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ABSTRACT

The L1/E1 band will soon be populated with four
different signals, namely the GPS L1 CA code, L1C code,
Galileo E1B code and E1C code. The frequency domain
receiver, which can provide parallel correlation and
process all the signals in a common structure, becomes a
promising solution for multi-code and multi-modulation
processing. However, the conventional frequency domain
receivers require quite high computational capacity to
perform the FFT and IFFT operations, especially when
the receivers operate at a high sampling rate. The high
computational complexity would exert a negative effect
on the size, power consumption, and cost of the receiver.!

To reduce the computational complexities of the
frequency domain receiver, a new correlation method
with signal down sampling in the frequency domain is
proposed in this paper. The down sampling is achieved
by pruning the high frequency parts of the signal
spectrum and then performing IFFT ina smaller size. The
correlation gain loss will be small because the pruned
spectrums contain little energy. The results show that the
correlation gain losses of BPSK (1) and BOC (1,1) are
less than 0.4dB with a sampling rate of 16.384MHz,
while the operations in the IFFTs can be reduced to 40%
of the conventional method with original sampling rate of
40MHz. And because the IFFTs are the most
computationally consuming parts in the frequency
domain receiver, the new method can significantly reduce
the computational load by reducing the IFFT size.

In addition, because the closed code delay tracking loop
cannot be applied in the frequency domain receivers
directly, a correlation interpolation method, which can
produce the EPL correlation as in the time domain
receiver, is then usually applied in the existing frequency
domain receivers. But the interpolation method will lead
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to extra operations. In this paper, a novel open loop code
delay estimation method without correlation interpolation
is also proposed. The method first obtains the integer
parts of the code delay by the correlation peak detection,
then gets the residual errors by code delay discrimination
and finally obtains the precise estimation by post filtering.
The results indicate that this new method not only
reduces the complexity, but also improves the tracking
sensitivity comparing to the conventional closed tracking
loops.

Key words: frequency domain receiver; down sampling
in frequency domain; openloop code delay estimation.

INTRODUCTION

Under an agreement drawn up in July 2007 between the
European Union and the United States, the MBOC
(multiplexed binary offset carrier) signal design will be
used by the future GPS L1C as well as the Galileo Open
Service in L1. In addition to the current L1 C/A signal,
there will soon be four signals available in the L1 band.
The positioning accuracy and availability would be
significantly improved with these additional signals.
Howewer these new signals would require extra channels
and each channel would require four to six correlators in
the conventional receivers. More correlators will increase
the receiver cost and power consumption. Moreover, the
additional signals will also increase the receiver design
complexity because the new modulations require
different processing methods. A frequency domain
receiver which can process all these signals in a common
correlation structure provides abetter choice [1].

In contrast with the conventional receiver, the frequency
domain receiver performs correlation between incoming
signal and local signals in the frequency domain using
FFT and IFFT [1]. The FFT-based correlation method
was first used to improve the acquisition speed [2, 3] and
then extended to the GNSS signal tracking. In this
method, the incoming signals are first transformed to the
frequency domain using FFT, and then multiplied with
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the conjugate of the FFT of local signals, and finally the
correlation results are obtained by IFFTs of the
multiplications.

In this paper, the double length zero padding is chosen for
the FFT based correlation scheme to make sure there is a
full correlation without modulation bit reversal. In this
method, the incoming data is 8ms long, the local code is
4ms long and then padded to 8ms with 4ms zeros, and the
coherent integration time is 4ms. Instead of the digital
down conwerting, the carrier removal is achieved by
circular shifting on the frequency spectrum with a
resolution of 125Hz. In the acquisition mode, the
searching range is wide and usually the full-size IFFTs
are performed. In the tracking mode, with coarse code
phase and Doppler information, the searching range is
reduced and then the range reduced and zoom IFFTs can
be applied to reduce the computational load. The
seamless transition from acquisition to tracking also
makes the frequency domain receiver more attractive.

In the FFT-based correlator, the correlations are obtained
by a pair of FFT and IFFT operations if the FFT of local
code is pre-calculated. The frequency domain receivers
require quite high computational capacity to perform the
FFT and IFFT operations, especially when the receivers
operate at a high sampling rate. In order to reduce the
computational complexity, a signal down sampling
method in the frequency domain is applied. The down
sampling is achieved by pruning the high frequency parts
of the signal spectrum and then performing IFFT in a
smaller size. The spectrum pruning is equivalent to anti-
aliasing filtering, and IFFT operation with a different size
on the same frequency spectrum is equivalent to the re-
sampling with a different sampling rate. Therefore, the
down sampling in frequency domain can be done with
little signal distortion. The zoom and partial FFT
techniques are also introduced to reduce the
computational complexity [4].

In the frequency domain receiver, the correlation results
can only be produced with discrete code delay and
Doppler frequency bins, and the closed tracking loops
cannot be applied directly. Thus, the correlation
interpolation method is widely applied in the frequency
domain receiver to use the closed code delay tracking
loops [4, 5]. In this method, the EPL correlations are
obtained on the shifting of the correlation spectrum, and
the fractional code delay is compensated by shifting on
the correlation spectrum so that the resulting correlation
peak will fall into the designated lag as the prompt
correlation. However, the interpolation will introduce
extra operations and increase the computational
complexity, especially when more than 5 correlation lags
are required, such as in the BOC/CBOC signal tracking
and MEDLL multipath elimination. In this paper, a novel
open loop code delay tracking method without correlation
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interpolation is proposed. This method first obtains the
integer parts of the code delay by the correlation peak
detection, then obtains the residual errors by the
discrimination and finally obtains the precise code delay
by post filtering.

The main contributions of this paper are:

1. Designed and Implemented a new architecture of
frequency domain receiver compatible for both GPS
and Galileo L1 signals with BPSK, BOC and CBOC
modulation;

2. Applied the down sampling method in the frequency
domain to reduce the computational complexity of
the FFT-based correlation methods, and evaluated its
performances for BOC and CBOC modulations;

3. Proposed a new open loop method for the code delay
estimation. This method doesn’t need the correlation
interpolation and has better tracking performances
than the conwentional closed tracking loops,
especially for the weak signals.

The paper is organized as follows. First, the properties of
BOC and CBOC modulations, and the frequency domain
receiver structure are reviewed. Then, the down sampling
method in the frequency domain in FFT-based correlator
is introduced and its performance for the BOC and
CBOC signal is analyzed. Finally, the carrier and code
estimation method in the frequency domain receiver is
introduced and evaluated by both real and simulated data.

BOCAND CBOC MODULATION

The BOC modulation, which is invented by GPS Military
Signal Design Team (GMSDT), will be widely used in
the GPS Modernization signals, Galileo systems and etc.
The PSD (power spectrum density) of the BOC
modulation with n= 2fs/fc =evenis [6]:

(A (A
sm(zfjsm(fj
S C (1)
;zfcos(ﬂf]
2f

where f; and f, are the frequencies of subcarrier and code
respectively.

GBOC(fs,fc)(f) = fc

The MBOC(1,6,1,10/1) signal is the result of the desire to
multiplex a narrow band signal BOC(1,1) and wideband
signal BOC(6,1); 10/11 and 1/11 of the power are
allocated in BOC(1,1) and BOC(6,1) respectively [7].
The PSD of MBOC(1,6,1,10/1) is:

10 1
GMBOC(l,G,l,lOIl) (f)= E GBOC(l,l) (f)+ ﬁ GBOC(G,l) (f) (2)

A variety of time waveforms can produce the MBOC
PSD. In Galileo satellites, they use the composite BOC
(CBOC) signals [8], and in GPS satellites, they are using
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Time-Multiplexed BOC (TMBOC). These two MBOC

signals have different waveforms, but the same spectrums.

So they will also have the same performances in the
frequency domain receiver. Because the GPS L1C is not
accessible now, only the CBOC is analyzed in this paper.

The power spectrum densities of BPSK(1), BOC(1,1) and
COBC (1,6,1,10/1) with normalized signal power of 1 W
are shown in Figure 1. The PSD peaks of BOC and
CBOC signals are located in +/-1MHz due to the
subcarrier signal, and the CBOC signal has another lower
peak in +/-6 MHz because of its composition of the BOC
(6,1) signal.

55~

—— BPSK(1)
-60 BOC(1,1)
—— CBOC(L,6,1,10/1)

N
2 65
% -70
kel
2
% 1o
c
[}
)
[
g -85
joR
@)

-90

-95

-100

-8 6 -4 2 0 2 4 6 8

Freq (MHz)

Figure 1: Power spectral density of BPSK(1), BOC(1,1) and
CBOC(1,6,1,10/1) modulations

The autocorrelation function of the three modulations
with a pre-correlation bandwidth of 16 MHz is shown in
Figure 2. The CBOC and CBOC signals have sharper
correlation peaks than the BPSK signal, so they will also
have better performances in the code delay and multipath
elimination. Howewer, the BOC and CBOC hawe
ambiguities in code delay estimation because they have
side correlation peaks in the code delay of +/-0.5 chips.
Additional correlators and techniques would be used to
remove the ambiguities [9].
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Figure 2: Auto-correlation of BPSK(1), BOC(1,1) and
CBOC(1,6,1,10/1) modulations

The discrimination S-curves of the three modulations
using coherent discriminators with different E-L spacings
is shown in Figure 3. The discrimination slopes of the
BPSK(1) and BOC(1,1) are about 2 and 6, respectively,
and the linear regions are about [-d/2, d/2], for all those
four E-L spacings, where d is the E-L spacing. But it is
quite different for the CBOC signal, and its slopes are 6,
8.73, 0 and 8.73 for d = 0.5, 0.375, 0.25 and 0.125 chips,
respectively. The CBOC signal has higher slope than the
BOC signal if proper E-L spacing is applied, so it also
has better performances in the rejection of thermal noise
and multipath. To reduce the complexity, the CBOC can
be simply treated as BOC signal. As shown as in Figure 3,
the CBOC/BOC has almost the same S-curve as the
BOC(1,1) signal.
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Figure 3: Discrimination S-curves with different E-L

spacings

ARCHITECTURE OF THE FREQUENCY
DOMAIN RECEIVERS

The conwentional receivers perform correlation in the
time domain as shown in Figure 4 [3, 10, 11]. The
receivers produce the local replica carrier and code
signals which are exactly aligned with the incoming
signal. The alignment is achieved by the closed tracking
loops. The tracking loops will discriminate the
misalignment between the incoming and local replica
signals, and then shift the local signal by controlling the
NCOs. The above sequential search process has been
employed in most GNSS acquisition and tracking
implementation.

Parallel correlation schemes have recently been proposed
to speed up the code acquisition and to provide high-
dynamic tracking capability. In the very beginning, the
parallel correlations are implemented in the time domain
with massive physical correlators, and then the FFT-
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based method, which calculates the correlation via the
frequency domain, is proposed [2, 12]. Using the FFT
operations, the frequency domain correlation method is
more efficient than the time domain method. In addition
to the signal acquisition, recently, the frequency domain
method is also applied in the signal tracking [4, 5, 13]. As

Front End
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shown in the diagram of baseband signal processor in
frequency domain receiver in Figure 5, the correlations
are obtained by IFFT on the products of spectrum
multiplications, and the alignment of code and carrier
signal is also achieved by shifting on the spectral
spectrum [4].

> Accumulation

& ADC

X(K) X

Dump

Code NCO, |,
Local Code

Code Tracking |
Loops

Carrier NCO,

A

Local Carrier

Code Tracking |,
Loops

Figure 4: Diagram of baseband signal processors in conventional time domain receivers
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Figure 5: Diagram of baseband signal processors in frequency domain receivers

CORRELATION IN FREQUENCY DOMAIN

The correlation is equivalent to the conwvolution with
time-inverted series in time domain, and also equivalent
to the multiplication with conjugate spectrum in the
frequency domain shown as follows:

r(m) = x(M) ® p(-n) = F*{X (k) P" (k)

3) )

where ® denotes the convolution operation; F~ denotes
the IFFT operation; X(k) is the FFT of x(n); P"(k) is the
conjugate of FFT of the local code p(n); k is the label of
the FFT outputs in the range of [0, N-1].

Based on the properties of the FFT operation, the carrier
frequency removal can also be achieved by shifting in the
FFT outputs. One shift in the FFT outputs causes a
frequency shift of fg, =1/T [14], so the shift number of the
carrier frequency is ke=[f./fs]=[f.aT], where T is the time

length of the N samples, f., is the carrier frequency, and [
] denotes the rounding operation. The diagram of the
FFT-based correlation method with carrier removal is
shown in Figure 6.
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Figure 6: Diagram of FFT-based correlation method

Correlation with down sampling in frequency domain

Based on the Nyquist sampling theorem, the sampling
rate must be higher than double of the signal bandwidth.
So in the spectrums of the incoming signal, at least half
of the spectrums contain little or no signal energy. When
the signal is oversampled, there will be more
redundancies on the FFT outputs. As a result most of the
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signal energies are still reserved by pruning the
redundancy spectrum. In this case, the computational
complexity can be significantly reduced by performing
smaller size IFFTs on the pruned spectrum. In the
frequency domain correlation method, all the satellites
can utilize the same incoming signal FFT transformation,
but have to perform the IFFTs separately. So the IFFTs
become the major computational burden in the frequency
domain correlator. So, the computational complexity of
the frequency domain receiver can be remarkably reduced
by performing smaller size IFFTs [15].

The process of the down sampling in the frequency
domain is achieved as follows. First, N-point FFT is
performed on the input signal x(n) to get X(k). Then, the
X(K) is pruned to X4(k) based on the criteria that most of
signal energies are reserved. Finally, Ng-point IFFT is
performed on Xy(k), and the IFFT output is the resampled
signal for x(n).

In the FFT outputs, the labels 0<k<Ng and N-Ng<k<N-1
represent the low frequency parts in bandwidth of [-Ng,
Ng], thus the pruning operation for the low pass signal
can be defined as

T XW k=[o,N,/2-1]
Xd(k)_{X(k‘i‘N_Nd) k:[Nd/Z,Nd_l]
(4)

where, Ny is equal to

f
N, =| N9
~[ne]

(5)
where, fy is the expected lower sampling frequency after
down sampling. In practice, Ny is usually chosen to be
power of 2 to reduce the computation load. The sampling
frequency and signal bandwidth after the down sampling
become:

fd = fmed/N = Nd/T

(6)

By =min(f,,B,)

()
where B, is the original signal bandwidth.

The pruning operation based on Equation (4) is
equivalent to anti-aliasing filter, and the IFFT operation
on the same frequency spectrum with a different size is
equivalent to the re-sampling with a different rate. Thus,
the down sampling in frequency domain can be done with
little signal distortion. Using this down sampling method,
the lowest sampling rate can be equal to the signal’s pre-
integration bandwidth, not double of it.

The correlation for the new method is calculated between
the down sampled incoming signal and the local
duplicated code:
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rg(m=xs(N)® py (-n) = Fy" {Xd (k)- Pd*(k)} (8)
where, F'y( ) denotes Ny-point IFFT operation; ry(m) is
the correlation output and it is a complex value; x4(n) and
pg(n) are the down-sampled signal and local code,
respectively; and their FFT results are X;(k) and Pq4(K),
respectively.

The forward FFT in this correlation method is the same
as the traditional FFT-based method, so it also has the
same frequency resolution in the carrier removal and its
residual frequency error Af ranges within +1/(2T).
However the new method has a larger code search bin
size and its residual code error 74 ranges within £1/(2f)
with a lower sampling rate.

Correlationgainloss due to down sampling

The quality of a correlator is usually measured by
coherent output SNR, defined as [16]

Elrm]’ ©)
Var[r(m)]

where, Af is the residual Doppler frequency. As shown in
Equation (9), the residual Doppler frequency will have
the same influences for all sampling rates. So only the
residual code phase error is considered here.

p =sinc?(AfT )max

The loss of the correlation gain can be derived as [15]
By/2 . 2 | ¢By/2
[ 6(f )exp(i2ntz, o ‘ [2" a(f ) ‘

By/2 . [ +Bg/2
[*" 6(f Jexp( 2 o)t ‘ U—r:d/zG(f \df ‘

By

L:

(10)

where, G(f) is the signal PSD, the G(f) of BOC and
CBOC are shown in Equation (1) and (2) respectively,
and G(f) of BPSK is:

1 . f
Gapex (f) = f—Slncz(f—]

Cc c

(11)

As shown in Equation (10), the loss of correlation gain is
due to two factors: smaller correlation bandwidth By and
larger residual code error 4. Since the code bin size is
equal to the sampling period =1/, the residual code
error will increase when the sampling frequency
decreases. In addition to the increase of the residual code
delay error, the decrease of bandwidth will also cause the
correlation gain loss.
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Figure 7: Loss of correlation gain as function of code delay

The loss of correlation gain as a function of the code
delay with different modulations is shown in Figure 7.
The pre-integration bandwidth is 16MHz. With a
sampling rate of 16.384 MHz, the maximum losses are
around 0.15 dB, 04 dB and 0.8 dB for the BPSK, BOC
and CBOC signals, respectively; and with a sampling rate
of 32.768 MHz, the maximum losses are around 0.03 dB,
0.1 dB and 0.2 dB, respectively. And the minimal losses
are all zero.

The correlation gain loss will cause performance loss in
the carrier tracking, but it will not degrade the code
tracking performance. In the carrier tracking, the peak
correlations are used to estimate the carrier and the loss
of the peak will deteriorate the signal. While in the code
tracking, lower peak correlations contain the information
of residual code delay error.

Range reduced FFT and Zoom FFT

In the acquisition procedure, the full-length FFT and
IFFT are necessary to generate the entire correlation
function at each possible Doppler and code delay bins for
search over a large time-frequency uncertainty. But it will
be a waste of computations if the full IFFT is used in
signal tracking mode. After the signal has been acquired,
the coarse code phase and Doppler are obtained, so that
the search spaces can also be reduced. Typically, the
zoom FFT technique is applied to reduce the
computational complexity [5, 17].
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Figure 8: Example of zoom FFT [5]

The zoom FFT is a method to reduce the complexity
based on the calculation flow chart of the FFT operatlons
For instance, as shown in Figure 8, if only the 4™ and 5"
outputs are needed, the zoom FFT will calculate only the
black lines and discard the red lines in the flow chart. The
zoom FFT can reduce the computational complexity, but
we need to modify the FFT program by pruning some
flow paths in the normal FFT operations. Sometimes, the
FFT program cannot be modified if a third party FFT
library is applied. Here another range reduced FFT
method which has similar complexity as the zoom FFT is
applied to solve this problem.

The FFT operation [18] can be presented as:

N3 —-INp -1 ZT(N1n2+n1)(N2k1+kz)
2
N2k1+k2 Z Z N1n2+n1
m= Onz
N1 27 Np-1 2ﬁnzkz *J'zlnlkl
— e NlNZ X N Ny
N1”2+”1
m=0 np,=0
(12)

Whel’e, k=N2k1+k2, n=N1n2+n1, N=N1N2, kl isin [O,N]_'l],
and k is in [O,N,-1],

Equation (12) presents the basic idea of the FFT
operation, which divides the N point FFT into N, times
N,-point FFTs and N, times N;-point FFTs. The input
data are divided into N, segments and with N; samples in
every segment and the output results are divided into N,
segments and with N, samples in every segment. N, times
N,-point FFTs are required to get one output segment.

If the first output segment is the target output, namely
k,=0, then Equation (12) can be simplified as

N1 27 Np-1 2= nzkz

Z e N1N2 z XN1“2+”1

17} =0

(13)
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Thus, the range reduced FFT results can be obtained by
N; times Nypoint FFT and N times complex
multiplications and additions. In this method, the N,-point
FFT is the normal FFT, so an efficient third-party FFT
library can be used. The drawback of this range reduced
FFT method is that all the target outputs must be in the
same segment. In the application of frequency domain
correlation, it is very easy to achieve by shifting the local
code or input data to make the target outputs in the same
segment.

The approximate operations required in the FFT-based
correlators with different schemesare shown in Table 1.

Table 1: Approximate operations in the FFT and IFFTs
using different schemes

Complex Complex
Methods |1 tiplication Addition
Full FFT %Iog2 N Nlog, N
N
Full IFFT ?Iog2 N Nlog, N
Nd
DS IFFT 7|og2 N, Ny log, Ny
ZoomIFFT | N
with DS 7dlogzL+ N, N, log, L+ N,
RRIFFT N
with DS 7d|092L+Nd N, log, L+ N,

Note: The DS presents the down sampling method in
frequency domain IFFT, RR IFFT presents the range
reduced IFFT. L is number of target outputs, and typically
L is submultiples of Ng.

As shown in Table 1, the operations in the IFFT with
down sampling method will be 40% of those in the
conventional full IFFTs when a lower sampling rate of
16.384 MHz is used instead of the original sampling rate
of 40 MHz. And because the original signal bandwidth is
16 MHz, so the down sampling will not cause any loss in
the signal energy. And down sampling down sampling
can also be applied in the zoom IFFT and range reduced
IFFT to further reduce the computational complexity.

The correlation outputs as function of the code phase with
different sampling rates are shown in Figure 9. The
results are obtained using the real GIOVE-A data. The
double zero padding FFT is applied. The coherent
integration time is 4ms (same as the length of GIOVE-A
Elb code), the original sampling rate is 40 MHz, and the
pre-integration bandwidth is 16 MHz. The correlation
results with down sampling method are equivalent to re-
sampling on the correlation results with the original
sampling rate.
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Figure 10: 2D correlation results in different code phases
and epochs using real GIOVE-A data

The 2D correlation results in different code phases and
epochs using the real data from the GIOVE- A satellite are
shown in Figure 10. The correlation range is 64 samples
(4 chips), the up 64 samples are the correlations using the
data channel, and the bottom 64 samples are using the
pilot channel. The side correlation peaks of the BOC
signals can be seen clearly, about 8 samples away from
the main peaks. The peaks shift around 3 samples (from
32 to 35) in 1 second, which is caused by the Doppler of
about -335Hz.

CARRIER AND CODE ESTIMATION

Carrier frequency and phase estimation

The diagram of the carrier frequency and phase estimator
is shown in Figure 11. The integer frequency input is
from the acquisition outputs, then, fine frequency
estimation is conducted on the correlation inputs to get
precise Doppler estimation and reduce the tracking
pressure of PLL, and then a traditional 2" order PLL is
used to get precise phase and frequency estimation. The
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PLL is a closed loop in the post-correlation estimator.
The correlator’s frequency is controlled by the integer
frequency output which is the integer part of the carrier
frequency estimation. The integer frequency bin size in
the correlator is 125Hz, so the maximum frequency offset
will be +/-62.5Hz and the maximum correlation gain loss
will be 0.9dB with 4ms coherent integration. And the loss
will be less than 0.2dB if 62.5 Hz frequency bin size is
applied.

Correlation

»] Complex || Phase
Mixer Discr.
Integer freq. in 7'y
— v
Frequency, | Phase | Loop
Phase Output[* NCO [ Filter
.|
Integer freq. out Frequency
*| Estimator

Figure 11: Diagram of the carrier frequency and phase
estimation in frequency domain receiver

For the channels with data bits, correlation differential
method is conducted to estimate the carrier frequency.

; 1 4 1 4 .

f o tan (;z] 2T tan [%:R, R,lj

where, R; is the complex correlation output in i epoch,
R is its conjugate, T, is the coherent correlation time,
and M presents M epochs average to improwve the
estimation precision. The complex correlation difference
are shown in Figure 12, and the carrier frequency
estimation combing the acquisition, frequency estimation
and PLL outputs are also shown in Figure 12. There are
negative values in the real and images parts of the
correlation differences due to the bit reversal, and these
negative values can also be used to detect to the bit
boundary [19].
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Figure 12: Carrier frequency estimation and tracking with
real data from GPS SV24

For the pilot channel without data bit, post-correlation
FFT is conducted to estimation the residual frequency.
The FFT results of the real GIOVE-A data are shown in
Figure 13. The data length for estimation is 400ms, so the
frequency resolution is 25Hz. The carrier frequency
estimation of the GIOVE-A signal is also shown in
Figure 13.
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Figure 13: Carrier frequency estimation and tracking with
real data from GIOVE-A

Openloop structure for code delay estimation

The code delay of the GNSS signal is usually estimated
by a closed code tracking loops, which is composed of
code delay discriminator, loop filter, and local signal
generator. In the closed tracking loop, there is a prompt
correlation with error term converging to zero to make
sure the local signal is exactly aligned with the incoming
signal. But the FFT-based frequency domain correlators
can only provide the correlation results at discrete lags,
thus the closed code tracking loops cannot be applied
directly because a prompt correlation with error term
conwverging to zero is required in the closed loops.

In [4, 5], a correlation interpolation method is introduced
to use the close code delay tracking loop. In this method,
the three lags correlations (E P L) are calculated based on
the correlation spectrum. Before performing the inverse
FFT, the correlation spectrum is first shifted to
compensate the fractional code delay so that the resulting
correlation peak will fall into the designate lag as prompt
correlation. Using the interpolation method, the
frequency domain correlator is the same as the time
domain correlator, so that they also have the same
tracking performance. Howewer, the interpolating brings
extra operations for the correlation, and its complexity
rapidly increases when the more 5 correlation lags are
required, such as in the BOC/ CBOC tracking and
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MEDLL multipath elimination. In [4], an open loop
method with repeating the signal acquisition was also
introduced, howewver, the acquisition precision is not
precise enough for the positioning solutions.

In this paper, a new open loop tracking method without
correlation interpolation is proposed. The diagram of
open loop code estimator is shown in Figure 14. The
procedures of the code delay estimations are:

Step 1: Correlation peak detection. It is the same as the
acquisition process. The peak detection is performed on
the coherent/non-coherent combination of the multiple
epoch correlations results. With the central peak location,
the integer part of the code delay can be obtained. And
for BOC and CBOC modulations with the ambiguous
peaks, the Bump-Jump method [9] is applied to detect
whether the estimator got a wrong peak location or not.
Step2: Code delay discrimination. The conventional code
delay discriminator can be used to estimate the fractional
part of the code delay in every correlation epoch.

Step3: Post filtering. The discrimination results have high
noise because of the high noise bandwidth. For instance,
the noise bandwidth is 250 Hz with coherent integration
time of 4ms. So post filtering is required to reduce the
noise. The post filter can be 1R (infinite impulse
response) filter or Kalman filter. The 2" order 1R filter,
similar as the loop filter in PLL, is applied in my
implementation.

Code parallel »|Code Delay| |  Post
corr. Discr. Filtering
Correlation l
» Peak
Integer code Detection S:t(ij?ng?i%sr?
phase control
b ] output

Figure 14: Diagram of the open loop code delay estimator

The code delay tracking results with the real data from
the GIOVE-A and GIOVE-B satellite are shown in
Figure 15 and Figure 16, respectively. The detection time
period is 4ms*25=100ms; the E-L spacing of code
discriminator is 0.25 chips; and noise bandwidth for post
filtering is 2Hz. The pilot and data channels use the
coherent and EMLP  (early-minus-late  power)
discriminators, respectively. And the CBOC signal is
correlated with BOC signal.
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Figure 15: Open loop code delay estimation for the GIOVE-
A real data (BOC modulation)
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Figure 16: Open loop code delay estimation for the GIOVE-
B real data (CBOC modulation)

Jitters of open loop code delay estimator

As shown in Figure 15 and Figure 16, the open loop code
tracking method works well with real data. In this part,
the precision of this open loop estimator will be analyzed
and evaluated with numerical simulation.

If the code errors are located in the discriminator’s linear
region, namely [-d/2, d/2] for the BPSK and BOC signals,
the mean values of code delay discrimination are [20, 21]:
Eldz, |=E[12 +Q2 -12-@¢]

=4y(2—-xd)xr, (Early-Minus-Late Power, EMLP)
(14)
Eldz, ]=€[l. -q ]

= 2\/51(19 (Coherent)
(15)
where, y=C/N,T, is the signal to noise ratio, . is true code
delay error, and « is half of the slope of the
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discrimination S-curve. As shown in Figure 3, the half
slopes are k=1 for BPSK, x=3 for BOC and CBOC
correlated with BOC.

And the variances of the discriminatorsare:
o? = 4y(2—d)[(2— xd)y + 2] (EMLP)
(16)

o’ =2xd (Coherent)

17)

If the signal is perfectly normalized, based on Equation
(14-17), the code tracking jitters can be shown as:

obz}&d@+ 2 JEMLH
2xy y7(2—xd)

(18)

o, = /BLd (Coherent)
2Ky

(19)

where, B, is noise bandwidth.

The code tracking jitters with different tracking structures,
discriminators and signal powers are shown in Figure 17
and Figure 18. In the figures, COHR and EMPL present
the coherent and EMLP discriminators, respectively, and
-C and —O present the closed and open loop structures,
respectively. The dash lines present theory values shown
in Equations (18, 19). The results are obtained by
simulation with AWGN (additive white Gaussian noise)
and Doppler models. In the simulation, the data length for
correlation peak detection is 4ms*50=200 ms, and the
down sampling rate is 16.386 MHz. As shown, the
simulation results fit the theory values very well.

In comparison to the closed loops, the open loops have
the same jitters in most cases and they have smaller jitters
for the weak signals. This is because of the fact that the
open loops have better sensitivity than the closed loop.
The closed loop using EMLP discriminator losses lock on
18 dB-Hz with B,=1 Hz and 22 dB-Hz with B =2Hz,
while the open loop keeps locked for all the simulated
signals. The jitter of closed loop using the coherent
discriminator is higher than the theory value because the
loop losses lock at some epochs. The sensitivity of the
open loop is determined by the correlation peak detection
sensitivity. The detection on the 200ms post correlation
integration results is more reliable than the code phase
feedback from the loop filter estimated at every epoch. In
addition to the correlation peak detection, accurate C/N,
estimation is also important to perform accurate
normalization on the signal and obtain accurate code
delay discriminations. And the results also show that the
BOC signals outperform BPSK signals with smaller
jitters.

133

w
o

Loss lock [ —8— COHR-C BPSK |

—&— EMLP-C BPSK
—H&— COHR-C BOC
—H&— EMLP-C BOC
—©— COHR-O BPSK
—©— EMLP-O BPSK
—&— COHR-0 BOC
—&— EMLP-O BOC

w
o
T

N
3
T

N
o
7

Jitter (m)

150N

16 18 20 22 24 26 28 30 32 34 36
CINO (dB-Hz)

Figure 17: Jitters of BPSK and BOC signals with noise
bandwidth of 1Hz and E-L spacing of 0.25 chips
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Figure 18: Jitters of BPSK and BOC signals with noise
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CONCLUSIONS

A software defined frequency domain receiver for the
Galileo and GPS L1 signal and compatible with the
BPSK BOC and CBOC modulations has been designed in
this paper, and the receiver is verified with real data from
the GPS, GIOVE-A and GIOVE-B satellites. The
complexity reduced frequency domain correlation
methods, including the signal down sampling in the
frequency domain, range reduced FFT and zoom FFT, are
introduced and evaluated. A novel open loop code delay
estimation method without correlation interpolation is
proposed. From the analysis and simulation results, the
new method has much better sensitivity than the
conventional closed tracking loop, and it is more suitable
for the weak signal estimation.
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