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Abstract 
 

In this paper, we present an enhanced modified multiplexed binary offset carrier (MMBOC) modulation method whose 
power spectral density (PSD) is defined in the same way as that of multiplexed binary offset carrier (MBOC). MMBOC 
results from multiplexing the Binary Offset Carrier BOC (1,1), BOC (6,1) and BOC (10,1) signals spectra, so that 1/11 
power contribution of the BOC (6,1) signal in the PSD of MBOC signal will be distributed between BOC (6,1) and BOC 
(10,1) signals. This approach would supply the signal high frequency components, around ± 10 MHz, with higher power 
relative to the spectrum of the multiplexed binary offset carrier (MBOC) modulation. As a result, the autocorrelation 
functions (ACFs) of the MMBOC modulation implementation signals, namely, the modified composite BOC (MCBOC) 
and the modified time multiplexed BOC (MTMBOC) have a sharper central peak compared to those of the composite BOC 
(CBOC) and the time multiplexed BOC (TMBOC) signals, which gives a better limitation of multipath (MP) effects.  
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1. Introduction 
 
The Global Positioning System (GPS) and the Galileo 
Working Group on Interoperability and Compatibility have 
recently approved the MBOC modulation at the L1 center 
frequency of 1575.42 MHz [1-2]. The PSD of the MBOC 
modulation is created by a linear combination of the 
BOC(1,1) and BOC(6,1) spectra. The contribution of 
BOC(6,1) in the PSD of MBOC increases the power on the 
higher frequencies of BOC(1,1) PSD in order to improve 
signal tracking performance [3-7]. Two different signals are 
used to implement the MBOC modulation with pilot and data 
channels, namely, the TMBOC for GPS L1C and the CBOC 
for Galileo OS L1 [1-2, 8-9]. The CBOC signal is based on 
the approach of the binary coded symbol (BCS) modulation 
[10-12] and composite binary coded symbols (CBCS) signal 
[13] expressed as a result of the weighted superposition of 
BOC(1,1) and BOC(6,1) signals on both data and pilot in 
order to generate also a MBOC spectrum [1-2, 8-9]. The 
TMBOC signal, that is a time multiplex of BOC(1,1) and 
BOC(6,1) signals, is applied to different chips of the 
spreading code on both data and pilot channels to produce an 
MBOC spectrum [1-2].  
 Several studies were launched to analyze and investigate 
the performance of the MBOC modulation in terms of MP 
mitigation [1-2, 8-9, 14-17] or interference suppression [1-2, 
18-19]. All these studies confirm clearly the efficiency and 
superiority of MBOC modulation compared to BOC 
modulation. 
 In the recent years, various studies propose improvements 
to BOC modulations, such as the adoption of double binary 
offset carrier (DBOC) modulation, in order to enhance 
tracking accuracy. This proposal involves the utilization of a 
second stage waveform subcarrier, which is characterized by 
an increased number of high-frequency components as well 
as ACF peaks [20]. However, it has been observed that this 

approach results in a higher number of zero-crossing points, 
leading to tracking ambiguity and a subsequent decline in 
tracking accuracy. To address this issue, a new concept 
known as binary offset carrier modulation with adjustable 
width (BOC-AW) was introduced, featuring the adjustment 
of the width of three-level subcarrier waveforms {-1, 0, 1}. 
This innovative modulation scheme aims at mitigating MP 
effects and enhancing resistance to jamming [21]. It is 
important to note that irregular ACFs associated with this 
modulation may introduce instability in tracking. 
Nevertheless, the generalized binary offset carrier (GBOC) 
modulation offers a solution by utilizing generalized two-
level waveforms {-1, 1} with variable dwell time factors to 
ensure robust MP mitigation [22]. Despite its advantages, The 
GBOC modulation shows a drawback of a poor compatibility 
observed with GPS L1C/A. 
 In an effort to address issues related to compatibility, the 
faded harmonics binary offset carrier (FH-BOC) modulation 
has been developed. This modulation strategy involves the 
creation of a new multi-level shape waveform by subtracting 
a quasi-square waveform from a BOC square waveform, even 
though this sacrifice may affect the performance of code-
tracking and MP mitigation [23]. Moreover, to achieve higher 
spectral efficiency, continuous phase modulations (CPMs) 
have been under investigation for use in inter-satellite links 
[24-25], despite the higher complexity that they introduce to 
the receiver. Furthermore, an enhanced scheme has been 
proposed which involves dynamic adjusting modulation 
symbols based on the code chip period, offering a different 
approach for performance improvement. 
 In order to strike a balance between the receiver 
performance, tracking stability and compatibility, the 
subcarrier periodic shifting BOC (SPS-BOC) modulation has 
been introduced. This innovative modulation technique has 
been introduced by periodically modifying the subcarrier 
phase based on the spreading code chip period, resulting in an 
increased dynamic presence of high-frequency components 
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[26]. The SPS-BOC modulation represents a flexible and 
improved approach derived from BOC modulations. Given 
the superior performance and simplified ACF exhibited by the 
low-order SPS-BOC modulation, there is potential to enhance 
overall performance by reconstructing MBOC signal using 
SPS-BOC as the low-order component. In [27], an improved 
multiplexed binary offset carrier modulation based on 
periodic offset subcarrier (MBOC-POS) has been introduced. 
In this approach, the lower-order component used is the SPS-
BOC modulation instead of sine BOC modulation. 
 In this paper, an enhanced MMBOC modulation is 
presented. The MMBOC techniques involve methods like the 
unambiguous correlation functions to optimize signal design 
for global navigation satellite systems (GNSS) [28], constant-
envelope multiplexing [29] and subcarrier periodic shifting 
[27]. These advancements aim to increase tracking accuracy, 
reduce false-locking and improve MP mitigation capabilities. 
By combining elements from different modulation schemes 
MMBOC provides higher performance and flexibility, which 
makes it a promising solution for next-generation satellite 
navigation signals design. The MMBOC modulation is the 
result of multiplexing the spectrum of the BOC(1,1), BOC 
(6,1) and BOC (10,1) signals.  The BOC(10,1) spectrum is 
added to the MBOC spectrum in order to place more high 
frequency components in the resulting proposed MMBOC 
modulated signal. As a consequence, the MMBOC 
discrimination function would present a greater slope, which 
improves its MP mitigation performance.  
 Afterwards, we propose two different signals to 
implement the MMBOC modulation with pilot and data 
channels, namely, the modified composite BOC (MCBOC) 
and the modified time multiplexed BOC (MTMBOC). The 
ACFs of these implementation signals have a sharper central 
peak compared to those of the CBOC and TMBOC signals. 
The resultant PSD of the proposed MMBOC modulation is 
introduced. The Spectral Separation Coefficient (SSC), the 
Cramér Rao Lower Bound (CRLB) on code-tracking 
accuracy, the Root Mean Square Bandwidth (RMSB) and the 
Root Mean Square Error (RMSE) are also calculated. 
According to the results of SSC, CRLB, RMSB and RMSE, 
the suggested MMBOC modulation was shown to be effective 
in terms of noise resistance and interference separation using 
a front-end bandwidth of 24 MHz. Furthermore, the 
simulation results revealed that the proposed MMBOC 
modulation outperforms the MBOC modulation used by 
Galileo and GPS upgrades in terms of MP mitigation. 
 
 
2. MBOC Modulation 
 
By considering both channels' data and pilot, the 
𝐌𝐁𝐎𝐂(𝟔, 𝟏, 𝟏/𝟏𝟏) signal was defined based on its PSD 
given by [3-4]: 
 
𝑮𝑴𝑩𝑶𝑪%𝟔,𝟏, 𝟏𝟏𝟏	*

(𝒇) = 𝟏𝟎
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +

𝟏
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)	        (1) 

 
 Where 𝐆𝐁𝐎𝐂(𝐩,𝐪) is the normalized PSD of 𝑩𝑶𝑪(𝒑, 𝒒) 
signals, given by [5-7]: 
 

𝑮𝑩𝑶𝑪(𝒑,𝒒)(𝒇) = 𝒇𝒄 6
𝒔𝒊𝒏% 𝝅𝒇𝒏𝒇𝒄

*𝒔𝒊𝒏%𝝅𝒇𝒇𝒄
*

𝝅𝒇𝒄𝒐𝒔% 𝝅𝒇𝒏𝒇𝒄
*
7
𝟐

	          (2) 

 
 In the above equation,  𝒏 = 𝟐𝒇𝒔/𝒇𝒄 = 𝟐𝒑/𝒒 is the 
number of half-periods 𝑻𝐬 of the subcarrier in a code chip of 
duration 𝑻𝐜, as a result of which the ratio can be even or odd. 

 𝒇𝒔 = 𝒑 × 𝒇𝟎 is the subcarrier frequency, 𝒇𝒄 = 𝒒 × 𝒇𝟎 is 
the C/A spreading code frequency and 𝒇𝟎 = 𝟏. 𝟐𝟎𝟑	𝑴𝑯𝒛: is 
the reference frequency of GPS. 
 

 
Fig. 1. Normalized PSDs of MBOC and BOC 
 
 
 Figure 1 shows the PSDs of the 𝑴𝑩𝑶𝑪(𝟔, 𝟏, 𝟏/𝟏𝟏) and 
the 𝑩𝑶𝑪(𝟏, 𝟏) signals. From the graph of the MBOC signal 
PSD, there is a considerable increase in power at frequencies 
of approximately ± 6 MHz relative to the 𝑩𝑶𝑪(𝟏, 𝟏) 
spectrum. Two different approaches to achieve the 
implementation of the MBOC modulation have been 
proposed, namely 𝑻𝑴𝑩𝑶𝑪(𝟔, 𝟏, 𝟒/𝟑𝟑) for GPS L1C and 
𝑪𝑩𝑶𝑪(𝟔, 𝟏, 𝟏/𝟏𝟏) for the Galileo system E1 OS. These two 
approaches are temporal forms that produce the same 
spectrum of MBOC [1-2, 8-9]. 
 
 
3. MMBOC Concept 
 
To further improve the performance of the MBOC 
modulation, another component of type 𝑩𝑶𝑪(𝟏𝟎, 𝟏) is added 
to the MBOC spectrum so that the 1/11 power portion of 
𝑩𝑶𝑪(𝟔, 𝟏) is distributed between 𝑩𝑶𝑪(𝟔, 𝟏) and 
𝑩𝑶𝑪(𝟏𝟎, 𝟏), in order to have higher power frequency 
components around ± 10 MHz, relative to the MBOC 
spectrum. 
 This proposed novel modulation scheme is denoted by 
𝑴𝑴𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝒂/𝟏𝟏, 𝒃/𝟏𝟏), where 𝒂 and 𝒃 denote, 
respectively, the power portion of the 𝑩𝑶𝑪(𝟏𝟎, 𝟏) and 
𝑩𝑶𝑪(𝟔, 𝟏) relative to 1/11. 
 Then, the PSD of the 𝑴𝑴𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝒂/𝟏𝟏, 𝒃/𝟏𝟏) 
can be written as follows: 
 
𝑮𝑴𝑴𝑩𝑶𝑪(𝒇) =

𝟏𝟎
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +

𝒂
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +

𝒃
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)             (3) 

 
 Equation (3) may also be written as: 
 
𝐺AABCD(𝑓) =

E&
FFG'E'

𝑠𝑖𝑛H JGE
E&
K L10𝑡𝑎𝑛H JGE

HE&
K +

	𝑎. 𝑡𝑎𝑛H J GE
HIE&

K + 𝑏. 𝑡𝑎𝑛H J GE
FHE&

KR           (4) 
 
 The choice of	𝒂	and 𝒃 is not arbitrary because of the size 
of the PRN code that is 10230 for GPS and 4092 for Galileo. 
That is to say, we must look for a number among the common 
divisors (CD) between 4092 and 10230 {i.e. 2, 3, 6, 11, 22, 
31, 33, 62, 93, 186, 341, 682, 1023, 2046} that represents the 
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common multiplier (CM) between 11 (𝑪𝑩𝑶𝑪(𝟔, 𝟏, 𝟏/𝟏𝟏)) 
and 33 (𝑻𝑴𝑩𝑶𝑪(𝟔, 𝟏, 𝟒/𝟑𝟑)). Once found the valuesof 𝒂 
and 𝒃 are defined as the fractions of that number. Thus, we 
must solve the following system of equations: 
 

S𝟏𝟏𝑿 = 𝒀									𝒀 ∈ 𝑪𝑫(𝟏𝟎𝟐𝟑𝟎, 𝟒𝟎𝟗𝟐)
𝟑𝟑𝑿 = 𝒁									𝒁 ∈ 𝑪𝑫(𝟏𝟎𝟐𝟑𝟎, 𝟒𝟎𝟗𝟐)                   (5) 

 
 The solution of (5) is 𝑿	 = 	𝟔𝟐. 
 
 We can thus choose: 𝒂 = 𝟏𝟑/𝟔𝟐	and 𝒃 = 𝟒𝟗/𝟔𝟐.  
 
 Figure 2 shows the PSD of 𝑴𝑴𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟏𝟑/
𝟔𝟖𝟐, 𝟒𝟗/𝟔𝟖𝟐), 𝑴𝑩𝑶𝑪(𝟔, 𝟏, 𝟏/𝟏𝟏) and 𝑩𝑶𝑪(𝟏, 𝟏)signals. 
From the shape of the MMBOC signal PSD, there is a 
considerable increase in power at frequencies of 
approximately ± 6 MHz and ± 10 MHz compared to the 
𝑩𝑶𝑪(𝟏, 𝟏) spectrum. 
 

 
Fig. 2. Normalized PSDs of BOC, MBOC and MMBOC 
 
 
4. MMBOC Implementation 
 
In the following are proposed two different approaches for 
MMBOC implementation signals that are based on the same 
principles used in [3-4, 8-9, 13], namely the MTMBOC and 
MCBOC signals. Both implementations use BOC(10,1) 
signal in addition to BOC(1,1) and BOC(6,1) signals. Figures 
3 and 4 show the graphs of MTMBOC and MCBOC signals, 
respectively.  
 Following the same reasoning given for CBOC in [13], 
the subcarrier of the MCBOC can be generated as follows: 
 
𝒔𝑴𝑪𝑩𝑶𝑪(𝒕) = 𝜶𝒔𝑩𝑶𝑪(𝟏,𝟏)(𝒕) + 𝜷𝒔𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒕) + 𝜸𝒔𝑩𝑶𝑪(𝟔,𝟏)(𝒕)  
(6) 
 
 Where 𝒔𝑩𝑶𝑪(𝟏,𝟏)(𝒕), 𝒔𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒕) and 𝒔𝑩𝑶𝑪(𝟔,𝟏)(𝒕) are the 
BOC(1,1), BOC(10,1) and BOC(6,1)  subcarriers 
respectively, and  𝜶,𝜷	 and 𝜸 are some weighting factors such 
that :  
 
𝜶𝟐 +𝜷𝟐 + 𝜸𝟐 = 𝟏                           (7) 
 
 A block diagram corresponding to the equation (6) is 
shown in Figure (5). 
 The MTMBOC signal results from time-multiplexing the 
BOC(1,1), BOC(6,1) and BOC(10,1) signals. Similar to the 
reasoning given for TMBOC in [3-4], the signal duration is 
divided into blocks of 𝑵 code symbols allocated among the 

BOC(1,1), BOC(10,1) and  BOC(6,1) signals, with respective 
block sizes 𝑵𝟏, 𝑵𝟐 and 𝑵𝟑, such that 𝑵𝟐 < 𝑵𝟑 < 𝑵𝟏 < 𝑵. 
The choice of 𝑵, 𝑵𝟏, 𝑵𝟐, and 𝑵𝟑 depends on the power 
distribution between pilot and data channels. Below, three 
possible configurations are proposed. 
 

 
Fig. 3. MTMBOC modulated signal 
 

 
Fig. 4. MCBOC modulated signal 

 

 
Fig. 5. Block diagram illustrating the generation of the MCBOC 
subcarrier 
 
 The MTMBOC signal results from time-multiplexing the 
BOC(1,1), BOC(6,1) and BOC(10,1) signals. Similar to the 
reasoning given for TMBOC in [3-4], the signal duration is 
divided into blocks of 𝑵 code symbols allocated among the 
BOC(1,1), BOC(10,1) and  BOC(6,1) signals, with respective 
block sizes 𝑵𝟏, 𝑵𝟐 and 𝑵𝟑, such that 𝑵𝟐 < 𝑵𝟑 < 𝑵𝟏 < 𝑵. 
The choice of 𝑵, 𝑵𝟏, 𝑵𝟐, and 𝑵𝟑 depends on the power 
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distribution between pilot and data channels. Below, three 
possible configurations are proposed. 
 
4.1. First configuration  
The 𝑴𝑻𝑴𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟐𝟔/𝟏𝟎𝟐𝟑, 𝟗𝟖/𝟏𝟎𝟐𝟑) signal or the 
𝑴𝑪𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟐𝟔/𝟏𝟎𝟐𝟑, 𝟗𝟖/𝟏𝟎𝟐𝟑) signal is used for 
the Pilot component and the 𝑩𝑶𝑪(𝟏, 𝟏, ) signal is used for the 
Data component. The power distribution between the Data / 
Pilot components is 25% / 75%. 
 The PSDs of data, pilot and MMBOC signals are given 
as: 
 
𝑮𝑷𝒊𝒍𝒐𝒕(𝒇) =

𝟐𝟗
𝟑𝟑
𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +

𝟏𝟑
𝟔𝟐

𝟒
𝟑𝟑
𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +

	𝟒𝟗
𝟔𝟐

𝟒
𝟑𝟑
𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇) =

𝟖𝟗𝟗
𝟏𝟎𝟐𝟑

𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +
𝟐𝟔
𝟏𝟎𝟐𝟑

𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +	
𝟗𝟖
𝟏𝟎𝟐𝟑

𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)	  
          (8) 
 
𝑮𝑫𝒂𝒕𝒂(𝒇) = 𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇)                                                        (9) 
 
𝑮𝑴𝑴𝑩𝑶𝑪(𝒇) =

𝟑
𝟒
𝑮𝑷𝒊𝒍𝒐𝒕(𝒇) +

𝟏
𝟒
𝑮𝑫𝒂𝒕𝒂(𝒇) =

𝟔𝟐𝟎
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +
𝟏𝟑
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +	
𝟒𝟗
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇) 
       (10) 
 
4.2. Second configuration  
In this configuration, the 𝑴𝑻𝑴𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟐𝟔/𝟔𝟖𝟐, 𝟗𝟖/
𝟔𝟖𝟐) signal or the 𝑴𝑪𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟐𝟔/𝟔𝟖𝟐, 𝟗𝟖/𝟔𝟖𝟐) 
signal is used for the Pilot component and the 𝑩𝑶𝑪(𝟏, 𝟏, ) 
signal is used for the Data component. The power distribution 
between the Data / Pilot components is 50% /50%. The PSDs 
of data, pilot and MMBOC signals are given as:  
 
𝑮𝑷𝒊𝒍𝒐𝒕(𝒇) =

𝟗
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +

𝟏𝟑
𝟔𝟐

𝟐
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +

	𝟒𝟗
𝟔𝟐

𝟐
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇) =

𝟓𝟓𝟖
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +
𝟐𝟔
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +

	 𝟗𝟖
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)          (11) 
 
𝑮𝑫𝒂𝒕𝒂(𝒇) = 𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇)         (12) 
 
𝑮𝑴𝑴𝑩𝑶𝑪(𝒇) =

𝟏
𝟐
𝑮𝑷𝒊𝒍𝒐𝒕(𝒇) +

𝟏
𝟐
𝑮𝑫𝒂𝒕𝒂(𝒇) =

𝟔𝟐𝟎
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +
𝟏𝟑
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +	
𝟒𝟗
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)	     
       (13) 
 
4.3. Third configuration   
Here, the 𝑴𝑻𝑴𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟏𝟑/𝟔𝟖𝟐, 𝟒𝟗/𝟔𝟖𝟐) signal or 
the 𝑴𝑪𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟏𝟑/𝟔𝟖𝟐, 𝟒𝟗/𝟔𝟖𝟐) signal is used for 
both Data/Pilot components. The power distribution between 
the Data / Pilot components is 50% /50% or 25%/75%. The 
PSDs of data, pilot and MMBOC signals are given as: 
 
𝑮𝑷𝒊𝒍𝒐𝒕(𝒇) =

𝟏𝟎
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +

𝟏𝟑
𝟔𝟐

𝟏
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +

	𝟒𝟗
𝟔𝟐

𝟏
𝟏𝟏
𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇) =

𝟔𝟐𝟎
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +
𝟏𝟑
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +

	 𝟒𝟗
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)          (14) 
 
𝑮𝑫𝒂𝒕𝒂(𝒇) =

𝟔𝟐𝟎
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +
𝟏𝟑
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +

	 𝟒𝟗
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)       (15) 
 
𝑮𝑴𝑴𝑩𝑶𝑪(𝒇) =

𝟏
𝟐
𝑮𝑷𝒊𝒍𝒐𝒕(𝒇) +

𝟏
𝟐
𝑮𝑫𝒂𝒕𝒂(𝒇)	𝒐𝒓	𝑮𝑴𝑴𝑩𝑶𝑪(𝒇) =

𝟑
𝟒
𝑮𝑷𝒊𝒍𝒐𝒕(𝒇) +

𝟏
𝟒
𝑮𝑫𝒂𝒕𝒂(𝒇)      (16) 

 

𝟔𝟐𝟎
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏,𝟏)(𝒇) +
𝟏𝟑
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟏𝟎,𝟏)(𝒇) +	
𝟒𝟗
𝟔𝟖𝟐

𝑮𝑩𝑶𝑪(𝟔,𝟏)(𝒇)    (17) 
 
Table 1. Possible implementations of MMBOC(10, 6, 1, 
13/682, 49/682) 

Data Pilot Power 
proportion 

MTMBOC(10, 6, 1,13/682, 
49/682) 

MTMBOC(10, 6, 1,13/682, 
49/682) 

75% 

MTMBOC(10, 6, 1,13/682, 
49/682 

MTMBOC(10, 6, 1,13/682, 
49/682) 

50% 

BOC(1,1) MTMBOC(10, 6, 1, 26/1023, 
98/1023) 

75% 

BOC(1,1) MTMBOC(10, 6, 1, 26/1023, 
98/1023) 

50% 

MCBOC(10, 6, 1,13/682, 
49/682) 

MCBOC(10, 6, 1,13/682, 
49/682) 

75% 

MCBOC(10, 6, 1,13/682, 
49/682) 

MCBOC(10, 6, 1,13/682, 
49/682) 

50% 

BOC(1,1) MCBOC(10, 6, 1, 26/1023, 
98/1023) 

75% 

BOC(1,1) MCBOC(10, 6, 1, 26/1023, 
98/1023) 

50% 

 
 In the Table 1, the possible implementations of 
𝑴𝑴𝑩𝑶𝑪(𝟏𝟎, 𝟔, 𝟏, 𝟏𝟑/𝟔𝟖𝟐, 𝟒𝟗/𝟔𝟖𝟐) are given for different 
distributions of Data / Pilot power. 
 We show in figures 6, 7, 8, 9 and 10, the ACFs of the 
different concepts of MTMBOC and MCBOC signals 
compared with those of the TMBOC, CBOC and BOC(1,1) 
signals.  
 It is clear from these figures that the ACFs of MTMBOC 
and MCBOC are narrower than those of TMBOC and CBOC. 
Consequently, the performance of code tracking will be 
improved. 

 
Fig. 6. Normalized ACFs of BOC(1, 1), MTMBOC(10, 6, 1, 
13/682,49/682),  MTMBOC(10, 6, 1, 26/682,98/682) and MTMBOC(10, 
6, 1, 26/1023, 98/1023) 
 

 
Fig. 7. Normalized ACFs of BOC(1, 1),  TMBOC(6, 1,4/33), and 
MTMBOC(10, 6, 1, 26/1023, 98/1023. 
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Fig. 8. Normalized ACFs of BOC(1, 1), MCBOC(10, 6, 1, 
13/682,49/682),  MCBOC(10, 6, 1, 26/682,98/682), and MCBOC(10, 6, 
1, 26/1023, 98/1023). 

 
Fig. 9. Normalized ACFs of BOC(1, 1), CBOC(6, 1,1/11), and 
MCBOC(10, 6, 1, 13/682, 49/682) 

 

 
Fig. 10. Normalized ACFs of BOC(1, 1), CBOC(6, 1, 1/11) ,TMBOC(6, 
1, 4/33),  MCBOC(10, 6, 1, 13/682, 49/682) and MTMBOC(10, 6, 1, 
26/1023, 98/1023). 
 
 
5. MMBOC Performance Evaluation 
 
5.1. Code-Tracking Accuracy and RMS Bandwidth 
Two criteria are used to evaluate the code tracking accuracy 
(i.e; the noise effect) of the proposed MMBOC modulation. 
The first one is the CRLB, denoted by 𝛔𝐋𝐁	, which is the 

RMSE or any non-random parameter estimate and is given by 
[7][30][31]: 
 

𝝈𝑳𝑩 =
𝟏

𝟐𝝅𝜷𝑹𝑴𝑺f
𝑩𝑳
𝝀 𝑪
𝑵𝟎

																															    (18) 

 
 Where, 𝑩𝑳 is the loop bandwidth of the code tracking 
loop, 𝑪/𝑵𝟎 is the carrier-power-to-noise-density ratio, and 𝝀 
is the correlation loss due to front-end bandwidth 𝑩𝒓 defined 
as: 
 

𝝀 =		∫ 𝑮𝒔(𝒇)𝒅𝒇
𝑩𝒓

𝟐X
Y𝑩𝒓

𝟐X
																								    (19) 

 
and  
𝛃𝐑𝐌𝐒 : is the Root Mean Square Bandwidth (RMSB)and 
represents the second criterion. It is defined as: 
 

𝜷𝑹𝑴𝑺 =	6∫ 𝒇𝟐𝑮k𝒔(𝒇)𝒅𝒇
𝑩𝒓

𝟐X
Y𝑩𝒓

𝟐X
7
𝟏/𝟐

																								   (20) 

 
 Where 𝑮k𝒔(𝒇) is the signal PSD normalized for unit power 
over the front-end bandwidth 𝑩𝒓.  
 We offer these curves in order to understand how the code 
tracking noise acts for the set of modulations studied in this 
paper.Figures 11, 12 and 13 show the CRLB (or RMS Code 
Tracking Errors) using a 24 MHz front-end bandwidth. 
 As we can notice from these figures, the 
MCBOC(10,6,1,13/682,49/682)  and 
MTMBOC(10,6,1,26/1023, 98/1023) modulations give 
significantly higher code-tracking precision than 
CBOC(6,1,1/11), TMBOC(6,1,4/33). In addition, 
MTMBOC(10,6,1,26/1023,98/1023) modulations provide 
much better code-tracking accuracy than BOC(2,2). 
However, BOC(2,2) modulation has better code-tracking 
accuracy than MCBOC(10, 6,1,13/682,49/682) modulation. 

 

 
Fig. 11. RMS Code Tracking Errors of BOC(1, 1), CBOC(6, 1, 1/11) and 
MCBOC(10, 6, 1, 13/682, 49/682) with 24 MHz front-end bandwidth. 
 
 In figures (14), (15) and (16) the RMSB criterion is used 
giving a comparative study between the proposed MMBOC 
signals, their counterpart MBOC signals and a couple of 
classical BOC(n,n) signals.  
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Fig. 12. RMS Code Tracking Errors of BOC(1, 1),  TMBOC(6, 1, 4/33) 
and MTMBOC(10, 6, 1, 26/1023, 98/1023) with 24 MHz front-end 
bandwidth 

. 
Fig. 13. RMS Code Tracking Errors of BOC(1, 1), BOC(2, 2), 
MCBOC(10, 6, 1, 13/682, 49/682) and MTMBOC(10, 6, 1, 26/1023, 
98/1023) with 24 MHz front-end bandwidth. 
 

 

Fig. 14. RMSB of BOC(1, 1), CBOC(6, 1, 1/11) and MCBOC(10, 6, 1, 
13/682, 49/682). 
 

 
Fig. 15. RMSB of BOC(1, 1), TMBOC(6, 1, 4/33) and MTMBOC(10, 
6, 1, 26/1023, 98/1023). 
 
 Figures 14 and 15, show, on the one hand, the absolute 
superiority of MCBOC (10,6,1,13/682,49/682) and 
MTMBOC(10,6,1,26/1023, 98/1023) over BOC(1,1). On the 
other hand, these same figures illustrate that MCBOC 
(10,6,1,13/682,49/682) and 
MTMBOC(10,6,1,26/1023,98/1023) signals have RMSB 
values that are greater than those of  CBOC(6,1,1/11) and 
TMBOC(6,1,4/33), respectively, for receiver bandwidth 
superior to 20 MHz, which makes them more efficient in this 
range. 

 

Fig. 16. RMSB of BOC(1, 1), BOC(2, 2), MCBOC(10, 6, 1, 13/682, 
49/682) and MTMBOC(10, 6, 1, 26/1023, 98/1023). 
 
 
 Figure 16 shows that for receiver bandwidth less than 12 
MHz the MCBOC(10,6,1,13/682,49/682) and 
MTMBOC(10,6,1,26/1023,98/1023) signals present the same 
RMSB values. However, for bandwidths greater than 12 MHz 
the RMSB of MTMBOC(10,6,1,26/1023,98/1023) is the 
highest, which qualifies this latter to have better performance 
in this range. Besides, this same figure, exhibits the 
performance superiority of BOC(2,2) within the receiver 
bandwidth interval from 3 MHz to 18 MHz. 
 
5.2. Spectral separation coefficient 
The SSC between desired signal and interfering signal can be 
expressed in terms of the receiver front end filter bandwidth 
𝑩𝒓 and the normalized PSDs 𝑮𝒊(𝒇) and 𝑮𝒔(𝒇)	of the 
interfering signal and desired signal, respectively [32-34]: 
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𝒌𝒊𝒔 =	∫ 𝑮𝒔(𝒇)𝑮𝒊(𝒇)𝒅𝒇
𝑩𝒓

𝟐X
Y𝑩𝒓

𝟐X
		    (21) 

 
 In tables 2 and 3, several SSC results are given 
respectively for the cases of the 30,69 MHz and 40,92 MHz 
transmission bandwidths and a 24MHz single receiver 
bandwidth. 
 
Table 2. SSCs [dB] between the BOC(1,1), MBOC(6,1,1/11), 
MMBOC(10, 6, 1, 13/682, 49/682) signals and the GPS 
signals for a 30,69 MHz transmission bandwidth and a 
24MHz single receiver bandwidth. 

Signals SSC 
BOC(1,1) MBOC MMBOC 

GPS P(Y) Code BPSK(10) -70.0984 -70.4118 -70.4310 
GPS C/A Code BPSK(1) -67.8509 -68.2528 -68.2544 

GPS BOC(1,1) -64.7812 -65.1891 -65.1899 
GPS M Code BOC(10,5) -82.3571 -82.1000 -81.3208 

GPS L1C MBOC -65.1236 -65.5028 -65.5096 
GPS MMBOC -65.1241 -65.5092 -65.5135 

 
Table 3. SSCs [dB] between the BOC(1,1), MBOC(6,1,1/11), 
MMBOC(10, 6, 1, 13/682, 49/682) signals and the Galileo 
signals for a 40,92 MHz transmission bandwidth and a 
24MHz single receiver bandwidth. 

Signals SSC 

BOC(1,1) MBOC MMBOC 
Galileo BOC(1,1) -64.8037   -65.2116   -65.2124   
Galileo E1 PRS BOCc(15,2.5) -103.2716 -101.5806 -101.3478 
Galileo E1 OS MBOC -65.1792   -65.5583   -65.5651   
Galileo MMBOC -65.1724 -65.5575   -65.5618   
 
 As we can recognize from these tables, similar to the 
MBOC signal, the MMBOC one presents a better SSC with 
the GNSS signals E1/L1. For example, the SSC for MMBOC 
signal with GPS C/A code is 0.33dB higher than the 
BOC(1,1) utilizing the same code and is 0.02dB higher than 
the MBOC. Also, the SSCs for MMBOC with GPS P(Y) code 
is 0.33dB higher than BOC(1,1) and is 0.02dB higher than 
MBOC with the same code. However, the SSC for MBOC 
signal presents better spectral separation with GPS M code 
and Galileo E1 PRS compared with MMBOC. 
 
5.3. Experimental results  
The simulation process follows the following steps: 
 
Step 1: In this step, we generate the BOC (1,1), TMBOC, and 
the proposed MTMBOC signals using MATLAB, ensuring 
accurate spectral shaping according to the specified 
modulation parameters (See Figure (3) for our proposed 
MCBOC signal). 
Step 2: In this step, the signals are then transmitted through a 
simulated channel, which includes noise and single MP signal 
(See Figure (17)). 
Step 3: In this step, we vary MP delay to evaluate the signal 
performance, calculating the RAE.   
Step 4: In this step, we introduce varying Signal to Noise 
Ratio (SNR) levels to evaluate the signal performance, 
calculating the RMSE for each signal across different 
conditions. 
Step 5: In this step, the performance of each signal is then 
analyzed in terms of RMSE and RAE. In addition, the results 
are compared to identify which modulation method offers 
superior performance. 
 

5.4. Multipath and noise performance 
In order to show the performance of the proposed MMBOC 
Modulation in the presence of MP signals, simulations were 
carried out using an MP channel with a single reflected signal 
and a line-of-sight (LOS) signal as shown in figure 17.  
 

 
Fig. 17. MP phenomenon 
 
 After passing through the intermediate frequency stage, 
the received signal from a single GNSS satellite, affected by 
one MP signal and noise, can be expressed as follows [35] : 
 
𝑠`(𝑡) = 𝑅𝑒o∑ 𝑎a𝐶Eba(𝑡 − 𝜏a)𝐷Eba(𝑡 − 𝜏a) ⋅ expo𝑗(2𝜋(𝑓cd +F

aeI
𝑓f)𝑡 + 𝜑a)z + 𝑛(𝑡)z                 (22) 
 
Where: 
𝜏a: LOS or MP signal delay; 
𝜑a : LOS or MP signal phase; 
𝑓cd: Intermediate frequency; 
𝑓f	: Doppler frequency;  
𝑎a : LOS or MP signal coefficient amplitude; 
𝑛(𝑡): Narrow band noise; 
𝐶Eba(𝑡) : Filtered PRN code and subcarrier; 
𝐷Eba(𝑡): Filtered navigation data. 
 
 In our experiment, based on the mathematical model 
given by (22), the MP signal has 0.5 amplitude and a delay 
ranging from 0 to 450 m relative to the LOS delay [21, 36]. 
The MP error envelopes, calculated by determining the zero-
crossing point of the delay locked loop (DLL) discriminator 
(illustrated in Figure 18), are used to compute the running 
average errors (RAE) for 24 MHz pre-correlation bandwidth. 
 

 
Fig. 18. DLL loop used to track all signals.  
 
 The RAE curves for TMBOC(6,1,4/33), 
MTMBOC(10,6,1,26/1023,98/1023) and BOC(1,1) signals, 
as presented in Figure 19, show that the proposed 
MTMBOC(10,6,1,26/1023,98/1023) signal displays the best 
performance in terms of RAE for all the band of variation of 
the MP delay as compared to TMBOC(6,1,4/33) and 
BOC(1,1) signals. 
 Figure 20 presents the RAE curves for 
MCBOC(10,6,1,13/682, 49/682), CBOC(6,1,1/11) and 
BOC(1,1) signals. It can be seen clearly from this figure that 
the proposed MCBOC(10,6,1,13/682,49/682) signal 

MP signal 
𝒔 (𝒕) 

LOS signal  

GNSS 
Satellite 

GNSS receiver 

Reflection 
object 

Noise 
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performs better than the CBOC(6,1,1/11) and BOC(1,1) 
signals. 

 
Fig. 19. RAEs of BOC(1, 1),  TMBOC(6, 1, 4/33) and MTMBOC(10, 6, 
1, 26/1023, 98/1023). 

 
Fig. 20. RAEs of BOC(1, 1),  CBOC(6, 1, 1/11) and MCBOC(10, 6, 1, 
13/682, 49/682). 
 
 To facilitate the comparative study, the results of the RAE 
of BOC(2,2), BOC(1,1) signals, along with the proposed 
MTMBOC(10,6,1,26/1023,98/1023) and 
MCBOC(10,6,1,13/682,49/682) signals, are illustrated 
together in Figure 21. As shown in this figure, the 
MTMBOC(10,6,1,26/1023,98/1023) signal  shows the best 
performance for all MP delays less than approximately 340 
m. Beyond this value, the best performance is given by the 
BOC(2,2) signal. However, the 
MCBOC(10,6,1,13/682,49/682) signal presents a better 
performance relative to BOC(1,1) and BOC(2,2) signals only 
for delays less than 110 m, and BOC(1,1) presents the worst 
case for all MP delays. 
 It can be seen from figure 22 that the proposed 
MTMBOC(10,6,1,26/1023,98/1023) signal clearly achieves 
the best performance than the TMBOC(6,1,4/33) and 
BOC(1,1) signals regardless of the SNR value. In figure 23, it 
can be seen that the MCBOC(10,6,1,13/682,49/682) and 
CBOC(6,1,1/11) signals show almost the same performance 
for SNR values approximately greater than -28dB, while 
MCBOC(10,6,1,13/682,49/682) performs better for SNR 
values below -28dB. 
 

 
Fig. 21. RAEs of BOC(1, 1),  BOC(2, 2), MCBOC(10, 6, 1, 13/682, 
49/682) and MTMBOC(10, 6, 1, 26/1023, 98/1023) 
 
 
 To complete this section, the RMSEs of code tracking are 
plotted in meters in function of SNR, which ranges from −35 
to −20 dB. The results are shown in the figures 22 and 23.  

 
Fig. 22. RMSEs of BOC(1, 1),  TMBOC(6, 1, 4/33) and MTMBOC(10, 
6, 1, 26/1023, 98/1023). 

 
Fig. 23. RMSEs of BOC(1, 1),  CBOC(6, 1, 1/11) and MCBOC(10, 6, 
1, 13/682, 49/682). 
 
 
6. Conclusions 
 
In this paper, an enhanced MMBOC modulation, based on 
multiplexing the spectra of the BOC(1,1), BOC(6,1) and 
BOC(10,1) signals with different power levels, is proposed. 
Two implementation signals, namely MTMBOC and 
MCBOC, for MMBOC modulation, were presented and 
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compared with the existing TMBOC and CBOC modulated 
signals. The MTMBOC(10,6,1,26/1023,98/1023) signal has 
shown the best performance in terms of MP mitigation due to 
its ACF characteristics. In addition, our study showed that the 
proposed MMBOC modulation, with its distributed DSP 
approach, presents better resistance against noise and 
interference compared to the traditional MBOC modulation. 
Finally, further research is needed to find a modified version 

of interplex modulation grouping the implementation signals 
of the proposed MMBOC modulation. 
 
 
This is an Open Access article distributed under the terms of 
the Creative Commons Attribution License.  
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