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ABSTRACT To improve the anti-interference performance and mitigate the autocorrelation function (ACF)
ambiguity of dual-frequency multiplexing modulation, we propose a new type of modulation: frequency-
hopping alternated binary offset carrier (FH-AItBOC) modulation based on the frequency-hopping tech-
nique. The new modulation is generalized and includes AItBOC modulation, so it inherits the advantages
of AItBOC modulation while also exhibiting new properties, such as low ambiguity, low probability of
intercept, and better anti-narrowband interference and multipath performance. We first establish the mathe-
matical model, derive the autocorrelation function (ACF) and the power spectrum density (PSD) for the FH-
AltBOC modulation. Next, we propose optimal parameters and present a generation and detection scheme.
The acquisition time and acquisition complexity of the receiving process for the proposed FH-AItBOC signal
are the same as those of the AItBOC signal with the same main-lobe bandwidth (MLB). Finally, we evaluate
the performance of several representative FH-AItBOC and AItBOC signals. The results show that FH-
AlItBOC(24:1:1,1) has the lowest ACF ambiguity, the best anti-interception, anti-narrowband interference,
and multipath performance among the considered signals. FH-AItBOC(24:1:6,1) realizes higher tracking
accuracy, lower ACF ambiguity, and better anti-narrowband interference and multipath performance than
AItBOC(15,10). FH-AItBOC can serve as a new signal design paradigm for global navigation satellite
systems (GNSS) and GNSS-like systems.

INDEX TERMS Anti-interference, low-ambiguity, frequency-hopping alternated binary offset carrier (FH-

AltBOC), satellite navigation.

I. INTRODUCTION

As demand escalates for large-scale and multitype location-
based services, it is becoming necessary to improve the
positioning accuracy and the resistance against external
interference of global navigation satellite systems (GNSS)
and GNSS-like systems in challenging environments such
as urban canyons, forested terrains, and indoor areas,
in which signal attenuation, interference, and multipath fad-
ing severely degrade the positioning accuracy [1], [2]. Mean-
while, navigation applications require GNSS to transmit
multiple signals to provide various levels of service, these
signals must be combined into a constant-envelope composite
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signal to maximize high power amplifier (HPA) efficiency
and to conserve resources on satellite [3].

Multifrequency multiplexing techniques can combine sig-
nals from separate sidebands into a composite signal. Alter-
nated binary offset carrier (AltBOC), which was adopted for
the Galileo ES signal, is dual-frequency constant-envelope
multiplexing (DCEM) technique, which combines up to
four signal components from two sidebands into a constant-
envelope signal by employing multilevel subcarriers [4].
Time-multiplexed offset carrier QPSK (TMOC-QPSK) was
proposed to reduce the complexity of signal generation of
AltBOC, which uses a BOC subcarrier with time-division
multiplexing to combine multiple signal components into a
constant-envelope signal [5]. To meet the demands of the
BeiDou Navigation System (BDS) signal design, researchers
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have proposed time-division AItBOC (TD-AItBOC) [6],
unbalanced AItBOC [7], generalized AItBOC [8], asymmet-
ric constant-envelope binary offset carrier (ACE-BOC) [9],
generalized constant-envelope BOC (GCE-BOC) [10], Inter-
lacing General AItBOC (IGAItBOC) [11], and asymmetric
AItBOC [12], which have significant improvements in the
flexibility in terms of signal design. Moreover, ACE-BOC
with equal length subcarrier segments (ES-ACEBOC) [13]
and ACE-BOC with bipolar subcarrier (BS-ACEBOC) [14]
were proposed to reduce the implementation complexity of
the ACE-BOC. These studies on dual-frequency multiplexing
modulation have substantially improved the flexibility of sig-
nal design and reduced the complexity of signal generation.

AltBOC modulation can combine up to four signal compo-
nents and realize outstanding code tracking accuracy and anti-
interference performance. However, for higher-order AItBOC
modulation, the main drawback is the ambiguity in the code
tracking due to the multiple side peaks of the autocorrelation
function (ACF) [15]. The receiver may incorrectly lock onto
one of these side peaks, causing intolerable measurement
bias, this undesirable behavior limits the application of this
modulation scheme in navigation systems. In contrast to pre-
vious studies, the objective of this work is to define a gen-
eralized AItBOC-like modulation that can mitigate the ACF
ambiguity and improve the anti-interference performance.

We present a generalized anti-interference low-ambiguity
dual-frequency multiplexing modulation based on the
frequency-hopping technique, called frequency-hopping
alternated binary offset carrier (FH-AItBOC). The pro-
posed FH-AItBOC modulation combines the direct-sequence
spread spectrum (DSSS) and the frequency-hopping spread
spectrum (FHSS) techniques, which are the most practical
and dominant spread spectrum techniques. The basic mech-
anism of interference suppression in an FHSS system is
avoidance: it avoids interference via periodic changing of the
carrier frequency of a transmitted signal. The FHSS technique
has been widely used in mobile, radar, and military com-
munication systems due to its many advantages, such as the
low probability of interception and its resistance to narrow-
band and multipath interferences [16]-[19]. The generalized
FH-AItBOC modulation can be obtained by replacing the
subcarrier of AItBOC modulation with frequency-hopping
subcarrier, thus, it has the advantages of both the DSSS and
FHSS techniques. Since FH-AItBOC modulation implements
frequency hopping on the subcarrier rather than on the carrier,
it does not affect the performance of carrier-phase mea-
surement and Doppler measurement. The frequency-hopping
subcarrier symbols inherit the AItBOC subcarrier symbols to
achieve a constant envelope and maintain the flexibility in
signal design and implementation.

The remaining sections are organized as follows. First,
we formulate the mathematical models of nonconstant-
envelope and constant-envelope FH-AItBOC modulations
and derive analytical expressions for their ACF and power
spectrum density (PSD). We analyze the time and frequency
properties of a set of FH-AItBOC signals. Next, we present
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recommended parameter selections and a generation and
detection scheme for the FH-AItBOC modulation. We ana-
lyze the characteristics of the ACF and PSD, the false
locking probability, the code tracking performance, and the
anti-narrowband interference and multipath performance of
several specific FH-AItBOC and AItBOC signals. Finally,
we present the conclusions. In the appendix, we present
the detailed derivation of the analytical ACF expressions
for the nonconstant-envelope and the constant-envelope FH-
AltBOC modulations.

Il. MATHEMATICAL MODEL

Under the assumption that an FH-AItBOC signal has ideal
spreading codes and infinite bandwidth, we construct the
mathematical models of the nonconstant-envelope and the
constant-envelope FH-AItBOC signals and derive their ACF
and PSD expressions.

A. NONCONSTANT-ENVELOPE FH-AItBOC
The nonconstant-envelope FH-AItBOC baseband signal can
be constructed as the follows:
+0oo
s = Y [er 0) +jero 0] x*(t = kTe, f)
k=—00

+ [cur (k) + jevp ()] x(t —kTe, f5) (D)

where ¢y (k) and ¢ ¢ (k), which denote pseudorandom noise
(PRN) spreading codes, are the in-phase and quadrature-
phase components of the lower sideband, and similarly,
cyr (k) and cyg (k) are the in-phase and quadrature-phase
components of the upper sideband. x (t, fsk) denotes a
frequency-hopping subcarrier symbol; T, is the spreading
code chip duration; fsk is the subcarrier frequency that cor-
responds to the k-th spreading code chip; and * denotes the
conjugation operator. Typically, x (t, fsk) can be defined as
follows:

1
—sign(cos 21 k1)
75 15

kY _ 1
X (t,fs ) = +jﬁsign(sin2nfskt), o<r<1. ©@

0, otherwise

An FH-AItBOC signal can be denoted by FH-AItBOC
(th*1 D fd :fho,fc), where {fho S fd :thfl} is the hopset,
which inludes M possible single subcarrier frequencies
{fho,fhl,. . th 1y, The hopset is a monotonically increasing
arithmetic sequence; fy :fhi -f}f_l, i=1,2,....M —11is
the common difference, i.e., the minimum frequency-hopping
interval, and f, = 1/T, is the spreading code chip rate.
Moreover, additional parameters are needed to describe the
FH-AItBOC signal, such as the hopping rate, the frequency-
hopping pattern, and the frequency-hopping band. The hop-
ping rate is denoted by f;,, and f,. should be an integer multiple
of f,,; the frequency-hopping pattern, which is denoted by Cy,
is a decimal sequence that controls the frequency hopping of
the FH-AItBOC subcarrier; and the frequency-hopping band,
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which is denoted by By, is sufficiently large for the inclusion
of M frequency channels and is defined by By, = M X f;.
Consistent with the notation of AItBOC signal, the abbrevi-
ation FH-AItBOC(aps—1 : d : g, B) is defined to denote the
FH-AItBOC signal as follows:

M1
f T o =am—1 xXfo

Ja=d xfy

3
R =aoxfo ©
Je=Bxfo

where fy denotes the reference frequency, which is typically
equal to 1.023 MHz. The parameters should satisfy the defi-
nition of FH-AItBOC modulation; they must be positive inte-
gers,and o;, i =0, 1,2, ..., M — 1 should be an integer mul-
tiple of B. Considering all the constraints, the time-domain
expression of the nonconstant-envelope FH-BOC signal can
be simplified to

+00

s =Y [ew (k) +jero )] x*(t = kTe, £5)
k=—00
+[eur (k) + jeug (k)] x (¢ — KTe, £5) @

fﬁ:(ao—kixd)xﬁ), i=0,1,2,....M—1

fsk =fhck

B. CONSTANT-ENVELOPE FH-AItBOC

AltBOC(kn,n) is a special case of FH-AltBOC modulation in
which the hopset of FH-AItBOC includes only a single sub-
carrier frequency. Thus, FH-AItBOC is a more generalized
type of modulation, and the constant-envelope construction
methods of an AItBOC signal can also be used to make the
envelope of the FH-AItBOC signal constant to enable the use
of the HPA at saturation for higher efficiency. In this paper,
we derive the mathematical model of the FH-AItBOC signal
with a constant envelope according to the method that was
proposed by [4]:

+00
s@) = Y e ) +jero )] xi G = kTe, £

k=—00

+ [eur (0) +jeuo ()] xa(t — kTe, f5)

+ [E (k) + jero®)] x(t — kTe, £5)

+ [eor ) + jeug(k)] xp(t — kTe. £5) (5)
with

cwr (k) = cug (k) cur (k) cro(k)

cro(k) = cur (k) cyg (k) crr (k)

cur (k) = cpr (k) cyg (k) cro(k)

cug (k) = cur (k) crr (k) cro(k)

where x4(t, f5) = 1/2+/2[sca (t. f¥) + jscat=Ts /4, fO, xp
(t, 1) = 1/23/2[5¢) (1, £5) + jscp(t—Ts/4 , £ sca (1, fF)

(©)
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and s, (t, f¥) are subcarrier symbols that are defined as

SC4 (t,fsk)

?sign [cos (anxkt - %)] +

_ %sign [cos (27'rfskt)]

vz ke T
+=-sign [cos (ans t+ Z)] 0=t=<T
0, others

scg (t,fsk)

_\/Tzsign [cos (anskt - %)]

_ —}—%Sign [cos (2nfskt)] (7
—?Sign [cos (anskt + %)] 0=<r=T
0, others

Fig. 1 shows example waveforms of scy (t, f¥) and sc, (, £¥)
for a constant-envelope FH-AItBOC signal, which illustrates
how the subcarrier wave changes with the hopping of the
frequency-hopping pattern. The left panel of Fig. 2 shows
the modulation constellation of a nonconstant-envelope FH-
AItBOC signal. The envelope is not constant. The right panel
of Fig. 2 shows the modulation constellation of a constant-
envelope FH-AItBOC signal. The envelope becomes constant
similar to a constant-envelope AltBOC signal.

C. ACFAND PSD
The ACF of the nonconstant-envelope FH-AItBOC signal can
be expressed as

R(t,t+1)=E[s@®)s" (1 +1)]

+ +
_ f f [R (1) +Rey (1) }
k=—00 I——o00 +RCU] (l) +RCUQ (l)

x (t —kT..fF)

E [ xx* (t+ 1 — kT, —IT,, fF1) ®
where R;(I) = E [c; (k) c; (k + )], for ie{LI, LQ, Ul, UQ},
denote the ACFs of the spreading codes. An ideal spreading
code is infinite, aperiodic, independent, and random; thus,
Ri(l) =1,1 = 0, Ri(I) = 0, and [ # 0. Therefore, (8) can
be simplified to

+o0
B X (t - kTCsfsk)
R(t,t+T)_4Xk_Z E[xx*(tjtr—ch’fsk)] ®

For an FH-AItBOC signal, the probability that a frequency
channel is used can be expressed as

P(rf =1)

where L. denotes the total number of occurrences of all
frequency channels and /; denotes the number of occurrences

l.
=L, i=0,1,2,....M—1 (10)

c
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FIGURE 1. Waveforms of scy (t, fk ) and scp (t, fk ) for a constant-envelope FH-AIBOC signal.

of the channel f,f. Therefore, by substituting (10) into (9),
R (¢, t + 1) can be simplified to

+oo M-—1

=Y Y (- ki)

¢ k=—00 i=0

R(it,t+1)=

(t Tt —kTC,f,f> <l (11)

The FH-AItBOC signal is not a wide-sense stationary process
but rather has the following characteristics:

Els(t+T,)] =E[s@®)]

Rt+Tet+7t4+T,)=R(@,t+71) (12)

Thus, this signal is cyclostationary, and its ACF that depends
on only t can be obtained by averaging the ACF over the
interval t € [0, T,]:

Tc
R(T):Ti/(; R(t,t+1)dt (13)

The detailed derivation of R (7) for the nonconstant-envelope
and the constant-envelope FH-AItBOC signals can be found
in the appendix. For the nonconstant-envelope FH-AItBOC
signal, the normalized ACF, Rncg (7),is

Ni—1N;—1

2 Z Z (— 1)m+n+1

m=0 n=0
xATé[r—(m+n+1—Nl~)T;,]

ON;—12N;—1

+ Z Z ( I)I_”H—IJ'H."-H

m=0 n=0

XA /2 |:1: — (m+n+1-2N) %” (14)

RncE (T) =

LT,
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FIGURE 2. Modulation constellations of FH-AItBOC modulation.

where N; = 2«;/8 and AT;’; (1) is the triangle function with
support 27}, where T} = 0.5(f/)~
|7l

! Which is defined as

i
- Tl =T,

AT}’; (r) = T}lz
0, otherwise

15)

For the constant-envelope FH-AItBOC signal, the normalized
ACF, RcE (1), is

M—14N;—14N;—
1
Reg (v) = - Iy ZO LT} [_( DL+
i= m= n=
1 m n m n
+E( n 2|y 2 ( N SIS +3J:|

Ti
X Ari g |:r —(m+n+1—4N;) Th] (16)

where |-| denotes the floor function.

According to the Wiener—Khinchin theorem [20], the PSD
of s(¢) is the Fourier transform of its ACF, i.e., G(f) =
FT[R (r)]. By substituting (14) into it, the PSD of the
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nonconstant-envelope FH-AItBOC signal can be derived as
follows:

GneE () = 2 Af I; { sin? (fT}) sin? (f T.)

LT, = n2f2cos? (nfT})
_ iN12.:.2
+[1 cos (nfTh)] sin -(nch) (17)
72f2cos? (wfT})

Similarly, the PSD of the constant-envelope FH-AItBOC sig-
nal can be derived as follows:

Gcee (f)
| M sin® (f T,) sin’ <JTfTTé)
Rz A e ey
X |:4cos2 (nf%) + 2sin (ﬂﬂ}l,) sin (”f%) + 2:| }

(18)

The frequency hopping of the FH-AItBOC subcarrier deter-
mines the similarities and differences in terms of the ACF
and PSD between FH-AItBOC and AlItBOC modulations.
It potentially endows the signal with various excellent proper-
ties, such as low ACF ambiguity and better anti-interception
and anti-narrowband interference performance.

For an FHSS system, a uniformly distributed frequency-
hopping pattern and a larger hopping rate yield better anti-
interception and anti-narrowband interference performance
[18]; thus, we only discuss FH-BOC signals with a uniform
subcarrier and a hopping rate equal to the spreading code chip
rate. The zero-crossing nearest the ACF main peak (ZCNM)
for an FH-AItBOC signal can be expressed as

tzenm = min{t [R(t) = 0,7 > 0} (19)

and the ACF main peak width is twice the time delay tzcnwm.
A narrower ACF main peak may provide higher code tracking
accuracy. The ACF main-peak-to-maximum-side-peak ratio
(MSR) can be calculated as

Ryvsr = 201g < max |R (‘L’)|> (20)
[T|>tzeNm
where |-| denotes the absolute value operator. A lower

MSR can mitigate the ACF peak ambiguity [21]. Moreover,
the PSD main-lobe bandwidth (MLB) for the FH-AItBOC
signal is defined as the bandwidth that contains the two split
spectral lobes and is approximately 2(on7l + /3) X fo. A
larger MLB may yield higher code tracking accuracy and
better anti-interception and anti-narrowband interference per-
formance. The maximum value of the PSD (MVP) for the
FH-AItBOC signal is defined as

= 21
MMVP fIGHN?EB G(f) 2D

A smaller MVP enables higher power signal transmission
without increasing the interference from the noise floor,
which is more conducive to self-spectral separation [22].
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——FH-AIBOC(3:1:1,1) —— FH-AItBOC(31:1:1,1)

——FH-AItBOC(7:1:1,1) —— FH-AItBOC(63:1:1,1)

—— FH-AItBOC(15:1:1,1) — FH-AItBOC(127:1:1,1)
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Delay (us)
70+ \
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-100 0 100
Frequency (MHz)

FIGURE 3. Normalized ACFs and PSDs for FH-AItBOC («p;_1:1:1,1) signals.

FH-AItBOC modulation is an extensive modulation fam-
ily, which provides four parameters, a frequency-hopping
pattern, and a hopping rate via which designers can shape
the ACF and PSD; the optimal values will be differ
among constraint criteria. In this paper, we propose FH-
AItBOC(aps—1:1:1,1), in which the minimum frequency-
hopping interval, the minimum subcarrier frequency, and
the spreading code chip rate are fixed to their minimum
possible values; the frequency-hopping pattern is assumed
to be uniformly distributed; and the hopping rate is fixed
to its maximum possible value, i.e., equal to the spread-
ing code chip rate. The reasons for recommending FH-
AItBOC(apr—1:1:1,1) signals are that they have the most
subcarrier frequencies, the largest MLB, and the flattest
spectral shape, which yield the best anti-interception and
anti-narrowband interference performance; a uniformly dis-
tributed frequency-hopping pattern and a larger hopping rate
yield better anti-interception and anti-narrowband interfer-
ence performance. The top panel of Fig. 3 shows a set of
ACFs for FH-AItBOC(aps—1:1:1,1) signals; panels (a) and
(c) of Fig. 4 plot the ZCNM and MSR, respectively, versus
the maximum subcarrier frequency. The larger the maximum
subcarrier frequency is, the smaller the ZCNM and the larger
the MSR. The bottom panel of Fig. 3 shows a set of PSDs of
FH-AItBOC(apr—1:1:1,1) signals. The larger the maximum
subcarrier frequency is, the smaller the MVP and the flatter
the spectral shape.

If better spectral separation with signals at the center of the
band is needed, FH-AItBOC(aps—1:1:q,1), where ag > 1,
is proposed. By increasing the minimum subcarrier frequency
ap, the signal power will be moved away from the band cen-
ter, and the ACF main peak will be narrowed, thereby poten-
tially improving the code tracking accuracy. The top panel
of Fig. 5 shows a set of ACFs for FH-AItBOC(64:1:xq,1)
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FIGURE 4. ZCNMs and MSRs for FH-AItBOC(xpy;_;:1:1,1) and
FH-AItBOC(64:1:«¢,1) signals.

—— FH-AItBOC(64:1:3,1) —— FH-AItBOC(64:1:31,1)

—— FH-AItBOC(64:1:7,1) —— FH-AItBOC(64:1:42,1)
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FIGURE 5. Normalized ACFs and PSDs for FH-AIRBOC(64:1:,1) signals.

signals; panels (b) and (d) of Fig. 4 plot the ZCNM and MSR,
respectively, versus the minimum subcarrier frequency. The
larger the minimum subcarrier frequency is, the smaller the
ZCNM and the MSR. The bottom panel of Fig. 5 shows a
set of PSDs of FH-AItBOC(64:1:a0,1) signals. The larger the
minimum subcarrier frequency is, the larger the MVP and the
farther the signal power moves away from the band center.

D. GENERATION AND DETECTION SCHEME

The FH-AItBOC subcarrier is generated by combining sev-
eral square waves, which can be digitally implemented and
processed by a software-defined receiver. Thus, the subcarrier
frequency can be switched instantaneously, thereby, over-
coming the shortcomings of a frequency synthesizer during
frequency switching. The performance for carrier-phase mea-
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FIGURE 6. Block diagram of FH-AItBOC signal generation.

surements and Doppler measurement with the FH-AItBOC
signal are not affected relative to that with AItBOC sig-
nals because the frequency hopping is implemented in the
baseband. Fig. 6 shows the architecture of a direct compu-
tation method for the FH-AItBOC signal generation. The
data, spreading code, subcarrier, and RF carrier should be
generated from a common clock so that they have constant
phase offsets.

Fig. 7 shows a serial search direct acquisition scheme for
the FH-AItBOC signal. First, the RF signal Sgr () was mixed
with the local oscillator signal, down-converted to an interme-
diate frequency (IF) signal S;r (¢); then, the IF signal S;r (¢) is
down-converted by the local carrier and cross-correlated by
the local reference signal, respectively; next, after coherent
integrations and square operation, the decision variable can
be obtained by adding the outputs of I and Q channels:

Sp=S;+ 55 (22)

where §; and Sy are the outputs of the I and Q chan-
nels, respectively. Sp is the chi-square random variable with
two degrees of freedom. The acquisition threshold V7 =
—202In Py, can be calculated from the noise variance o> and
the desired probability of false alarm Py, [23]. Conventional
GNSS signal acquisition algorithms are two-dimensional
search processes of the code dimension and the Doppler
dimension. However, The FH-AItBOC signal acquisition
has an additional search dimension—the frequency-hopping
dimension. Thus, the frequency-hopping pattern has a sub-
stantial effect on the acquisition time and acquisition com-
plexity of the FH-AItBOC signal. For military signals, a pseu-
dorandom frequency-hopping pattern with a large period
is recommended, which is difficult for a noncooperative
receiver to reproduce and dehop. However, when the period of
the frequency-hopping pattern is large, the signal acquisition
time and acquisition complexity increase, thereby requiring
a higher performance receiver. To eliminate this limitation,
we present a frequency-hopping scheme in which the hopping
rate f, and the period of the frequency-hopping pattern are
adjusted. Let f;, be equal to f. and the period of the frequency-
hopping pattern be an integer multiple of the spreading code
period. The phase of the frequency-hopping pattern can be
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Code
Gen

Subcarr
ier Gen

FIGURE 7. Block diagram of FH-AItBOC signal detection.

derived from the spreading code phase since they have a
constant phase offset. Thus, we can significantly narrow the
search space, and the average acquisition time can be esti-
mated as

T _ lfunctuncNT waell

= (23)
e 2 fbintbin

where f,,,,c and t,,. denote the Doppler frequency uncertainty
and the spreading code phased uncertainty, respectively; fpin
and 7p;, denote the Doppler frequency bin and the spreading
code bin, respectively, where each search increment is a bin;
Nr is the ratio of the period of the frequency-hopping pattern
and the spreading code period; and T, is the search dwell
time. The acquisition time and acquisition complexity of the
FH-AItBOC signal will be the same as those of the AItBOC
signal with the same MLB if the period of the frequency-
hopping pattern is equal to the spreading code period. An Alt-
BOC receiver can process such a signal with only minor
modifications.

For example, Let f, be equal to f,, the lengths of
the spreading code and the frequency-hopping pattern be
1023. For constant-envelope FH-AItBOC(24:1:1,1) and FH-
AltBOC(24:1:6,1) signals that are generated via this scheme,
the simulated and theoretical normalized ACF results are
compared in the top panel of Fig. 8, and the simulated and the-
oretical PSD results are compared in the bottom panel. Con-
sider a receiver front-end bandwidth of 60 MHz, a sampling
rate of 173 MHz, an IF of 36 MHz, a carrier-to-noise-density
ratio (C/Np) of 45 dB, an early-late spacing of 11.6 ns,
and a coherent integration time of 1 ms, Fig. 9 shows the
output of FH-AItBOC(24:1:1,1) from the serial search direct
acquisition scheme; the code phase and frequency-hopping
pattern are 450 chips and the carrier frequency is 36 MHz.

Ill. PERFORMANCE ANALYSIS

This section focuses on the performance of several rep-
resentative constant-envelope FH-AItBOC signals in com-
parison with AItBOC signals. These signals are FH-
AltBOC(24:1:1,1), FH-AItBOC(24:1:6,1), AItBOC(12,1),
and AItBOC(15,10). AItBOC(15,10) has been adopted for
the Galileo E5 signal [4]. FH-AItBOC(24:1:1,1) has the
same MLB as AItBOC(15,10), and its ZCNM is approxi-
mately equal to that of AItBOC(12,1); FH-AItBOC(24:1:6,1)
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FIGURE 9. Output from serial search acquisition for FH-AItBOC(24:1:1,1).

has the same MLB and ZCNM as AlItBOC(15,10). Since
FH-AItBOC(24:1:1,1), FH-AItBOC(24:1:6,1), and Alt-
BOC(15,10) have the same MLB, they can be processed
by receivers with the same front-end bandwidth, i.e., the
same receiving complexity. We discuss the properties of the
ACFs and PSDs, the probabilities of false locking on ACF
side peaks, the code tracking performance, and the anti-
narrowband interference and multipath performance for the
example signals.

A. COMPARISON OF ACFs AND PSDs

Fig. 10 depicts the ACFs and PSDs for the example signals
computed over an infinite bandwidth, and various properties
of the ACFs and PSDs are listed in Table 1. The MSR of FH-
AltBOC(24:1:1,1) is the largest among the example signals,
and the MSR of FH-AItBOC(24:1:6,1) is larger than that of
AItBOC(15,10). The ZCNMs of FH-AItBOC(24:1:6,1) and
AItBOC(15,10) are the smallest among the example signals.
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FIGURE 10. Normalized ACFs and PSDs for the example signals.

TABLE 1. ACF and PSD properties of the example signals.

Provert ZCNM MSR MLB MVP
perty (ns) (dB) (MHz)  (dBW/Hz)
FH-AItBOC
(24:1:1.1) 19.6 145 51.2 772
FH-AItBOC
(24:1:6.1) 163 7.8 51.2 -76.4
AIBOC (15,10) 163 3.6 51.2 740
AIBOC (12,1) 20.4 0.5 26.6 -64.0

The ZCNM of FH-AItBOC(24:1:1,1) is slightly smaller
than that of AItBOC(12,1). The PSD main lobes of FH-
AltBOC(24:1:6,1), AItBOC(15,10), and AItBOC(12,1) are
offset from the band center but that of AItBOC(24:1:1,1) is
evenly distributed within the band except for depression in
the band center. The MVP of FH-AItBOC(24:1:1,1) is the
smallest among the example signals, and the MVP of FH-
AltBOC(24:1:6,1) is smaller than that of AItBOC(15,10).

Suppose that the signals are bandlimited to 60 MHz at
the transmitter. Fig. 11 plots the signal power percentages
versus the front-end bandwidth of the receiver B,, according
to which the minimum bandwidths must contain a sufficient
amount of power for the example signals. When S, is larger
than 50 MHz, almost 100-percent power is contained for the
example signals.

B. PROBABILITIES OF FALSE LOCKING ON ACF SIDE
PEAKS

By comparing the ACFs for the example signals, we observe
that the ACF side peaks for the FH-AItBOC signals are much
lower than for the AItBOC signals, thereby substancially
mitigating the ACF peak ambiguity. To explore the ACF peak
ambiguity for the example signals during the serial search
direct acquisition, we conduct a Monte Carlo simulation with
10000 runs. For a receiver front-end bandwidth of 60 MHz,
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FIGURE 12. Probabilities of false locking on ACF side peaks for the
example signals.

a sampling rate of 173 MHz, an IF of 36 MHz, an early-late
spacing of 11.6 ns, and a coherent integration time of 1 ms,
Fig. 12 shows the simulated probabilities of false locking on
ACF side peaks for the example signals. The false locking
probabilities increase with (C/Ny) because the amplitudes
of the ACF side peaks also increase simultaneously. FH-
AItBOC(24:1:1,1) has the smallest false locking probability
among the example signals, whereas AItBOC(12,1) has the
largest. FH-AItBOC(24:1:6,1) has smaller false locking prob-
ability than AItBOC(15,10).

C. CODE TRACKING ACCURACY

The signal modulation scheme determines the ultimate code
tracking accuracy. With the development of receiver process-
ing technology, the signal modulation scheme has become
the main factor that limits the code tracking performance.
We compare the ultimate code tracking performance for the
example signals.

1) ROOT MEAN SQUARE (RMS) BANDWIDTH
The RMS bandwidth of a bandlimited signal is defined in
[21]. The larger the RMS bandwidth is, the lower the bound
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on the code tracking accuracy. Fig. 13 plots the RMS band-
widths of the example signals as functions of the front-end
bandwidth. When the front-end bandwidth g, is equal to
60 MHz, The Brms of FH-AItBOC(24:1:6,1) is the largest,
the Brms of FH-AItBOC(24:1:1,1) and AItBOC(15,10) are
almost equal, and the By of AItBOC(12,1) is the smallest
among the example signals.

2) LOWER BOUND OF THE CODE TRACKING ERROR

A lower bound of the code tracking error is independent of
the code tracking method and reflects the ultimate tracking
performance [24]. For an equivalent rectangular bandwidth
of the code tracking loop of 1 Hz, an integration time of 1
ms, and a front-end bandwidth of 60 MHz, Fig. 14 shows the
lower bounds of the code tracking error for the example sig-
nals versus C/Ny. The lower bound of FH-AItBOC(24:1:6,1)
is the smallest, the lower bounds of FH-AItBOC(24:1:1,1)
and AItBOC(15,10) are almost equal, and the lower bound
of AItBOC(12,1) is the largest among the example signals.

D. PERFORMANCE OF NONCOHERENT EARLY-LATE
PROCESSING

The ACF for the FH-AItBOC signal has a symmetric peak,
which is similar to that for the AltBOC signal. Thus, code
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FIGURE 16. NELP code tracking errors for the example signals.

tracking with the FH-AItBOC signal can rely on a discrimi-
nator based on conventional early-late processing. This sub-
section shows noncoherent early-late processing (NELP) for
the example signals.

The S-curve produced by a NELP-based discriminator with
an early-late spacing of D seconds is expressed in [21] as

follows:
S R D\N R b
@=[e(e=3) -|r(-+3)
where ¢ is the error in the signal arrival time and R (7) is the
normalized ACF for the signal.

For an early-late spacing of 16 ns, a front-end bandwidth
of 60 MHz. Fig. 15 shows the S-curves for the example
signals. The S-curve side peaks near the false locking points
for FH-AItBOC(24:1:1,1) are the lowest among the example
signals; hence, the ambiguity problem in code tracking is
mitigated.

The variance of the code tracking error for NELP in white
noise is specified in [25]. For an interference power of zero,
afront-end bandwidth of 60 MHz, an integration time of 1 ms,
an early-late spacing of 16 ns, and a one-side equivalent
rectangular bandwidth of the code tracking loop of 1 Hz,

2
(24)
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TABLE 2. Processing gains for the example signals.

Parameter FH-AItBOC  FH-AItBOC AItBOC AItBOC
(24:1:1,1) (24:1:6,1) (15,10) (12,1)
Gp(dB) 59.9 58.9 56.1 46.1

the code tracking errors for the example signals versus C /Ny
are compared in Fig. 16. The NELP comparison results for
the example signals are consistent with the lower bounds of
the code tracking error.

E. ANTI-NARROWBAND INTERFERENCE PERFORMANCE

The DSSS technique employed by GNSS signals offers
strong anti-interference performance. However, GNSS sig-
nals are weak, easily suffering from interference. A modula-
tion scheme with better anti-interference performance could
improve signal tracking performance. We compare the anti-
interference performance for the narrowband interference for
the example signals. For a spread spectrum system, the pro-
cessing gain can reflect the anti-interference performance,
especially for narrowband interference. A larger processing
gain corresponds to better anti-interference performance [26].
The processing gain for AItBOC(«,) can be expressed as

0
Gaisoc ~ 101g <ﬁ x f—) +3 (25)
/o
and the processing gain for FH-AItBOC(aps—1:1 :ag, B) is

Gru-AlBoC ~ 101g (ﬂ X &)
/o

+10lg <w + 1> 13 (26)

The comparison of (25) and (26) reveals that the
processing gain for FH-AIUtBOC( ap_1:1 g, B) is
10Ig [ (ps—1 — @g)/B + 1] dB higher than that for
AltBOC(«,p ); hence, FH-BOC modulation offers better anti-
narrowband interference performance than the equivalent
AltBOC modulation. Table 2 lists the processing gains for
the example signals. FH-AItBOC(24:1:1,1) has the largest
processing gain, and AItBOC(12,1) has the smallest. The
processing gain for FH-AItBOC(24:1:6,1) is 2.8 dB higher
than that for AItBOC(15,10).

The effect of interference on a receiver can be measured
in terms of the effective carrier-power-to-noise ratio, which
is defined in [24]. For a front-end bandwidth of 60 MHz,
C /Ny of 45 dB, narrowband interference with a bandwidth
of 10 KHz, and the center frequency located at the center
of one of the main lobes of the signal, Fig. 17 plots the
effective C /Ny versus jammer-to-noise ratio (Cy/Ny) for the
example signals. The differences in the processing gains for
the example signals are readily observed in Fig. 17.

F. MULTIPATH PERFORMANCE
Multipath interference is one of the main sources of error in
satellite navigation [27]. For a multipath scenario with one
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FIGURE 18. NELP multipath errors for the example signals.

direct path and one reflected path with a multipath-to-direct
ratio of —6 dB, an early-late spacing of 16 ns, and a front-
end bandwidths of 60 MHz, the top panel of Fig. 18 plots
the NELP multipath error envelopes versus the multipath
delay for the example signals, and the bottom panel plots
the smallest average multipath error. The error envelopes for
FH-AItBOC(24:1:1,1) and FH-AItBOC(24:1:6,1) are smaller
than those for AItBOC(15,10) and AItBOC(12,1) when the
path delay is less than 30 m, which is the most com-
mon path delay in many urban environments [28]. FH-
AltBOC(24:1:1,1) has the smallest average multipath error,
and AIBOC(12,1) has the largest average multipath error
among the example signals. FH-AItBOC(20:1:6,1) has lower
average multipath error than AItBOC(15,10).

IV. CONCLUSION
We propose a generalized FH-AItBOC modulation. Based on
theoretical and numerical analyses, FH-AItBOC(aps—1:1:1,1)
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is recommended due to its lowest ACF ambiguity, best anti-
interception, anti-narrowband interference, and multipath
performance. FH-AItBOC(ap—1:1:1,1) has better tracking
performance than AItBOC(ap;—1/2,1), and it can be easily
extended to high order with a wider band for better perfor-
mance. If better spectral separation with signals at the center
of the band and higher code tracking accuracy are needed,
FH-AItBOC(aps—1:1: ap,1) with ag > 1 is recommended,
which can provide higher code tracking accuracy and bet-
ter anti-narrowband interference and multipath performance
than AItBOC with the same MLB and ZCNM. FH-AItBOC
modulation provides designers with substantial flexibility
for adjustment and optimization. If suitable parameters are
selected, the acquisition time and acquisition complexity of
FH-AItBOC modulation will be the same as those of AItBOC
modulation, the generation and detection scheme of FH-
AItBOC can be implemented based on that of AItBOC with
minor modifications.

FH-AItBOC modulation inherits the advantages of Alt-
BOC modulation, and the constant-envelope construction
methods for AItBOC are also applicable for FH-AItBOC.
Furthermore, FH-AItBOC modulation enables more multiple
accesses than AItBOC modulation with the same spread-
ing code because it has a two-dimensional multiple-access
space. The proposed modulation scheme can serve as a new
paradigm of signal design for next-generation GNSS and
GNSS-like systems, such as systems for indoor positioning,
GNSS enhancement, and pseudolite-based positioning.

APPENDIX A

ACF FOR FH-ALTBOC MODULATION

Substituting (11) into (13), the ACF for the nonconstant-
envelope FH-AItBOC signal can be expressed as

4 T, +oo M-—1
Ruce(r) = > > (k1)
LeTe Jo 2= i

xx* (r tr— kTC,fh") x Ldi  (27)

Lett = r — kT, and substitute it into (27). The expression of
R(7) becomes

4 +o00 (lfk)TCM*I -
R = <t/, !
NCE(T) LT /k 2 X fh)
Te i=0
X % ( )x Lidt
4 / Z ( ) (t + 1. ff ) Lidt
= o, f) x
LT ) & ho
g Mo
_ (1) + R (r)] x I; (28)
LCTC Py [ Pcos !
where RLCOS(I) and R;Sm(t) denote the ACFs of the in-phase

and quadrature components, respectively, of the frequency-
hopping subcarrier symbols defined by (2). R;,S(r), se{sin,
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cos} can be expressed as

R (1) = f:o P (1 fi)os (1 + 2. ff)
= ps (v i) @ (-7 1) 29)

where ® denotes the convolution operation and ps (7, ;)
denotes the symbol of the in-phase or quadrature component.
According to the definition, pgp (7, /) has the following

property:

pein (1.11) = —pan (Te = 1.7 (30)
Thus, by substituting (30) into (29), Rf,sin(t) can be expressed
as
R (T) = —psin (t,f;f) ® Psin (t + Tc,f;f)

= —pan (fi) @ pan (T.fi) @3+ T G
where § () denotes the impulse function. Furthermore,
Dsin (‘L’, f,i) can also be expressed as

Ni—1

Psin (‘L',f,f) = %MT;’ 1 mZ:O (=™ (‘c — mT,;) (32)

where (i () is the rectangular pulse with support T}’;, which
is defined as

I, 0<t<T}

Wi (T) = {0

Next, by substituting (32) into (31), R; _

. (33)
otherwise

() is converted to

-1

Ri (€)= 21ty (6) ® Z (=18 (v = mT}) @ gy (©)
=0
Ni—1
® Y (-1 <r - nT,;) ® (=18 (t +T,)
n=0
Ni—1N;—1
— _ Z Z ( 1)m+l‘l+]Tl
m=0 n=0
xAg, [z —(m4n+ 1)T;;+TC]
1 N;—1N;—1
— E Z Z (_1)m+n+1lel
m=0 n=0
xAg [t = n+n+1-NyT]] (34)
For peos (t. f!). it has the following property:
peos (1.13) = peos (Te = 1.47) (35)

Thus, by substituting (35) into (29), Ricm (7) is converted to

R (T) = peos (r,f;f) ® Peos (t + Tc,f,f)

= Pcos (t’f}:) ® Peos (va}i) ®6(t+T,) (36)
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Furthermore, pcos (r, fh’) can also be expressed as
2N;—1

i m mTi
o (e ) = a0 3 -5
(37)

By substituting (37) into (36), R;COS () is converted to

R, (1)

Pcos

1 N1 +1 mT:
J— . _ 17 _h
= QMT;:/Z(T)(X) E (Dt 2 5(1’ > )

m=0

2N;—1 "
®urin @ Y, (—HIE Ja(

n=0

T
>®8(r+T)

2N—1 2N;—1

_ = Z Z ( 1)Lm+1J+Ln+1JTh
m=0 n=0 2
Ti
xArify t—(m~|—n—|—1)?h+Tc

| iz 12N

= - Z Z (— 1)L'"+1J+L”+1JT;;

m=0 n=0
T
XAT}i/z T—(m+n+1 —2N,')? (38)

Finally, by substituting (34) and (38) into (28), the expression
of the ACF for the nonconstant-envelope FH-AItBOC signal
is derived as follows:

Ni—1N;—1

2 Z Z (— 1)m+n+]

L. T,
m=0 n=0

xAg, [r —(mn+1 —N,-)T,‘l]
2N;—12N;—1

+ Z Z (_I)LmTHJ-&-L%J

m=0 n=0

X AT;;/Z |:‘E—(m+n+l—2Ni)%:|} (39

RNcE (7) =

The derivation of the ACF for the constant-envelope FH-
AltBOC signal is similar to that for the nonconstant-envelope
FH-AItBOC signal. The ACF for the constant-envelope FH-
AItBOC signal can be expressed as

M—1
1 . .
Rcg (7) = AT, ; [scd (I,fhl) scd (l + T,fhl>

+scq (t — TS/4,f,f) scq (t - Tx/4 + r,fhi)
+scp (t,f,f) scp (t + r,f;f)
+ scp (t - TS/4,f,f) sCp (t - TS/4+t,f,f)]>< l;
(40)
Let scg1 (t,f}:) = scq (t,f,f), scdg(t,f}i) = scd(t - Ts/4,fh’:),
SCpl (t,fh’) = scp(t,f};), and scpz(t,f}:) = scp(t — Ts/4,fé).
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Then, the ACF for the constant-envelope FH-AItBOC signal
can be expressed as

M—1
(t)+R,. (1)+
2LCTC g(; Scpl (T) + RSC P2 (T) l
M—1 ;
_ SC41 rfh ®SCd1( T7f;f)'
2T &2 | +sear (t.fy) ® scaz (—1.)
+SCpl

( fi:) ® scpi (_T’fh,)] .
e (zf) ®sepn (— ) | <0 4D

According to the definition, scg1 (r, fhl) ,SC42 (r, fh’) LSCpl (l’, f}:) s
and scp2 (‘L’, f;:) have the following property:

sea (e.5) = sear (Te = ©.5})

SCq2 (1: fh) —SC42 (T -7 fh) 42)
sep1 (v.y) = sep1 (Te = T.fy)

sep2 (. i) = —scp2 (Te = T.fy)

Furthermore, scq1(, f).sca2 (7. fy).scp1 (. fl), and scpn
(r,fhi) can also be expressed as

SCJ41 (t,f}:)
= ppu @ Y | SZEnlE
2] i__ L2 _ﬂ
+(1) +4(1)4}5(r 4)

SCq2 (t ,f}: )

4N—1|:\/—

4N;—1 f
2 m+3
= i He Z |:T(—1)1+L i
m=0

1 m \/z m+1 mTi
—(—DlE L X s - —2
+2( ) +4( ) 1

SCp1 (t,fhi)

m+1

(— 1)1+\_

4N;—1

V2

ZMT;;/4(I)® Z |:
m=0

1 m+2 ﬁ m+3 mT!
— _1 L 4 J - _1 1+L s J 8 t — _h
+ 2( ) + (=D 1

SCp2 (t, f}f)

)L%J

= iy (D ® Z —(-

m \/E m+1 mTi
Lt Y2 yims _ M
oD+ =D }5(; 2 )(43)

By substituting (42) and (43) into (41), the expression of
the ACF for the constant-envelope FH-AItBOC signal can be

4N;—1 |:\/—
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derived:

Rcg (1) =

1
LT,

M—14N;—14N;—1 1
LT = (—plai+lzl+

DD IS NARTEY

i=0 m=0 n=0

+1i6(_1)LmT+2J+L%J + %(_1)[”’?{1J+L"I3Jj|

i

T
X Ari g t—(m+n+1—4Nl-)Zh (44)

The above derivation yields expressions of the ACFs
for nonconstant and constant-envelope FH-AItBOC modula-
tions.
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