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Synthesized Binary Offset Carrier Modulation for
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Ahmedabad, Gujarat, India This paper presents a constant-envelope modulation scheme, based on a synthe-
sized binary offset carrier (SBOC), for a global navigation satellite system (GNSS)
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Email: djupadhyay@sac.isro.gov.in The proposed SBOC modulation meets the power spectral density criteria of

multiplexed binary offset carrier (MBOC) modulation used in the L1 frequency
band (1575.42 MHz) open civilian service interoperable signals for GNSS. This
SBOC modulation also allows for the selection of an arbitrary power-sharing
ratio between the data and pilot signals. This approach provides better perfor-

mance than various MBOC(6, 1, 1/11) modulations for narrowband receivers.
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1 | INTRODUCTION

Many global navigation satellite system (GNSS) service providers plan to provide
interoperable open civilian service in the L1 frequency band (1575.42 MHz). Hence,
service providers have defined multiplexed binary offset carrier (MBOC) modu-
lation for the L1 frequency band interoperable open civilian service (Hein et al.,
2006). The prime goal in designing an interoperable open civilian signal in the L1
frequency band is to design a navigation signal that satisfies the power spectral
density (PSD) requirement of MBOC(6, 1, 1/11) modulation (Hein et al., 2006). The
PSD of the MBOC(6, 1, 1/11) modulation signal (S, zocs1.1/11)(f)) is defined as
follows:

10 1
SMBOC(G,LI/H) ()= HSBOC(IJ) )+ HSBOC((),I) 0D,

10sin(7 fT,) sin? (”TT) sin?(z fT,) sin® (ﬂﬂc)
= +

T, (ﬂf Cos(nszc)jz 11T, {nf cos[ﬂszc Dz

The MBOC modulation contains binary offset carrier (BOC) (1,1) and BOC(6,1)
components with 10/11 and 1/11 power sharing, respectively.

(€]

OAbbreviations: MBOC, multiplexed binary offset carrier
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GNSS service providers have proposed various methods for implementing MBOC
modulation, such as time-multiplexed BOC (TMBOC), composite BOC (CBOC),
and quadrature multiplexed BOC (QMBOC), to meet the MBOC(6, 1, 1/11) PSD
criteria (Avila-Rodriguez et al., 2008; Betz et al., 2006; Yao, Lu, & Feng, 2010). The
Global Positioning System uses the TMBOC implementation method, which com-
bines the BOC(1,1) and BOC(6,1) components in a time-multiplexing manner
(Betz et al., 2006). Galileo uses the CBOC implementation method, which com-
bines the BOC(1,1) and BOC(6,1) components in a baseband level with desired
amplitude factors (Avila-Rodriguez et al., 2008). BeiDou uses the QMBOC imple-
mentation method, which the combines BOC(1,1) and BOC(6,1) components in a
quadrature multiplexing manner with desired amplitude factors (Yao, Lu, & Feng,
2010). CBOC does not provide flexibility in allocating the power-sharing of data
and pilot signals because of the cross-product terms between the BOC(1,1) and
BOC(6,1) components of the data and pilot signals in the autocorrelation of these
signals (Avila-Rodriguez et al., 2008). Allocating equal power to the CBOC data
and pilot signals removes these cross-product terms in the autocorrelation of the
CBOC signal. TMBOC and QMBOC provide flexibility in allocating power-sharing
between data and pilot signals. Typically, these MBOC modulation signals are mul-
tiplexed onboard a satellite with another open civilian service, public regulated
services, and restricted service signals in order to generate a constant-envelope
modulus composite signal (Avila-Rodriguez et al., 2008; Yao et al., 2017; Yao &
Lu, 2021). A constant-envelope modulus composite signal enables the operation
of an onboard high-power amplifier in a saturation region, providing maximum
efficiency. However, all of these MBOC implementation methods are based on
non-constant-envelope modulus signals when GNSS satellites transmit only the L1
frequency band interoperable open civilian service signal, corresponding to stand-
alone transmission of the MBOC-modulated signal.

2 | SYNTHESIZED BINARY OFFSET CARRIER (SBOC)
MODULATION

In general, a baseband spread-spectrum signal s(t) is represented as follows:

s()= % (D% p(t-nT,) ()

n=—o0o

where c, is the spreading code, p(t) is the spreading chip waveform, which is
nonzero within the interval of [0,T,), and T, is the chip interval. For a step-shaped
coded symbol (SCS) signal with a modulation subcarrier interval of T,, where
T, <T,, the spreading chip waveform is represented by the following:

M-1

pO=3 v, (O, 3)
k=0

Here, M is the modulation index of the waveform representing the number of
half-cycles of the subcarrier within the chip interval, i.e., M = ZTT” , and v, (¢) is the
basis signal of the spreading waveform, given as follows:

s

L, kT, <t<(k+1)T,
v, () =1% )

0, otherwise
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Here, «, is the shape vector that characterizes the spreading waveform, which
is given by the following:

T,
i =M [ p(O)y (Ddt (%)
0

The SCS signal s(t) is periodic with the chip interval T,. Hence, for a given
value of T, and T, the signal s(¢) is completely characterized by the shape vector
K = [Kl, Ky Kppg T and is represented in parameterized form as follows:

o M-1

sE)= Y Y (1w, (t-nMT,) ©)

n=-w0 k=0

For a BOC-type signal of the type BOC(m,n), where M = 27’” and m is an inte-
ger multiple of n, the shape vector «, is given by the following:

Ky = (-D* |ke[0,...,M—1] @

In this paper, we propose a constant-envelope modulation method that combines
three signals: the BOC(1,1) and BOC(6,1) components of the pilot signal and the
BOC(1,1) component of the data signal. These signals are combined in a nonlinear
fashion with unequal amplitudes. The proposed method generates a fourth sig-
nal, the BOC(6,1) component of the data signal, by multiplexing these three sig-
nals. The proposed method synthesizes four signals with unequal amplitudes to
generate SBOC modulation (Upadhyay & Bhadouria, 2021; Upadhyay et al., 2020).
Figure 1 shows the SBOC modulation generation method. We represent the shape
vectors of the data and pilot components of the SBOC signal as «} and x¢, respec-
tively, which are defined as follows:

Klfzx/gki—\/ﬁlclf )
i =y +8(a, B.y)R? ©)
where x| = (—I)L%J is the shape vector of BOC(1,1), k2 =(-1)* is the shape vector
of BOC(6,1), and | . | represents the floor operation. We represent a general SBOC

signal (sqpoc(t)) with the PSD given in Equation (1) in terms of the pilot signal
(sP(t; kP)) and data signal (s¢(t; k%)) as follows:

Sspoc () =8P (t; kP)+ jsd(t; k%) (10)

Here, both the data and pilot signals are the combination of BOC(1,1) with mod-
ulation index M BOC(L) = 2 and BOC(6,1) with modulation index M BOC(6.1) = 12,
represented as follows:

$2(6kP) =Narsl o (0= BShocen © an

s ) =y 8o O+ F e B.7) (12)
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FIGURE 1 SBOC modulation generation method

where the notation (x) BOC(m.n) TEPresents the BOC(m, n) component of the signal
x and a, B, and y are parameters that control the PSD of s¢p,.(f). Mapping
f(t; e, B,y) controls both the PSD and the envelope of s, (f), which is repre-
sented as follows:

fa, B,y)=g(a, B,y)s, (1) 13)

where sg(t) is generated by multiplexing the Sgoca,n(t)’ SgOC(6,1)(t)’ and
Sgoc(m) (t) signals, as follows:

_ d
Sq (0= Sgoc(l,l) (t)sgoc(s,n (DsBoc(, )
= Sgocm,l) 0 a4

Considering Equations (6), (7), and (13), Equations (11) and (12) can be written
in terms of the SCS signal as follows:

o M-1 LMBOCU.I)"J
sP(tP)=Na 3 3 (DEEDL Ty (t-nMT)
"H;k:z&q {MBOC(ﬁ’l)kJ+1
B3 S ol )
© I\Jn—:liwkzo
= > Y (D% Py, (t-nMT,) 1s)

n=-w k=0
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o M-1 Mpoc,k
st =y 33 (1 Y PPV
ek o M-1 ., LMBOC(ﬁ.I)kJ
+g@ B Y Y (DFED Ty (t-nMT)
n=-o k=0
o M-1
=y > (-1)% kly, (t —nMT,) (16)
n=-w k=0

where ¢? and c? are the code-division multiple access ranging codes for the pilot
and data signals, respectively, which are assumed to be mutually orthogonal. T,
is the sub-chip interval given by T, =T,/M, T, is the code chip duration, and
M=LCM(M pocaiy M BOC(G’D) =12 is the modulation index of the data and pilot
component of the SBOC signal. Equation (16) does not show the data component
without a loss of generality.

To meet both the Sy, 350(611/11)(f) PSD and constant-envelope requirements,
the value of g(a, B8,y) is obtained by solving the following equations:

a+ﬁ+}/+g(a,ﬁ,}/)2=1 (17)
B+gla, B,y)?=1/11 (18)
a+y=10/11 (19)

VOED? + () =1, [0.....M~1] (20)

Here, g(a, B,y)= \/E; a corresponding proof is given in Lemma 1.

Lemma 1. The envelope of sg,,-(t) is always constant for all values of
a, B, and y.

Proof. Because any periodic spread-spectrum signal of SCS form is completely
characterized by its shape vector x, without a loss of generality, the minimum
value of the envelope of s¢,(t) is given by the following:

min| g poc ()= {(Vor ~yB)? + (7 + g B 1))
= Jou+ By + 8o By ~2yaB + 28l B.7)
= 1-2JuB +2rg@. p.y) =1 1)

By solving Equation (21), we obtain g(e, 8,y)= % Similarly, by using
gla, B,y)=, /%, it can be shown that max, |sq o (¢)|=1. Hence, we have proven
that |sgpoc (D) ]=1. O

Lemma 2. The PSD of Sg,,-(f) is equivalent to the PSD of the MBOC mod-

ulation S,, BOC(6.L1 /11)( )

Proof. By using Equation (10) and assuming E(s?(t;xP))=E(s?(t; k%)) =0 and
orthogonal codes on the data and pilot signals, i.e., ]E(c,lfcfn) =0, we obtain the
following:

E($gpoc (E=7)"Sgpoc (1) = Ry o ()
=E(sP(t—7;k0) sP(t;kF)) + B(s4(t — 15 k1) s (t; k1))
(22)
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By applying Equations (11) and (12), we obtain the following:

R,  (m)=aB(sP(t—1;k}) sP(t;x}))+ BE(P(t—15 k2 )" sP(tk2))

SsBoc
—2JaBE(sP(t—1; k1) sP(t;k2)+yE(s4(t —7; k1) s4 (8 k1))

+ %E(sd (t—1;x2) 54 (t;k2)) + 2@1@(3‘1 (t—7;x}) s4(t; k2))
14

(23)

By considering the data and the pilot channel code to have identical statistical
characteristics, i.e., E(sP(t—7;k0)*sP(tkh) =E(st(t—7;x0) s4(txL) =R, (1),
E(sP(t—7;k2) sP(t; k7)) =B(s(t—7;x2) s (k) =R, (r) and E(sP(t-t; K,% )*
sP(t; k2)) = B(s?(t -3 k1)* s(t; k2)), we obtain the follovkvmg

Ss Boc

(O =(a+7R (r)+[ﬂ+°‘ﬁ jR ® (24)

where R, (r) and R ,(r) are calculated as reported by Yao, Cui, et al. (2010) and
k k
Yao & Lu (2021) as follows:

T
Ra(@)== jsp(t 3 icl)*sP (6 L )dt
0

o0 o M-
:% D Z z( 1%+ il Il//k(f mMT,)y (t—nMT, ~7)dt (25)

=—00 m=—0 k= =

Here, T = NT, is the period of the spreading code. For a sufficiently large spread-
ing code period, it can be assumed that the autocorrelation property of the spread-
ing code is ideal, i.e., R =1 Z J(-1)%*%n =1 for a=0. The integral term in
Equation (25) is nonzero only when v, (t—mMT,) and l//q(t nMT, —t) over-
lap, i.e., [(k—q)T, +7|<T, within the chip duration T,(N =1). Hence, r can be
expressed as 7 =bT, +¢, where be[0, M —1] and ¢ €[0,T,). Furthermore, using
these expressions, we can rewrite the integral term given in Equation (25) as
follows:

T,
1 s
stwk(t)wk(t—e)dtzl—;—s (26)
1 % €
F[ (O t=e)de=-- @7)

N

We can rewrite Equation (25) as follows:

1 M-1 - € M-1 L €
RK;(T):M I;)KkaJrk 1_FS 2 Kk T

k=0 N

M-1 € M-1 .
+ D KiKh gy (1——J+ D KiKbok (—] (28)

k=0 Ts k=0 Ts

We define 1} as follows:
1 M-1
A

n= m KiKp ok (29)
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Substituting Equation (29) in Equation (28), we obtain the following:

_a|1_€ 1| € 1 _c 1 £

€ €
= 1—FJ [rbl +"131M]+[?J [rbl+1 +rb17M+1J, [r|<T, (30)

N N

Similarly, we have the following:

€ €
RKkZ ()= (1 _FJ |:rb2 +1 J +[Fj [rb2+1 + rliMﬂ]’ Tl <T, (31

N N

where r? is defined as follows:

1 M2

A

rre— Z KEKE ) (32)
M=

Substituting Equations (18) and (19) in Equation (24), we obtain the following:

R, (@=(a+R, (r)+[ﬁ +%jn,<z (0)
'S BOC k }/ k

=(@+7)Ry () +(B+ (8, B, P DRy, ()

10 1
:HRKzl (T)+HRK,§ (7) (33)

We obtain the PSD of a cyclostationary process using the Wiener—Khinchin the-
orem (Yao & Lu, 2021):

S, (N=FR,__ (@)

SsBoc
10 1
=—Spocan(H)+ HSBOC(&I) N

11
10sin?(7 f T, ) sin? (ﬂf—T) sin?( fT,) sinz(
= +

7fT,
2

2 1

11T, (ﬂf cos( ”J;T“ ))2 11T, (ﬂf cos( nlszc ))2

Hence, we have proven that Sssgoc (NH=Sy, BOC(6.11/11) ). O

) (34)

3 | SBOC PERFORMANCE

Table 1 shows flexibility in the selection of power-sharing of the BOC(1,1)
and BOC(6,1) components of the data and pilot signals for the SBOC modu-
lation. Typically, high-accuracy receivers, which are wideband, correlate the
MBOC-modulated received signal against an exact replica of the MBOC-modulated
signal, having both the BOC(1,1) and BOC(6,1) components. These wideband
receivers are known as matched receivers. In contrast, low-cost receivers, which are
widely used in commercial applications, have a narrow receiver bandwidth. These
narrowband receivers correlate the MBOC-modulated received signal against
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TABLE 1
SBOC Modulation Data/Pilot Power-Sharing Options

Option a B ¥ afly Data (%) Pilot (%)
1 4/11 6/110 6/11 4/110 58.18 41.82
2 5/11 5/110 5/11 5/110 50.00 50.00
3 6/11 4/110 4/11 6/110 41.82 58.18
4 7/11 3/110 3/11 7/110 33.64 66.36
5 8/11 2/110 2/11 8/110 2545 74.55
5 .
----- Matched Receiver(SBOC)
----- Matched Receiver(CBOC)
----- Matched Receiver(TMBOC/QMBOC)
§4 ——BOC(1,1) Unmatched Receiver(SBOC) i
S |—BOC(1,1) Unmatched Receiver(CBOC) g
£ |—BOC(1,1) Unmatched Receiver(TMBOC/QMBOC) /,3;&""‘_'_'
-g 3 |—Matched BOC(1,1) _,:,_,:;‘:‘/" i
E =2
C
©
m
2>
o
©
C
2
w1

0 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40

Receiver Bandwidth(MHz)

FIGURE 2 RMS bandwidth of the SBOC pilot signal (option 3)

a BOC(1,1) replica rather than a perfect MBOC-modulated signal replica. These
receivers are known as unmatched receivers. Thus, the bandwidth of unmatched
receivers is typically lower than that of matched receivers. Hence, we propose
SBOC power-sharing option 3 to achieve optimum performance for BOC(1,1)
unmatched receivers. The major performance metrics of navigation signal designs
are the root mean square (RMS) bandwidth, correlation shape, and multipath per-
formance (Avila-Rodriguez et al., 2008; Hein et al., 2006; Yao et al., 2017; Yao &
Lu, 2021). The RMS bandwidth quantifies the power content of the signal over the
frequencies across its bandwidth. For a signal with a normalized PSD of G(f), the
RMS bandwidth of the signal is defined as follows (Yao & Lu, 2021):

B/2 172
|5, 26(Ndf
Bras (B) =| 22—
[* 6Hdf

-B/2

(35)

where B is the receiver bandwidth. Hence, the RMS bandwidth, correlation shape,
and multipath performance of the proposed SBOC modulation are compared with
the performance of various MBOC modulations. Figure 2 shows a comparison
of the RMS bandwidth of the SBOC (option 3) pilot signal with various MBOC
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FIGURE 3 Constellation diagram of the SBOC signal (option 3)
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FIGURE 4 Autocorrelation of the pilot signal (option 3)

pilot signals. The SBOC (option 3) pilot signal performs better than various MBOC
pilot signals for a BOC(1,1) unmatched receiver because less power is allocated
in the BOC(6,1) component of the pilot signal compared with MBOC modula-
tions. Consequently, the SBOC (option 3) pilot signal performs poorer than various
MBOC pilot signals for matched receivers.

Figure 3 shows a comparison of the constellation diagram for SBOC (option 3)
with various MBOC modulations when they are generated alone without multi-
plexing with other signals. The results show that the envelope of SBOC modula-
tion is a constant modulus, which enables the operation of an onboard high-power
amplifier in the saturation region. Figures 4 and 5 show the autocorrelation and
multipath performance (0.1 chip spacing) of the SBOC (option 3) pilot signal,
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FIGURE 5 Multipath performance of the pilot signal (option 3)

respectively. The autocorrelation peak is slightly wider than that of various MBOC
pilot signals, matching the RMS bandwidth performance. The SBOC pilot signal
multipath results show ~0.5-m poorer performance than various MBOC pilot sig-
nals because of the wider autocorrelation peak.

4 | CONCLUSION

We have proposed a constant-envelope SBOC modulation method for interop-
erable GNSS L1 band signals that combines three signals in a nonlinear fashion
with unequal amplitudes. The proposed SBOC modulation meets the PSD criteria
of MBOC(6, 1, 1/11) modulations used in the L1 frequency band (1575.42 MHz)
open civilian service signals of GNSS and provides better performance than various
MBOC(6, 1, 1/11) modulations for narrowband receivers. Moreover, this approach
also allows for the selection of an arbitrary power-sharing ratio between the data
and pilot signals.
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