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ABSTRACT
The upper L-Band will be the only frequency band
with two different GPS civil signals available to users
at the same carrier frequency with the legacy L1 C/A
code signal and the new L1C signal. The null-tonull bandwidth of the C/A code signal is 2.046 MHz.
The TMBOC modulation of the L1C signal creates
bandwidth of 4.092 MHz between the outer nulls of
the largest spectral lobes in the split-spectrum signal.
Without the need to have two separate radio-frequency
chains in the front-end of a GPS receiver, using the
GPS C/A and L1C signals will improve acquisition
sensitivity with limited additional complexity.
This paper explores various techniques for joint acquisition of GPS L1C and L1 C/A code signals. First,
the nominal received power of these two signals is dis-

cussed along with the power split parameters required
for optimal combining. Next, a model for the composite C/A code and L1C signal is presented. The optimal detector for joint acquisition is then derived and
simulation results provided. Finally, sub-optimal, but
more efficient, techniques are proposed and their performance evaluated by comparing the detection probabilities at a fixed false alarm rate.
INTRODUCTION
GPS users will have access to two different civil signals
at the same frequency within the next several years.
The legacy GPS L1 C/A code signal will be joined by
the GPS L1C signal with the launch of GPS Block III
satellites. L1C is the most recent of the modernized
GPS signals and has both a pilot and data component
like most other modern GNSS signals. This paper proposes and analyzes various strategies to combine the
L1 C/A code and L1C signals for joint acquisition with
the goal to improve acquisition performance relative to
using either signal alone. Performance is evaluated using the detection and false alarm probabilities. These
two signals are transmitted in phase quadrature with
the C/A signal lagging L1C by 90 degrees since the
L1C signal is transmitted with the same phase as the
the L1 P(Y) code military signal.
Acquisition of GNSS signals requires a twodimensional search for code delay and Doppler
frequency of the incoming signal. With the onset
of new GNSS signals that have pilot and data
components, various joint acquisition schemes have
been previously investigated. A simple acquisition
scheme can use either component, correlating the
received signal with either the pilot or the data
spreading code. One obvious disadvantage of this
approach is the wasting of signal power; hence, more
sophisticated techniques for signal combining or joint
acquisition of the pilot and data components have
been proposed.
This paper describes methods for improving acquisition sensitivity by using both civil GPS signals on
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Table 1: Nominal Received Power Levels
Signal

Received Power

C/A Code

-158.5 dBW

L1C Pilot

-158.25 dBW

L1C Data

-163 dBW

L1C Composite

-157 dBW

and β represent the power split for the L1C pilot and
data components, γ is used to represent the power split
for the C/A component:

the L1 frequency. Specifically, the strategies previous developed for joint pilot/data acquisition, such as
coherent combining [1–5], are extended for joint acquisition of GPS L1 C/A and L1C. In a 2010 paper,
Macchi-Gernot, Petovello, and Lachapelle proposed a
combined acquisition scheme that uses the FFT to perform parallel code phase search using four different local composite codes which are linear combinations of
the C/A, L1C pilot, and L1C data spreading codes to
cover all possible relative signs between them [6]. This
paper provides detection and false alarm probabilities
for this coherent combining scheme.
After first presenting the nominal power levels of the
GPS L1 civil signals, a model for the composite C/A
and L1C signal is developed. The optimal detector for
joint acquisition is then derived and its performance
evaluated using Monte Carlo simulations to determine
the single trial detection probability at a fixed false
alarm rate. Sub-optimal but more efficient joint acquisition techniques are then considered, including noncoherent combining, coherent combining, and semicoherent combining. Finally, detectors that use the
L1C pilot and L1 C/A code, but ignore the lower power
L1C data component are presented.
RECEIVED POWER AND POWER SPLIT
PARAMETERS
For optimal detection of composite signals with unequal power levels, the receiver needs to scale each
signal by its relative power level. Table 1 shows the
nominal received power levels for C/A and L1C according to the specification documents [7, 8].
Since the L1C nominal received signal is 1.5 dBW
higher than the C/A code, L1C has a received strength
1.5

that is 10 10 = 1.4125 times higher than C/A on a linear scale:
1.4125γ + γ = 1,
γ = 0.4145,

(1)

so that C/A has a fraction γ of the total power and
L1C has a fraction 1 − γ of the total power in the
composite signal. While using the convention that α

Composite Power =
= α(L1C Pilot Power) + β(L1C Data Power)
+γ(C/A Signal Power)

= (1−0.4145) 43 (L1C Pilot Power)

+ 14 (L1C Data Power) + 0.4145(C/A Signal Power)
= 0.4391(L1C Pilot Power)+0.1464(L1C Data Power)
+0.4145(C/A Signal Power),
(2)
so that the power split parameters are:
α = 0.4391, β = 0.1464 and γ = 0.4145.

(3)

These power split parameters are used in both the optimal and sub-optimal detectors for joint acquisition of
C/A and L1C. Before proposing the various detectors,
a signal model is developed.

GPS L1C AND SIGNAL MODEL
The design of the new civil signal in the L1 band, called
L1C, is described in [9,10]. It has the same carrier frequency of 1575.42 MHz as the legacy L1 C/A code
signal but many innovative design features separate
this signal from its counterpart on the same frequency
that was designed thirty years prior. The signal design for L1C is specified in the Interface Specification
document IS-GPS-800A [8].
The L1C signal is split into two components with 75%
power in the pilot component and 25% power in the
data component. Spreading codes with a length of
10,230 chips and a period of 10 ms at a chipping rate
of 1.023 Mcps are based on Weil codes [11]. Not only
does each satellite have unique spreading codes, but
different codes are also used for the pilot and data components as they are transmitted with the same phase.
In addition to the spreading code, the pilot component
has an 18 second 1800-bit overlay code. One bit of this
overlay code and one bit of the navigation data on the
data component both have a duration of 10 ms which
corresponds to one period of the spreading code. Both
components of the L1C signal use binary offset carrier
(BOC) modulation which is explained in [12].
After signal conditioning in the front end of the GNSS
receiver, the GPS L1 civil composite signal from one
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satellite is
√
s(t) = 2αCdP (t − τ )cP (t − τ )gP (t − τ )
· cos(2π(fIF + fd )t + θ)
p
+ 2βCdD (t − τ )cD (t − τ )gD (t − τ )
· cos(2π(fIF + fd )t + θ)
p
+ 2γCdC/A (t − τ )cC/A (t − τ )
· sin(2π(fIF + fd )t + θ) + n(t),
(4)
where:
• the total signal power is now denoted as C
(Watts), which includes any antenna gain and receiver implementation losses;
• α, β, and γ are the power split parameters defined
in (3);
• dD (t), dP (t), and dC/A (t) are the series of L1C
data, L1C overlay code, and C/A data bits;
• cD , cP , and cC/A are the periodic repetition of
each spreading code series;
• gD (t) and gP (t) are the periodic repetition of the
spreading symbols, also called the subcarrier, for
the L1C data and pilot components (the C/A code
spreading symbol is the rectangular pulse which
is fully described by the spreding code);
• τ and fd are the unknown delay and Doppler frequency;
• the signal is now at an intermediate frequency fIF
(Hertz); and,
• θ is the unknown phase term.
After multiplication by two reference signals that are
in phase quadrature and subsequent low-pass filtering, the inphase and quadrature receiver channels
are:
√
I − Channel = 2αCdP (t − τ )cP (t − τ )gP (t − τ )
· cos(2π∆fd t + ∆θ)
p
+ 2βCdD (t − τ )cD (t − τ )gD (t − τ )
· cos(2π∆fd t + ∆θ)
p
+ 2γCdC/A (t − τ )cC/A (t − τ )
· sin(2π∆fd t + ∆θ) + nI (t),
(5)
and
Q − Channel =

√
2αCdP (t − τ )cP (t − τ )gP (t − τ )
· sin(2π∆fd t + ∆θ)
p
+ 2βCdD (t − τ )cD (t − τ )gD (t − τ )
· sin(2π∆fd t + ∆θ)
p
− 2γCdC/A (t − τ )cC/A (t − τ )
· cos(2π∆fd t + ∆θ) + nQ (t),
(6)

where ∆fd = fd − fˆd is the error in Doppler estimate,
and ∆θ = θ − θ̂ is the carrier phase offset between the
local replica and the received signal1 .
The inphase and quadrature channels are coherentlyintegrated after each is multiplied by the local code,
and for L1C, the spreading symbol replicas. Each
coherent integration gives a scalar output every integer multiple, k, of the coherent integration time,
Tcoh :
√
Z
αC dP,k kTcoh +Tcoh
cP (t−τ )cP (t−τ̂ )
IP,k
=
Tcoh
kTcoh
·gP (t−τ )gP (t−τ̂ ) cos(2π∆fd t+∆θ)dt + ηP,I,k ,
√
Z
αC dP,k kTcoh +Tcoh
QP,k =
cP (t−τ )cP (t−τ̂ )
Tcoh
kTcoh
·gP (t−τ )gP (t−τ̂ ) sin(2π∆fd t+∆θ)dt + ηP,Q,k ,
√
Z
βC dD,k kTcoh +Tcoh
ID,k
=
cD (t−τ )cD (t−τ̂ )
Tcoh
kTcoh
·gD (t−τ )gD (t−τ̂ ) cos(2π∆fd t+∆θ)dt + ηD,I,k ,
√
Z
βC dD,k kTcoh +Tcoh
cD (t−τ )cD (t−τ̂ )
QD,k =
Tcoh
kTcoh
·gD (t−τ )gD (t−τ̂ ) sin(2π∆fd t+∆θ)dt + ηD,Q,k ,
√
Z
γC dC/A,k kTcoh +Tcoh
IC/A,k =
cC/A (t−τ )
Tcosh
kTcoh
·cC/A (t−τ̂ ) sin(2π∆fd t+∆θ)dt + ηC/A,I,k ,
√
Z
− γC dC/A,k kTcoh +Tcoh
QC/A,k =
cC/A (t−τ )
Tcoh
kTcoh
·cC/A (t−τ̂ ) cos(2π∆fd t+∆θ)dt + ηC/A,Q,k , (7)
where τ̂ is the estimated delay; and η are the uncorrelated noise terms that each have the same variance [13]:
σ 2 = N0 /2Tcoh .
(8)

Two assumptions are applied herein: that the coherent integration time is the length of the L1C spreading code period (10 ms), which is the same as the L1C
overlay and data code bit duration; and that bit transitions are avoided. When the signal from the satellite is present, and correct delay (τ̂ = τ ) and Doppler
estimates are used, the output of the correlators are
now:
√
IP,k = αC dP,k cos (∆θ) + ηP,I,k ,
√
QP,k = αC dP,k sin (∆θ) + ηP,Q,k ,
p
ID,k = βC dD,k cos (∆θ) + ηD,I,k ,
p
QD,k = βC dD,k sin (∆θ) + ηD,Q,k ,
p
IC/A,k = γC dC/A,k sin (∆θ) + ηC/A,I,k ,
p
QC/A,k = − γC dC/A,k cos (∆θ) + ηC/A,Q,k . (9)

1 Note that the C/A component in the I-Channel contains the
sine term since the C/A code signal lags L1C by 90 degrees, likewise, the C/A component in the Q-Channel contains a negative
cosine term.
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1
Probability of Detection (with Pfa=0.001)

Due to the autocorrelation properties of the spreading
code, the correlator outputs are modeled as noise only
when incorrect delay estimates (τ̂ 6= τ ) are used. In
this joint acquisition scenario however, there are actually incorrect L1C spreading code delay estimates that
correspond with correct C/A code phase estimates and
will lead to energy in the C/A code correlator outputs,
IC/A,k and QC/A,k . The C/A spreading codes repeat
every 1ms, while the L1C codes repeat every 10 ms.
Noise only for incorrect code phase estimates is still
assumed, but these secondary peaks in the correlation
due to the repetition of the C/A code within one L1C
spreading code period are discussed in the last section. With a model to represent the composite C/A
and L1C signal, an optimal detector for acquisition is
now investigated.

0.6

0.4
Optimal Joint L1C & C/A Detector
Optimal L1C Detector

0.2
27

OPTIMAL DETECTOR FOR ACQUISITION
WITH GPS L1 C/A AND L1C
The optimal detector for joint acquisition of L1 C/A
and L1C is derived in the Appendix. This detector
provides an upper bound on the performance that can
be achieved by combining these two L1 civil signals for
GPS acquisition. The likelihood ratio for this optimal
detector from (49) is:
!
√
X
Cp 2
2
x + y , (10)
Λ(r) =
p(dP , dD , dC/A )I0
σ2

0.8

28

29
30
31
32
C/No (dB-Hz) of L1C

33

34

Figure 1: Detection probability of optimal joint L1C
and C/A detector compared to optimal
L1C detector for acquisition over one L1C
spreading code period referenced to L1C signal power.

dP ,dD ,dC/A ∈{B}

x=
y=

K 
X
√

k=1
K 
X

k=1


p
√
αIP,k dP,k + βID,k dD,k − γQC/A,k dC/A,k ,


p
√
√
αQP,k dP,k + βQD,k dD,k + γIC/A,k dC/A,k .(11)

Unlike the optimal detector for L1C only, presented
in [14], the set of all possible bit combinations {B}
is reduced in this joint case by some impossible combinations of L1C pilot overlay code bits, L1C navigation data bits, and C/A navigation data bits. The bit
period for L1C is 10 ms, whereas the bit period for
C/A is 20 ms. Since dC/A represents the navigation
bit on C/A every 10 ms, all combinations in which
three consecutive C/A data bits are different are not
possible and therefore, not included in {B}. The detection probabilities of the optimal detector for joint
acquisition referenced to the C/No of the L1C signal
are shown in Figs. 1 and 2, while using one and three
spreading code periods.

1
Probability of Detection (with Pfa=0.001)

where the vectors d contain the data during each 10
ms integration for each component, {B} is the set
of all possible bit combinations, I0 is the modified
Bessel function of zeroth order, and x and y are defined
as:

0.9
0.8
0.7
0.6
0.5
0.4

Optimal Joint L1C & C/A Detector
Optimal L1C Detector

0.3
24

25

26
27
C/No (dB-Hz) of L1C

28

29

Figure 2: Detection probability of optimal joint L1C
and C/A detector compared to optimal
L1C detector for acquisition over three L1C
spreading code periods referenced to L1C
signal power.
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R
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Figure 3: Block diagram of noncoherent combining detector for joint acquisition of GPS L1C and
C/A.

SUB-OPTIMAL DETECTORS FOR JOINT
C/A AND L1C ACQUISITION
With the optimal joint detector as a benchmark for
the best possible performance of joint acquisition of
the legacy C/A code and L1C signals, this section proposes various sub-optimal, but more computationally
efficient, detectors.
Noncoherent Combining
Noncoherent combining is the separate acquisition of
each component and the subsequent combination of
the correlator powers. The incoming signal can be
correlated separately with a local replica of the L1C
pilot, the L1C data, and the C/A spreading codes as
shown in Fig. 3. Noncoherent channel combining is the
squaring, scaling and summing of correlator outputs to
obtain the decision variable:
joint
Zncw
=

K 
X

0.9

0.8

0.7
Optimal Joint L1C & C/A Detector
Noncoherent Joint L1C & C/A Combining Detector
Optimal L1C Detector

0.6
27

28

29
30
C/No (dB-Hz) of L1C

31

32

Figure 4: Detection probability of noncoherent combining joint L1C and C/A detector for acquisition over one L1C spreading code period referenced to L1C signal power.

random variables have a non-central chi-square distribution.

Performance results of this noncoherent combining detector using detection probabilities found from Monte
Carlo simulations are shown in Figs. 4 and 5. As the
total integration time increases, the performance gap
between the optimal and noncoherent combining detectors also increases. Other combining techniques to
improve performance for joint acquisition are now considered.

Coherent Combining

2
2
αIP,k
+ αQ2P,k + βID,k
+ βQ2D,k

k=1

2
+γIC/A,k
+ γQ2C/A,k ,

Probability of Detection (with Pfa=0.001)

R

X

(12)

where α, β, and γ, are the power split parameters from
(3).
Since the underlying Gaussian random variables have
three different variances based on the power split facjoint
tors, the decision statistic, Zncw
, is a sum of three
chi-square random variables, each with 2K degrees of
freedom. When the signal is not present, or when incorrect delay and Doppler estimates are used, the random variables have a central chi-square distribution.
When the delay and Doppler estimates are correct, the

If the relative sign between the overlay/data bits on
L1C pilot, L1C data, and C/A were known, the three
components could be coherently combined [6]. This
technique has be studied for acquisition of modern
dual component signals [1–5, 15]. In the joint acquisition scheme, the receiver can estimate the relative
signs by testing four combinations using the combination with the maximum power as the decision statistic:

joint
Zchw
= max |z1 |2 , |z2 |2 , |z3 |2 , |z4 |2 ,
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(13)

The powers of the various combinations, |zx |2 , are chisquare random variables with two degrees of freedom.
With the weights applied for the unequal power compensation, the underlying Gaussian random variables
have a variance of σ 2 . Without the unequal power
compensation, the variance of the underlying Gaussian random variables in the chi-square random variable would be 3σ 2. When the desired signal is not
present or with incorrect code delay and Doppler estimates, the |zx |2 terms are central chi-square random
variables.

Probability of Detection (with Pfa=0.001)

1

0.9

0.8

0.7
Optimal Joint L1C & C/A Detector
Noncoherent Joint L1C & C/A Combining Detector
Optimal L1C Detector

0.6
24

25

26
27
C/No (dB-Hz) of L1C

28

Figure 5: Detection probability of noncoherent combining joint L1C and C/A detector for acquisition over three L1C spreading code periods referenced to L1C signal power.
where:
p
p
√
√
αIP + j αQP + βID + j βQD
√
√
− γQC/A + j γIC/A ,
p
p
√
√
z2 = αIP + j αQP + βID + j βQD
√
√
+ γQC/A − j γIC/A ,
p
p
√
√
z3 = αIP + j αQP − βID − j βQD
√
√
+ γQC/A − j γIC/A ,
p
p
√
√
z4 = αIP + j αQP − βID − j βQD
√
√
− γQC/A + j γIC/A ,
z1 =

and

2
p
√
αIP + βID − γQC/A
√
2
p
√
+
αQP + βQD + γIC/A ,
√
2
p
√
|z2 |2 =
αIP + βID + γQC/A
√
2
p
√
+
αQP + βQD − γIC/A ,
√
2
p
√
|z3 |2 =
αIP − βID + γQC/A
√
2
p
√
+
αQP − βQD − γIC/A ,
√
2
p
√
|z4 |2 =
αIP − βID − γQC/A
√
2
p
√
+
αQP − βQD + γIC/A ,
|z1 |2 =

with:

√

α = 0.4391, β = 0.1464 and γ = 0.4145.

(14a)
(14b)
(14c)
(14d)

(15a)

(15b)

(15c)

When the signal is present with correct estimates of delay and Doppler, their are four possibilities for the noncentrality parameter, depending on the relative sign
between the overlay/data bits on the three components. For |z1 |2 , the noncentrality parameter is:
 √
√
a21 = α CdP cos (∆θ) + β CdD cos (∆θ)
2
√
+γ CdC/A cos (∆θ)
 √
√
+ α CdP sin (∆θ) + β CdD sin (∆θ)
2
√
+γ CdC/A sin (∆θ)

2
(α+β+γ) C = C, correct rel. signs,






 α2 +β 2 +γ 2 +2αβ−2αβ−2βγ C, or

(16)
=

α2 +β 2 +γ 2 −2αβ−2αβ+2βγ C, or




 α2 +β 2 +γ 2 −2αβ+2αβ−2βγ  C.
Using the values for α, β, and γ, the noncentrality
parameter is:


C, dP dC/A = dP dC/A = +1






0.0292C, dP dC/A = dP dC/A = −1
2
 (17)
a1 =

0.0148C, dP dC/A = −1, dP dC/A = +1





0.5001C, dP d
C/A = +1, dP dC/A = −1 .

Likewise, the noncentrality parameters for the other
three combinations are:


0.0292C, dP dC/A = dP dC/A = +1






C, dP dC/A = dP dC/A = −1
 (18)
a22 =

0.5001C, dP dC/A = −1, dP dC/A = +1





0.0148C, dP d
C/A = +1, dP dC/A = −1 ,

and
(15d)



0.0148C, dP dC/A = dP dC/A = +1






0.5001C, dP dC/A = dP dC/A = −1

a23 =
(19)

C, dP dC/A = −1, dP dC/A = +1





0.0292C, dP d
C/A = +1, dP dC/A = −1 ,
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1

a24 =



0.5001C, dP dC/A = dP dC/A = +1






0.0148C, dP dC/A = dP dC/A = −1

 (20)

0.0292C, dP dC/A = −1, dP dC/A = +1





C, dP d
C/A = +1, dP dC/A = −1 .

Using the fact motivated by [5] that


P (Z > λ)=P max |z1 |2 , |z2 |2 , |z3 |2 , |z4 |2 > λ


=1 − P max |z1 |2 , |z2 |2 , |z3 |2 , |z4 |2 < λ


=1 − P |z1 |2 < λ, |z2 |2 < λ, |z3 |2 < λ, |z4 |2 < λ


=1 − P |z1 |2 < λ P |z2 |2 < λ


·P |z3 |2 < λ P |z4 |2 < λ ,
(21)

the noncentrality parameters lead to the following false
alarm and detection probabilities for joint acquisition
using coherent combining:


Pfjoint,chw
(λ) = 1 − P |z1 |2 < λ | H0 P |z2 |2 < λ | H0
a


P |z3 |2 < λ | H0 P |z4 |2 < λ | H0
4


−λ
,
(22)
= 1 − 1 − exp
2σ 2
and

Pdjoint,chw (λ)


= 1 − P |z1 |2 < λ | H1 P |z2 |2 < λ | H1


P |z3 |2 < λ | H1 P |z4 |2 < λ | H1
!#
"
"
√ !#
√
√ √
C
λ
0.0292C
λ
,
1−Q1
,
= 1 − 1−Q1
σ
σ
σ
σ
"
√ !#"
√ !#
√
√
0.0148C
λ
0.5001C
λ
· 1−Q1
,
1−Q1
,
,
σ
σ
σ
σ
where Q1 is the Marcum’s Q function. Fig. 6 shows
that this coherent combining technique for joint acquisition of all GPS L1 civil signals has similar performance to the optimal detector. This technique can be
extended over multiple L1C spreading code periods by
using semi-coherent integration.
Semi-Coherent Integration
The coherent combinations of GPS L1C pilot, L1C
data, and C/A code every 10 ms coherent integration
period can be noncoherently combined using an integer number K sequential coherent combinations in a
technique known as semi-coherent integration:
joint
Zsemi

=

K
X

k=1


max |z1,k |2 , |z2,k |2 , |z3,k |2 , |z4,k |2 , (23)
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Figure 6: Detection probability of coherent combining
joint L1C and C/A detector for acquisition
over one L1C spreading code period referenced to L1C signal power.
where:
2
p
√
αIP,k + βID,k − γQC/A,k
2
√
p
√
+
αQP,k + βQD,k + γIC/A,k
√
2
p
√
|z2,k |2 =
αIP,k + βID,k + γQC/A,k
√
2
p
√
+
αQP,k + βQD,k − γIC/A,k
√
2
p
√
|z3,k |2 =
αIP,k − βID,k + γQC/A,k
√
2
p
√
+
αQP,k − βQD,k − γIC/A,k
√
2
p
√
|z4,k |2 =
αIP,k − βID,k − γQC/A,k
√
2
p
√
+
αQP,k − βQD,k + γIC/A,k .
|z1,k |2 =

√

(24a)

(24b)

(24c)

(24d)

Simulation results are used in Fig. 7 to show how this
semi-coherent integration technique outperforms the
noncoherent detector for acquisition over three L1C
spreading code periods (30 ms).
Since the coherent combinations depend on relative
sign estimates between the overlay/data bits, the performance advantage of semi-coherent integration over
noncoherent combining is expected to disappear eventually as the C/No decreases. Fig. 8 shows this point
with an extended integration time.
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JOINT L1C PILOT AND L1 C/A
ACQUISITION
Probability of Detection (with Pfa=0.001)

1

Joint acquisition of the GPS L1C and C/A code signals is an attractive solution to improving acquisition
sensitivity. The cost, however, is increased receiver
complexity and additional correlator requirements. In
the composite L1C and L1 C/A code signal, the L1C
data component contributes less than 15 percent of the
total signal power. One possible tradeoff is to ignore
the L1C data component and perform joint L1C pilot
and C/A code acquisition. In this section, detectors
that use only the pilot component of L1C along with
the C/A code signal for acquisition are proposed and
their performance is analyzed.
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Since the L1C pilot nominal received signal is 0.25
dBW higher than the C/A code, L1C pilot has a re0.25

Figure 7: Detection probability of semi-coherent joint
L1C and C/A detector for acquisition over
three L1C spreading code periods referenced
to L1C signal power.

ceived strength that is 10 10 = 1.0593 times higher
than C/A on a linear scale:
1.0593γ 0 + γ 0 = 1,
γ 0 = 0.4856,

(25)

so that the power split parameters are:
α0 = 0.5144, and γ 0 = 0.4856.

Probability of Detection (with Pfa=0.001)

1

The likelihood ratio in the optimal detector for joint
acquisition of L1C pilot and L1 C/A comes directly
from making adjustments to the optimal joint detector
in (11) which results in:
!
√
X
C0 p 2
Λ(r) =
p(dP , dC/A )I0
x + y 2 , (27)
σ2

0.9

dP ,dC/A ∈{B}

0.8

where C 0 represents the total received signal power
from the two components, the vectors d contain the
overlay/data bits during each 10 ms integration for
each component, {B} is the set of all possible bit combinations, I0 is the modified Bessel function of zeroth
order, and x and y are defined as:

0.7
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Figure 8: Detection probability of semi-coherent joint
L1C and C/A detector for acquisition with
an extended integration time over twentyfive spreading code periods referenced to
L1C signal power.

x=
y=

K 

X
p
√
α0 IP,k dP,k − γ 0 QC/A,k dC/A,k ,

k=1
K 
X

k=1


p
√
α0 QP,k dP,k + γ 0 IC/A,k dC/A,k . (28)

The detection probabilities of this optimal detector for
joint L1C pilot and L1 C/A acquisition referenced to
the C/No of the L1C signal are shown in Figs. 9 and
10, while using one and three spreading code periods.

Proc. ION GNSS+ 2013, Nashville TN, Sept. 2013

1

0.9

0.8

Optimal Joint L1C & C/A Detector

0.7

Coherent Combining Joint L1C & C/A Detector
Noncoherent Joint L1C & C/A Combining Detector
Optimal Joint L1C Pilot & C/A Detector
Optimal L1C Detector

0.6
27

28

29
30
C/No (dB-Hz) of L1C

31

32

Figure 9: Detection probability of optimal joint L1C
pilot and C/A detector for acquisition over
one L1C spreading code period referenced to
L1C signal power.
The C/No is still referenced to the L1C signals so that
the performance of the joint L1C pilot and C/A code
detectors can easily be compared to previous acquisition schemes.
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Figure 10: Detection probability of optimal joint L1C
pilot and C/A detector for acquisition over
three L1C spreading code periods referenced to L1C signal power.

Noncoherent Combining
Noncoherent combining is the separate acquisition of
the L1C pilot component and the C/A code, and
the subsequent combination of their correlator powers.
The incoming signal can be correlated separately with
a local replica of the L1C pilot and the C/A spreading codes as shown in Fig. 11. Noncoherent channel
combining is the squaring, scaling and summing of correlator outputs to obtain the decision variable:
K 
X

jointpc
Zncw
=

k=1



2
2
α0 IP,k
+α0 Q2P,k +γ 0 IC/A,k
+γ 0 Q2C/A,k , (29)

where α0 , and γ 0 , are the power split parameters from
(26).
Since the underlying Gaussian random variables have
two different variances based on the power split facjointpc
tors, the decision statistic, Zncw
, is a sum of two
chi-square random variables, each with 2K degrees of
freedom. When the signal is not present, or when incorrect delay and Doppler estimates are used, the random variables have a central chi-square distribution.
When the delay and Doppler estimates are correct, the
random variables have a non-central chi-square distribution.

X
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R
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R
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Figure 11: Block diagram of noncoherent combining
detector for joint acquisition of GPS L1C
Pilot and L1 C/A.
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Figure 12: Detection probability of noncoherent combining joint L1C pilot and C/A detector
for acquisition over one L1C spreading code
period referenced to L1C signal power.
Performance of this noncoherent combining detector is
shown in Figs. 12 and 13. As the total integration time
increases, the performance gap between the optimal
and noncoherent combining detectors also increases.
Other combining techniques to improve performance
for joint acquisition of the L1C pilot and C/A code
are now considered.
Coherent Combining
The coherent channel combining technique presented
for the the two L1C components in [15] is adjusted so
that the L1C data component is replaced by the C/A
code:

jointpc
Zchw
= max |z + |2 , |z − |2 ,
(30)
where:

p
p
√
√
z + = α0 IP +j α0 QP − γ 0 QC/A +j γ 0 IC/A , (31a)
p
p
√
√
z − = α0 IP +j α0 QP + γ 0 QC/A −j γ 0 IC/A , (31b)

and

√
2 √
2
p
p
|z + |2 = α0 IP − γ 0 QC/A +
α0 QP + γ 0 IC/A (32a)
√
2 √
2
p
p
|z − |2 = α0 IP + γ 0 QC/A +
α0 QP − γ 0 IC/A (32b)
.
The |z + |2 and |z − |2 terms are chi-square random variables with two degrees of freedom. With the scale factors, the underlying Gaussian random variables have
a variance of σ 2 , instead of 2σ 2 . When the signal is
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Figure 13: Detection probability of noncoherent combining joint L1C pilot and C/A detector for
acquisition over three L1C spreading code
periods referenced to L1C signal power.

present with correct estimates of delay and Doppler,
the noncentrality parameter for |z + |2 is:
 √
2
√
a2+ = α0 C 0 dP cos (∆θ) + γ 0 C 0 dC/A cos (∆θ)
 √
2
√
+ α0 C 0 dP sin (∆θ) + γ 0 C 0 dC/A sin (∆θ)

= α02 + γ 02 + 2α0 γ 0 dP dC/A C cos2 (∆θ)

+ α02 + γ 02 + 2α0 γ 0 dP dC/A C sin2 (∆θ)

= α02 + γ 02 + 2α0 γ 0 dP dC/A C
(

C, dP dC/A = +1
=
(33)

(0.0008)C, dP dC/A = −1 .
The noncentrality parameter for |z − |2 is:

a2− = α02 + γ 02 − 2α0 γ 0 dP dC/A C
(

C, dP dC/A = −1
=

(0.0008)C, dP dC/A = +1 .

(34)

These noncentrality parameters lead to the following
false alarm and detection probabilities:


+ 2
− 2
Pfchw
a (λ) = 1 − P |z | < λ | H0 P |z | < λ | H0


2
−λ
= 1 − 1 − exp
,
(35)
2σ 2
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Figure 14: Detection probability of coherent combining joint L1C pilot and C/A detector for
acquisition over one L1C spreading code
period referenced to L1C signal power.

Figure 15: Detection probability of semi-coherent
combining joint L1C pilot and C/A detector for acquisition over three L1C spreading code periods referenced to L1C signal
power.

and

where:



Pdchw (λ) = 1 − P |z + |2 < λ | H1 P |z − |2 < λ | H1
"
!#
√ √
C
λ
= 1 − 1 − Q1
,
σ
σ
"
p
√ !#
(0.0008)C
λ
· 1 − Q1
,
,
(36)
σ
σ
where Q1 is the Marcum’s Q function. Fig. 14 shows
that this coherent combining technique for joint acquisition of all GPS L1 civil signals has similar performance to the optimal detector. This technique can be
extended over multiple L1C spreading code periods by
using semi-coherent integration.

Semi-Coherent Integration
Extending the total integration time by noncoherently
combining the 10 ms coherent combinations from the
previous section is known as semi-coherent integration:

jointpc
Zchw

=

K
X

k=1


max |zk+ |2 , |zk− |2 ,

(37)

2
√
p
α0 IP,k − γ 0 QC/A,k
2
√
p
+
α0 QP,k + γ 0 IC/A,k ,
√
2
p
|zk− |2 =
α0 IP,k + γ 0 QC/A,k
2
√
p
+
α0 QP,k − γ 0 IC/A,k .
|zk+ |2 =

(38a)

(38b)

Simulation results are used in Fig. 15 to show how
this semi-coherent integration technique outperforms
the noncoherent detector for acquisition over three
L1C spreading code periods (30 ms). Since the coherent combinations depend on relative sign estimates
between the overlay/data bits, the performance advantage of semi-coherent integration over noncoherent
combining is expected to disappear eventually as the
C/No decreases. Fig. 16 shows this point with an extended integration time of twenty-five spreading code
periods.
CORRECT C/A CODE PHASE AND
INCORRECT L1C CODE PHASE
The previous work in this paper is based on the assumption that when incorrect estimates for code delay
and Doppler are used, the outputs of the correlators
contain the noise terms only. The scenario when this
assumption is invalid is discussed in this section. The
coherent integration time in the acquisition schemes
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Figure 16: Detection probability of semi-coherent
combining joint L1C pilot and C/A detector for acquisition over extended integration time of twenty-five spreading code period referenced to L1C signal power.
presented here is the length of the L1C spreading code,
or 10 ms. Since the L1 C/A code period is only 1ms,
it repeats ten times during one L1C spreading code
period. This leads to the situation that nine different code delay estimates will be incorrect for L1C but
correct for L1 C/A. If correlator spacing of one chip
is used, then nine out of 10,230 possible code phase
estimates will have noise only on the L1C correlator
outputs while having signal energy in the C/A code
correlator outputs:
IP,k
QP,k
ID,k
QD,k
IC/A,k
QC/A,k

= ηP,I,k ,
= ηP,Q,k ,
= ηD,I,k ,
= ηD,Q,k ,
p
= γC dC/A,k sin (∆θ) + ηC/A,I,k ,
p
= − γC dC/A,k cos (∆θ) + ηC/A,Q,k . (39)

A strategy to deal with this possibility may be implemented in the GPS receiver. For example, if the
decision statistic of a particular detector crosses the
detection threshold, power in the L1C correlator outputs can be checked. If it determined that the correct
C/A code phase but incorrect L1C code phase has been
found, acquisition can proceed with just the C/A code
signal.
To determine the probability that an incorrect L1C
code delay estimate but correct C/A code delay estimate would cross the detection threshold, Monte Carlo
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Figure 17: Detection probability of joint L1C and C/A
detectors with incorrect L1C code phase
estimate but correct C/A code phase estimate for acquisition over three L1C spreading code periods referenced to L1C signal
power.
simulations with this scenario were performed for the
various joint detection schemes presented in this paper. Figs. 17 and 18 show the detection probability
various detectors along with the detection probability for a correct C/A code phase but incorrect L1C
code phase for each detector. The latter can almost
be considered a C/A code detector, however, the detector does contain extra noise terms from the L1C
correlators.
CONCLUSIONS
The trend for future GNSS receivers is multi-signal
and multi-constellation capability. Receiver manufacturers are seeking to design devices that use multiple
signals from a system while also using multiple satellite navigation systems to get a position, navigation,
and timing solution. This paper aids this trend by focusing on joint detection schemes for acquisition of the
composite L1C and L1 C/A signal in order to improve
acquisition sensitivity.
The optimal detector for joint GPS L1C and L1 C/A
was derived and its performance used as a benchmark
for other joint acquisition schemes. Coherent combining over one L1C spreading code period by trying all
four possible coherent combinations was shown to have
optimal performance over one L1C spreading code period. Analytical expressions for the detection and false
alarm probabilities were derived. Semi-coherent inte-
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Probability of Detection (with Pfa=0.001)

1

tecting the signal in an additive white Gaussian noise
channel [16, 17]. Due to autocorrelation properties of
the codes, it is assumed that the correlator outputs
contain noise only if an incorrect delay estimate is
used. If the correlation outputs are observed every
10 ms a total of K times, then observation at the output of the complex correlators are the following two
hypotheses:
√


j∆θ
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H1 : r = √
βCdD e
 +n
j∆θ
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Figure 18: Detection probability of joint L1C pilot
and C/A detectors with incorrect L1C code
phase estimate but correct C/A code phase
estimate for acquisition over three L1C
spreading code periods referenced to L1C
signal power.
gration used these coherent combinations over multiple
spreading code periods. Similar techniques for acquisition were also considered for only using the L1C pilot
component along with the C/A code signal. This latter technique may be most attractive to GNSS receiver
designers due to the low power contribution from the
L1C data component.
APPENDIX: DERIVATION OF THE
OPTIMAL DETECTOR FOR JOINT L1C
AND C/A ACQUISITION
In this appendix, classical detection theory is used, following the same procedure used in for L1C only in [14],
to derive the optimal detector for joint L1C and C/A
acquisition. Processing is performed over an arbitrary
integer number of primary spreading code periods of
the GPS L1C signal. The signal specification requires
that the spreading code chips for the two signals be
synchronized [8]; therefore, each period of the L1C
code is assumed to contain 10 complete periods of the
C/A code. Despite having a shorter spreading code
period, C/A code has a data bit duration that is twice
as long as L1C: Td,C/A = 20 ms. Possible data transitions on the C/A signal occur at the same time as
every other possible data transition on each L1C component.
The outputs of the correlators are used here as the
observation since they are sufficient statistics for de-

(40)

where the data, dP , dD and dC/A , are each K × 1
vectors which contain the data bit during 10 ms correlation. Under H1, the observation is the 3K × 1 vector
of correlator outputs from the K × 10 ms observation.
The 3K × 1 noise vector, n, is white and Gaussian
with covariance σ 2 I, where I is the identity matrix and
σ 2 = N0 / (2Tc ) [13]. The received signal power is C,
with the parameters α, β and γ describing the power
split among the three components (L1C Pilot, L1C
Data, C/A Code), so that α + β + γ = 1. For the joint
GPS L1C and C/A acquisition, α = 20/48, β = 7/48
and γ = 20/48 as noted in (3). The carrier phase
residual is ∆θ. Each component contains data which
represent any navigation bits, overlay code, or a combination of these two items which may be present.
Since the a priori probabilities of a signal’s presence
are unknown, the Neyman-Pearson criterion is used
to maximize the probability of detection (Pd ) under
a particular probability of false alarm constraint (Pf ).
The optimum test consists of using the observation r to
find the likelihood ratio Λ(r) and comparing this result
to a threshold to make a decision [16]. The likelihood
ratio consists of conditional joint probabilities:
Λ(r) ,

p (r | H1 )
.
p (r | H0 )

(41)

The likelihood ratio test is:
Λ(r)

H1

≷

T H,

(42)

H0

where the threshold, T H, is determined as follows for
a fixed Pf :
Z ∞
Pf =
p(Λ | H0 )dΛ.
(43)
TH

The joint probability density function of r is expressed as a product of the marginal probability density functions since all of the noise terms are mutuallyuncorrelated, and therefore, statistically-independent
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zero-mean Gaussian random variables. The joint probability density function under hypothesis H0 (no satellite signal present) is:
p(r | H0 ) =



1
(2π)3 σ 6

K



−|r|2
exp
.
2σ 2

p(r | H1 ) =

1
3

(2π) σ 6


#K

√
 2
j∆θ
αCd
e
P
√

 −1
·exp 2 r − √
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"
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 2
1
−p
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exp
,
(45)
3
2σ 2
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where:

·

0


p r|H1 , ∆θ, dP , dD , dC/A p (∆θ|H1 ) d∆θ,
X
p(dP , dD , dC/A )

Z

2π

0


p r|H0 , ∆θ, dP , dD , dC/A p (∆θ|H0 ) d∆θ,

where B represents all possible combinations of the
L1C data, the L1C pilot, and the C/A navigation symbols over the observation interval.
The likelihood ratio is now:
p (r | H1 )
p (r | H0 )
X

=

p(dP , dD , dC/A )

dP ,dD ,dC/A ∈{B}
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(47)
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√
− 2 C sin(∆θ)
K 

X
p
√
√
αQP,k dP,k + βQD,k dD,k + γIC/A,k dC/A,k .
·
k=1

Since the carrier phase residual (∆θ), the overlay
code bit (dP ), and the data bits (dD , dC/A ), are unknown, each is considered a random variable with
a known a priori density. The conditional probability density functions in the likelihood ratio can
be found by averaging p (r | H0 , θ, dP , dD , dC ) and
p (r | H1 , θ, dP , dD , dC ) over the probability density
function of the random carrier phase residual and the

2π

dP ,dD ,dC/A ∈{B}

k=1

After simplifying, the joint probability density function is now:
"
#K
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2σ 2
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 √C
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√
·exp 2 cos(∆θ)
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σ
k=1
p

√
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K
 √C
X
√
·exp 2 sin(∆θ)
αQP,k dP,k
σ
k=1
p

√
+ βQD,k dD,k + γIC/A,k dC/A,k . (46)

Z

p (r|H0 ) =

Λ(r) =

p2
√
= |r|2 + KC − 2 C cos(∆θ)
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X
p
√
√
·
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p(dP , dD , dC/A )
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·


X

p (r|H1 ) =

(44)

The joint probability density function under hypothesis H1 (satellite signal is present) is:
"

probability mass function of the random bits:

0

where:

x=
y=

K 

X
p
√
√
αIP,k dP,k + βID,k dD,k − γQC/A,k dC/A,k ,

k=1
K 
X

k=1


p
√
√
αQP,k dP,k + βQD,k dD,k + γIC/A,k dC/A,k .(48)

The first exponential function in (47) is not a function of the observable, the carrier phase offset, or overlay/data bits; thus, the offset is incorporated into the
threshold so that the likelihood ratio for the optimal
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GPS C/A and L1C joint detector becomes:
Λ(r)

X

=

p(dP , dD , dC/A )

dP ,dD ,dC/A ∈{B}

!
!#
√
C
C
exp
cos(∆θ) (x) exp
sin(∆θ) (y) d∆θ
σ2
σ2
0
!
√
X
Cp 2
p(dP , dD , dC/A )I0
=
(49)
x + y2 ,
σ2

1
·
2π

Z

2π

"

√

dP ,dD ,dC/A ∈{B}

where I0 is the modified Bessel function of zeroth order
and where x and y are defined in (48).
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