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Abstract: To  acquire  global  navigation  satellite  system  (GNSS)
signals means four-dimension acquisition of  bit  transition,  Dop-
pler  frequency,  Doppler  rate,  and  code  phase  in  high-dynamic
and weak signal environments, which needs a high computation-
al cost. To reduce the computations, this paper proposes a two-
step compressed acquisition method (TCAM) for the post-correla-
tion signal parameters estimation. Compared with the fast Fouri-
er transform (FFT) based methods, TCAM uses fewer frequency
search points.  In this way,  the proposed method reduces com-
plex multiplications, and uses real  multiplications instead of im-
proving the accuracy of the Doppler frequency and the Doppler
rate. Furthermore, the differential process between two adjacent
milliseconds is used for avoiding the impact of bit transition and
the  Doppler  frequency  on  the  integration  peak.  The  results
demonstrate  that  due  to  the  reduction  of  complex  multiplica-
tions, the computational cost of TCAM is lower than that of the
FFT based method under the same signal to noise ratio (SNR).

Keywords: high-dynamic  and  weak  signal  environment,  com-
pressed acquisition, frequency parameters estimation.
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1. Introduction
Global navigation satellite system (GNSS) signal acquisi-
tion  plays  a  very  important  role  in  the  software  defined
receiver  (SDR),  and  Doppler  frequency  and  code  phase
should  be  estimated  in  this  stage  for  location-based  ser-
vices  (LBSs).  In  the  GNSS-challenged  environments
[1−3],  a  fast  acquisition  method with  low computational
complexity  [4−7]  is  needed.  Furthermore,  with  integra-
tion  time  increasing,  the  acquisition  may  need  four-di-
mension  detection  of  bit  transition,  Doppler  frequency,

Doppler rate, and code phase.
Compared with the fast Fourier transform (FFT)-based

method [8], the method in [9] compressed code phases to
realize the fast acquisition. To further reduce the compu-
tational  complexity,  the  Doppler  frequency  and  code
phase  two-dimension  compress  method  [10]  has  been
proposed.  However,  those  methods  [9,10]  ignore  the  ef-
fect of bit transition on the integration peak. To solve the
problem,  Zhu  et  al.  [11]  proposed  the  weak  acquisition
method extending the coherent integration time to one en-
tire navigation data bit duration based on FFT. To reduce
the computational  burden,  Kong et  al.  [12]  proposed the
synthesized  Doppler  frequency  hypothesis  testing
(SDHT)  method,  which  reduced  the  number  of  Doppler
frequency searches.  However,  the impact  of  the Doppler
rate on integration is not considered in the SDHT, which
is  an  important  factor  for  integration  peak  detection  in
high-dynamic acquisition [13−15].
For  acquisition  in  the  high-dynamic  and  weak  signal

environments  [16,17],  four-dimension  detection  of  bit
transition  [18,19],  Doppler  frequency[20],  Doppler  rate,
and code phase is needed [21], which costs more compu-
tational  burdens  compared  with  the  two-dimension  ac-
quisition. Frequency parameters estimation includes Dop-
pler  frequency  and  Doppler  rate  estimation.  Due  to  the
reason that frequency parameters interact with each other,
the  differential  process  [22−25]  can  be  used.  To  reduce
the computational  burden in the high-dynamic and weak
signal  environments,  Yang  et  al.  [21]  proposed  a  block
accumulating  semi-coherent  integration  of  the  correla-
tions  method (BASIC).  Regardless  of  bit  sign transition,
Luo et al. [26] proposed the post-correlation signal para-
meters estimation method based on the fractional Fourier
transform (FRFT) for high-dynamic signals. The probabi-
lity of bit  transition is analyzed for improving the detec-
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tion  probability  in  [27].  Since  discrete  chirp-Fourier
transform (DCFT) can be used to  improve the L5 signal
acquisition  detection  probability  [28],  we  proposed  a
block zero-padding method based on DCFT for paramet-
er estimation in weak signals and high dynamic environ-
ments  in  [29].  In  this  way,  the  post-correlation  signal  is
coherently post-integrated with the bit  sequence stripped
off, and the high dynamic parameters are precisely estima-
ted using the threshold set based on a false alarm proba-
bility [30,31]. However, DCFT costs a lot of computations,
the detection efficiency needs to be further improved.
To further reduce the computational complexity in high-

dynamic  and  weak  signal  environments,  the  two-step
compressed  acquisition  method  (TCAM)  has  been  pro-
posed  in  this  paper.  In  the  simulated  test,  because  mean
acquisition computation (MAC) contains the effect of de-
tection performance and computational complexity on the
acquisition method, MAC is chosen as the assessment cri-
teria  of  acquisition  efficiency.  Since  TCAM  has  com-
pressed  the  number  of  frequency  parameters  search  and
reduced  complex  multiplications,  the  computational  cost
of TCAM is lower than that of the FFT based method un-
der the same signal to noise ratio (SNR).
This paper is organized as follows. Firstly, the high-dy-

namic  post-correlation  signal  model  is  derived.  Then,  to
avoid  effect  of  bit  sign,  Doppler  frequency  and  Doppler
rate  on the detection peak,  the differential  process is  de-
picted.  Moreover,  TCAM  for  Doppler  frequency  and
Doppler  rate  estimation  have  been  proposed.  The  detec-
tion  probabilities  and  MAC  of  TCAM  are  derived  and
analyzed.  Finally,  the  tests  for  acquisition  performance
comparison are proposed. 

2. Signal model
In  the  absence  of  noise,  the  received  intermediate  fre-
quency (IF) signal can be modeled as

rI (nt) = ACτ (nt) B(nt)·
exp

[
j2π

(
( fI + fd)ntTt +α0n2

t T 2
t

)
+ jς0

]
(1)

A Cτ (·)

τ B (·) fI fd

α0

Tt

ς0

where   represents the amplitude of the IF signal, 
represents the pseudorandom code with initial code phase
,   represents the bit sign,   represents IF,   repres-

ents  the  Doppler  frequency,    represents  the  Doppler
rate,   represents the sampling interval of digital IF, and
 represents the initial phase. The local code can be con-

structed as

LI (nt) =C (nt)exp
[
−j2π

(
fI + fk f

)
ntTt

]
(2)

fk f
= 2k f M f∆ f ∆ f 1/ (2T ) T

M f

k f = −K f ,−K f+

where  ,  where  =  with    being
the integration time (IT) and   represents the compres-
sion  factor  of  the  Doppler  frequency, 

1, · · · ,K f

R (n)

  represents  the  search  index.  Considering  the
code  phase  and  the  Doppler  frequency,  the  post-correla-
tion signal   can be expressed as

R (n) =
1
Nt

(n+1)Nt−1∑
nt=nNt

rI (nt) LI (nt) ≈

A
Nt

B (n)
(n+1)Nt−1∑

nt=nNt

C (nt)Cτ (nt)·

(n+1)Nt−1∑
nt=nNc

exp
[
j2π

((
fd − fk f

)
ntTt +α0n2

t T 2
t

)
+ jς0

]
≈

A
Nt

B (n)
(n+1)Nc−1∑

nt=nNt

C (nt)Cτ (nt) ·

(n+1)Nt−1∑
nt=nNt

exp
[
j2π f̄ ntTt + jς0

]
(3)

Nt

f
nNtTt ((n+1) Nt −1)Tt f0+α0nNtTt+

α0
Nt −1

2
Tt f0 fd − fk f

where   represents the number of samples per code peri-
od,   represents the average frequency between intervals

 and  , and is equal to 

,  where  = .  When  the  local  code  is
aligned with the received signal, (3) can be simplified to

R (n) ≈ AB (n)
(
1− |icTt −τ|

Tc

) 1− exp
(
j2π f̄ T s

)
1− exp

(
j2π f̄ Tt

) ·
exp

[
j2π f̄ nT s+ jς0

]
=

B (n) A
(
1− |icTt −τ|

Tc

) sin
(
π f̄ T s

)
sin

(
π f̄ Tt

) ·
exp

[
jπ f̄ (2n+1)T s− jπ f̄ Tt + jς0

]
(4)∣∣∣icT f −τ

∣∣∣ ⩽ Tc Tc T s NtTt

π f Tt

where  ,    is  the  chip  duration,  = .
Since   is really small,

R (n) ≈ A fk f ,n,ic
B (n)exp

[
jπ f (2n+1)T s+ jς0

]
(5)

A fk f ,n,ic
= ANc

(
1− |icTt −τ|

Tc

)
sinc

(
π f T s

)
n

Ns T = NsT s

where  ,  =0,1,···,

,  . 

3. Proposed method
In  this  section,  to  estimate  the  frequency  parameters  (f0

and α )  efficiently,  the  two  compressed  processes  have
been  stated  for  avoiding  the  interaction  among  bit  sign,
Doppler  frequency  and  Doppler  rate  respectively.  Then,
the  parameters  estimation  method  based  on  combining
the two processes has been proposed. 

3.1    Compressed Doppler rate estimation process

d(nd)
The  differential  process  [25]  can  be  performed,  and  the
differential signal   can be written as
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db0 (nd) = R∗(nd)R(nd +NB) =

A fk f ,nd ,ic
A fk f ,nd+NB ,ic

B(nd)B(nd +NB) · exp
(
j2π f̄ T s

)
=

AαB(nd)B(nd +NB)exp
[
j4πndNBα0T 2

s + jφ0

]
(6)

nd b0 b0+1 Ns−NB+b0−1 b0 NB

NB

φ0 jπNsT s
[
2 f0+α0 (Nt −1)Tt +α0 (NB+1)T s

]
Aα =

A fk f ,nd ,id fk f ,nd+NB ,i

where  = ,  ,···,  ,  =0,···,  −1,
and    represents  the  number  of  samples  per  bit  pe-
riod,  = , 

.
α0

Lα (nd,αk)
Now   can be solved by Doppler rate search. Assum-

ing that   is the local signal, it can be written as

Lα(nd,αkα ) = exp
(
−j4πndαkαNBT 2

s

)
(7)

αkα 2kαMα∆α kα = −Kα, · · · ,Kα−1,Kα
Mα

where  = ,   represents
the search index,   represents the compression factor of
the Doppler rate, and Δα is the estimation accuracy of the
Doppler rate.
Suppose

φb0 (nd,Γ1) = db0
(nd) Lα(nd,αkα ) (8)

and

φb0 (n1,Γ1) =
n1 NB∑

nd=(n1−1)NB+1

φb0 (nd,Γ1) (9)

n1 NS B NS B = Ns/NB−1 Γ1 = kα

φ (d,b0)

where  =1,···,  ,  ,  and  .  For
detecting  the  bit  transition  position,  it  is  assumed  that

 can be written as

φ (k,b0) =
(
φb0

(1,kα) · · · φb0 (NS B,kα)
)

D (10)

D= [Dk] k=1, · · · ,2NS B−1 Dk=
[
b1, · · · ,bg, · · · ,bNS B

]T

bg ∈ {1,−1} J1

where  ,  ,  ,
and  .  The  detection  variable    for  Doppler
rate estimation detection can be written as

J1 =max
k,b0

|φ (k,b0)|2 . (11)

αkα 2kαMα∆α J1 ⩾ T1
αkα

J1 < T1

When  =  and    (T 1  means  a  thre-
shold  value),  the  estimated  Doppler  rate  is  .  If

,  the  search  accuracy  of  the  Doppler  rate  should
be improved by the following process:

φb0

(
nd,kα+

g1

2h1−1

)
+φb0

(
nd,kα+

g1+1
2h1−1

)
=

2φb0

(
nd,kα+

g1+0.5
2h1−1

)
cos

(
πnd

NBMα∆α

2h1−3
T 2

s

)
(12)

h1 = 1,2, · · · ,⌈1+ log2Mα

⌉
g1 = 1,2, · · · ,2h1−1

4πNs MαNB∆αT 2
s <

π
2

φb0

(
nd,kα+

g1+0.5
2h1−1

)
φb0

(nd,Γ1)

where  ,  .

. Based on (12), 
can  be  obtained,  and    in  (9)  is  updated.  Then,
the detection process based on (9) to (11) should be repea-
ted. Based on (12), only complex additions and real mul-
tiplications are needed compared with complex multiplica-
tions  used by (8),  and Doppler  rate  accuracy can be  im-

φ1

(
nd,kα+

g1

2h1−1

)
φ1

(
nd,kα+

g1+1
2h1−1

)
cos

(
πnd

Mα∆α

2h1−3
T 2

s

)proved. Moreover,   and 

can be obtained from memory, and   can

be  calculated  in  advance,  which  will  not  cost  computa-
tion in acquisition process. 

3.2    Compressed Doppler frequency
estimation process

α0 R (n)

φ2
(
n,k f

)
The parameter   and bit transition of signal   can be
estimated  by  Doppler  rate  search.  Then,  the  signal

  for  the  compressed  frequency  estimation  pro-
cess can be modeled as

φ2
(
n,k f

) ≈ A fk f ,n,i
exp

[
jπ f0 (2n+1)T s+ jς0

]
. (13)

J2

i0

Based on the integration process, detection variable 
for Doppler frequency estimation corresponding to   can
be written as

J2 =

∣∣∣∣∣∣∣
Ns−1∑
n=0

φ2
(
n,k f

)∣∣∣∣∣∣∣
2

. (14)

fk f
2k f M f∆ f J2 ⩾ T2

fk f
J2 < T2

When  =  and   ,  the  estimated  Dop-
pler  frequency  is  .  If  ,  the  search  accuracy  of
Doppler  frequency should be improved by the following
process:

φ2

(
n,k f +

g2

2h2−1

)
+φ2

(
n,k f +

g2+1
2h2−1

)
=

2φ2

(
n,k f +

g2+0.5
2h−1

)
cos

(
M f∆ fπ (2n+1)T s

2h2−1

)
(15)

h2 = 1,2, · · · ,⌈1+ log2M f
⌉

g2 = 1,2, · · · ,2h2−1

M f =
Ns

2
∆ f =

1
2T
=

1
2NsT s

A fk1 ,n,i1
≈ A fk2 ,n,i2

≈ A fk3 ,n,i3
k1 = k f +

g2

2h2−1
k2 =

k f +
g2+0.5

2h2−1
k3 = k f +

g2+1
2h2−1

where  ,  . Based

on  the  analysis  [21,12],  when  , 

,  ,  , 

,  and  .  Equation  (15)  can  be
simplified as

φ2

(
n,k f +

g2

2h2−1

)
+φ2

(
n,k f +

g2+1
2h2−1

)
=

2φ2

(
n,k f +

g2+0.5
2h2−1

)
cos

(
π (2n+1)

2h2+1

)
. (16)

J2 ⩾ T2

φ2

(
n,k f +

g2

2h2−1

)
φ2

(
n,k f +

g2+1
2h2−1

)
cos

(
π (2n+1)

2h2+1

)

Then, the detection process based on (14) should be re-
peated  until  .  Based  on  (16),  only  real  additions
and real  multiplications  are  needed compared with  com-
plex  multiplications  used  by  (3),  and  Doppler  frequency

accuracy  can  be  improved.  Moreover, 

and   can be obtained from memory, and

 can be calculated in advance, which will
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cos
(
π (2n+1)

2h2+1

)not  cost  computation  in  the  acquisition  process.

Moreover,   is   the  periodic  function  with

2h2+1 J2

k f +
g2+0.5

2h2−1

the  period  .  Thus    for  Doppler  frequency  estima-

tion corresponding to   can be written as

J2 =

∣∣∣∣∣∣∣
Ns−1∑
n=0

φ2

(
n,k f +

g2+0.5
2h2−1

)∣∣∣∣∣∣∣
2

=

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
2h2+1∑
in=0

Nh∑
nh=1

φ2

(
in+2h2+1nh,k f +

g2

2h2−1

)
+φ2

(
in+2h2+1nh,k f +

g2+1
2h2−1

)
cos

(
π (2in+1)

2h2+1

)
∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

2

(17)

2h2+1Nh

Ns

where    is  the  smallest  integer  that  is  bigger  than
. 

3.3    TCAM for Doppler frequency and Doppler
rate estimation

The TCAM has been shown in Fig. 1, and can be depic-
ted with more details as follows.

Rs (n)
Step  1　 In  the  presence  of  noise,  the  received  post-

correlation signal   can be modeled as

Rs (n) = R (n)+w (n) (18)

w (n)

db0 (nd) φb0 (nd,Γ1)

where  both  the  real  part  and  the  imaginary  part  of 
obey  a  normal  distribution  with  mean  value  0  and  vari-
ance σ2. Then, same as the process of (6), the differential
signal   can be obtained, and   can be ob-

Γ1 = kα

J1

J1

T1 ds

α h1 = h1+1

φ1 (h1,g1)
φ1(h1,g1+0.5) φ1 (h1,g1+1) φb0

(nd,kα+

g1

2h1−1

)
φb0

(
nd,kα+

g1+0.5
2h1−1

)
φb0

(
nd,kα+

g1+1
2h1−1

)
h1 >

⌈
1+ log2Mα

⌉
J1 < T1

tained  based  on  (8),  where  .  Furthermore,  based
on (9) to (11),  the integration process can be performed,
and the detection variable   for Doppler rate estimation
detection  can  be  obtained.  If    is  bigger  than  the  set
threshold  ,  the  bit  transition positon   and estimated
Doppler  rate    can  be  obtained.  Otherwise,  ,
and  the  improvement  of  search  accuracy  of  the  Doppler
rate should be performed based on (12). In Fig. 1,  ,

,  and   represent  

,   and    in

the  presence  of  noise,  respectively.  If 
and  , it proves that the signal is absent, or the ac-
quisition fails.

 
 

Delay

*

Step 2 

Step 1 

J1

J1≥T1?

No

Yes

Lα (nd, αk)

φb0 (nd, Γ1)

φ2 (h2, g2+0.5)

R2 (n, kf)  h2=0

φ1 (h1, g1+0.5)

φ2 (h2, g2) and φ2 (h2, g2+1)

φ1 (h1, g1) and φ1 (h1, g1+1)

Integration

process

Integration

process

Memory

h1+1 Beyond range?

No

Yes

ds α

J2

Yesf0

h2+1Beyond range?
Yes

No

No
Fail

Fail

Rs (n)

h1=0

J2≥T2?

Fig. 1    TCAM diagram
 

ds

α

ds α R2
(
n,k f

)
Rs (n)

Step 2　If the bit transition positon   and the estima-
ted  Doppler  rate    can  be  obtained  from Step  1,  Step  2
should be performed. Based on   and  ,   can be
obtained after processing  :

R2
(
n,k f

) ≈ φ2
(
n,k f

)
+w (n) . (19)

J2

J2

T2 f 0

h2 = h2+1

Based on (14), the integration process can be performed,
and  the  detection  variable    for  Doppler  frequency  es-
timation  detection  can  be  obtained.  If    is  bigger  than
the set threshold  , the estimated Doppler frequency 
can be obtained. Otherwise,  , and the improve-
ment of search accuracy of the Doppler frequency should
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φ2 (h2,g2) φ2(h2,

g2+0.5) φ2 (h2,g2+1) φ2

(
n,k f +

g2

2h2−1

)
φ2

(
n,k f +

g2+0.5
2h2−1

)
φ2

(
n,k f +

g2+1
2h2−1

)
J2

h2 >
⌈
1+ log2M f

⌉
J2 < T2

be  performed based  on  (16).  In Fig.  1,  , 

,  and   represent   ,

, and   in the presence

of  noise,  respectively.  Then,  based  on  (17),  the  integra-
tion process can be performed and   can be obtained. If

 and  , it proves that the signal is
absent, or acquisition fails. 

4. Performance analysis
Based on the analysis in [24], it is hard to accomplish the
statistical  characterization of  the detection variables,  and
the  Gaussian  distribution  is  used  to  approximate  this
probability  distribution.  Based  on  (11)  and  (14),  the  de-
tection variables can be written as

Ji =

∣∣∣∣∣∣∣
N−1∑
n=0

(
xi,n+ jyi,n

)∣∣∣∣∣∣∣
2

=

N−1∑
n=0

xi,n

2

+

N−1∑
n=0

yi,n

2

(20)

i = 1,2 xi,n yi,n

N−1∑
n=0

xi,n ∼ N
(
µx,i,σ

2
x,i

) N−1∑
n=0

yi,n ∼ N
(
µy,i,σ

2
y,i

)
E

N−1∑
n=0

xi,n

 = µx,i E

N−1∑
n=0

yi,n

 = µy,i D

N−1∑
n=0

xi,n

 = σ2
x,i

D

N−1∑
n=0

yi,n

 = σ2
y,i E(·) D(·) N(·)

where  .   and   are  real  numbers.  The central
limit theorem states that if a sufficient number of summed
random variables have a finite variance then the sum will
be approximately normally distributed [22]. Based on the

theory,  ,  and  ,

where  ,  ,  ,

and  .  ,  , and   represents ex-

pectation  operation,  variance  operation,  and  normal  dis-
tribution, respectively.

Ji

Ji

Based on the analysis above,   obeys non-central chi-
square distribution 2 m degrees of freedom [32], the pro-
bability density function (PDF) of   can be written as

p (Ji) =
1

2σ2
i

(
Ji

a2
i

)(m−1)/2

exp
(
− Ji+a2

i

2σ2
i

)
Im−1


√

a2
i Ji

σ4
i

 (21)

Im (·)
a2

i =
(
µx,i

)2
+

(
µy,i

)2
σ2

i = σ
2
y,i =

σ2
x,i

where   represents the m-order modified Bessel func-
tion  with  first  kind. m=1.   . 

. Suppose H1 represents the right detected cell, and H0

represents  the  wrong  detected  cell,  then  the  detection
probability under different conditions can be written as

P {Ji ⩾ T |H0 or H1} = Qm

 a
σ
,

√
T
σ

 (22)

where

Qm (γ,β) =
1
γm−1

w +∞
β

xm exp
(
− x2+γ2

2

)
Im (γx)dx. (23)

Ji Pi, f a = P {Ji ⩾ Ti|H0} i T i
When  the  wrong  detection  unit  is  detected,  the  false

alarm probability of    . In Step  , 

Pi,FA Pi, f a

a2
i,max a2

i

P1,D = P {J1 ⩾ T1|H1}
P2,D =

P {J2 ⩾ T2|H1}
Pi,M =

1−Pi,D P1,DP2,D

is set based on   belonging to   and corresponding
to   which is the maximum of  . When the right de-
tection  unit  is  detected,   represents
the  detection  probability  of  the  Doppler  rate,  and 

  represents  the  detection  probability  of
Doppler frequency. The miss detection probability 

.  The  value  of    is  equal  to  the  detection
probability of the Doppler rate and the Doppler frequency.

4πNs MαNB∆αT 2
s <

π
2

Mα∆α =

1/
(
8NsNBT 2

s

)
Mα

Mα Mα

Mα

f0 ∆ f /3 α0 ∆α/3

In Fig.  2, T   represents theoretical  detection probabilit-
ies  and S   represents  simulated  detection  probabilities,
when  post-correlation  signal  length  is  60  ms  or  80  ms.
Since  ,  it  is  assumed  that 

  in  the  following  discussion.  When   in-
creases,  multiplications  in  TCAM can  be  reduced  based
on (8) and (12). However, the detection probability of the
Doppler rate when  =3 is  lower than that  when  =2
in Fig. 2 (a). Thus  =2 is chosen in the following ana-
lysis.  The  false  alarm  probability P1,FA=0.002,  the  num-
ber of Monte-Carlo is 10 000,  =  Hz, and  =
Hz/s.
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(b) Detection probabilities of Doppler frequency
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: 60 ms, TMα=2; : 60 ms, SMα=2;

: 60 ms, TMα=3; : 60 ms, SMα=3;
: 80 ms, TMα=2; : 80 ms, SMα=2.

Fig. 2    TCAM detection probabilities
 

M1

M2

In the search state diagram,   represents the number
of  search  for  the  Doppler  rate,  and    represents  the
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number  of  search  for  the  Doppler  frequency.  Based  on
Fig.  3 and the analysis in [12],  the overall  transfer func-
tion for the computational complexity can be found as

G(c) =G1(c)G2(c) (24)

where

Gi(c) =
Gi,D(c)

[
1−GMi

i,F(c)
]

Mi
[
1−Gi,F(c)

] [
1−Gi,M

(
Gi,F(c)

)Mi−1
] , (25)

Gi,D(c) = Pi,DcNc,i , (26)

Gi,M(c) = Pi,McNc,i , (27)

Gi,F(c) = (1−Pi,FA)cNc,i , (28)

Nc,i

i
i

where c  denotes the unit  computational complexity for a
complex multiplication.   represents the average num-
ber of complex multiplications for the  th step detection,
where  =1,2.
  

Vertification

G2 (c)

G1 (c)

G2, D 
(c)

G2,M (c)
G2, D (c)

G2, F
 (c)

G2, F

G2, F

G2, F (c)

G2, F
 (c)

G2,F (c)

G1, D (c)
G1, M (c)

G1, F (c)

G1, F (c)

G1, F (c)

G1, D (c) G1, F (c)

Fig. 3    Search state diagram of the TCAM
 
MAC [12] is the mean complex multiplications cost to

detect correct parameters in GNSS acquisition. The theor-
etical MAC of the search state of TCAM in unit of c can
be found as

µc =
dG(c)

dc
|c=1 =

dG1(c)
dc

|c=1 G2(1)+
dG2(c)

dc
|c=1 G1(1) =[

Nc,1

P1,D
+Nc,1 (M1−1)

(
1

P1,D
− 1

2

)]
G2(1)+[

Nc,2

P2,D
+Nc,2 (M2−1)

(
1

P2,D
− 1

2

)]
G1(1). (29)

Pi,D = 1When  the  detection  probability  is  high  ( )  and

Pi,FA = 0 G1(1) =
G2(1) = 1
the  false  alarm  probability  is  low  ( ), 

, and the lower bound of theoretical MAC of the
search state can be written as

µcL = 0.5
2∑

i=1

(Mi+1)Nc,i. (30)

Nc,i

Based on the analysis in [12], one complex multiplica-
tion  is  equal  to  two  real  multiplications,  and  based  on
Fig.  1,  the  average  number  of  complex  multiplications

 can be written as

Nc,1 = NB
2Kα+1

M1
(Ns−NB)+

NB
M1− (2Kα+1)

M1
0.5(Ns−NB) , (31)

Nc,2 =
2K f +1

M2
Ns+

0.5
M2

∑
h2

2h2+1. (32)

To compare with TCAM, the FFT-based method, BA-
SIC [21], is chosen as the compared method. The process
of BASIC is shown in Fig 4.
  

Divided into

blocks 
Remove bit sign

and Doppler rate 

Calculate the inter-

block conjugate products

Zero-padding

Chirping rate estimation

based on FFT 

Initial frequency

estimation based

on FFT 

Preparing

process 

BASIC

Searching

process 

Rs (n)

Fig. 4    Compared method BASIC
 

N2
B ·

(
Ns

NB
−1

)

Ns

M1log2M1

NB ·
(

Ns

NB
−1

) (
M1log2M1

)

In  the  preparing  process  of  BASIC,  the  number  of
complex multiplications about calculating the inter-block

conjugate  products  is  .  When  the  bit  sign

and  the  Doppler  rate  are  obtained,  the  number  of  com-
plex  multiplications  about  removing  the  Doppler  rate  is
.  In  the searching process  of  BASIC, due to the zero-

padding  process,  the  number  of  complex  multiplications
about Doppler rate estimation based on FFT per block is

. Thus the total number of complex multiplica-
tions  about  Doppler  rate  estimation  based  on  FFT  is

. The number of complex multi-
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M2log2M2

plications  about  Doppler  frequency  estimation  based  on
FFT is  .  This is based on assumption [21] that
the  Doppler  frequency  range  is  [−250,  250]  Hz,  and
[−500, 500] Hz/s.

N2
B ·

(
Ns

NB
−1

)
+Ns

µcL

In the preparing process of TCAM same as BASIC, the
number of  complex multiplications about  calculating the
differential  signal  and  removing  the  Doppler  rate  is

.  Based  on  the  analysis  [12],  (10)  and

(11) can be effectively performed by using only complex
additions  or  complex  subtractions,  and  the  lower  bound
of  MAC    is  chosen as  the  number  of  complex multi-
plications in the searching process.
Based  on  the  analysis  above,  the  FFT  based  method

BASIC needs to search all possible frequency parameters
points  by  using  complex  multiplications.  However,
TCAM  only  needs  to  search  a  few  possible  frequency
parameters  points  using  complex  multiplications,  and
search  some  possible  frequency  parameters  points  using
real  multiplications  based  on  the  set  threshold.  This  is
why the computational  cost  of  TCAM is lower than that
of  BASIC.  The  total  number  of  complex  multiplications
of methods can be shown in Table 1.
 
 

Table 1    Theoretical MAC comparison

Process DCFT [29] BASIC [21] TCAM
Preparing process
multiplication

NB

(
Ns

NB
−1

)
·

M1

(
M2
log2 M2

)
N2

B

(
Ns

NB
−1

)
+Ns N2

B

(
Ns

NB
−1

)
+Ns

Search process
multiplication

NB

(
Ns

NB
−1

)
·(

M1log2 M1
)
+

M2log2 M2

μcL

 
M2 =

⌈
2 fdm/∆ f +1

⌉
M1 = ⌈2α0m/∆α+1⌉

α0 [−α0m,α0m]
M2

(
M1log2M1

)
Ns/NB−1

NB (Ns/NB−1) M2
(
M1log2M1

)

In Table 1,  , and  ,
where  =   Hz/s.  The  DCFT  method  needs
two-dimensional  FFTs  which  cost   com-
plex  multiplications.  Moreover,  there  are 
blocks and n positions bit flipping. Every block needs the
two-dimensional  FFTs.  Above  all,  the  method  DCFT
costs    complex  multiplica-
tions.
Based  on Table  1,  the  theoretical  MAC that  equals  to

search  process  multiplications  added  by  preparing  pro-
cess multiplications can be drawn as Fig. 5.

α0m

∆ f

∆α 1/
(
8MαNsNBT 2

s

)
Mα

fdm

The Doppler rate range is assumed to be from −500 Hz/s
to 500 Hz/s, and  =500 Hz/s. Doppler frequency accur-
acy   is about 1/(2T) Hz, where T represents integration
time or post-correlation signal length. Doppler rate accur-
acy    is  set  to  be   Hz/s,  where  =2.
The Doppler frequency range is from −250 Hz to 250 Hz,
and  =250 Hz. The signal length ranges from 40 ms to
1 000 ms for integration.

It  can  be  seen  from  Fig.  5  that  the  theoretical  total
number  of  complex  multiplications  increases  when  the
signal  length  increases.  Moreover,  since  (12),  (17),  and
(18)  are  adopted,  the  computational  cost  of  TCAM  is
much lower than that of the FFT based methods (BASIC
and DCFT) under the same signal length.
 
 

: TCAM; : BASIC; : DCFT.
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Fig. 5    MAC comparison 

5. Detection performance comparison
To prove that TCAM has a low computational complexity,
this section has been conducted by Matlab simulation and
semi-physical simulation, and the FFT-based method BA-
SIC has been chosen as a compared method with the sim-
ulated  MAC  as  the  computational  criterion.  The  simu-
lated parameters can be written as Table 2.
 
 

Table 2    Simulation parameters

Parameter Value

Bit sign period NB 20

Doppler frequency search range/Hz [−250, 250]

Doppler rate search range/(Hz/s) [−500, 500]

False alarm probability Pi,FA 0.002

Sampling time Ts/ms 1

Doppler frequency estimation resolution/Hz 1/(2T)

Doppler frequency estimation resolution 1/
(
8MαNsNBT 2

s

)
Channel AWGN channel

Number of Monte Carlo simulations 10 000
 

5.1    Performance comparison by Matlab

In  this  section,  the  MACs  and  detection  probabilities  of
TCAM and BASIC have been simulated by Monte-Carlo
simulation  when  frequency  parameters  (Doppler  fre-
quency and Doppler rate) and data bits change uniformly
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in the range at each simulation.

∣∣∣∣∣φb0

(
nd,kα+

g1

2h1−1

)∣∣∣∣∣ ≈
∣∣∣∣∣∣φb0

(
nd,kα+

g1+1
2h1−1

)∣∣∣∣∣∣∣∣∣∣∣φ2

(
n,k f +

g2

2h2−1

)∣∣∣∣∣ ≈
∣∣∣∣∣∣φ2

(
n,k f +

g2+1
2h2−1

)∣∣∣∣∣∣

In  Fig  6.  (a),  since  the  approximation  that

  in  (12)  and

 in (15) is adopted,

the detection  probability  of  TCAM is  lower  than  that  of
BASIC. However,  since the compressed processes based
on  (12),  (15)  and  (17)  with  the  detection  based  on  the
threshold  is  adopted,  TCAM does  not  need  to  search  all
possible  frequency  parameter  units,  and  many  complex
multiplications  can  be  reduced.  Thus  in  Fig  6.  (b),  the
simulated MAC of TCAM is much lower than MACs of
BASIC and DCFT at the same SNR condition.
 
 

: TCAM; : BASIC; : DCFT.
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Fig. 6    Performance comparison in simulation
  

5.2    Performance comparison by semi-physical
simulation

The post-correlation signal should be prepared for TCAM
and BASIC (see Fig.  7).  Firstly,  the  global  position sys-

Rs(n)

α0 α0

Rs(n)

tem (GPS) L1 C/A signal is produced by the signal simu-
lator  (HWA-RNSS-7200)  and  sent  by  its  antenna.  Then,
the GPS intermediate frequency (IF) sampled data (IF is
4.092 MHz, the sampling frequency is 16.368 MHz, and
the data type is int8) can be obtained by the IF signal col-
lector.  Finally,  the  post-correlation  signal  can  be  ob-
tained based on (1)  to  (3).  Then,  based on configuration
parameters  of  the  simulator,  the  code  phase  can  be  ob-
tained, and signals are correlated with the local code, re-
spectively.    corresponding  to  the  correct  Doppler
unit  can  be  found,  where  the  range  of  residual  Doppler
frequency    is  [−250,  250]  Hz,  and  the  range  of   is
[−500, 500] Hz. Some noise is added to the post-correla-
tion signal    for  calculating simulated MACs in dif-
ferent SNRs, the post-correlation signal length is 100 ms.
 
 

GPS L1

signal

Cable

IF signal collector 

Receiving

antenna  

Signal

simulator

and its

antenna 

Sampled IF

signal  

Fig. 7    Process to obtain IF signal of the GPS L1 C/A signal
 

Ns

Ns

In Fig.  8 (b),  same as in Fig.  6 (b),  it  also proves that
since  compressed  processes  with  the  detection  based  on
threshold  is  adopted,  the  simulated  MAC  of  TCAM  is
much lower than MACs of BASIC and DCFT at the same
SNR  condition.  When  SNR  is  −40  dB,  the  TCAM’s
MAC  in  Fig.  8  (b)  is  lower  than  the  TCAM’s MAC  in
Fig. 6 (b). This is because MAC depends on set   based
on  (30)  to  (32).  Moreover,    is  set  based  on  signal
length. There are different signal lengths in the two figures. 
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6. Conclusions

Mα

M f

To  further  reduce  the  computational  burden  in  high-dy-
namic and weak signal situations, we propose a two-step
compressed acquisition method. Compression factors 
and   are adopted in the set threshold detection. In this
way,  searching  all  possible  frequency  parameter  units  is
not  needed,  and  estimation  accuracy  can  be  improved
based  on  (12),  (15),  and  (17)  with  low  computational
complexity. The detection and false alarm probabilities of
the proposed method are derived. Based on that, the theo-
retical MAC is derived. Moreover, in Fig. 5, the theoreti-
cal  MAC  of  TCAM is  much  lower  than  MACs  of  BA-
SIC and DCFT at the same post-correlation signal length.
The test proves that although the detection probability of
TCAM is lower than that of BASIC in Fig 6. (a), the simu-
lated  MAC of  TCAM is  much  lower  than  the  simulated
MACs of BASIC and DCFT at  the same SNR condition
in Fig 6. (b) and Fig 8. (b).
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