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ABSTRACT A code recoverymethod of a global navigation satellite system (GNSS) authorized service (AS)
signal component is described under the condition of a high signal-to-noise ratio. The correctness of the
spreading code verification can be used to monitor the health status of satellite payloads. Pseudo code
recovery is a precondition to verify the validity of pseudo code. For a specified GNSS signal multiplexing
approach, the distribution of baseband signal phase points on a constellation diagram is established. The
open service signal component and the AS signal component correlate with each other on the unit circle.
By wiping off the signal carrier, each signal component can be recovered according to the phase table of
the transmitted signal. Different states of the global positioning system L1 signal is introduced, and the AS
signal component recovery performance under different constant enveloping modulations is analyzed. This
paper provides a reference for the analysis, evaluation, and system optimization design of a GNSS signal.
Relevant research results can be applied to satellite signal quality monitoring and electronic reconnaissance.

INDEX TERMS GPS modernization, code sequence recovery, authorized service signal, bit error rate.

I. INTRODUCTION
Bit error rate (BER) is always used to measure the perfor-
mance of demodulation and decoding after carrier tracking.
The verification of spreading code symbol correctness can be
used to monitor the health status of a satellite payload, which
is an important part of navigation signal monitoring and
evaluation [1]. The spreading pseudo code sequence recovery
is the basis of analyzing the BER. Many spreading code
symbol errors occur in a short time when the satellite payload
fails. Therefore, we can distinguish a code error produced
either by a satellite failure or by noise via the BER. In gen-
eral, for continuous code error analysis, a bit error rate over
1 × 10−3 may be considered a fault caused by a satellite
payload failure [2].

The past 20 years have witnessed tremendous devel-
opments of new and modernized satellite-based nav-
igation systems, including Global Navigation Satellite
Systems (GNSSs), regional systems, and space-based aug-
mentation systems (SBASs). Fig. 1 shows the evolution of
the GPS signals over satellite blocks [3]. The legacy Global
Positioning System (GPS) signals include the coarse/
acquisition (C/A) code and the precision code signal on
radio frequency (RF) link 1 (L1) carrier frequency of
1575.42 MHz [4]. The C/A code is open (unencrypted) and
the P code signal is only intended for authorized (military)

use and is normally encrypted (referred to as the P(Y) code).
Both legacy GPS signals are generated using direct sequence
spread spectrum (DSSS) modulation. A new long pseudo-
noise (PN) sequences code called M-code has been proposed
and transmitted by the Block IIF SVs. Advanced encryption
algorithms guarantee M-code sequence a much higher con-
fidentiality than P(Y) code [5]. The new civil signal called
L1Cwhich will be broadcast on the L1 carrier frequency is an
intergral part of the GPS III capabilities being developed. The
new signal consists of two main components; one denoted
L1CP to represent a pilot signal, without any data message,
and L1CD that is spread by a ranging code and modulated by
a data message [6].

Civilian GNSS services have open codes and signal struc-
ture, which make it feasible that anybody with adequate
knowledge can reproduce the legitimate signals in an exact
manner [7]. A high-gain antenna is always used to receive
and analyze the navigation signal in signal monitoring and
evaluation systems [8]. For the legacy GPS L1 signal, C/A
and P(Y) codes at L1 are on the same carrier, but placed
90◦ apart and these two are summed together to produce the
L1 signal.

The C/A codes can be recovered by tracking the received
signal. In addition, the symbol polarity of the P(Y) signal
component can be judged by the orthogonal relationship
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FIGURE 1. Evolution of the GPS Signals.

TABLE 1. Available signals transmitted by different GPS satellite blocks
on l1 carrier.

between the Open Service (OS) and Authorized Service (AS)
signal branches. However, a modern GNSS widely transmits
multiple signals to provide different levels of services. Since
the payload power of a satellite is limited, multiple signals
must be combined into a composite signal and transmit-
ted by a single source [9]. Various channel signals form a
more complex phase relationship with each other, making
it difficult to differentiate signal components through the
inphase/quadrature (I/Q) branches after carrier tracking. The
available signals transmitted by different GPS blocks on
L1 band are summarized in Table 1 [10]. The M-code uses
a variant of DSSS modulation referred to as binary offset
carrier (BOC). L1C uses a mixture of two BOC modulations
referred to as multiplexed BOC (MBOC). The L1CD signal is
modulated on the L1RF carrier using a BOC (1,1)modulation
technique. The L1CP signal is modulated on the L1 RF carrier
using a Time-Multiplexed BOC (TMBOC) modulation tech-
nique. The TMBOC technique utilized by L1CP signal uses
a combination of BOC (1,1) and BOC (6,1) modulation [6].

For a baseband signal after a carrier wiped off, this
paper analyses the Carrier to Noise Ratio (CNR) required to

correctively recover the specific AS signal code combina-
tion. The code combination may be the Pseudo Random
Noise (PRN) code, modulated with either navigation data or
a secondary code, or both.

In the end, this paper takes the GPS L1 signal for exam-
ple, and analyses the demodulation BER of the AS signal
component under different CNRs, providing a reference for
the analysis, evaluation and system optimization design of
the GNSS signal. The research can be applied to the satellite
signal quality monitoring and electronic surveillance.

II. DUAL-CHANNEL SIGNAL DEMODULATION
THRESHOLD
Dual-channel navigation signals usually adopt an orthogo-
nal multiplexing method. The dual-channel spreading codes
modulate on two mutual orthogonal carriers, without disturb-
ing each other, and the multiplexing efficiency reaches 100%.
The baseband expression of the dual-channel signal adopted
orthogonal multiplexing and can be expressed as:

S(t) =
√
PI sI + j

√
PQsQ (1)

where PI and PQ are the total powers of the in-phase and
quadrature signal components, j is the imaginary unit. The
in-phase and quadrature components of the carrier are given
by sI/Q (t) = DI/Q (t) · CI/Q (t), where C(t) is the PRN
spreading code, and D(t) is the Navigation Data modulation.
The secondary code and BOCmodulation are easy to achieve
in the next steps based on different code period and code
frequency [1].

For the navigation signal containing only dual-channel
signal components using binary level symbols, there are four
kinds of combinations corresponding to four phase states.
If orthogonal multiplexing is adopted, the dual-channel signal
can be separated into two channels according to the orthogo-
nal relationship, and each channel can be regarded as a Binary
Phase Shift Keying (BPSK) modulation.

FIGURE 2. QPSK noise tolerance.

As shown in Fig. 2, for a Quadrature Phase Shift
Keying (QPSK) modulation signal, the phase deviation of
the signal vector caused by the noise will lead to a wrong
judgement. For example, the transmitted signal phase of 45◦
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represents the baseband signal element ‘‘11’’. If it is affected
by noise, the phase of the received vector may turn into 135◦,
and thus, it is misjudged as ‘‘01’’. When different outbound
vectors transmit in equal probability, a rational decision
threshold should be set at the position that is equidistance
between the adjacent vector and the other vector. For the case
of the vector ‘‘11’’ in Fig. 2, the threshold should be set at 0◦

and 90◦. If the transmitted symbol is ‘‘11’’, error justice will
occur when the phase of the received signal vector is beyond
this range (shaded area).

Therefore, for the dual-channel navigation signals, if the
signal symbol is judged by the polarity of the I/Q branch,
the bit error rate performance is approximately equal to the
average bit error rate of the BPSK signal [11].

Pe = Q
(√

r
)

(2)

where r represents signal to noise ratio (SNR), Q is the normal
right tail function (Q- function).

We take the legacy L1 signal as an example, that is, the C/A
code is modulated on the in-phase channel whereas the P(Y)
code is modulated on the quadrature phase channel, with both
power ratios fulfilling the requirements of the Interface Con-
trol Document (ICD). The C/A code sequence is known by
tracking the C/A signal. Then, the signal polarity is decoded
to recover the chip symbol.

FIGURE 3. P(Y) code error rate for dual-channel signal case.

BER results are shown in Fig. 3 by comparing the recov-
ered code with the original code sequence. As shown in
Fig. 3, the lateral axis indicates the total C/N0 of the com-
pound signal, the red line represents the theoretical bit error
rate of the BPSK signal, and the blue line represents the
recovery P(Y) bit error rate. It can be seen that the recov-
ery BER in a dual-channel signal orthogonal multiplexing
is similar to the BPSK BER performance. Within the BER
requirements of 10−3, the AS signals can be fully recovered
when the C/N0 is greater than 67 dBHz. For lower BER
requirements, greater C/N0 is needed for signal monitoring.

It should be noted that as the probability of each transmit-
ted navigation signal is not exactly equal, and the power level

of the GPS L1 C/A code signal is different from that of the
P(Y) code signal, the BER performance of P(Y) should be a
little larger.

III. TRI-CHANNEL SIGNAL DEMODULATION THRESHOLD
In addition to the constant-envelope modulation (CEM)
methods such as QPSK, Tri-Channel Signal multiplexing
techniques are required for some special cases, such as the
E1 band for Galileo and the L1 band for GPS Block IIRM and
Block IIF. By employing these CEMmethods, several signals
can be combined into a constant-envelope composite signal
and be transmitted through a single transmitter. Until now,
several constant-envelope multiplexing methods have been
proposed for tri-channel signal demodulation, such as Major-
ity Voting (MV) [12], Interplex [13] and Coherent Adaptive
Subcarrier Modulation (CASM) [14], with Interplex mathe-
matically equivalent to CASM. Therefore, this paper takes
Interplex multiplexing technology as an example. The base-
band signal of Interplex modulation after normalization can
be represented as

S(t) = I (t)+ jQ(t) (3)

where the in-phase and quadrature signals, I(t) and Q(t), are
given by

I (t) = sin θ2 cos θ3 · s2 + cos θ2 sin θ3 · s3
Q(t) = − cos θ2 cos θ3 · s1 + sin θ2 sin θ3 · s1s2s3 (4)

s1, s2, and s3 represent the tri-channel signals adopted the
Interplex multiplexing method. θ2 and θ3 are modulation
angles, where θ2, θ3 6= kπ/2.

TABLE 2. The Relationship between the transmitted signal component
and I/Q branch signal.

In general, for navigation signals containing tri-channel
signal components, there are eight kinds of pseudo code
combinations, namely, a maximum of eight phase states.
The carrier phase of the transmitted signal at any time is
determined by the combination of the code sequence. The
relationship between the transmitted signal component and
I/Q channel signal is shown in Table 2.

The scatterplot of the baseband signals is shown in Fig. 4,
which contains tri-channel signal components adopting the
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FIGURE 4. Scatterplot of tri-channel signal interplex modulation.

Interplex modulation. Assuming the first phase point to be
(x1, y1) = (sin(θ2 + θ3), cos(θ2 + θ3)), then there are two
possibilities for the second phase point based on the phase
relationship of (x1, y1) = (sin(θ2 − θ3), cos(θ2 − θ3)) and θ3.
We first consider that (x2, y2) = (sin(θ2 − θ3), cos(θ2 − θ3)).

From the normalized signal phase constellation, the dis-
tance between the first two points can be expressed as
d12 = 2 sin θ3, and the distance between the first
phase point and the eight phase point can be defined as
d18 = 2 cos(θ2 + θ3). Because the first phase point error is
only derived from the second phase point and the eighth phase
point in a binary decision, then the bit error rate is

Pe(1, 2) = Q
(
d12
2σ

)
= Q

(√
2rsinθ3

)
Pe(1, 8) = Q

(
d18
2σ

)
= Q

(√
2rcos (θ2 + θ3)

)
(5)

where Q(x) is the normal cumulative distribution function.
The first phase point error can be determined by

Pe,1 = Pe(1, 2)+ (1− Pe(1, 2))Pe(1, 8) (6)

The second phase point error can be obtained by the same
method. There are three kinds of minimum distances between
each phase point through all the possible phase states.

d1 = |2sinθk | or |2cosθk | (k = 2 or 3)

d2 = |cos(θ2 + θ3)| , d3 = |sin(θ2 − θ3)| (7)

Thus, the total bit error rate of the system can be expressed
as

Pe ≈ Q(

√
2r
2

d1)+
1
2

(
Q

(√
2r
2

d2

)
+ Q

(√
2r
2

d3

))
(8)

When the 8 phase points are uniformly distributed in a unit
circle, the constellation diagram is equivalent to that of the
8PSK, and the BER is the smallest.

Pe ≈ 2Q
(√

2rsin
π

8

)
(9)

A set of possible solutions is θ2 = π/4 and θ3 = π/8.
Therefore, for the three navigation signals using the Inter-

plex multiplexing method, the best code recovery perfor-
mance is no more than 8PSK.

It should be noted that the constellation diagram may con-
tain only six phase states under special circumstances such as
θ2 ± θ3 = kπ . Then, there are two or more phases that cor-
respond to the same phase point. It is difficult to recover the
corresponding signal based only on the constellation phase
point, if we know nothing about the three signals.

A. TWO CHANNELS UNKNOWN
If there is only one channel signal known for a tri-channel
signal adopted Interplex multiplexing method. The OS code
can be acquired after tracking the received baseband signal,
which can be helpful to recover the AS signal components.

The s1(t), s3(t) in (4) can be recovered if the s2(t) is known
in an ideal condition without noise.

rs3(t) = sign
[
I (t)− s2(t) · sin θ2 cos θ3

cosθ2 sin θ3

]
rs1(t) = sign

[
Q(t) · cos θ2

I (t) · s2(t) · sinθ2 − cosθ3

]
(10)

The noise items of the I/Q branch is considered, which are
independent of each other. Iterate through all the launch phase
combinations, and the recovered signal component s3(t) can
be expressed as rs3(t) = sign

[
s3(t)+

nI (t)
cos θ2 sin θ3

]
. In other

words, the BER of s3(t) may be rewritten as

P3 = Q
(√

r |cosθ2 sin θ3|
)

(11)

At the same time, if the s3(t) is known, the BER of s2(t)
becomes

P2 = Q
(√

r |sinθ2cosθ3|
)

(12)

If the s1(t) is known, which is only found in quadrature
channel, the s2(t) and s3(t) become more difficult to recover
in the in-phase channel. In other words, their BER is greater
than the condition of a known in-phase channel signal.

In summary, for the three signals adopted Interplex multi-
plexingmethod, in-phase channel code recovery performance
can be evaluated as (11) and (12) when the other signal
component in in-phase channel is known.

B. ONE CHANNEL UNKNOWN
If two channel signals are OS signals in a tri-channel signal
adopted Interplex multiplexing method, the residual AS sig-
nal can be recovered with the help of tracking the two OS
signals. For example, the s2(t) and s3(t) are known in (4).
As the s1(t) is only in quadrature channel, the recovered s1(t)
in the condition without noise can be expressed as

rs1(t) = sign
[
−Q(t)

cos(θ2 ± θ3)

]
(13)

The BER of s1(t) may be obtained after considering all the
transmitting signal combinations.

P1 =
1
2

(
Q
(√

r |cos(θ2 + θ3)|
)
+ Q

(√
r |cos(θ2 − θ3)|

))
(14)
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Finally, if s1(t) and s2(t) are public signals, the BER of
s3(t) can be expressed as (11). In the same way, if s1(t) and
s3(t) are public signals, the BER of s2(t) can be expressed
as (12).

IV. QUADRA-CHANNEL SIGNAL DEMODULATION
THRESHOLD
In addition to these CEM methods above, multi-frequency
multiplexing techniques, which can combine signals from
separate sidebands, are required for some special cases,
such as the E5 band for Galileo and the B2 band for
Beidou Phase III. So far, many constant-envelope multi-
plexing methods for Quadra-channel signal demodulation
have been proposed, such as Alternate BOC (AltBOC) [15],
Time Division AltBOC (Td-AltBOC) [16], Dual-QPSK [17],
bipolar subcarrier (BS-ACEBOC) [18] and Phase-Optimized
constant-envelope Transmission (POCET) [19]. POCET
yields a phase table which addresses the correspondence
between the transmission phase and the values of the original
signals through optimization, thus resulting in an optimal effi-
ciency. It treats the constant-envelope multiplexed signal as a
Phase Shift Keying (PSK) signal and transforms the constant-
envelope multiplexing method into a phase-mapping prob-
lem. On the other hand, if the phases of the received signal are
known, the transmitted signal code sequence can be recovered
according to the phase table.

For a constant-envelope signal containing an N0 signal
component, there are 2N0 kinds of combinations, namely,
a maximum of 2N0 phase states. Through the analysis above,
it can be summarized that the best recovery bit error rate is
no more than the Multiple Phase Shift Keying (MPSK) code
error performance under Gaussian noise channels. The BER
of MPSK can be written as [20]

Pe ≈ e−r ·sin
2(π /M) (15)

where the r (represents SNR) in the equation is high enough.
M stands for the number of signals modulated.

In the actual satellite navigation system, it is usually
required to transmit the OS signal and the AS signal together.
The accurate tracking of the OS signal components is useful
for the recovery of the AS signal components. For M signals
that adopt POCET modulation, we only need to distinguish
between the 2N0−N1 phase points if there are N1 signal com-
ponents known, which effectively improves the accuracy of
the signal code sequence recovery.

V. DISCUSSION RESULTS AND ANALYSIS
The standard codes are generated according to the ICD at
first. Then, the modulated signals are added through the
Gaussian noise channel under different CNRs. The non-
public codes are recovered by the method referred to in this
paper. A series of Monte Carlo simulations is conducted to
make the results close to the actual situation [21].

First, the effects of carrier phase tracking errors on the
BERs is analysed. The received GNSS baseband signals can

be expressed as

r(t) = s(t)cos(2π fd t)+ n(t) (16)

where s(t) = ±1 and fd is the residual doppler. Then,
the BER can be expressed as

PBER = P (sign (r(t)) = s(t)) (17)

If the time is long enough and the signal is strong enough,
then the BER is approximately equal to 0.5. The BER curves
in 1 ms can be obtained in a condition of SNR = 5 dB as
shown in Fig. 5.

The effects of carrier phase tracking errors and noise on
the BERs under SNR = 5 dB (blue line) is shown in Fig. 5,
where the red line is only affected by noise. The figure shows
that the BER increases with the increase of residual doppler.
However, the actual residual doppler in a tracking loop is
usually only a few Hertz. Therefore, it can be regarded as
noise. Therefore, the following analysis only considers the
influence of noise.

FIGURE 5. The effects of carrier phase tracking errors on the BERs under
SNR = 5 dB.

A. TRI-CHANNEL SIGNAL MODULATION
The new restricted M-code service was introduced in the
GPS block IIR-M SVs. The BOC(10,5) signal of that ser-
viceis designed to be an overlay to the P(Y)-code signal in
the I-channel. A CASM approach may be applied to form a
constant envelope. The signal power level of the C/A code
is normalized to 0 dBW, and then the P(Y) code and the
M-code signal power are −3 dBW and 0 dBW, respectively.
The carrier of the C/A code signal and P(Y) code shall be in
the orthogonal phase. The bandwidth used in the simulation
below is 1.023 MHz.

When the C/A code signals and the inter-modulation com-
ponents are in the quadrature channel, whereas the P (Y) code
signal and M-code signal are in the in-phase channel, a pos-
sible solution is θ2 = 45o or θ3 = 215.3o. Then, the recovery
P(Y) and M-code BER can be obtained according to the
scatterplot.
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FIGURE 6. P(Y) and M-code BER when C/A code is in Q channel under
different CNRs.

Fig. 6 shows that the measured P(Y) and M-code BER do
not reach the 10−3 BER performance level until the C/N0 is
greater than 85 dBHz. This is nearly impossible for a received
navigation signal. Because the received minimum RF signal
strength for Block II-M satellites in a 20.16 MHz bandwidth
on L1 is −161.5 dBW.
However, this is at the beginning of the modernization of

GPS signal design. There are three combinations according to
the relationship among C/A, P(Y), and M-code. It may have
similar results as the C/A code located in the in-phase chan-
nel. As the C/A code is modulated in the in-phase channel,
such as the s2(t) in (4), the M-code is s3(t) and the P(Y)
code is s1(t) in (4), a possible solution is θ2 = 54.7o or
θ3 = 234.7o. Then, the P(Y) and M-code can be recovered
after tracking the C/A code. By comparison with the original
code sequence, BER curves can be obtained as shown in
Fig. 7.

FIGURE 7. P(Y) and M-code BER when C/A code is in I channel under
different CNRs.

The M-code BER consistent with the theoretical bit error
rate is shown in Fig. 7. We can get a 10−3 BER performance

once the C/N0 is greater than 73 dBHz. However, the P(Y)
code orthogonal to the C/A code does not reach the 10−3 BER
performance until the C/N0 is greater than 80 dBHz.

It can also be seen from Fig. 6 and Fig. 7 that the current
constant-envelope modulation plan in Fig.6 is safer than the
plan in Fig. 7. The former requires a higher SNR to recover
the AS signal component for both the P(Y) code and the
M-code.

B. QUADA-CHANNEL SIGNAL MODULATION
GPS III will broadcast the new L1CD and L1CP signal com-
ponents in L1 combined with the C/A and P(Y) code signals.
We assume the four signals will be transmitted in a constant-
envelope modulation, whereas the M-code signal will be
transmitted in another channel after it is power enhanced.
Carriers of the two L1C components shall be in the same
phase as the P(Y) code carrier. The baseband signal of L1 can
be expressed as

sL1(t) = Aejθ (t)

= A1
(
SC/A(t)+ jαSP(Y)(t)+ jβSL1CP (t)

+ jγSL1CD (t)
)
+e(t) (18)

where A1 is the amplitude of the C/A code signal, the coef-
ficient α = 0.7071, β = 1.0288, γ = 0.5957, and e(t)
represents cross-product (intermodulation) terms. θ (t) varies
among the 16 phase points in the POCET modulated signal.

FIGURE 8. Scatterplot for a POCET modulated combination of C/A, P(Y),
L1CP, and L1CD signals under the SNR of 25 dB.

The scatterplot of the L1 signal using a POCETmodulation
under 25 dB is shown in Fig. 8, where the red dots indicate
ideal constellation points and blue scatter for actual constella-
tion points. It can be seen that certain confusion has occurred
under the condition of 25 dB. As the received satellite signals
can hardly reach such a high SNR, it is almost impossible
to recover chip symbols by differentiating signal components
through constellation points.

However, the C/A code, L1CD code and L1CP code sig-
nal components are all civil code signal components, whose
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chip symbol can be obtained through the carrier wipe-off
and pseudo code tracking. The polarity of the P(Y) code
signal component can be determined between two of 16 phase
points.

FIGURE 9. P(Y) Bit error Rate for a POCET modulated combination of C/A,
P(Y), L1Cp, and L1Cd code signals.

Fig. 9 shows the bit error rate of the P(Y) code signal com-
ponent under a POCET modulation. The P(Y) code signal
is obtained by the minimum distance criterion. We build a
fitting model through a Q-function. The red lines represent
the measured bit error rate of the P(Y) code, and the green
line represents the fitted values. The fitting expression is

P1 = 0.5 · Q
(
0.2 ·
√
r
)

(19)

The figure shows that the recovered P(Y) bit error rate should
be less than 10−3, if the SNR is greater than 80 dBHz, which
means the receiving antenna dish diameter is larger than
13 m without considering transmission cable.

VI. CONCLUSION
The satellite navigation system with limited onboard power
widely adopts a constant-envelope design to transmit signals.
AS signals and OS signals are often transmitted through a
unified constant-envelope. It offers the possibility for the
demodulation of the PN code sequence in the AS signal.

This paper established models of signal components under
different constant-envelope demodulations. It analysed the
demodulation threshold of the AS signal under the require-
ment of BER = 10−3. When dual-channel signals use QPSK
demodulation, the AS signal components recovery perfor-
mance is similar to the BER of BPSK. It can realize a BER
of 10−3 until the C/N0 exceed 70 dBHz. When using a
CASM/Interplex multiplexing mode on the tri-channel sig-
nal, at least one signal component should be known, and only
the AS signal and the OS signal that are in the same branch
can be recovered. The demodulation threshold may be lower
than 73 dBHz. If they are located on the orthogonal branch,
the OS signals play a negligible role in the AS signals to be
recovered. When using POCET multiplexing mode on the

quadra-channel signal, the demodulation threshold needs to
be higher than 80 dBHz under the condition that one-channel
signal is unknown.

This paper puts forward an idea for the recovery of navi-
gation AS signal components and reports the demodulation
threshold of the AS signal under different constant envelope
modulations. It also provides a reference for the analysis,
evaluation and system optimization design of a GNSS signal.
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