ppz'tT%]  (29)

wherePp ; represents the true detection probability of the align-
ment detector at thégh H; node.

Let Hp i(z) be the branch gain from th&h H, node to
the ACQ node. In the case of a true phase alignment detection,
o 100 200 s00 400  soo onesearch scheme declafésand proceeds to the ACQ node,

K while the other one may declare eithii or Hy. It should be

noted that a false detection can happen either before or after ac-
quisition with equal probability, and that only the former case

requires a penalty time &p. The gainHp ;(z) can be calcu-

search schemes are treated as a single serial search schemgy{hgthy considering the following three cases determined by
examines two phases simultaneously. Tthenode represents ho search scheme that inspectsHg phase: no false detec-

the two phasesf7, + (I — 1)ATc] and[?o — (I — 1)ATc],  ion, false detection before acquisition, and false detection after
simultaneously examined by the two serial search schemes.aéh

i h Acquisition. Since these three cases require detectionfjne
node Ho marked by an open circle, none of the two phases C§D + Tp), andTp, respectively, it follows that
in hypothesisd; . At node H; marked by a solid circle, one or
both of the two phases can be in hypothédsis Hpi(2) = Pp; [(1 = Pp)2™® + L Pp2TP+Tr 4 1 ppyTo].
Since there are H; phases among/A phases, the proba- (30)
bility that both of the two search schemes are in hypothigis

equal tovA/ L, assuming that the uncertain region is uniformly To simplify the expression; H, nodes can be aggregated
distributed before phase estimation. After phase estimation, thg, 5 singlecollectivenode, denoted by ; .. in what follows

probability can be expressed byA/L)p, wherep denotes & it pranch gaint (=) for true detection andfy; (=) for miss
factor accounting for the improvement due to phase estimatiuiection given by

Letting p(«) be the probability mass function (pmf) that the first
H | node is at thér + 1)th node, the value gf can be approxi- v
mately determined from the probability pfx) at~ = 0. Fig. 5 Hy(2) = [[ Hv.i(2) (31)
depictsp(x) for different values ofV/, whenJ = 3, v = —10 =1 .
dB, A =1, andL = 1023. It can be seen that @4 increases, - o
the pmfp(x) is getting more concentrated arouad= 0. When Hp(z) = Z Hp,i(2) H Hagj(2)- (32)
M =10, 20, and 30p is equal to 3.5, 5, and 6, respectively. =t e
Since(rA/L)p < 1in most of practical situations, it can beThe transfer function from the node 1 to the node ACQ can be
assumed without the loss of analytical accuracy that only onegtained by
the two phases is in hypothedis .
Let Pr be the probability of false phase alignment detection, Hacgn(2) = T(2)Ho"(2) (33)
Tp be the dwell time of the phase alignment detector, Apd
be the penalty time due to a false detection. At néfig there wherel'(2) is the loop gain from the collective noa‘f_éljc to the
are three possible detection cases by the two search schemesaoue ACQ given by
false detection with probabilityl — Pr)?2, one false detection
with probability 2Pr(1 — Pr), and two false detections with I(z) = Hp(z)
probability PZ. Since these three cases require detection time 1— Hy(2)HY (2)
Tp, (Tp +Tp), and(Tp + 21°p), respectively, the branch gain __
from a nodeH , to the next nodel{; or H,) can be represented andm denotes the total number of nodes after aggregatiéhof

Fig.5. The pmfof whenJ = 3,v, = —10dB, A = 1,andL = 1023.

(34)

by nodes, equal to(L/2A) — 4 1). The overall transfer function
is given by
Ho(z) = (1 — Pp)?2"® 4 2Pp(1 — Pp)ztotr 1
2 _Th+2Ts m—
+PF z . (28) HACQ(Z) = Z HACQ,K(Z)p(/i). (35)
k=0

At node H 1, two transitions can happen. One is to reach the
acquisition (ACQ) node and the other one is to proceed to thfie mean tim& s for phase alignment search is obtained by
nextH, or Hy node. LetHy; ;(2),i = 1,...,», denote the
branch gain from théth H; node to the nexH; or H, node, T — OH acq(?)

o = Z2ACQE)

due to a miss detection. The gdih, ;(2) can be calculated by 9z (36)

z=1
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Using the result that(1) = I'(1) = 1 and letting 0252
1) A 0Ho(2) 1y A I(z) .
Hy (z) = =2 and I'V(z) = —= 020 2
the mean search time is given by o,
y °159. % D"D._D‘“
Ts= Hél)(l)E{li} +1W(1) (37) {o o n.,.g,..m_,ﬂﬂ
0.10 - DF"E\..D Bo O-g.g o-g ¥,=-15dB
whereE{«} is the average phase error obtained by ] D“-D Degg 4 —-104B R
1 0.05 - i.D”D_DYo: 5dB P 0o 50000,
m E ul 0-0.g.g o O-0-o-0-g
E{n} =" np(r). (38) 0050000 0000 g
k=0 0.00 T g T v T T T T 1
o 0 10 20 30 40 50
Since it takesHél) (1) for the detector to process eabh node, M

it can be seen that the first term in (37) is the average time f,%. 6.
the detector to reach the nodg, . from the initial phase’.

The second termin (37) is the average time to reach acquisition TABLE |

from the nodeH; ., which depends only upon the parameters NorwmaLIZED AVERAGE PHASE ESTIMATION ERRORY ACCORDING TO J
of the phase alignment detector, not upon those of the phase es-

Normalized average phase estimation exfor

timator. Including the time for phase estimation, the total mear_7 -5dB -10dB -15dB
acquisition time by the proposed scheme is given by J | Exact | Simplified | Exact | Simplified | Exact | Simplified
Toow = MLTe +Ts (39) 2 | 0.148 0.25 0.184 | 0249 |[0.221 | 0.250
acq — .

_ o 3 {0052 | 0053 |0.100(| 0.01 |0.156| 0.156
The proposed scheme improves the acquisition performanc 5 loos0 | o053 |oo0os| 0100 |o154| 0155

by reducingl’s with the use of the proposed phase estimator. As

can be seen in (37F{«x} that depends upon the performance 151 0.050 | 0053 | 0.097 | 0100 | 0.154) 0135
of the phase estimator is a major factor affecfifg Inorderto 255 [ 0.049 | 0052 | 0.095 | 0.098 | 0150 | 0.155
analytically calculatéZ{x }, the pmfp(x) needs to be expressed
in a closed form. Due to nonlinearity included in the estimation
process, it is not easy to analytically obtaifx). Instead, we
can obtainp(x) empirically by Monte Carlo simulation as in  The numbet/ of correlators used for phase estimation is an

IV. NUMERICAL RESULTS AND DISCUSSION

Fig. 5. Since important design parameter affecting the implementation com-
A plexity. The performance of the phase estimator according to
Ko~ M]‘ is evaluated in terms df in Table | usingm-sequences with
VIS L = 255, where the exact and the simplified results represent
N kA the estimate obtained by the ML scheme using (16) and the sim-
- ATC]‘ plified scheme using (22), respectively. Note that all the values
(L of J except 2 are divisors df such that, = A J can be satis-
= T]‘ (40) fied. As J increases, the performance is improved since more

observations are used for phase estimation. Also, the output
where£{x} is inversely proportional teh for a givenL. Using samples of the correlator become more correlated, making the
the fact tha®. is statistically independent df, it can be seen performance improvement marginal whéis larger than three.
that E{«} is proportional to.. DefineY by Considering the complexity and performance, it can be seen that
the use of/ = 3 is most practical. It can also be seen that the
A E{r}A e . ) .
=77 (41) simplified phase estimation scheme can provide performance
L almost the same as the exact one.
It can be seen that is the average phase estimation error nor- To verify the acquisition performance of the proposed
malized byL/A. Note thatY” is independent of botth andZ, scheme, we consider the use nf-sequences generated by
and it is only a function ofi/ and~,. Fig. 6 plots the value of the polynomialg(z) = z'° + z7 + 1 and three correlation
Y as a function of/ when~y = —5dB, —10 dB, and-15 dB. branches for phase estimation, i.¢.,= 3. We assume that
Note that, ag/ increases, the phase estimator uses more peridide chip timing is set to the worst condition. In other words,
of the received PN signal, yielding a smaller phase estimatiamenA is set to 1 or 1/2, the chip timing of the received signal
error. This results in a smalléfs at the expense of increasedassumed to be staggered(dy2)7 and(1/4)T with respect
phase estimation time. However, the decreasing rate beconteshat of the local PN signal, respectively. L&}, denote
smaller asV increases. Thus, the proposed scheme can provitie detection probability at the collective nod#, ., which
performance improvement over the conventional one when tiseequal toH(1). The dwell time and the threshold of the
decrease if’s is larger than the increase in phase estimatigrghase alignment detector are designed accordingoand
time M LT¢. Pr [22]. The penalty timel’p» represented by 7 depends
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Analytic results

employs two serial search schemes in parallel without phase
estimation. It can be seen that there is an optimum valud of
. Mope, that minimizesTva. This can be explained as follows.
1 The decrease in phase alignment search time is larger than the
w increa_se ir_1 phase estimation time whe&h < M. but the
°7 x T - o opposite situation happens wheh > M.

To see the performance improvement of the proposed acqui-

M . ) ;
sition scheme over the conventional scheme, we define the rel-

(© . : N
, _ _ ative ratio of the mean acquisition time by
Fig. 7. T,., as a function ofA/ for A = 1 andPp = 0.99. (a) When
7o = —5 dB. (b) Wheny, = —10 dB. (c) Wheny, = —15 dB.

A Tac M=Mop

b% (42)

on the characteristics of the phase alignment verification and
tracking circuitry. To see the effect df on the performance,
we consider the case of three valuesfof equal to 1000, Figs. 8 and 9 plok and,,, respectively, as a function dfp
5000, and 10 000. whenPr = 1 — Pp. It can be seen that the proposed scheme

Fig. 7 depictsT ., as a function of\/ when Pp = 0.99, reduces the mean acquisition time by more than half compared
Pr = 0.01, A = 1, andyp is —5 dB, —10 dB, and—15 dB, to the conventional scheme. The higher the SNR, the larger per-
where the rectangular symbols represent the simulation reséitisnance improvement over the conventional scheme, since the
and the lines represent the analytical performance from (3@grformance of the phase estimator is improved as the SNR in-
It can be seen that both the results agree quite well. Note tieatases. It can be seen that the detection probability should be
M = 0 corresponds to the case of the conventional scheme thatimized in conjunction with the penalty tini-. The larger

Ta‘:q | M=0
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199 g Kp=1000 o
0R -0~ Kp=5000 quired by the proposed scheme. Thus, the proposed scheme can

provide rapid acquisition without significant increase of imple-
mentation complexity.

The performance of the proposed acquisition scheme can be
further improved by employing various search schemes such
as proposed in [7]. Since the phase estimator proposed in this
paper localizes the uncertainty region, the acquisition perfor-
mance can be further improved by employing a search scheme
optimized for the characteristics of the phase uncertainty.

Although the proposed scheme assumes the use of coherent
demodulation, it can be easily applied to nhoncoherent scheme
with some maodification. In noncoherent receivers, the phase
of the incoming PN signal can be estimated using the squared

P, cross-correlation function?? (). The use of the auxiliary
(b) signal used in this paper results&#f_(-) to have phase ambi-

Fid. 9. Oofi ue ofif function ofP when P — 1 — p.. 9uity of half the period of PN signal since the periodRE (-)
(;?WhenApI:mllj,nzb\;avvre]e?m isf';zfmc on o When T " is reduced to half that oR...(-). The phase ambiguity problem

can be solved by using an auxiliary signal wha3g,(-) has

. , the same period aB.. ().
the penalty time factak,,, the larger the performance improve-

ment over the conventional scheme. This is due to the fact that
the increase ik p affects onlyT’s of T, in the proposed
scheme, whereas it affects the whole acquisition fifgg, in In this paper, we have proposed a rapid PN acquisition
the conventional scheme. It can be seen that the optimum vafggeme by employing a PN code phase estimator. The pro-
of M at low SNR is |arger than that at h|gh SNR, since mo@osed scheme first estimates the phase of the incoming PN
samples of the received PN signal are needed to obtain a réignal using an auxiliary signal, and then finds out true phase
sonable phase estimate as the SNR decreases. alignment by starting the phase alignment search from the

Fig. 10 plotsy whenTp = 256T¢, v = —10dB, A = 1 estimated phase. A simplified ML estimator is designed
and the normalized thresholg, is equal to)\/\/FTD. Here,\ for estimation of the phase of the received PN signal. The
is the threshold for the phase alignment detector. The incre@sgluisition performance of the proposed scheme has been
of the threshold makes the detection probability decrease. analyzed in terms of the mean acquisition time and verified by
When Pp decreases, the phase alignment detector misses ¢hgputer simulation. Numerical results show that the proposed
correct phase with high probability, making the use of the phaseheme can provide acquisition at least two times faster than
estimator inefficient. Thusy approaches to 1 ak, increases. the conventional scheme, while requiring small additional
On the other hand, decreases as, decreases. Thus, the use ofmplementation complexity.
alow threshold increasd%,, which makes the phase estimation
improve the acquisition performance. REFERENCES
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