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Abstract

We propose a noncoherent Pseudo-Noise (PN) acquisit ion scheme for Direct-Sequence
Spread-Spectrum (DS/SS) systems using an auxil iary signal, previously used for coherent acquisit ion.
The proposed scheme consists of a phase alignment detector and a voltage controlled ctoct IVCC;
loop, which is for updating the phase of the local PN signal and the direction of update. performance
of the proposed scheine is evaluated by simulation and compared with that of a conventional
noncoherent fixed-dwell serial scheme. Results show that the proposed scheme acquires
approximately three to four times faster than the conventional scheme. In addition, the variance of the
acquisit ion time of the proposes scheme is 20 to 40 times smaller than that of the conventional
scheme.

1. Introduction
One of the major functions of a spread-

spectrum system receiver is to generate a local
pseudo-noise (PN) signal which is in
synchronism with the incoming PN signal. pN
synchronization is traditionally achieved in the
two steps: coarse synchronization (called
acquisit ion) and fine tuning (called tracking)
There has been extensive research on
acquisit ion, see [-9] for examples. Acquisit ion
schemes may be coherent or noncoherent,
depending on whether the receiver knows the
camier phase or not. Generally, the receiver
generates a local PN signal and verifies whether
or not it aligns with the incoming pN signal to
within a specified range (normally within ?1,
where I is the chip duration) by inspecting the
correlation result of the locally generated and
the incoming PN signals. If alignment is
detected, the tracking circuit is initiated.
Otherwise, the local PN signal updates its phase,
and the process continues. Acquisit ion can be

classified according to the alignment detection
or the phase update strategy (search strategy).
Alignment detection may be of f ixed-dwell,
multiple-dwell, or sequential types. Some phase
update strategies are: serial search, Z-search.

Recently, a new acquisit ion scheme was
proposed [10]. An auxil iary signal (instead of
the PN signal) was used for correlating with the
incoming signal. The auxil iary signal is a l inear
combination of the PN signal and its shifted
versions. By design, the cross-correlation ofthe
auxil iary and the PN signal has a triangle shape
with a period equal the period of the PN signal.
Such a cross-correlation function enables the
receiver to identify the direction ofphase update
toward the synchronized phase. The proposed
scheme was used for coherent acquisition in
il 01.

In this paper, the idea of using an auxiliary
signal is extended to noncoherent acquisit ion.
Section 2 describes the proposed scheme.
Section 3 evaluates the probabil it ies ofdetection
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Figure l: The proposed noncoherent acquisition scheme

to tracking

and false alarm. Section 4 presents some

simulation results. Finally, some concluding

remarks are given in Section 5.

2. The Proposed Scheme
The proposed noncoherent acquisition

system is depicted in Figure 1. It consists of two

parts: voltage controlled clock (VCC) loop and

phase alignment detector. The VCC loop uses

advanced and delayed versions of an auxiliary

signal for correlating with the incoming signal.

The auxiliary signal a(l) is designed so that its

cross-correlation with the PN signal wilL

indicate the direction for updating the phase of

the auxil iary signal. The phase alignment
detector decides whether the phase supplied by

the VCC loop is within some specified range of

the phase of the incoming PN signal. Note that

phase alignment detection uses a local PN signal

to correlate with the incoming PN signal. In the

following subsections we describe the auxiliary

signal, the VCC loop, and the alignment

detector.
The input signal of the receiver is

s0 = J2Pc(t - r) cos(a,t - 0) + n(t), (l)

where c(/) is the PN signal, a;. and I are the

carrier frequency and phase, P is the average

power of the transmitted signal, r is the phase of

itt" pN signal due to propagation delay, and n(t)

is a zero-mean white Gaussian noise with power

spectrum density (PSD) of Nol2. For

convenience, we use the equivalent baseband

signal of s(r), which is

u( t1 = J2Pr1,  -  r le  
je  

+ z( t1 '  Q)

nT"

[t'to'

VCC LooP !21i.-1,r\

t4i*_vr)

f{tn yr)

+"= a--7i;ti;,y-1 in,



The carrier phase d is assumed to be a uniform
random variable, and z(t) is a zero mean white
Gaussian process with PSD of 2No. It can be
written as

z( t )  = 2^111+ jz , ( t ) ,  (3)

where zp(t) and z1(t) are the real part and
imaginary part of z(t), respectively.

Let f be the phase ofthe local PN signal and
auxiliary signal. The phase difference is defined
by

€ , = t - r .  ( 4 )

The function of an acquisition scheme is to
obtain the phase estimate f such that the error
e. is within some specified range such as T" /2 ,
where 7. is the chip duration.

2.l Auxiliary Signil a(t)
The auxiliary signal a(t) is defined by

N - 3
z  f  r r . r  

- l

a ( t )=  I  l - - l , l F r , - i r , ) .  ( 5 )
N - 3 L  z  )

where N is the period of the PN sequence {c1},
i.e. c1,*1,1 : c1,, and c(t) is the PN signal given by

c( t \  = 
Lc*Pr,Q 

-  kT,) ,  (6)
k  = _ @

where co = +1 is the l/h chip of the PN sequence.
Note that c(t) has a period of NT". p, is the
unit-amplitude rectangular pulse shape in the
interval[42"].

An important properry of a(t) is its cross-
correlation with c(/) which is

, NI"

R, , (B t=+  l cQ+ f ia ( t )d tt v r c  x

wt=s+
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Figure 2: The periodic cross-correlation R""(B)

Figure 3: The periodic cross-correlation R,(B)

This is plotted in Figure 2. Note that it is
periodic with period N[, which is the same as
the period ofc(t).

In the VCC loop, we generate a signal x(r)
which is the difference between delayed and
advanced versions of a(t). Specifically, we let

,o  =  oQ -?) -  "Q .1  (8)

The cross-correlation of x(r) with c(l) is

N't..
t i

n,,(F) = * lc(t + B)x(t)dr
l v l c  :

/  ,  \  /  " . \= R""V * H- R,"lp _ +). (e)

which is shown in Figure 3. It is periodic with
period NI..

2.2YCCLoop
The VCC loop is the lower part of Figure 1.

The function of this part is to control the phase
of the local PN signal by controlling the phase
ofthe auxiliary signal. The received signal u(r)

is correlated with x(r - t ̂ ) and x(t - t * - *l .
The results of correlation are filtered by HtJ) and
then sampled at t = mT", where m = 10, 1,2,
. ). For noncoherent acquisition, the canier

_ ( N - l ) 2
4N

(N - l)Tc

z

^ (N + t\7.
< p <  -

2
(7)

R"'(B)

&,@)



phase d is unknown. Note that noncoherent
acquisition is more realistic than coherent

acquisition, since d is normally not available
during acquisition. To eliminate the unknown
carrier phase, we form two products: one as the
product of the real parts of the two signals after
filters, and the other is the product of the
imaginary parts. The two products are summed

and inverted to obtain wlt,,-r,r).

The VCC computes an estimated i,, of the

phase by updating the previous estimate f,,,-,

using 4t,,,-,,r). Specifically, the updated

estimate is

t , ,  = t , ,  ,  +  Krr . r 'w( tn,  1, r ) ,  (10)

where K761. is a constant, which must be
properly chosen. The value Kn'< will be
determined at the end of this subsection.

Next, we obtain expressions for signals at
various points in the VCC loop. The two filters
H(fl are chosen to have an impulse response

, 0 < t < M T c

otherwise
( 1 1 )

Therefore, it is a moving average filter. The
filtered signals can be obtained as

t ̂  , Jzpr. 
Dt-t r

y , ( i , - ,

*r t t , r t i
(12)
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T t . t r t

t l 2 . k + l  -

JiFr"

= +-'0.'i')r,rrr, - i)dt. (r5)
,lzPT,. *l;

(k+l)?'c

) z ( t ) x ( t  - i *  - # l a t .  ( 16 )
t -

k7c

^, Ii

The reaf parts of / lt-.�,e) and yr(t,,,-t,r) are

JzPr" n-l
p , ( i , , - t . r ' ,  =  

f f . o t d .  | 1 o - , ( i n . r )

Jzpr.. 
*'-'

+  ' - ' ' '  
1 4 0 , n . , .  ( 1 7 )

M  k = r t - M

Jnr" n-t / \
p z ( i , ,  t . t r =  f f c o s d  1 . 1 0 . , ( f o  *  t l '  , . )

Jnr. ,urk=n-M
+ ' �  - -  -c  

ln^ r .ou ,  (18)
M k=nr -M

and the imaginary parts are

" Jnr,. . tt- l

Qt( i , - t .  r ,  =  
f fs in  

a !  r . 'o- ,  ( io .  r )

Jzpr 
*'-'

+  '  '  
l n , ,  o t , .  ( 1 9 )

M

*  Y, ' )
(20)

i l t . - . l t  /  \

I lu,., lo * \, 'F- 'u

+ rtz,ou]
(  l 3 )

where vo*,(.,.) is a signal component, while

t1r.o*, and rl2.k+t are noise components given by

q 2 ( i . - r , r 1  =

where ry^, , r r ,  ,  enz,** t ,  e t t , t * t ,  and r7, r ,o* ,  are

real and imaginary parts of(15) and (16). These
are zero-mean Gaussian random variables.

Let us write

i o - r o = ( j * + / t ) 7 , ,  ( 2 1 )

i o + Y - r * = ( j ' o + y ) f ,  Q 2 )

where joand jL are integers and T*,
yi e (-0.5,0.5] . Then we can express the

variances of the four noise terms as

o2or,or ,  - -  o l r , * t ,

f iner*x.,br

.+  o | . r , , ,o* , ,
and

Jnr'
l 2 lT , , ,  1 ,T)=  -n

. trp4\Tp,r )  = 
T

( k + l ) 1  c

lc(t - r)x(t - i)dt .(t4)
J '

krc
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=+ fos*yoN€r-,- , ,  -oo ,n) '.sNR ''

+ (o s -  yoYgo,io -qk*r jk) ,  e3)

2 2
o n z , k r t  =  o t 2 , k * t

=l=(o  t  +y 'o lgo- , - , *  -oo- , tY
.sNR "

+ (o s - r'olgo-it - ao*, iL)' , e4)

where a1 isthe ilh chip of the auxiliary sequence
and SNR is a (per-chip) signal-to-noise ratio
given by

,sr/R = <+ es)
N.

To cancel the effect of dwhich is assumed to
be a uniform random variable, we form the sum
ofthe products to obtain

*( i ,  - , ,  t )  = - lp , ( t , ,  _ , ,  r )  p  r ( ; ,  _ , ,  t )

+ qt ( t , , ,  , , r )qr( t , , ,_ , , r ) ] ,  e6)

which consists of a signal term and noise terms.
Its expected value can be shown to be

t', = Efi\,(;,,, t,r)l

, f t  (  r \  (  r \ l- - 2 P r , '  
J l R , " l " , * - ,  j -  P , " l r ,  -  i  i l
[ L  \  z /  \  z / ]

t -  (  t r u + 2 ) l ' )
I  R . - l  e -
L" ' " l . "  4  

- ) -

* , " ( r , * (N-2)1 l l  * ( , , * ( , \ .  Q7l' " \ '  
4  ,  I  I

where

>  + T

Figure 4: VCC loop discrimination characteristic

-  N + l  
! . ; : = .  e g )

NM(SNR) M(SNR)

Since M is a large value, we have (*,(t = 0,
yielding

f  r  z \  /  r \ f
w= -2P r , ' � lR , , l n , . +  l -  n , " l r , - 1 l l

L ' - \  2 )  ' " \ ' � 2 ) )

t ^  (  W + 2 ) r , \  ̂ (  ( N - 2 ) I ) l
I  R . . - l  e .  +  '  l -  R . ^ l  e -  + r  l l .
L ' - \  4  ) ' " 1 '  4  ) )

(30)

Note that (30) is a product of (9) and its delayed
version. It is the delay discriminator
characteristic of the VCC loop and plotted in
Figure 4, which shows a period of NT". We see
that there are 2 stable points, at e,:0 and e,=
NT,l2. lf e. is initially in the range of [-NT"l4,
NT,/41, e, will converge to zero. Otherwise e.
wil l converge to NT"/2. The pull-in range is
t N T , / 4 .

To determine a choice for the constant K7a1,,
note that each update should not be lager than T,
to avoid jumping over the correct phase, i.e.

It ,,, 
- i ,,,_tl < T, . Therefore, from ( I 0) we set

the maximum of nKr,,. lwl to be < { , which
yie lds

) T +

K,r', 3 
'" 

=
nmaxlwl

, z r .< .  ) ) T +

NT

z 4

T >

/ ,rv+t )2 n - T  I

f (  ,  n t - t  \ /  r  n t - t  \ l(,,=E1l; lnu,o, l l  ;  lr^,*-, l f
l \ l v t  k - n '  M  ) \ t v l  k - ; M  ) )

N + l  I=  
N l l f s ,vR)  

'  
, .o* , '  

(28)

, ='{(# r_1,,,^.,)(+ ri:,^")l

N2
(3  1 )

2nP(N + l )27 ,

If Kr'( is small, the update step size is small,
which means that the acquisit ion wil l be longer.
Hence, we use the upper limit in (31) for K1r .

\ 2
N + l _  )- t / .  

I

and



2.3 Alignment Detection
In Figure I the upper part is the alignment

detector. The received signal is correlated with
two waveforms of the local PN signal. The first
has a phase determined by the VCC loop. The
phase of the other one is delayed by NT,/2. This
is because we need to distinguish the two stable
points in Figure 4. The integration length of
each correlator is nT. seconds. The alignment
test  is  per formed at  t  = lnT, ,  I  - -  1 ,2,  . . . .  The
magnitude squares of the outputs of the two
correlators are compared and the larger one is
tested against a threshold. If the threshold is
exceeded, the tracking circuit is initiated.
Otherwise, the next estimate of f from the VCC
loop is used for the next alignment test. The
value n and the threshold f need to be designed.
This will be discussed in Section 3.

3. Probabilities of Detection and False
Alarm

For design and analysis purpose, we
formulate the alignment detection as choosing
between the following two hypotheses:

H,, :le,l= I ot +4 <lr,l. Y (alignment)
Ho:7,.1".1. (+V, (no alignment).

(32)
Therefore, ,F{ represents phase alignment case,

i.e. the phase error is within tT"f 2 of the two

stable points 0 and NT" f 2 in Figure 4, while 110
represents the case that the phase error is at
least ?n away from the two stable points.

Writing the error ds e, = (j + f)7,, whereT is

an integer and - 0.5 < y < 0.5, we may write
(32) as

H r t  i = 0  a n d
orjr = -1 and
o r j = +  a n d
o r j = - I /  a n d

l f  , - r - t - N r 3  - N r 5
, , 0 .  J e t _  t  2  '  2

f land-0.s < r  <0.s
o t j = - N + t  a n d  T = 0 . 5
or  j r  = - l  and -0.5 < y <0

o r j r = l  a n d  0 < 7 < 0 . 5 .
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Note that the case when I.lt,l.f, and

(+-tY,. lr, l  .  (of[" are not included in
either hypothesis, so that there is some distance
between Hs and, I{. Otherwise, the integration
lenglh nT, needs to be excessively large in order
that the detector can distinguish between .illo anc
.F{, making the acquisition system performance
poor.

Detection probability (P) and false alarm
probability (Pfi of the alignment detector are
obtained as follows. Detection probability is the
probability that phase alignment is conectly
detected, which can occur in two situations.

First, given that le,l <7, 12, we obtain detection

when the event l, = {s, > sr}^ {r, t f} is
true, where s1 ond s2 are the test statistics given
in Figure 1. The second case of detection is
obtained when A2 is true given that

+ 7 ,  < l r , l .  Y ,  w h e r e  A r = l s ,  t t , ) .

{rr tf}. The probability of detection is the
weighted value of these two values. Letting

(  ,  ( . .
B,= l t , l< t  and B,  =  ET,  < l r |=  +  .
we have

^ Pr(A,lr, ) P(4 ) + Pr(ArlBr) Pr(.B, )
" Pr(A) + Pr(B')

(34)
Since e. is equally likely to be anywhere in
[0,N7"], we have Pr(Br) : Pr(Bz):l/N and

D _
Pr(ArlBr) + Pr(A2lB2) (3s)

To compute Pa we note that sr = ",1* + t,1, ,

sz = s?,n + sr2,, where

n7'"

,r,o = ,[2PT, cos0 !c0 
- i,,,)c(t - r)dt

,T"

,,., = ,[2PT, sino lcQ 
- t,,,)c(t - r)dt

- 0 . 5 < f < 0 . 5

T  = 0 ' 5
o < 2 ' < 0 . 5
- 0 . 5 < 7 < 0

(33.  l )

-7 -) '�) ? N-5
. . . ,  

2  1

,7c
t

+ lc(t 
- i,,,)z oQ)dt (36)

0

n7c
I

+  l c ( l - r b , ) z t U ) d t
0

(33.2) (37)
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nTc ,

,r.o = J2Pr"""'B I'(l 
- i,n - Yla -'lo,

n T , o
t l  ^  N r , \*  J . f r - i , " - fp* ( t )d t  (38)

o r r " ,

sr., = J2PT,.i"d lrt - i,,, - *)u - oa,
n , i ,  

o

. kfr _�i,, -*L,oo,. (3e)

Here, f,, is the phase shift of the local PN

signal at time lnT". It is shown in Appendix A
that

- . t  / -., = fl' - o(,Fr" 4,,0, +) Ji))4, { xlo,o. s ;ax
r,

(40)

where f '= l lnNoT",  f , i@l l ,D is  the pdf  of

si!s, /nNoT, when e, = (j + f)7", given in

Appendix A, QG) is the Marcum Q-function
defined as

@

e @ , b ) =  ) x e - Q ' + o ' ) / 2 t o @ x ) d *  ( 4 1 )
I

b

and
n-l n-l

t  t , \ -  r  r \ -^ \n ,  y ,  I  )  =  \ t  -  
l yv  Lc  k  c  *  -  i  +  l l l  Lc  kc  k_  j_ssn t f  )  .

D -  r  iI'Jq = 
w:4y; 1Pr(e,) 

(44)

,r=l"rl=(Y)r,

where

Pil3): Pr(accept Hr lT, a1",1 < (5'h I
: l-Pr( s, < f ands, < fl4 = lr,l = (o*Y"l

Since e" = (j + y)7", we write Pp(e") as

TF'  
- l t rn '  

l
t ' -  i l ' -  lprJ,t,r) = I - | lI, Glj,Da, ll | "r,,tyli,ylay l.
L; -IL; ]

(4s)
Substitute (45) into (44) and rewrite the result
using Q-function, (44) becomes

/< =0

(42)
Here, 1o (.) is the modified Bessel's function of
order zero and sgn(t) : 1 if t > 0 and -l ifr < 0.

The false alarm probability is the probability
of accepting I{ given that Hs is true. When false
alarm occurs, the receiver loses some time
trying to track the wrong phase. The time spent
until the receiver realizes that it cannot track is
called penalty time. In this paper a penalty time
is assumed to be

Penalty time : KonT,, (43)

when Ko is some constant. The region of Hs is
in (32). Therefore, we define Ppas &n average
probability given by

k=o

I o.s.
P 1. = | -"! ] I 

"i[r 
- o(;., @, r, i, Jr)]

t  j€1 _0.5

. 
it' 

- o(,[-ii t 1,, r,- r) Jr )
I  I  -  - \ ]

It - 2(J#z(n,y + 0.5. )l J r' )pr
o5-r  t  -  - \1. fl'- oLFgrz(,,r,UJrl
0

f  t -  \ ' l

['t - oU+, fu ,r - o.s. y\ J" )p,
(46\

where 1is given in (33.2).
Given the desired values of P7 and Pp, the

value of n and f can be computed numerically
from (40) and (46).

4. Simulation Results
Performance of the proposed scheme is

evaluated by simulation, using the equivalent
baseband model, according to Figure 1. The
initial phase of the received signal r for each
simulation was set to a multiple of 7". The
initial local PN phase was set so that the phase
difference is equally distributed over all the
possible range.

In the simulations, we obtained both the
mean acquisition time and the variance of the
acquisition time of the proposed scheme.
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JlVI(

(dB)
f7 Pp Correlation time Kp Results for Conventional

scheme
Proposed
scheme(n)

Conventional
Scheme( n' )

Mean acq.
time (/2")

Variance of acq.
time (/1,0002")'

-5 0.9 0 . 1 t79 1 3 0 20 90,869 I ,U l , )

0.9 0 . 1 t79 1 3 0 50 147,586 30, r 30
-5 0.95 U.U5 240 1 8 0 20 65, /44 1 , 2  I

0 u.9) U.U) 70 64 20 J4 ,9JA , L z  I

Table l: Parameter values used in the simulation and simulation results for conventional noncoherent
serial acquisition scheme

The PN signal in the simulations is generated
from the m-sequence with polynomial

1 + xa + xe , i.e. N : 5l 1. The simulations were
carried out in 4 cases, with the parameter values
shown in Table 1. In each case, the same ,Siy'R,
P6 Pp and Ko were used for both the proposed
scheme and the conventional scheme. The
correlation lengths for test alignment of the two
schemes are indicated in Table l. In each case
of simulations the parameter M of the frlter H(fl
in the proposed scheme is varied from 500 to
12,000.

Results of the mean acquisition time and the
variance of the acquisition time are given in
Table I for the conventional scheme, while they
are plotted in Figures 5 and 6 for the proposed
scheme. Figures 5 and 6 show that the mean
and variance are reasonably stable for a wide
range of M. When M is too small, the
acquisition time of the proposed scheme
increases. Recall that MT" is the length of the
filter in the VCC loop. Therefore, a small M
will make the filter less effective in filtering out
noise. On the other hand, if M too large, the
VCC loop will take unnecessarily long time to
perform the filtering, leading to inefficiency.

To compare the two schemes, we define two
ratios R' and Rr as

(47)

where F"",,o, and F", are the mean acquisition
times of the conventional scheme and the
proposed closed loop scheme, respectively, and

500 2500 4500 I 0500
M

Figure 5: Mean acquisition time of the proposed
scheme

Figure 6: Variance of the acquisition time of the
proposed scheme

6

F-

F-

E , >
E

I

20

l 8

*. 16

d 1 4
O  r .

E 8

2
0

, = l 7 9 . S , v R  = - 5 d 8 . , 1 ' ,  - 0 9 .  P , . - 0  l .  K -  2 0
, . 1 7 9 . . S N / i  =  _ s  d B .  p ,  = 0 9 .  p , . = 0 . 1 . K -  5 0

*  z=240,SNR = -5  dB,  P ,  =995,  p  p= 0 .05 ,  K ,  =  20
,  7 0 . S l r ' R  - 0 d 8 .  P ,  = 0 9 5 . P ,  = 0 . 0 5 - K -  = 2 0

+ ,  :  f  7 9 , . \ ' N n  = ' 5  d B ,  P  t  =  0  9 ,  P  r ,  
=  0  l ,  K  p  =  2 0

+ ,  =  f 7 9 , s W R  = - 5 d B , P t = O 9 , P r ,  = 0 . l , K p = 5 0

+ ,  =  2 4 0 , s W R  = - 5 d B , P t = O 9 5 , P k  = 0 0 5 , K , = 2 0

,  =  7 0 , S N R  =  0  d B ,  P  t =  O  9 5 ,  P  h  
=  0 . 0 5 , , ( ,  =  2 0



& = (48)

where o!"ro, and ol, are the variances of the
acquisition time of the conventional scheme and
the proposed scheme, respectively. Results for
R1 and R2 arc plotted in Figures 7 and 8,
respectively. From Figure 7, we find that the
proposed scheme acquires the correct phase
three to four times faster than the conventional
scheme. In Figure 8 we see that the variance of
the acquisition time of the proposed scheme is
smaller than that of the conventional scheme by
20 to 40 times.

From the simulation results, we see that the
performance of the proposed scheme is better
than that of the conventional scheme. However,
the proposed scheme uses more hardware than
the conventional scheme, which is a trade-off.

5. Conclusion
A closed-loop noncoherent PN acquisition

scheme for DS/SS systems was proposed. The
system consists of two subsystems: the VCC
loop and the phase alignment detector. An
auxiliary signal is used in the VCC loop so that
the loop adjusts the phase difference between
the auxiliary signal and the incoming PN signal
towards one of the two stable points. The phase
alignment detector periodically checks to see if
the phase difference is sufficiently close to one
of the two stable points. If it is, the tracking
circuit is initiated. Otherwise, the VCC loop
keeps on adjusting itself.

The performance of the proposed scheme
was evaluated by simulation. It was found that
the proposed scheme acquires the phase much
faster than the conventional noncoherent seria
scheme by 3-4 folds, with a reduction in the
variance of the acquisition time by 20 to 40
times.
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Figure 7: Ratio of the mean acquisition time
ofthe conventional noncoherent serial scheme

to that of the proposed scheme

Figure 8: Ratio of the variance of the acquisition
time ofthe conventional noncoherent serial

scheme to that of the proposed scheme

List of Symbols
Symbol Definition

A1 the event that s, > s, and s, > f

A2 the event that s, > s, and s, > f

G(t) auxiliary signal

Br the event V,l= |
82 the event +7" <1""1= *
c(t) pseudo-noise (PN) signal

E(.) expectation operator

er phase difference between r and t

ry noise

03",.t
----j-,

o,

"<

50

a< 40

+ n  :  f79 ,St r 'R  =-5dB,Pa =0.9 ,Ptu=O. I ,Ke=20

+ r = l?9,SNR = -5 dB, P 4 = 0.9, P p =0.l,Kp =50

* z = 240, S'ir'R -- -5 dB, P u = 0.95, p 
t" 

= 0.05, K p = 20

* ,  :70 , . tNR =O dB,  P  4  :0 .95 ,  P  p  =  0 .05 ,  K  p  =20

_ r=179.S ' t r 'R  -5dA.Pr  0 .9 .P tu  =0 . t . (p .20

-  r= l?9 ,S/ r 'R  . -5dB,P1=0.9 ,Pr ,  =0 . l ,Kp  =50

'+ a = 240, .\',VR :5 dB, P., = 0.95, P, = 0.05, rp = 20

* r:70, ^SNR 4 dB, P,1 = 0.95, P p - 0.05, K, = 29
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f,(t) probability density function of x

f threshold level in the Phase
alignment detector

y fractional part of the Phase
difference

H(f) frequency response of the filter

H0,Ht hypotheses in phase alignment

detection
h(t) impulse response function of the

filter

1o (.) modified Bessel function of l" kind

and order zero

7 integer part ofthe phase difference

K o constant of penalty time

Kr* gain of voltage controlled clock

M filter length
N the period of an m-sequence

N0 level of power spectrum density of

nT,
n'7"

n(t)

ac

P
P,t

Pla

p

q
R(p)

.Rl

R2

noise

integration length

integration length of the
conventional scheme

a zero mean AWGN

carrier frequency

power ofthe received signal

detection probability

false alarm probability

real-part signal

imaginary-part signal

correlation function

ratio of the mean acquisition times

ratio of the variances of acquisition
time

SNR signal-to-noise ratio

s(/) received signal

.tr signal on branch I of the phase

alignment detector

,s2 signal on branch 2 of the phase

alignment detector

o' noise variance

ol, variance of the acquisition time of

the noncoherent proposed scheme

o1*r, variance of the acquisition

the noncoherent serial

time of

search
scheme
carrier phase

chip duration

mean acquisition time of the

proposed noncoherent scheme

mean acquisition time of the

noncoherent serial search scheme
phase shift of the received PN
signal
equivalent baseband of the non-

coherent received signal
signal component ofy
the processed signal used to control
the voltage controlled clock

x(t) the difference between the delayed

and advanced versions of a(t)

z(t) complex envelope of n(t)

( expected value of the noise

Appendix A Derivation of the Detection
Probability

The second terms of sl,pand sr,, in (36) and

(37) are the noise terms which can be shown to
be independent and identically distributed (iid)
random variables. Similarly, the noise

components of sr,o and s2,r are iid. These four

noise terms are Gaussian random variables with
zero mean and the same variance of

or'.n = o?., = ol.* = ol.1 = nNsT, ' (A'1)

It follows that s1 and s2 are chi-square random
variables with 2 degrees of freedom [11]

I x:s'�Ji_: / -\
,{,,(x)= l*; 

M r,\t+*-J '>o
| .  0 ,  ; r<0

and 
@'2)

0
T"

f",

Tnrtt

r

u(t)

v(r)
w

l 0
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.f ,r(r) = r > o 
1a.3)

y < 0

(A.4)

' J r ' s
J1 = ----l.!-'  

n N o T r ' - '  n N o T " '

the pdfs in (A.2) and (A.3) can
different forms as

l, ^_l;.!f;io.r.it)
l ; e  "  ' "

"f ,;vli,r) = 
1,,(J* ̂r,, r, j)J;)
l.0

where,Sly'R is given by (25) and

l l

,  
y.sr(;**.,)

2nNsT.
2nN 6T. 

-

('f t.l*.')J;)1,lffj'
0,

where
nT"

^ - A
sc,r) = tl2P 

lc(t 
- t)c(t - r)dt .

Note that here we write t for t,n.
The correlation coefficient p of s1,a and s2,a

is
^ (  \  n I ,

^  E ls r , l sz ,nJ  I  i

o t ,ncz .n

p 0 (A.s)

Therefore, sr,n and r2,R are approximately
uncorrelated. Since they are jointly Gaussian,
they are also statistically independent.
Similarly, s,,, and s2.r are also independent.
Therefore, s1 is statistically independent ofs2.

The quantity g(i,) can be written in terms
ofj and yas

s(t,r) = J2PT,,t1n,y, i1 (A.6)

where ),(n,7,7) is given by G2). Letting

(A.7)

be put in

'= o(e.g)

x < 0

f ,r(/li,r)=

- l  t , sun  rz (  , , . -sgn( r )  , .N+:g1 iz ! ) l
,  1 2 '  2 n  

^  
\ " ' r  2  

' r -  1  l l
i r ' -  

'  ) l
l -  tI,U#z(,,y -ry,

\  - \
.  / V + s m ( / ) l l  I

i + f f N y )  y > 0
o  . v < o

(A e)

Examples of the pdf (A.8) are plotted in Figure
9 for some parameter values.

Since s1 and s2 are independent, thejoint pdf
of sf and s! can be written as

f"t.,;6, yli, y) = f ,,61i, r)f,,,01j, y) . (A. l 0)

The detection probability is smallest (worst
case) when the phase difference e, is halfa chip
off from either one of the locking points e": 0
and e, = NT"/2, i.e., when e, :0.57,(j :0 and y
: 0 . 5 )  o r  e ,  :  - + 4 0 = - ! / . r = O ) .
yielding.

o = :l-!' !r,i,";6, vlo,o s|vdx
tr/, 

/ , t I* JJ/,,,, V,t-+.oy,ol.(A . l  l )

where f ' =T /nNoT,. Substitute (A.g) and
(A.9) into (A.l I ), the two terms are equal, so we
have

€ t

,u = I lf,,."r(r, ylo.o.spyar. (A.12)
f . 0

Substituting .f,i,";6,llO,O.S) and evaluating
yields (40).



Figure 9: The probability density function of

f "t(rli,Y) at various conditions
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