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In the past two decades, satellite 
navigation systems have undergone 
great development. The development 

of new generations of global navigation 
satellite systems (GNSS), represented by 
GPS III, Galileo, and the BeiDou global 
system (BDS), is rapidly advancing.

Signal design is one of the core tasks 
of GNSS development, because the 
broadcast signal is the only interface of 
the system for receivers, and its inherent 
performance determines the success of 
the entire system’s performance. Once 
the signal detail is defined, any subse-
quent change may cause changes to a 
large number of user terminals, which 
could have significant cost impact. 

Therefore, GNSS signal design cannot 
simply follow the “release first, update 
later” route. It must be fully studied 
and demonstrated before system imple-
mentation. However, as a significant 
infrastructure, GNSS has a long devel-
opment cycle. It may take several years 
from the time of initial signal design to 
the full operation of the system. This 
fact forces signal designers to have suf-
ficient foresight, using existing technol-
ogy, to enable unknown service require-
ments over future decades of operation. 
Therefore, although most of the signals 
in current GNSS have been defined, the 
evolution of GNSS signal design will not 
stop there. The full operation of the cur-
rent GNSS is the beginning of the design 
work of the next generation GNSS.

From the reality of GNSS design 
one can find that the growing expanded 
applications and refined services prompt 
the new generation systems to broadcast 
more signals with more complicated 
structure, which on the one hand makes 
more efficient use of limited spectrum 
resources, already crowded with GNSS 
signals, but on the other hand makes 
the spectrum crowding situation even 
worse. Moreover, such a complicated 

From the reality of GNSS design one can find that the growing 
expanded applications of GNSS and the refined services prompt 
the new generation systems to broadcast more signals with more 
complicated structure. On the one hand this makes more efficient 
use of limited spectrum resources, already crowded with GNSS 
signals, but on the other hand this makes the spectrum crowding 
situation even worse. In this article the authors take a close 
look at how we can enable future development by implementing 
excellent signal designs with higher adaptability and flexibility.
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signal structure may make the realiza-
tion of signal multiplexing more difficult 
for satellite payloads. Additionally, the 
limitation of receiving complexity, the 
requirement for backward compatibility, 
as well as the demand of interoperability 
among systems, add many constraints 
into the GNSS signal design optimiza-
tion problem. The immaturity of meth-
odology and the conflict between appli-
cation expansions and resource scarcity 
cause the signal design of the next gener-
ation GNSS to face a series of challenges. 
At present, it is necessary to take a hard 
look at the technical challenges in future 
GNSS signal design, and look for pos-
sible solutions in advance.

Challenges Facing Future GNSS Signal 
Design
Compared with wireless communica-
tion signal design, the major feature of 
navigation signal design is the pursuit of 
high accuracy ranging capability. If we 
compare the wireless communication 
signal, of which the most concerned 
targets are the capacity and reliability of 
data transmission, to a paper envelope, 
then the satellite navigation signal can 
be compared to a ruler, since its main 
concern is the accuracy and robustness 
of the ranging measurement.

In the design process of this “ruler”, 
the selection of the carrier frequency, the 
optimization of the spreading modula-
tion, and the multiplexing of signal com-
ponents are the top three critical and 
challenging parts.

Carrier Frequency Selection
The carrier frequency, as is the material 
of a ruler, determines many of the attri-
butes of a navigation signal, including 
the propagation characteristics, the cost 
of transmitting and receiving hardware, 
signal Doppler shift, and possible inter-
ference with other radio systems.

Among al l available spectrum 
resources, the L-band has many advan-
tages for satellite navigation applica-
tions, such as good propagation char-
acteristics, moderate antenna size, and 
relatively small atmosphere influence, 
and therefore became the preferred 

frequency band for 
satellite navigation 
signals. At pres-
ent, the vast major-
ity of GNSS signals 
are gathered in the 
upper L band (1559 
~ 1610 MHz) and 
the lower L band 
(1164 ~ 1300 MHz).

Figure 1 i l lus-
trates spectra of 
navigation signals 
of the current and emerging GNSSs in 
the upper L band. Obviously, it is hard 
to find any unoccupied contiguous seg-
ment in this frequency band. There are 
only a few scattered available frequency 
fragments remaining between main 
lobes of existing signals. Interference 
arises among different signals. Although 
it is possible to reduce the spectral over-
lap of the signal located at the same 
central frequency to a certain extent by 
using different subcarriers or adjusting 
the spreading chip waveforms, it is still 
becoming increasingly difficult to find 
a suitable central frequency for a newly 
added navigation signal in L-band.

Some studies (including Avila-
Rodriguez et alia, and Irsigler et alia, 
Additional Resources) consider the use 
of higher frequency bands, such as the 
S-band at 2483.5 to 2500 MHz and the
C-band at 5010 to 5030 MHz. However,
compared with L-band, the valid fre-
quency spectrum allocated to navigation 
service in S- and C-bands is more lim-
ited, so that signals these bands can sup-
port are more limited. In addition, using 
these bands with higher frequencies will 
result in greater space transmission loss, 
greater phase noise, and greater Doppler 
shift.

Spreading Modulation Design
Spreading modulation is to a satellite 
navigation what scale is to a ruler. The 
most direct influence of the spreading 
modulation design is to adjust the sig-
nal spectrum shape in order to distrib-
ute the power of the signal to a specific 
frequency position. Research indicates 
that spreading modulation directly 

affects the receiving performance for 
a signal in thermal noise, interference, 
as well as multipath environments, and 
RF compatibility between signals in the 
same frequency band. Therefore, the 
optimization of the spreading modula-
tion technique is considered one of the 
most important ways to realize spec-
trum compatibility and performance 
improvement simultaneously.

In the new generation GNSS, there 
are two new trends emerging in spread 
modulation design. Firstly, signal power 
distribution is changing from concen-
trating near the carrier frequency to a 
splitting spectrum form, which is rep-
resented by binary offset carrier (BOC) 
modulation. Research indicates that 
splitting spectrum characteristics result 
in a spectrum separation from legacy 
signals located at the same central fre-
quency and a wide root mean square 
(RMS) bandwidth which results in the 
potential advantage of improved rang-
ing accuracy and inherent multipath 
resisting ability. Secondly, in addition 
to bipolar waveforms, more and more 
multi-level spread modulation wave-
forms are emerging, such as that in 
Composite BOC (CBOC) and Alterna-
tive BOC (AltBOC) modulations. Relax-
ing the constraint of waveform level 
can provide greater freedom for spread 
modulation waveform optimization, 
thus providing more possibilities for 
improvement of the signal performance 
(Pratt and Owen, and Zhang et alia 2011, 
Additional Resources).

However, these two trends bring 
increased complexity to both the trans-
mitter and the receiver. The larger RMS 

FIGURE 1  Spectra of navigation signals of the current and emerging 
GNSSs in upper L band
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bandwidth of the splitting spectrum 
signal requires a higher subcarrier fre-
quency, which means a wider receiver 
frontend bandwidth and the increment 
of complexity of the receiver. Although 
the sophisticated receiving strategy is 
acceptable for high-end applications 
such as surveying and mapping, the 
cost and complexity is hard to justify for 
low-end consumer electronics devices. 
A direct way to address this problem is 
by transmitting multiple signals from 
the satellite, providing high-end users 
with a wideband signal that uses a com-
plex chip waveform, while allowing the 
low-end users to have a simple receiv-
ing strategy for a narrowband signal 
with a simple chip waveform. Unfortu-
nately, the increment in the number of 
signals at the same frequency degrades 
the multi-access interference (MAI) 
between the system and the inter-system 
signals, which leads to deterioration in 
the receiving performance. Further-
more, the increase in the number of 
signals and the complexity of the signal 
waveform pose a challenge to constant 
envelope multiplexing, which is another 
critical part of satellite navigation signal 
design.

Multiplexing
Signal multiplexing refers to the tech-
nique of combining multiple differ-
ent signal components into one signal 
over a shared transmitting chain. It is 
not widely treated in most GNSS inter-
face control documents (ICDs) but is 
the basis for a variety of PNT services 

for today and the 
future. Due to the 
limitation in GNSS 
transmitting power 
and the nonlinear-
ity of the amplifier, 
multiple spreading 
signals should share 
a carrier frequency 
and multiplex into 
a composite sig-
nal with a constant 
envelope in the sig-
nal transmitter.

In the constant 
envelope multiplexing on the navigation 
satellite, as the number of multiplexing 
signals increases, more inter-modulation 
terms power should be added to keep 
the envelope of multiplexed signal con-
stant. Since the information carried on 
inter-modulation terms is redundant 
for a receiver, the higher proportion of 
inter-modulation terms mean the less 
useful power output, which is expressed 
as a lower multiplexing efficiency, thus 
reducing the received carrier to noise 
ratio (CNR). Though increasing the 
transmitting power can compensate 
for the multiplexing loss, it will further 
deteriorate MAI between the system and 
the inter-system signals. 

A Gordian knot
Under the conventional idea of separate-
ly optimizing carrier frequency, spread-
ing modulation, and multiplexing, a 
Gordian knot is emerging in future 
GNSS signal design. As shown in Figure 
2, in the independent design of these 
three key elements, it is difficult to rec-
oncile the contradictions among service 
diversity, ranging accuracy, receiving 
complexity, radio frequency (RF) com-
patibility and multiplexing efficiency.

Users always want signal ranging 
performance to be as high as possible 
while the receiving complexity is as 
low as possible. However, one cannot 
have both at the same time. The most 
straightforward way to cope with the 
high-performance demand is to increase 
the signal bandwidth, and moving the 
main spectrum component of signal 

away from the carrier frequency. How-
ever, since there are almost no contigu-
ous segments of unoccupied spectrum 
remaining in the upper L-band, increas-
ing the signal bandwidth will aggravate 
spectral interference between the new 
signal and existing signals. Furthermore, 
a wider signal bandwidth and complex 
subcarrier structure also result in a high-
er processing burden on receivers, which 
is unacceptable by low-end users. The 
direct way to further support low-end 
users is to add more narrowband sig-
nals with simple structures. Neverthe-
less, increasing signal numbers not only 
further increases spectrum interference, 
but also further reduces the power effi-
ciency of multiplexing. That means the 
useful signal power is reduced, and also 
that the interference is increased. As a 
result, although the original intention 
is to improve the overall performance, 
the actual effect is to degrade the perfor-
mance of each signal component.

In order to get out of the cycle of 
contradictions among measurement 
accuracy, services variety, RF compat-
ibility, as well as multiplexing efficiency 
in satellite navigation signal design, it is 
necessary to break the routine. 

Our inspiration is attributed to Ver-
nier caliper, which combines two rulers 
with different scales together. In prin-
ciple, each scale can be used indepen-
dently as a simple ruler. However, based 
on the difference between scale divisions 
of these two rulers, when we use these 
two scales jointly in a proper way, we 
can obtain a higher measurement accu-
racy. Along the way, in navigation sig-
nal design, when we re-examine carrier 
frequency, spreading modulation, and 
multiplexing these three key elements 
as a whole, we find a solution to cut the 
Gordian knot: the multicarrier constant-
envelope composite (MCC) signal. 

Multicarrier Constant-Envelope 
Composite Signal
The concept of multi-carrier signals 
originates from the field of wireless 
communications. Typical multicarrier 
communication signals include multi-
tone signals, orthogonal frequency 

SPECTRAL TRANSPARENT ADHESIVE

FIGURE 2  A potential vicious cycle in future GNSS signal design
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division multiplexing (OFDM) signals, 
and multicarrier code division multiple 
access (MC-CDMA) signals. However, 
the satellite navigation signal has two 
major differences compared with the 
communication signal: First, the core 
mission of the navigation signal is the 
high accuracy time of arrival (TOA) 
estimation but not the data transmis-
sion. The TOA estimation processes 
based on multi-carrier communication 
signals, such as OFDM signal, are com-
plex (See Thevenon et alia, Additional 
Resources) and the inherent high RMS 
bandwidth performance advantage of 
multi-carrier signals is difficult to be 
adequately brought into play. Second, 
the vast majority of existing multi-car-
rier signals have a high peak-to-average 
ratio (PAR), which hinders their appli-
cation for satellite transmission (See 
Mateu et alia, and Emmanuele et alia, 
Additional Resources).

Unlike the above-mentioned multi-
carrier communication signals, as 
shown in Figure 3, the proposed MCC 
signal is like a “spectral transparent 
adhesive”. It “glues” a plurality of nar-
rowband signal components located in 
multiple spectral gaps together to form 
a wideband constant envelope signal, 
sharing a common up-converter, ampli-
fier chain and antenna aperture. The 
core features of the MCC signal are: 
•	 Sparsity in the frequency domain; 
•	 Envelope constancy in the time 

domain; 
•	 High flexibility on design elements 

such as the number of sub-bands, 
sub-band frequency spacing, the 
number of signal components in 
each sub-band, shape of the spread-
ing waveform, the power ratio and 
relative phase of signal components; 

•	 Transparency of the compositing to 
the receiver.
Compared with existing solutions, 

the MCC signal has the following unique 
advantages:

On the one hand, multicarrier is 
one of the most effective ways to utilize 
spectrum gap resources. As previously 
mentioned, in the increasingly crowded 
satellite navigation band, the absolute 

bandwidth of the newly added signal 
is severely limited. There are only some 
scattered frequency fragments available 
between main lobes of existing signals, 
as illustrated in Figure 3(a). However, 
the frequency difference between signal 
components in different sub-bands of 
the multi-carrier signal can transform 
this unfavorable factor into a favorable 
one. As illustrated in Figure 3 (b) and 
(c), placing multiple sets of narrowband 
signals components in the fragment 
band gaps and combining them into a 
wideband constant envelope signal can 
construct a MCC signal. The spectrum 
sparse characteristic of such signal can 
not only ensure adequate spectral sepa-
ration with existing signals in the same 
band, but also provide a large RMS 
bandwidth for better ranging perfor-
mance, resulting in solving the contra-
diction between spectral efficiency and 
ranging performance.

On the other hand, the different 
narrowband components in the MCC 
signal can be optimized for targeted 
PNT services, with different spreading 
sequences, different spreading wave-
forms, different power allocations, and 
different data message structures and 
contents, to meet future diversified 
PNT requirements. At the same time, 
in MCC signals, those components 
are combined into a whole signal by 
constant envelope multiplexing that is 
“transparent” enough for receivers, not 
only allowing narrowband receivers 
to process each component separately 
with low-complexity, but also allow-
ing wideband receivers to process the 
total or partial components of this sig-
nal with a wide RMS bandwidth. That 

is, the MCC signal has innate features 
of diversified receiving and processing 
strategies, which addresses the contra-
diction between power efficiency and 
service diversity.

In addition, the integrated struc-
ture of the MCC signal ensures a strong 
correlation between the transmission 
channel effects of each sub-band com-
ponent, which creates conditions for 
joint processing of components in multi 
sub-bands, such as joint acquisition, 
joint tracking, and joint pseudorange 
extraction.

Given the above, a MCC signal can 
not only achieve outstanding ranging 
accuracy without significantly increas-
ing the RF interference to the existing 
signals in the same band, but also pro-
vide users with diversified and targeted 
service without noticeably deteriorating 
the multiplexing efficiency onboard the 
satellite. It provides a promising tech-
nique solution for the next generation 
GNSS signal design.

Construction of a MCC Signal Based on the 
CEMIC Method
The key to the MCC is determining how 
to combine several flexible signals locat-
ed at multiple different central frequen-
cies with arbitrary power, chip rate, and 
spreading waveform into an integral sig-
nal with a constant envelope. In the field 
of satellite navigation signal design, the 
study of constant envelope multiplex-
ing has long focused at single-frequency 
cases. Although there are some dual-
frequency constant envelope multiplex-
ing methods, such as those described by 
Lestarquit et alia, Yao et alia 2016 and 
Zhang in Additional Resources, few of 

FIGURE 3  The frequency domain principle diagrams of multicarrier constant-envelope compos-
ite signal: (a) the spectrum occupancy of existing signals in the band; (b) Inserting multiple 
diversified narrowband components into the spectrum gaps; (c) Multiplexing these narrow-
band components into a wideband constant-envelope composite signal
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them can support multiplexing for more than two sub-bands. 
Moreover, the vast majority of existing constant envelope mul-
tiplexing techniques are only applicable under strict pre-condi-
tions in the component waveform shape, component number, 
component power ratio and phase relationship, which is not 
suitable for the proposed conception of using multiple spectral 
gaps to carry diversified services.

The recent emergence of a high efficiency generalized mul-
ticarrier joint CEM technique for multilevel spreading signals, 
termed CEM via intermodulation construction (CEMIC), as 
described by Yao et alia 2017a in Additional Resources, presents 
the possibility for the realization of a MCC signal. Compared 
with existing CEM techniques, CEMIC has a much higher 
design flexibility in the number of sub-bands, the number of 
signal components, power ratio and phase relationship among 
components, and the shape of spreading chip waveforms. 
CEMIC can be applied to any number of bipolar or multilevel 
spreading spectrum signals with arbitrary power distribution 
at one or more subcarrier frequencies. Such a high degree of 
design flexibility provides system designers great room in sig-
nal scheme optimization for varied navigation applications in 
the future. 

In this section, based on the design theories presented in 
Yao et alia 2017a, and Yao et alia 2017b, Additional Resources, 
an implementation technique of MCC with extremely high 
design flexibility is presented. 

Consider combining N spreading spectrum signal compo-
nents located at several sub-bands, si(t), for i = 1 = N , into a 
composite signal with constant envelope. In principle, there 
is no constraint on the spreading code rate and spreading 
waveform shape for each si(t) . However, for simplicity, here we 
assume that all of the si(t) are MCS signals with the same code 
rate Tc, and every MCS symbol is divided into M segments with 
equal length Ts = Tc /M. More general cases can be found again 
in Yao et alia 2017. Then  can be mathematically expressed as

where ci is the navigation data modulated by the correspond-
ing spreading code, pi is the waveform value in k-th segment, 
and ψ(t) is unit amplitude rectangular pulse function with Ts 
duration.

Define fi as the frequency offset of the subcarrier of si(t) from 
the carrier frequency f0, the selection of which depends on the 
specific location of spectral gaps. For the convenience of digi-
tal implementation, the subcarrier waveform can choose the 
sample-and-hold version of the complex sinusoid waveform

 where Δfi = fiTs. Since for all of the 
deployed GNSS signals, the carrier frequency, the spreading 
chip rate, as well as the subcarrier rate are all the multiple of 
1.023 megahertz, by choosing the proper values of Tc , fi , and M, 
it is easy to ensure that ΔTi = 1 / Δfi is an integer. That means the 
signal component modulated by the subcarrier is still a MCS 
signal.

Directly combining these N signal components into a 
multicarrier composite signal is mathematically equivalent 
to constructing a new baseband signal, of which the complex 
envelope is 

where  with  and, 
 Pi and θi are the power allocation and 

initial phase of i-th component respectively. 
It can be seen from the above equation that sMUX(t) is also 

a MCS signal with segment length Ts, and in every duration 
, its value is fixed to

In general, the MCS waveform may have multi amplitude 
levels. For simplicity, assume that every pi has up to K different 
possible values, while every sample-and-hold version subcar-
rier waveform has up to ΔTi different values. Then sMUX(t)  has 
a maximum of  possible complex values, 
resulting in the temporal fluctuation of the envelope. In order 
to keep the envelope of the multicarrier composite signal con-
stant, the basic idea of CEMIC is adding an additional compo-
nent IIM(t) to sMUX(t) to compensate for the envelope fluctuation. 
This additional component can be referred to as the intermodu-
lation (IM) term. In every time period , 
the value of IIM(t) is determined by the value of sMUX(t[m]), 
to ensure the composite signal  is a 
constant envelope signal. As pointed out in Yao et alia 2012, 
this is equivalent to finding an amplitude mapping rule 

, that gives values to the IM term for 
each of the F combinations of values of , to make the envelope 
of the superposed signal be constant. 

If only the envelope constancy of sCE is constrained, then 
an infinite number of mapping rules can be used. However, 
since the IM term IIM(t) is only used to maintain the constancy 
of signal envelope, from a receiving power efficiency stand-
point, its proportion should be as low as possible in the whole 
composite signal, and its influence on receiving performance 
should be as small as possible. The core of CEMIC is to find an 
optimal mapping rule, which constructs an IM term that can 
guarantee the optimal power efficiency, minimal impact on 
the correlation characteristics of useful components, and the 
envelope constancy of the composite signal.

Generally, using CEMIC to construct a MCC signal has the 
following four main steps:
1) 	 According to Tc , fi , M, and the shapes of pi , for i = 1 = N, list 

all F possible combinations of values of , and 
construct the component weight vectors 

	 ,

	 for i = 1 = N, where   is the value of  in the -th combina-
tion. Note that, in order to distinguish from the time index 
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that is in square brackets, here the combination index  is 
put in parentheses.

2) 	 Based on component weight vectors  using the 
Gram-Schmidt orthogonalizing method or other methods, 
construct a set of orthogonal vectors  to 
make  be the orthogonal comple-
ment space of  A general construction 
algorithm for this step is given in Appendix A of Yao et 
alia 2017. However, if all of pi are bipolar, a much simpler 
direct construction method proposed in Zhang et alia 2012, 
Additional Resources can also be available. 

3)	 Define , where  , 
  , and

	  

	 and solve the following constraint minimization problem
	

	 to obtain the optimal coefficient vector w, where  is the 
-th entry of sCE.

4) 	 Let
	 . Then we obtain the opti-

mal mapping rule from the value combination of N signal 
components to the IM term IIM(t). In every moment, if the 
values of  correspond to the -th 
value combination, IIM(t) takes the value λ(F), and sCE(t) = 
sMUX(t) + IIM(t).

Case Study of Adding a MCC Signal in L1 Band
As a sample application, consider adding a new MCC signal 
in the L1 band. Although current GNSSs do not have such a 
plan yet, through this specific example, one can clearly see the 
design process of a MCC signal, and the characteristics and 
advantages of this signal in both the transmitter and receiver.

As mentioned, the upper L-band has been overcrowded. All 
GNSSs broadcast their open and authorized service signals in 
this band. If a new wideband signal is added to this band, it will 
be hard to avoid significant spectrum overlapping with the exist-
ing signals. However, it is noted that most of the existing signals 

in this band have spectral nulls at 1575.42, ±4.092, ±8.184, and 
±10.23 megahertz, etc. Thus, under the premise of ensuring good 
RF compatibility, a possible new signal solution is to place mul-
tiple narrowband components in these spectral gaps.

For simplicity, consider the case of multiplexing five nar-
rowband components with BPSK-R(0.5) spreading modulation 
in this example. As shown in Figure 4, the center frequencies of 
these five components are set to 1577.466 MHz, 1579.512 MHz, 
1581.558 MHz, 1583.604 MHz, and 1585.65 MHz, respectively. 
In the transmitter, the carrier frequency of the composite MCC 
signal can be 1581.558 MHz. Thus, the subcarrier frequencies of 
components are f1 = –4.092 MHz, f2 = –2.046 MHz, f3 = 0, f4 = 
2.046 MHz, and f5 = 4.092 MHz, respectively. Under the equal 
power assumption, r can be set to [1,1,1,1,1]T. In this design case, 
considering the con-
straint of implemen-
tation complexity, 
M should not be too 
large. Here we take 
M = 8, the shortest 
segment length Ts = 
(32 × 1.023e6)–1 s. 

The theoretical 
power spectral den-
sity (PSD) of these 
f ive narrowband 
components before 
the constant enve-
lope reconstruction 
is shown in Figure 
5(a). Following four 
steps of the CEMIC 
method presented in 
the previous section, 
the MCC signal is 
constructed, for 
which the theoreti-
cal and simulation 
PSDs are shown in 
Figure5 (b) and (c), 
respectively.

By comparing 
Figure 5 (a) and (b), 
it is observed that 
after constant enve-
lope reconstruc-
tion, the PSD of the 
MCC signal is dif-
ferent from that of 
the direct superpo-
sition of these five 
components. The 
difference is main-
ly ref lected in the FIGURE 4  Spectra of a newly added MCC signal in upper L band
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FIGURE 5  Theoretical PSD before constant en-
velope reconstruction; (b) Theoretical PSD 
after constant envelope reconstruction; 
(c) Simulated PSD after constant envelope 
reconstruction

PSD of MCC signal

Simulated PSD of MCC signal

Frequency (Hz)

Direct superposition 
of �ve components

PS
D

 (d
B/

H
z)

–55

–60

–65

–70

–75

–80

–85 –5 0 5

(a)

PS
D

 (d
B/

H
z)

–55

–60

–65

–70

–75

–80

–85 –5 0 5

(b)

PS
D

 (d
B/

H
z)

–60

–65

–70

–75

–80

–85

–90 –5 0 5

(c)



54      InsideGNSS 	 J A N U A R Y / F E B R U A R Y  2 0 1 8 	 www.insidegnss.com

appearance of the IM term in MCC signal. It can be seen that 
the power of the IM term is much lower than that of the useful 
signal components, and the difference is at least 10 decibels. In 
fact, the multiplexing efficiency of this example is 80.41%. That 
is, the newly added IM term accounts for only 19.6% of the total 
signal power, and its spectrum is distributed far away from the 
carrier center frequency.

Figure 6 shows the modulation constellation of the MCC 
signal. As illustrated in the figure, all the phase points are 
distributed on a circle. This feature enables the payload high 
power amplifier (HPA) to operate in its full-saturation mode 
to maximize power conversion efficiency.

RF Compatibility Analysis
To evaluate the RF compatibility between the newly added 
MCC signal and the existing BPSK-R(1), MBOC(6,1,1/11), 
BPSK (10), as well as BOC (10,5) signals in the same frequency 
band, we calculate their spectral separation coefficient (SSC). 
The receiver front-end filter is assumed to center on 1575.42 
MHz, with a single side bandwidth of 12 megahertz, which 
is sufficient to cover the highest frequency component of the 
MCC signal. Table 1 shows the SSC of the existing signals with 
MCC signal.

It can be seen that the MCC signal maintains good RF 
compatibility with the existing signals by effectively utilizing 
the fragment band gaps between the main lobes of existing 
signal spectrum. It can be verified that if more sub-bands are 
employed, or moving f5 from 1575.42 + 10.23 MHz to 1575.42 
+ 12.276 MHz, the RF compatibility between MCC signal and 
the BOC(10,5) signal can be further improved.

Diversified Processing Strategies
As previously mentioned, in addition to the effective utilization 
of the spectrum resource, another key advantage of the MCC 
signal is that it inherently has multiple receive modes, provid-
ing a variety of processing strategies for receivers with different 
performance and complexity constraints.

Since the MCC signal is composited in the digital base-
band, the subcarrier phase of each component is completely 

SPECTRAL TRANSPARENT ADHESIVE

FIGURE 7  Cross-correlation functions under different processing 
modes: (a) Single-component processing; (b) Three-component 
joint processing; (c) Five- component joint processing
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coherent, and components within the MCC signal pass 
through the same transmission channel, the errors introduced 
by thermal noise, multipath, as well as the dynamic stress also 
have strong correlation. The receiver can either treat these 
signal components separately, or jointly process multiple 
components or even the entire composite signal as a whole.

The simplest processing mode is treating the narrowband 
components in the MCC signal as different signals. Such a pro-
cessing mode requires minimal processing complexity. If nar-
rowband components employ BPSK-R spreading modulation, 
as discussed in this example, their acquisition and tracking 
methods can be directly inherited from the traditional cases, 
where both the rectangular pulse spreading chip and the sinu-
soidal subcarrier waveforms can be employed in the local rep-
lica. The cross-correlation function (CCF) between the received 
MCC signal and the local replica of each signal component in 
this processing mode is shown in Figure 7 (a).

If the receiver jointly processes three signal components, 
which are s2(t), s3(t), and s4(t), without loss of generality, the 
local replica can be

The CCF between the received MCC signal and this local rep-
lica is shown in Figure7 (b).

FIGURE 6  Modulation constellation of the MCC signal

I-component

Q
-c

om
po

ne
nt

0.8
0.6
0.4
0.2

0
–0.2
–0.4
–0.6
–0.8

–1 –0.5 0 0.5 1



www.insidegnss.com 	  J A N U A R Y / F E B R U A R Y  2 0 1 8 	 InsideGNSS	 55

Further, the whole MCC signal can 
even be used as the local replica to real-
ize the matching receiving, for which the 
CCF is shown as Figure 7 (c). 

In order to quantitatively compare 
the performance of above three process-
ing modes, equivalent Gabor bandwidth, 
correlation loss, and average multipath 
error envelope are used as evaluation 
indexes to measure the code tracking 
accuracy, the performance of acquisition 
and demodulation, and the multipath 
resisting performance, respectively.

Figure 8 (a) and (b) show the equiv-
alent Gabor bandwidth and the cor-
relation loss of these three processing 
strategies with respect to the front-end 
double-sided bandwidth, respectively. 
Figure 8 (c) shows the average mul-
tipath error envelopes of these three 
processing strategies, with front-end 
double-sided bandwidth of 10 mega-
hertz, and multipath-to-direct ratio 
(MDR) of –5dB.

One can see from Figure 8 that 
in different processing strategies, the 
receiving performance presents an obvi-
ous graded characteristic. With a nar-
row bandwidth, the single-component 
processing mode has the minimum 
processing complexity, but the largest 
correlation loss and the lowest rang-
ing accuracy. However, as an increasing 
number of components are processed 
jointly, for wideband receivers, not only 
is the correlation power loss decreased, 
but also a higher ranging accuracy as 
well as a better multipath resisting abil-
ity can be obtained. That means the 
innate multiple processing strategies 
of the MCC signal can provide differ-
ent tradeoffs between performance and 
processing complexity to different PNT 
application requirements. With MCC 
signals, receivers can obtain various lev-
els of receiving performance by jointly 
processing different subsets of signal 
components. This is one of the major 
advantages of the MCC signal.

Processing Mode Switching
The inherent multi-strategy processing 
advantage of MCC signal can be taken 
not only by different types of receivers, 
but also in different stages of a wideband 
receiver. The MCC signal allows the 
receiver to dynamically switch the pro-
cessing strategy at different processing 
stages, according to the current working 
status to achieve balance between pro-
cessing complexity and accuracy. 

From Figure 7, it can be seen that 
the main peak of CCF under the single-
component processing mode is the wid-
est, which can widen the acquisition 
bins and provide an unambiguous large 
pull-in range to the tracking loop. As 
more components are jointly processed, 
the energy of the CCF increases signifi-
cantly, and the main peak of the CCF 
becomes sharper, which implies higher 
potential tracking accuracy. However, 
more side peaks appear on both sides of 
the CCF main peak.

One possible strategy for a wide-
band MCC signal receiver is using the 
single-component processing mode in 
the initial acquisition and pull-in phas-
es, utilizing the wide CCF main peak to 
obtain a wider search step and a larger 
pull-in range. After the tracking loop 
is stabilized, three- and five-compo-
nent joint processing can be employed 
incrementally, gradually gaining higher 
signal-to-noise ratio and sharpening 
the CCF peak to obtain higher track-
ing accuracy. 

The switching strategies of the pro-
cessing mode of MCC signals are not 
limited to this simple mode. In fact, 
the multi-component multi-subcarrier 
structure of the MCC signal provides 
the possibility for the future receivers to 
explore the diverse switching strategies.

Selective Availability
Since the multiplexing used in MCC 
signal construction is sufficiently flex-
ible, different signal components in the 

MCC signal can be configured with 
different pseudorandom (PN) codes 
and different spreading modulation 
waveforms, and can be modulated with 
different data messages. Therefore, the 
service provider can assign different 
codes and messages to different signal 
components, controlling the access 
permissions and providing selective 
performance to different user levels. 
The receiver selects the correspond-
ing processing mode according to its 
own privilege level and thus obtains 

SSC (dB) BPSK-R(1) MBOC(6,1,4/33) BPSK(10) BOC(10,5)

MCC –77.8131 –79.5120 –75.1385 –75.5252

Table 1 SSC of the existing signals with MCC signal

FIGURE 8  (a) Equivalent Gabor bandwidth of 
different processing strategies; (b) Correla-
tion loss of different processing strategies; 
(c) Running average multipath error of 
different processing strategies
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the available acquisition, tracking, and 
demodulation performances.

For example, as shown in Figure 9, in 
the five-component design case provided 
in this section, s3(t), which is located on 
the carrier frequency, can be assigned 
to be the open access signal, of which 
the PN code generation method and the 
data message structure are fully open. 
All receivers can access this component 
with the single-component processing 
mode, thus obtaining a relatively low 
signal-to-noise ratio, and a basic rang-
ing accuracy level. 

Components s2(t) and s4(t), which 
are with relatively low subcarrier fre-
quencies, can be assigned as the sec-
ondary authorized signals. Their PN 
code generating information and data 
message structures are only provided to 
the authorized secondary users. These 
users can access three components, so 
that multi-component joint processing 
and dynamical mode switching strate-
gies can be used to obtain the improved 
performance. 

Components s1(t) and s5(t) can be 
assigned as senior authorized signals, 
with encrypted PN codes and data 
message structures, serving authorized 
senior users. Senior authorized receiv-
ers can access all the five components, 
to obtain the most diversified process-
ing strategies, the highest signal-to-noise 
ratio, and the highest ranging perfor-
mance.

In addition, if the data structures of 
different components are well-designed 

to carry complementary messages — for 
authorized users who can access mul-
tiple components — the time to first 
fix (TTFF) can be effectively reduced. 
In theory, the TTFF of a receiver that 
jointly processes five components can be 
shortened by 80% over that of the basic 
single-component receiver.

The case study in this section dem-
onstrates that the MCC signal has a 
high degree of f lexibility in both the 
broadcasting strategy and the receiving 
strategy. There are many more possible 
broadcasting and receiving modes of 
MCC than those discussed in this exam-
ple. In fact, this signal structure offers a 
wide design space for both the system 
providers and the receiver developers in 
future.

Conclusions
As a significant infrastructure, GNSS 
has a long development cycle. This 
characteristic means that we can only 
employ existing techniques to meet the 
demands over the next few decades. 
Although it is impossible to envision 
GNSS products and services further out 
in time, we can enable future develop-
ment by implementing excellent signal 
designs with higher adaptability and 
flexibility.

The contradiction between the need 
for performance improvement and the 
fact that power and spectrum resources 
are limited will be more serious in the 
next generation of GNSS signal designs. 
In order to solve this contradiction, this 
article first proposes the concept of a 
multi-carrier constant envelope signal, 
and studies its feasibility as the next 
generation satellite navigation signal. 
A corresponding design method based 
on the CEMIC technique is given, and 
an example is presented to demonstrate 
the RF compatibility, typical receiving 
strategies, corresponding performances 
and selection availability of MCC sig-
nals. The analyses show that the MCC 
signal can make full use of the existing 
spectrum resources, providing both 
various broadcast strategies and mul-
tiple receiving strategies with a vari-
ety of performance levels for different 

categories of users. This technique can 
serve as a practical new solution to the 
next generation satellite navigation sig-
nals design.
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