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Abstract

To acquire Global Navigation Satellite System (GNSS) signal in high-dynamic and
long integration applications, the high dimensional search of this detection needs a high
computational cost. To reduce the computations of parameters estimation, this paper
proposes a low-computation GNSS acquisition method (LGAM) in the high-dynamic
environment. Firstly, sparse Doppler frequency (SDF) process is performed for SDF
hypotheses, and post-correlation signal model is derived based on SDF structure. Then,
double-FFT based detection is proposed based on the post-correlation signal model
for parameters estimation. The results demonstrate that due to the reduction of complex
multiplications, the computational cost of LGAM is lower than that of the FFT based
methods under the moderate signal to noise ratio.
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SDHT  Synthesized Doppler frequency hypothesis testing
MAC Mean acquisition computation

DCFT  Discrete chirp-Fourier transform

FFT Fast Fourier transform
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1 Introduction

GNSS signal acquisition is the first step of the software defined receiver (SDR) [1-3]. In
this step, bit transition, Doppler frequency, Doppler rate and code phase four-dimension
detection should be performed. However, this process requires a lot of calculations.

In order to improve the efficiency of GNSS code phase search, the FFT-based method
[4] has been proposed. However, this method still has a slow search speed in multiple
satellites, and articles [6, 7] have compressed code phases to expedite the acquisition
process. In order to reduce computational complexity even further, the two-dimension
compressed search method [8] in both Doppler frequency and code phase domains has
been proposed. Nevertheless, the impact of bit transition on the integration peak has
been overlooked by the methods outlined in references [6, 8]. In addressing the problem,
the proposed solution in article [9] involves employing a weak acquisition method
based on semi-bit coherent differential integration process. To minimize the number
of Doppler frequency searches, the article [10] has proposed the synthesized Doppler
frequency hypothesis testing (SDHT) method. However, the method does not consider
the impact of Doppler rate on integration peak in high-dynamic acquisition scenarios.
Moreover, the computational burden can be further improved.

When Doppler rate is not equal to 0 Hz/s in high-dynamic environment, bit
transition, Doppler frequency, Doppler rate and code phase four-dimension detection is
needed [11]. Both Doppler frequency and Doppler rate estimation should be estimated
in frequency parameters estimation process. Since these parameters limit the integration
time improvement, the differential process [12—15] has been be used to increase
the integration time. However, in high-dynamic and weak signal environments, the
computational burden should also be considered, and the article [11] has proposed a
block accumulating semi-coherent integration of correlations method (BASIC). For
long coherent integration in a high dynamic environment, the articles [16, 17] have used
the fractional Fourier transform (FRFT) to estimate and compensate for the Doppler
rate in the incoming signal. Moreover, to further improve integration in the case of
bit transitions, the probability of bit transitions has been considered in parameters
estimation process [18]. Based on the idea that the discrete chirp-Fourier transform
(DCFT) can be used to improve the signal detection probability [19], we used DCFT
and block zero-padding processes to estimate parameters in weak signals and high
dynamic environments [20]. In this way, integration time is improved while bit signs are
estimated. Nevertheless, since DCFT requires many computation costs, it is necessary
to enhance the efficiency of the parameters estimation.

To further reduce the computational complexity in high-dynamic environments,
the low-computation GNSS acquisition method (LGAM) in the high-dynamic
environment has been proposed in this paper. Firstly, large Doppler search step is set
for SDF hypotheses. In this way, the step compresses the serial Doppler search, and
post-correlation signal model is derived in the high-dynamic environments. Then, based
on the derived model, double-FFT based detection has been proposed. Finally, LGAM
combines SDF process and double-FFT based detection. To the best of our knowledge,
the way of double-FFT based detection is the first time to be proposed. Besides, the
Doppler rate resolution has been analyzed based on derived post-correlation detection
variable in the paper. Mean acquisition computation (MAC) and detection probability
of LGAM have been analyzed in this paper. Simulation results show that since LGAM
is based on sparse Doppler frequency structure and adopts double-FFT based detection,
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which leads to reduction of complex multiplications, the computational cost of LGAM
is lower than general methods under the moderate SNR.

This paper is organized as follows. Firstly, the high-dynamic signal model has been
proposed. Then, based on compressed Doppler frequency search, post-correlation
signal has been derived. For estimation of Doppler frequency and Doppler rate with low
computational burdens, double-FFT based detection has been proposed. LGAM combines
compressed Doppler frequency search with the double-FFT based detection. To illustrate
algorithm performance, total MAC and detection probability have been derived. Finally,
the tests for acquisition performance comparison have been proposed.

2 Signal Model

In this paper, BPSK modulated L1 frequency GPS coarse/acquisition (C/A) code signal is
chosen for explaining the proposed method. However, the proposed method can be directly
applicable to other GNSS signals such as BOC signals.

In the absence of noise, the received intermediate frequency (IF) signal through I-Q
down conversion process can be modeled as follows:

7 (n,) =A,C, (n,)B(n,)exp [/27/7((f, +fd)n1T, + aonllez)] (1)

where n; =0, 1, ... — 1. T, represents the sampling interval of digital IF in second. T

T
> W{)Tl
represents integration time (IT) in millisecond. A; represents the amplitude of IF signal,
C.() represents pseudorandom code with initial code phase 7, B() represents bit signs, f;
represents IF, f; represents Doppler frequency, and «;, represents Doppler rate. The local

code can be constructed as follows:
L, (n,) = C(n,)exp[—jZn (f, +kaf)n,T,] )

where A;=500/T represents the final Doppler resolution of proposed method determined
by the influence of Doppler resolution on integration peak [10]. f, represents search index.
After the code phase correlation and Doppler frequency search, the post-correlation signal
R(n) can be expressed as

R(n) = iz("ﬂw’_lr,(n,)L,(n,) (3)

N[ ny=nN,

where n=0, 1,...,T—1. T;=NT|. N, represents the number of samples per code period.

3 Proposed Method

In this section, IF signal goes through SDF process, which includes compressed Doppler
process and parallel code process. Based on SDF process, post-correlation signal model
is derived. Then, based on the model, double-FFT based detection has been proposed
for parameters estimation. Besides, Doppler rate search step has been derived in this
part. Finally, combining SDF process and double-FFT based detection, LGAM has been
proposed.
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3.1 Sparse Doppler Frequency (SDF) Process

When Doppler search index f =kaf where kf = —Kf, —Kf +1,..,0, ...,Kf, Kf represents
the maximum of k; and M; represents the compressed factor of Doppler frequency, the post-
correlation signal R(n) can be written as:

(n+1)N,~1

A
Rm~ —=Bm) Y, C(n)C,(n)
Nt n,=nN,
(n+1)N,—1
> exp [ ((fy — kM A0 T, + agniT?)]
n;=nN,
A (n+1)N,—1 (n+1)N,—1 B 4)
v LBy Y, Cn)C.(m) Y, exp|2afnT;)
Nt ny=nN, ny=nN,
A (n+1N,—1 ~
=—LB()-A, ) exp [j27rfn1T,]
Nt n;=nN,

where AT=ZEZ:2\I,\:'_1C (n,)CT (n,) f represents the average frequency between intervals

nN,T, and ((n+ DN, —1)T,, and is equal to f,+ aynN,T, + aol%T,, where f;
=f, — kyM, A, represents residual Doppler frequency. When the local code is aligned with
received signal, (3) can be simplified to

A, 1 —exp (jZ;r]_’TS>
R(n) ~ ﬁB(n)AT —

exp [j27rj_"nTs]
; I —exp <j27sz,>

_ 5
sin (ﬂ'f Ts> _ _
= Bm=LA,—— L exp [j;rf(Zn + 1T, - jﬁfT,]
N sin <7rf T,)
Since ﬂ]?T, is really small,
R(n) ~ A, B(n)exp [jnf(zn + 1)T5] (6)

where A, = %Nﬁ,sinc(nfTS). Here, when local code is aligned with the received signal,

i T)— - . . .
AT=<1 - %) where T, is chip duration, and i, corresponding to each n may not be the

same due to rate of change of code-phase over long integration period in high dynamic
environments, and code Doppler compensation method [19] can be used. So i, is considered
as the same value over long integration period when local code is aligned with the received

signal. When local code is not aligned with the received signal, A, ~ 0. Then, when f,
kM| <
Vd O NSEA = a

— N, -1 250 T,

lfIT, = |fo + aonN, T} + a > T,|T, < Mf? + ay,TT, + aM7 T, 7
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where|a;| < a),. For GPS L1 CA signal, it is assume that 20 ms < T < 500 ms. When a,,
=500 Hz/s, T = 500 ms andM; = T, (7) can be simplified as:

FIT, < (250 + 250 + 0.25)T, = 0.50025 (8)

So the maximum loss in sinc() of A, is abouQOlgsinc(nfTS)) ~ —3.9dB, which is
ignored in this article based on analysis [11].

Above all, A, may not be changed with time variable n. It assumed that A represents A,
in the following analysis.

3.2 Double-FFT Based Detection in Presence of Bit Signs

Due to the influence of Doppler rate o, residual Doppler frequency f, bit signs B(n),
and code phase T on detection peak, there is four-dimension search costing too much
computational complexity. o, B(n), and T can be estimated based on differential signal by
FFT. Then, f, can be estimated by FFT. So we call it double-FFT based detection.

After differential process, the differential signal dyy(n,) can be written as:

dy, (ng) = R*(n)R(ng + Ny) = A*B(ny)B(n, + Np)exp|jdmn,Npao T +jpy| (9

where n;=byby, + 1,....bg + T — 1 — N, by=0,..., Ny—1, Ny represents the number of
samples per bit period, p,=jzT[2f, + ay(N, = 1)T; + ay(Ny + 1)T,]. Then, based on FFT,
one-bit integration process can be written as:

n Ny

2k
@y, (n1, k) = Z dy, (ng) exp [—J N . "d]
ny=(n;—1)Ng+1 BO
A2 ny Ny n Ny k
~ P (j(ﬂ()) Z B(ng)B(n, + Ng) Z exp [j27z<2NBa0TS2 - 2NBN_(’T.‘>”d]
B ng=(n —DNp+1 ng=(n,~ DNy +1 BO
A2 . 1 —exp (jZnakNB) .
= 5o (j0) By, (1) ————=exp [127a; ((n; — DNy + 1)]
B 1 —exp (]mek)
(10)
where n=1,..., Ng, Ng = l — 1. Np, represents the number of FFT points.

= 2Npa,T? —2Npy ke T A,
BO's
correct bit transition posmon By, (”1) = +Np. Or ’Bb n, |<NB To detect the bit

represents Doppler rate resolution. When by is the

transition position, final integration variable qo(BL, by, k ) can be written as:

a

N

(BL by, k z @y, (1. k )BL(nl)
ny=1
A2 (o) 1 —exp (j27a;Ny) ¥ Z B, (m)B Nf 2 (11— DN, +1)]
= exp (jpg) ————— n n ex zoy |\ (n +
NyNgs P %o | —exp (]Zﬂak) “ h(, 1 L 1 “ p K\ B
A2 1 —exp (2zaNy) 1 —exp [27aNyNgy| 3
= exp (j(po) ( k E) [/ KB SB ZBbo n; BL(n1 exp []Znak]

NpNgp 1 —exp (j27a;) 1 —exp [2maNp|

1D
where B; (n;) €{1,-1}. When b, is the correct bit transition position, B; (n;) and By, (nl)
have the same bit signs, and (p(BL, by, ka) reaches the maximum value. Meanwhile, detec-

tion variable J, corresponding to different Doppler rate detection units can be written as:
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Ja(ka) = max |(p(BL, bo,ka) :

7,B; b,

) 1 —exp (j27mkNB) 1 —exp [/ZﬁakNBNSB] (12)

1 —exp (jZﬂak) 1 —exp [/'2imkNB]
~ A’NyNgy )sin c(maNg) sinc(raNyNgg) |

Assuming that T, represents detection threshold for Doppler rate estimation, which can
be set based on false alarm probability (FAP). When J, > Ta, the estimated Doppler rate
can be obtained. If J, < Ta, the value of A is so small, and other Doppler frequency units
should be performed.

The parameter T, oy and bit signs of signal R(n) can be estimated by the process above.
Then, the R(n) can be simplified to ¢, (n, kf), which can be modeled as (13) for the residual
Doppler frequency estimation:

@, (n, kf) = Aexp [/ﬂfo(Zn + l)TS] (13)

Based on FFT, residual Doppler frequency f, can be estimated as follows:

Ny=1 oK
Jf(kf) = ano (pz(n, kf)exp<—J2ﬂ1an> (14)
where N, represents the number of points of FFT. A, = L represents Doppler resolution.

N,
It is assumed that N represents the number of values that k, can take, and T} set based on
FAP represents detection threshold for residual Doppler frequency estimation. When
Jr (kf) 2 Ty, the estimated f; can be obtained.

3.3 Low-Computation GNSS Acquisition Method (LGAM)

LGAM has been shown in Fig. 1, which combines SDF process and double-FFT based
detection. The double-FFT based detection can be realized by the following two-step
parameters estimation. In the presence of noise, IF signal r,(n) can be modeled as:

riy(n) = ri(n) + w(n) (15)

where both the real part and imaginary part of w(n) obey a normal distribution with mean
value 0 and variance 6. LGAM can be depicted with more details as follows:

Step 1: Code Phase, Bit Signs, and Doppler Rate Estimation

After SDF process, post-correlation signal R(n) in presence of noise can be obtained.
Due to influence of Doppler rate and residual Doppler on integration peak, detection can not
be performed, and Doppler rate and residual Doppler should be estimated. The differential
signal can be obtained based on (9). Due to the influence of bit signs, integration process
can performed by (10) and (11). The detection variable Ja(ka) consists of the maximum
value corresponding to the code phase and bit signs. Based on set threshold T, the unit k,
corresponding to correct Doppler rate can be obtained. Above all, code phase, Doppler rate
and bit signs can be estimated. In this way, the number of Doppler search can be reduced
by compressed Doppler search, and step 2 should never be used when J,, (ka) < T,, which
reduces computational burdens.
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Fig.1 LGAM diagram

Step 2: Residual Doppler Frequency Estimation
Based on bit transition positons, Doppler rate, bit signs, and the post-correlation signal
obtained from step 1, the post-correlation signal for step 2 ¢,, (n, kf) can be written as:

(pzn(n, kf) =@, (n, kf) + w(n) (16)

Since Doppler frequency from compressed Doppler search is too large, when M, =T,
residual Doppler frequency ranges from 250 to —250 Hz, residual Doppler frequency
search should be used. Based on (14), the detection variable J () for Doppler frequency
estimation detection can be obtained. If J,is bigger than the set threshold Ty, the estimated
Doppler frequency can be obtained. Otherwise, it proves that the signal is absent, or
acquisition fails.

4 Performance Analysis

In the high-dynamic environment, there may be no Doppler rate, or it means that Doppler
rate =0 Hz/s>. When Doppler rate # 0 Hz/s, SDHT [10] is chosen as compared method for
Doppler frequency hypotheses. To compare with method SDHT [10], LGAMI1 is proposed
when Doppler rate =0 Hz/s, and can be seen as special case of LGAM where FFT
operation is removed in (10). To compare with method DCFT [20], LGAM?2 is proposed
when Doppler rate #0 Hz/s, and is the same process as LGAM. Total MAC has been
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derived based on search state diagram for complexity analysis, and detection probability of
proposed methods have been analyzed in this section.

4.1 Complexity Analysis

Figure 2 illustrates the circular search state diagram of LGAM, where an arrow represents
code parallel process and double-FFT based detection for a Doppler frequency hypothesis
represented by a node. The overall transfer function [10] of Doppler frequency search for
the computational complexity can be found as:

Gp(©)[1 = G,/ lel]

Ge) = — a7
Dy[1 = Gt 1 = G (G, |
where
Gple) = PDCN‘ (18)
Gu(c) = Pyc + P, (19
Gp(o) = M (20)

For a Doppler frequency hypothesis, P; represents FAP under an incorrect Doppler
frequency hypothesis Hy, Pp represents detection probability, and Py, represents miss
probability. D represents the number of search for Doppler frequency. ¢ denotes the unit
computational complexity for a complex multiplication. N, represents the average number
of complex multiplications for a Doppler frequency hypothesis. When Doppler rate a,=0
in high-dynamic environment [22], FFT operation is removed in (10) for ay,=0. In this

2n k

way, the factor exp[—j——

n, ]is removed in (10), and N, can be written as:
BO

N oo Kt ( | TNlogoN, + 21N, >
c D;  \ +N,Nj(Ngg — 1) + N; + 2N;log,N;

vertification

@

Fig.2 Search state diagram of
LGAM for Doppler frequency
hypotheses based on compressed
Doppler process
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where K, M;A; = Sums» fum represents the maximum value of Doppler frequency f,.
D, =2KM; + 1. TN,log,N, +2TN, is complex multiplications of code phase parallel
process.N,Nf;(NSB — 1) is complex multiplications for the step 1 of LGAM based on (10).
N is complex multiplications obtained from (13). Nlog,N; is complex multiplications
of (14). However, it is necessary to calculate the positive and negative value of residual
Doppler, it costs 2N,log,N; for the step 2 of LGAM. When Doppler rate oy #0 in high-
dynamic environment, N, can be written as:

v - 2K; + 1 < TN,log,N, + 2TN, + N,N3(Ng — 1) ) @2)
©7 D, \ +2N,Np(Ngp — 1)Ngolog,Nyg + N; + 2N log,N;
where N,Ng (N B — I)N 50l08,Np, represents complex multiplications of (10). However,
it is necessary to calculate the positive and negative value of Doppler rate, it costs
2N,Ng (N s — l)N 50108, N, complex multiplications for calculating (10).
Mean acquisition computation (MAC) [10] is the mean complex multiplications cost to
detect correct parameters in GNSS acquisition. The total MAC can be written as:

MAC = u, + 1y (23)

where p, represents complex multiplications in preparing process. y, represents complex
multiplications in Doppler search.

In LGAM, FFT of received signal for code phase parallel search costs TN,log,N,
complex multiplications.

In Doppler frequency search of LGAM, y, can be written as:

dG(0) N, 11
=== 224N (D= 1) (o - =
=g I p, N = 5= 3 @4)

When detection probability is high (P; p=1), the low bound of y, can be written as
M = 05Dy + DN, (25)

To compare with CAMDP, SDHT [10] and DCFT [20], called the FFT-based methods,
are used. The total number of complex multiplications of the methods can be shown in
Table 1.

In Table 1, N,, = ZIZ:IT(N,logth +2N,) + %(%) [10], N,, and N, can be

obtained from (21) and (22), '

For DCFT method, parallel code process needs T(N,log,N,+2N,) complex multiplications.
Doppler rate search costs N,(2Ng,— 1)(T +Ng) complex multiplications, and residual Doppler
frequency search costs NNg(2Np)—1)(2NggN{og,N;) complex multiplications. So

Ny = % (T(N,logaN, +2N,) + N,(2Ngy — 1) (T + Ng) + N,Ng (2N — 1) (Nsg X 2N;log,Ny) )

Table 1 Low bound of total

=0 0
MAC comparison %o %7
LGAM 1 SDHT LGAM 2 DCFT
H, TINlog,N, TN,log,N, TN,log,N, TN,log,N,

Hy  0.5(D;+ DN, 05Dy + DN, 0.5(D; + DN, 0.5y + DN,y
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Fig.3 Low bound of total MAC 1013 T T T T
comparison
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When T=[20,500] ms, Ng,=Ngp (see in the “Appendix”), Df = [—I(Liﬂ’ N,=2046, and
’ f

_ [0.250]Hz
Ny = —

f
It can be seen from Fig. 3 that the theoretical total number of complex multiplications

increase when the signal length increases. Moreover, since (9) and (10) are adopted, the com-
putational cost of LGAM is much lower than that of SDHT or DCFT methods under the same
signal length. When IT is 500 ms and Doppler rate is 0 Hz/s in the high-dynamic environment,
the computational cost of SDHT is about 15 times as large as that of LGAMI1. Moreover,
When IT is 500 ms and Doppler rate is not equal to O Hz/s in the high-dynamic environment,
the computational cost of DCFT is about 780 times as large as that of LGAM?2.

, low bound of total MAC comparison can be drawn in Fig.i 3

4.2 Detection Probability Analysis

Here, we assume that only one correct code phase, Doppler frequency and Doppler rate
hypothesis contains useful signal energy. The detection variables of LGAM can be written as:

Jirs = ‘Zjil(xn +an) 2 = <2:];1x")2 + (ZnN;yn>2 (26)

where i=1, 2 represents LGAM1 or LGAM2.T" = «,F represents step 1 or step 2. k=0, 1
represents the incorrect detection unit or correct detection unit. x, and y, 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 [12]. Based

on the theory,Y" 'x, ~ N(u,,02), andy 'y, ~ N(uy. o)), whereE( gz_olx”) =pu,

n=0"n =

N-1 N-1 N-1
’E<ano yn> = ﬂy,D<Zn=0 xn) = o-f, andD(Zn=0 yn> = 03. When k=0, u, = u, = 0. E()
represents expectation operation. D() represents variance operation. N() represents the nor-
mal distribution.
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Based on the analysis above, J; -, obeys chi-square distribution 2 degrees of freedom [21],
the probability density function (PDF) of J; -, can be written as:

1 J iTk + air,
P(Ji,r,k) = 262 exp\ — 702
Oirk Oirk

€2))

where [,() represents the O-order modified Bessel function with first kind.
2 o2
asz (”X) (ﬂ)’) : ll"k_o-z_(72
Under an incorrect Doppler frequency hypothesis Hy;, a;., = 0, and the FAP of J;
can be written as:

T, N. l_N r NFNY,]_
i . Tir
Pir= P{Jiro2 Ti,l'lHO,f} =1- (/o p(Jiro)dTir, ) ~1- <1 - exP<—202 >>

iI,0
(28)
where N, , = N, N, ., N; - represents the number of residual Doppler values. N, , represents
the number of Doppler rate values. Under a correct Doppler frequency hypothesis H, /,
detection probability P;rp = P{J ir1 = TirlH, f} can be written as:

(AN

NIFNHZ 1
+00
Pirp= P{Ji,l" > Ti,l"lHlJ} = T/ P(J[,r,1)< J P( [ro)d-]i,r,o> dJiro
ir

NN, =1 n
~ 2 ﬂ ( Nt,rNi,a -1 > exp 12F 1 0 a;r,y Vn+ I)Ti,l"
n=0 el " 2n+ Dojr oiriVn+ 1 o

29)
NI, Ni,n
When P; -, << 1,( g’m p(Ji,F,O)dJi,F,O) BN 1, and (29) can be simplified further as:

Pirp= P{ji,r 2 Ti,r|H1,f}

e i et ars T\ GO
=/ P( zrr) f P( lro)dji,r,o dlirg = Q| —, ——

ir oir1 Oir1

Under a correct Doppler frequency hypothesis H, ;, the miss detection probability P;
Pirw= P{‘]i,F < Ti,FlHl,f}
N,N;g—1
Tir i1 T
= { P(Ji,r,l )dJi,F,0< / P( lro)dJi,r,())

NeN,p—1
air1 VTir T;r n
={1-0 —, : 1 —exp| — 2
oir1 Oirl 26,10

Under a correct Doppler frequency hypothesis H, ;, the FAP P;r . =1— P,y — Pirp
The detection probability P; , can be written as:

(€Y

Pip=PiypPirp (32)
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Fig.4 Detection probabilities 15—9
comparison for LGAM, DCFT

and SDHT (T and S represents 0.95
theoretical detection probabilities
and simulated detection prob-
abilities, respectively)
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Let us consider the GPS L1 CA signal with the following parameter settings: f,=0, f,,
=5 kHz, ay=500 Hz/s, T,=1/2046000 s, N,=2046, Ngzy=Nsz, Doppler rate resolution

A, = N;T, compression factor of Doppler frequency M, = T, detection threshold 7; - is set

based 03101 Pi,r’fu:0.000Z, and the number of Monte Carlo is 10,000. Based on the settings
above, LGAM detection probability of Doppler frequency and Doppler rate can be drawn
in Fig. 4.

In Fig. 4, the longer the integration time, the larger the detection probability under the
same SNR. Since the differential process removes the interaction between two variables
Doppler and Doppler rate and reduces SNR value, the detection probabilities of LGAM are
lower than the detection probabilities of DCFT and SDHT. This is why MAC of LGAM is
larger than that of comparison methods in a relatively low SNR. Moreover, the compari-
son will be analyzed in the following section. Since LGAM?2 needs to detect Doppler rate,
the detection probability of LGAM?2 is lower than that of LGAM1 under the same IT and
SNR. By the way, the detection probabilities can be improved by the set FAP and 7;.

5 Simulation Results

To prove that LGAM has a low computational complexity, this section has been conducted
by semi-physical simulation. The methods SDHT and DCFT have been chosen as com-
pared methods with the simulated MAC as the computational criterion. The simulated
parameters can be written in Table 2 (Fig. 5).

The GPS L1 CA signal is produced by the signal simulator (HWA-RNSS-7200) and
sent by its antenna. Then, the GPS IF sampled data can be obtained by the IF signal
collector. Finally, some noise has been added in GPS IF sampled data for the processing of
the following compared methods.

MAC can be obtained from (23), where p, can be obtained from Table 1 and Hr
can be obtained from (24). Pj, in (24) can be obtained from simulation or theoretical
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Table2 Simulation parameters . ]

Bit sign period (Ng) 20

the number of samples per code period (V,) 1023

Doppler frequency search range [-10,10] KHz

Residual Doppler frequency search range
Doppler rate search range
False alarm probability (P; z4)

[-250,250] Hz
[-500,500]Hz/s
0.0002

Sampling time(T’,) 1 ms
Doppler frequency estimation resolution % Hz
Doppler frequency estimation resolution Nm;T
Channel AWGN channel
The number of Monte Carlo simulations 10,000
Signal
simulator
and its GPS L1
antenna signal
Intermediate Receiving
frequency (IF) antenna
signal collector
Sampled IF Cable
signal

Fig.5 How to obtain IF signal of the GPS L1 C/A signal

Eq. (32). The simulated MAC is calculated by simulated P, and the simulated MAC
is calculated by theoretical Pj,. Above all, total MACs under different SNRs have been

shown in Fig. 6.

Since LGAM1 adopts FFT to estimate the residual Doppler frequency instead of
using adjacent Doppler units search by SDHT, LGAMI1 costs lower computation than
SDHT does. Therefore, the MAC of LGAMI is lower than that of SDHT when SNR
is higher than —43 dB. However, MAC is also affected by detection probability Pp,,
and differential process is adopted by LGAMI1. So LGAMI performs not well in low
SNR compared with coherent process in SDHT. So due to the influence of detection
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Fig.6 MAC comparison (S
stands for simulated curve, and T
stands for theoretical curve)

—%—DCFT
—6—LGAM2 S
—#— LGAM2 T
—— SDHT
—&—LGAM1 S| |
——LGAM1 T

*

*

MAC

50 -45 -40 -35
SNR (dB)

probability, LGAMI1 costs more computation than SDHT when SNR is lower than
—43 dB.

When Doppler rate is not equal to 0 Hz/s in high-dynamic environment, since LGAM?2
adopts the differential process for Doppler frequency and Doppler rate estimation instead
of using two-dimension search based on Fourier transform, the computational burdens can
be reduced and the MAC of LGAM?2 is lower than that of DCFT when SNR is higher than
—46 dB. The same reason with analysis above, LGAMI1 costs more computation than SDHT
when SNR is lower than —46 dB.

6 Conclusions

To further reduce the computational burden in high-dynamic situation, this paper has pro-
posed a low-computation GNSS acquisition method (LGAM) for sparse Doppler frequency
hypotheses. Compressed factors M, was adopted for compressed Doppler process. In this way,
compared with parallel code search method, searching all possible Doppler frequency units is
not needed, and estimation accuracy can be improved based on the double-FFT based detec-
tion for residual Doppler frequency search with low computational complexity. Moreover,
the differential signal process based on FFT was adopt for fast Doppler rate estimation in the
detection, and Doppler rate resolution was derived based on (10) and (12). In addition, the
detection and false alarm probabilities of proposed method were derived. Based on the proba-
bilities, the theoretical MAC was derived. In Fig. 3, the total MAC of LGAM was much lower
than that of SDHT and DCFT under moderate SNR when integration times are the same. The
simulation proved that although LGAM performed not well in low SNR due to influence of
detection probability, the simulated MAC of LGAM was lower than that of SDHT and DCFT
under a moderate SNR based on Fig. 6.
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7 Discussion

In proposed method, compressed Doppler search and FFT-based code phase estimation
have been used in coarse acquisition, and Doppler rate and fine Doppler have been
estimated based on differential FFT process in fine acquisition. Moreover, Doppler rate
resolution was derived based on theoretical format. The proposed method can be further
applied in other GNSS signals such as beidou signal.

Appendix: Derivation of Doppler Rate Resolution

Based on (10), A, IT represents Doppler rate resolution, and when |ak| <A ip
B()

(12), the correct unit corresponding to Doppler rate should be detected. In order not to
cause too much attenuation of the detected peak,

N,T, N,T,
20lg|sinc| = Ng |sinc| 1=——NgNg || > —6 dB (33)
Npo Npo
So
. NBTS‘ : NBTs
sinc| & ~Np |sinc| 7 NgNg || 2 0.5 (34)
Npo Npo
Since sinc( A;\‘]‘ ‘NB> smc< ) , (34) can be simplified further as:
BO

. < NTNN >
sinc 8N
Npgo

So based on Taylor expansion, (35) can be simplified further as:

’ ’ < NaNgpT, )3 )
. < NBNSBTS> ( NBNSBTS> e L NNT, 6
Sin\ 1 ———— ~ T - > —nr—

1
22— 35
2 (35)

Npo Nao 6  ~ 2 N
When N;=20,
aNgNgT,
B0 = 6<1_\L6> ~ tYSB (37)
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