THE JOURNAL OF NAVIGATION (2015), 68, 791-808. © The Royal Institute of Navigation 2015
doi:10.1017/S0373463315000119

A Quasi-constant Envelope
Multiplexing Technique for GNSS
Signals

Tao Yan, Zuping Tang, Jiaolong Wei, Bo Qu and Zhihui Zhou

(School of Electronic Information and Communications, Huazhong University of
Science and Technology, Wuhan, 430074, China)
(E-mail: tang_zuping@mail.hust.edu.cn)

A significant feature of the modernised Global Navigation Satellite System (GNSS) signals is
that there are multiple signal components needing to be transmitted on a carrier frequency.
How to combine these signal components into a constant envelope composite signal is a chal-
lenge. Existing constant envelope modulation techniques have some limitations, and are not
effective enough. To solve this problem, we propose a quasi-constant-envelope multiplexing
technique in this paper. The proposed method is based on numerical optimisation, and
can work in two ways. The corresponding objective functions are provided. To verify the
performance of the proposed method, we present three application examples. Results show
that the first variation of our method can reach the same combining performance as
Phase-Optimised Constant-Envelope Transmission (POCET). In the second variation, the
combining efficiency can be pre-set. We can reach higher combining efficiency than
POCET, and the envelope of the composite signal becomes quasi-constant. Furthermore,
the inter-modulation signals in the final composite signal are adjustable. With the help of
the proposed method, we can learn more details of the combining scheme than with POCET.
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1. INTRODUCTION. For the modernised Global Navigation Satellite System
(GNSS) signals, there are more signal components needing to be transmitted on the
same carrier frequency compared with traditional Global Positioning System (GPS)
signals. However, in order to maximize efficiency of a nonlinear High-Power
Amplifier (HPA), it is preferred that the HPA operates at saturation of its nonlinear
region. To reduce Amplitude Modulation to Amplitude Modulation (AM/AM) and
Amplitude Modulation to Phase Modulation (AM/PM) distortions, constant envelope
modulation techniques are required (Dafesh and Cahn, 2009). Traditional constant envel-
ope modulation techniques include Interplex (Butman and Timor, 1972), Majority Vote
(MV), Inter-vote (Spilker and Orr, 1988) and Coherent Adaptive Subcarrier Modulation
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(CASM) (Dafesh et al., 1999). Among them, CASM is mathematically equivalent to
Interplex (Fan et al., 2008). Inter-vote is a synthetic technique of MV and Interplex.
Nevertheless, the above techniques have some limitations. For example, when the
signal component with the highest power is orthogonal with other signal components,
CASM reaches the best performance (Dafesh et al., 1999). Majority vote can combine
an odd number of signals, and works best when every signal component has equal
power (Spilker and Orr, 1988). Inter-vote has the advantages of both Interplex and
MYV, but the number of signal components is at least five.

A more general technique referred to as Phase-Optimised Constant-Envelope
Transmission (POCET) was proposed by Dafesh and Cahn (2009). This can
combine N binary Pseudo Random Noise (PRN) code signals into a constant envelope
composite signal by a numerical optimisation process. This final composite signal can
be seen as a phase modulation signal. On this basis, POCET is further used to combine
GNSS signals at different carrier frequencies (Dafesh and Cahn, 2011), which is imple-
mented by phase rotation. In general, POCET can reach the highest combining ef-
ficiency by optimising the phases. Nevertheless, Dafesh and Cahn do not provide
the analytical expression of POCET. The composite signal of the POCET method
cannot be written into an expression of the useful signal components and Inter-
Modulation (IM) signals (Zhang et al., 2012a). This problem has been solved by
Zhang et al. (2012b). They derive the analytical expression of POCET by referring
to a classical problem in digital logic. Although the POCET method can be applied
for most cases, it still has the following drawbacks. Firstly, POCET is only applicable
for unrelated binary PRN signals (Zhang et al., 2011). In other words, POCET cannot
deal with the case when some signal components are related. Secondly, it is not poss-
ible for POCET to suppress some undesired IM product signals. Finally, POCET
cannot provide any information about how to achieve slightly better combining
efficiency.

The aim of this paper is to propose a more effective multiplexing technique for
GNSS signals, from which we can know more details of the combining. This proposed
method is based on numerical optimisation. In contrast to POCET, we optimise these
complex coefficients of the useful signal components and IM signals. This method can
work in two ways. In the first way, the multiplexing performance of our method is the
same as POCET. Then, the IM signals in the final composite signal are controllable. In
the second way, the combining efficiency is adjustable. Namely, we can set the combin-
ing efficiency before the optimisation process. We can even obtain higher combining
efficiency than POCET. In this case, the envelope of the final composite signal
becomes quasi-constant.

The remainder of this paper is organised as follows. In Section 2, we recall the
POCET method, and describe the proposed quasi-constant-envelope multiplexing
method. Then our method is applied for the GPS L1 signals in the first way in
Section 3. In Section 4, the multiplexing example of non-independent signals is dis-
cussed. In Section 5, the Alternative Binary Offset Carrier (AltBOC) -like modulation
schemes with 85% and 86% combining efficiency are presented in the second way.
Conclusions are summarised in the last section.

2. DESCRIPTION OF THE PROPOSED METHOD. Wk first briefly review the
POCET method (Dafesh and Cahn 2009; Cahn and Defesh 2011). The POCET
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method can combine N binary PRN code signals into a constant envelope signal. The
final composite signal is equivalent to a phase shift-keying signal.

2.1. POCETmethod. For the N binary PRN code signals, there are a possible 2
different signal vectors. Each signal vector corresponds to a phase value 6, k = 0,1, ...,
2V_1. By optimising these 2" phase values, the designed power and phase constraints
between signal components are met.

In order to derive the correlation output of every PRN code signal, there are two
assumptions made in the POCET method (Zhang et al., 2011). Firstly, the N binary
PRN code signals are uncorrelated. Secondly, every PRN code is completely
random. Thus, the 2" phase values occur with equal probability. Then the average
correlation for the nth signal component is expressed as

PR '
corry = 5y Z by (k)e/% (1)
k=0

where A is the envelope of the composite signal. b,,(k) = £1 is the nth signal component
in the kth signal vector, and j = v/—1 is the imaginary unit. In order to maximise the
combining efficiency, the objective of POCET is to minimise the envelope A4 subject to
the power and phase constraints.

The power constraints are given by

2

V-1
Py = |corr,(0)]*= ;N > ba(k)e™ (2)

k=0

where P, is the desired power level of the nth signal component. When the relative
phase difference between signal n and signal / is Ag,,, the phase constraints between

these two signal components are
Im{e /2% corr,(0)corr/(8)"} = 0 )
, 3
Re{e /% corr,(0)corr;(0)"} > 0

By using the penalty function method, the constrained optimisation problem for
POCET is converted into the following unconstrained optimisation problem, i.e.

N
F(0) = A*>+u, > (Jcorr,(8)] — corrd,)?

. n=1
min Vol N ) 4)
+p, > > Im{e 7 Puicorr,(8)corr(8)"}
n=1 I=n+1

where corrd, = \/Py,, u, and u,, are positive penalty factors. We note that the second
part of Equation (3) is not considered in Equation (4), which may result in a 180° am-
biguity. Of course, this ambiguity can be solved by analysing the phase relationship cal-
culated from the optimum solution (Zhang et al., 2011). POCET requires that the
phase table is symmetrical. Namely, when two signal vectors are complementary,
the difference of the corresponding phase values is 180°. Thus, 6y = 6,v_j_x + 7. Gy
can be set to 0. Therefore, there are only 2V~'—1 unknown phase values.

2.2.  The proposed method. According to the results of Zhang et al. (2012b), we
know that for N unrelated binary PRN signals {s;(¢),s2(¢),- - -,sn(¢)}, the general
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expression of constant envelope composite signal is expressed as

N N-1 N
s(t) =co + Z cne’ (1) + Z Z Cny s €172 53, (1) 50 (1)
n=1

m=1n, =n+1

N-1 N (5)

N-2
30D D @™ ()8 ()30, (1)

m=1m=n+1n3 =nm+l1
+ - F i ns1(0)sa2(t) - - - sy (1),

The composite signal s(¢) may include an un-modulated carrier component, NV desired
single signal components and 2¥-1-N IM signals. The 2" complex coefficients are
denoted as Age’®, 41 .. A,v_ %1, then Equation (5) can be written as:

s(1) =Spev - C (6)

where S, is a 1 X 2% row vector, C is a 2" X 1 column vector composed of all these
complex coefficients. They are given by

N N
Sison = [1 S| cec Sy S1S2 e Sn—iSv o oo ] sa Hs,,}
n=2 n=1
Apel . 4,0/0 Avel® A Oyt T (7)
o 0e 5 1€ ,o0 0, Ane , Ayy1€ IR
a O v 0, 0
ANJFN(N*l)/zej NENW-D2 e Ao _pelPN -2 Ao e/ 1

Since every binary PRN signal has two values, 1 or —1, S~ has 2" different states.
When taking these states into account, we obtain a 2" x 2V matrix S derived from
vector Sy,ov. For a given N, S is determined. For example, when N = 3, S;,,v and S are

Spov =1[1 51 s 53 81 8153 553 515283),
1 1 1 1 1 1 17
1 1 -1 1 -1 -1 -1
1 -1 1 -1 1 -1 -1
1 -1 -1 -1 -1 1 1 (8)
-1 1 1 -1 -1 1 =1
-1 1 -1 -1 1 -1 1
-1 -1 1 1 -1 -1 1
-1 -1 -1 1 1 1 —1]

e e e e e

respectively. According to Equation (6), we can see that s(7) has 2" possible values.
These values are expressed as a 2" X 1 column vector s, i.e.

fi(Ao, -+ Ao 160, -+, 02v_1)
S=SC= | fu(dor A 18- 031) | =SCos + SC  (9)

Sov (Ao, -+, Aav 1 60, -+, 0ov )
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where

C.r=Real[C]=[A4pcos(by) --- Aycos(Oy) -+ Aw_rcos8(0v_5) Azw_lcos(ezw_l)}T
Cinag =Imag|[C] =[A4osin(8y) --- Ansin(Oy) --- Av_,sin(Ov_,) Azw,lsin(ezw,l)]T

Each element in s is a function of all the complex coefficients. Our method is to directly
optimise these complex coefficients in C to force the amplitude of every element in s to
be the same. Generally speaking, the power relationship between signal components is
designed. This is why POCET is subject to the power constraints. In our method,
however, the designed power relationship is easily satisfied. Only the following
equation is established, i.e.

Aji A3t A3 =Py Py Py, (10)

where the right part of Equation (10) is the designed power allocation ratio. Without
loss of generality, we set 4| = 1, then

Apy=+/P,/P1,n=1,2,---N. (11)

Clearly, if we expect that some IM product signals do not exist in the final composite
signal, we can directly set the corresponding coefficients to be zero.

In most cases, the phase relation between signal components has been designed. In
fact, when there are phase constraints, we can pre-set the following phase relation:

0,=06+ A@n,;,n >/ (12)

where A6, ; is the designed phase difference between signal » and signal /. For example,
we have the phase constraints A6, ; and A8, 3, then we pre-set the phase relation follow-
ing the order,

0, =6, + A@lﬁz, 0, =65 + A03_y4 (13)

Evidently, 6, and 6, are determined by 8, and 05 respectively. We can see that there is
no 180° phase ambiguity in our method. Thus, we do not need the step to solve the
ambiguity. When the operation is performed, an additional advantage is that the
number of the variables decreases.

In order to keep the envelope of the composite signal s(¢) constant, every element in s
should have the same amplitude, i.e.

|f0| = |f1| == |f2”*1| = Aenvelopea (14)

where A, pei0p 1S the envelope value of the composite signal s(r). When Equation (14) is
true, we have the following constant envelope constraint:

2
S
Aenvelope = ”2_|/\‘” ‘S‘ - Aenvelope = 02N><la (15)

where ||s|| is the Euclidean norm of vector s, it can be calculated by ||s|| = V/ss. s" is
the conjugate transpose of s. ||s|| is the absolute value of vector s. 0,xy is a 2V X 1 zero
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vector. Equation (5) is equivalent to the following equation, i.e.

2
S
s| — ”z—Jl ~0. (16)

If the NV binary PRN signals are completely unrelated, substituting Equation (9) into
Equation (15), we derive that

2
1
Acz’nvela e — ||S1|\|/ AN ((Scleal) (SCreal) + (SCimag)T(SCimag))
P 2 2 (17)
(Cieal (STS) CV(’“] + C;ag (STS) Cimag)
In this case, S”S/2Y = L.~ (Zhang et al., 2012a), we have
Aeme/ope = CrTea/CV“d + Cmmgclmag = Z Ai (18)

It is interesting that the envelope value A.,yeiope is only determined by the 2V am-
plitude values of these complex coefficients, and is independent of the 2 phase
values.

The power of the desired signals is given by Equation (11). Then the combining ef-
ficiency is expressed as

N N N
A4 A4 2N A

n=1 n=1 n=1
Aﬁnvelope HS||2 ||S||2
N

To maximise the combining efficiency, we should minimise Aznve/(,pe by optimising
these complex coefficients. At the same time, Equation (16) has to be satisfied. This
is a constrained nonlinear optimisation problem. Similar to the POCET method,
this optimisation problem can be converted into the following unconstrained optimi-
sation problem:

arg min H ” sl — ﬁ , (20)

{Anﬂ,,}

where u, is the positive penalty factor. To find out the optimal numerical solution
of Equation (20), we adopt the search strategy from Dafesh and Cahn (2009). The spe-
cific optimisation process is not discussed here. The number of variables {4,,} is 2",
and the number of variables {6,} is also 2”¥. So the total number of the variables is
2M*1 However, due to Equation (11), the number of the variables to be determined
is 2¥*'_N. When Equation (12) is used, the number of the variables would be
further reduced.

Equation (20) is the final objective function, in which only the constant envelope
constraint needs to be considered. Its solution can strictly meet the designed power
and phase constraints. Moreover, from Section 3, we will see that the combining
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efficiency is the same as the POCET technique. Compared with POCET, the main ad-
vantage of our method is that we can easily suppress some undesired IM signals in the
composite signal.

In contrast to the POCET method, our method can work in a second way. We can
pre-set the combining efficiency 7., before the optimisation process. By exploiting 7,,,,
the pre-set envelope value Ay, is

(21)
The constant envelope constraint is simplified correspondingly as
Is|?
Ager = N [[ls| — Aser]| =0 (22)
The objective function in the second way is written as
2
: 2 Is|?
arg m1n|||s| - Axer” +u, Aset - AN (23)
{4:,6:} 2

In the first method, when the power constraints and phase constraints of the signal
components are given, the optimal numerical solution can be obtained by solving
Equation (20). We denote the combining efficiency as 7,p. In the second method, if
the pre-set combining efficiency 7y, <7op, the optimal numerical solution of
Equation (23) can keep the envelope of s(¢) constant. If the pre-set combining efficiency
Tser > Nopt> the envelope of () would become quasi-constant. The optimal numerical
solution in this case can ensure that the changes in the envelopes of s(¢) have the
least root mean square error. Thus we call our method a quasi-constant envelope mul-
tiplexing technique. With the help of the second method, we can learn more details of
the combining.

3. THE APPLICATION OF THE FIRST METHOD. The example is about the
multiplexing scheme of GPS L1. There are four signal components. They are L1C/
A, L1P(Y), L1Cp and L1Cp, respectively. We denote them as sy, 55, 53 and s4. The nor-
malised power of the four signal components are 0dBW, —3dBW, 0-25dBW and
-4-5dBW respectively (Dafesh and Cahn, 2009). The phase difference between s,
and s is 6,1 = 90°. According to Equations (11) and (13), we set

Ay = 1,4, = 0.708, A3 = 1.029, A4 = 0.596,0, = 0, + 90" (24)
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In this example, N =4. The S;,,~» and S are expressed as

S]XZN Z[l S1 S2 853 84 5152 5153 8154 52853 5254 $354 $15283 8195254 515354 528354 S1S2S3S4]

r.. 1+t 1 1 1 1 1 1 1 1 1 1 1 1 1 17
1 11 1-11 1-1 1-1-11-1-1-1-1
1 1 1-111-1 1-1 1-1-1 1-1-1 1
!l 1 1-1-1 1-1-1-1-1 1-1-1 1 1 1
1 1-111-1 1 1-1-1 1T-1-1 1-1-1
!l 1-1r 1-1-1 1-1-1 1-1-1 1-1 1 1
1 1-1-1 1-1-1 1 1 -1-1 1 -1-1 1 1
!l 1-1-1-1-1-1-1 1 1 1 1 1 1-1-1
Szl—l 1 11 1-1-1-1 1 1 I -1-1-1 1-1
l1-1 1 1-1-1-1 1 1-1-1-1 1 1-1 1
lI-1 1-1 1-1 1-1-1 1-1 1-1 1-1 1
l1-1 1-1-1-1 1 1-1-1 1 1 1-1 1-1
iI-1-1 11 1-1-1-1-1 1 1 1-1-1 1
l1-1-1 1-1 1-1 1-1 1-1 1-1 1 1-—1
lI-1-1-1t 11 1-1 1-1-1-1 1 1 1-1
(1-1-1-1-1 1.1 1 1 1 1-1-1-1-1 11

(25)

By exploiting the objective function Equation (20), we obtain the optimal complex
coefficients, which are listed in Table 1. Without loss of generality, we set 6; =0.
Then the composite signal s(¢) is expressed as

s(¢) =51 470.708s2 —j1.02953 — j0.59654 +0.3955] 5253

. (26)
—0.053515254 —0.209s 5354 —j0.54 1525354

Based on Equation (9), we can calculate the vector s. Every element in s has the same
amplitude. The phase angles of all the elements in s can form the phase look-up table.
Results are listed in Table 2.

The envelope value Acnyveiope Of Equation (26) is 1-847. According to Equation (19),
we calculate the combining efficiency, which is 85:47%. The corresponding combining
loss is —0-68 dB, which is the same as POCET (Dafesh and Cahn, 2009). This example
verifies the correctness of our method in the first way. It shows that the combining
efficiency of the first way is equivalent to the POCET method.

4. THE MULTIPLEXING OF NON-INDEPENDENT SIGNALS. Our method
can also be used to combine non-independent signals to a certain extent. Namely, some
signals are related. We take the multiplexing scheme of Galileo El signals as an
example to demonstrate this. There are an Open Service (OS) signal and a Public
Regulated Service (PRS) signal at the Galileo El frequency. The PRS signal is
BOCc(15,2:5) modulation, denoted as spgs(f). The OS signal is CBOC(6,1,1/11)
modulation, it includes a data component (CBOC') and a pilot component
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Table 1. The optimal complex coefficients for GPS L1 signals.

1 S1 ) S3 S4 S152 8183 S154
A; 0-0 1 0-708 1-029 0-596 0-0 0-0 0-0
0; 10-4 0 90 -90-0 -90-0 -83-1 168-0 40-3
5283 82854 8354 5152853 815284 815354 825354 815285354
A; 0-0 0-0 0-0 0-395 0-053 0-209 0-541 0-0
0; —1555 13-0 -171-1 0-0 180-0 180-0 -90-0 104-1

Table 2. The corresponding phase look-up table.

51 §2 53 S4 Phase angle (degrees)
1 1 1 1 =521
1 1 1 -1 262
1 1 -1 1 657
1 1 -1 -1 759
1 -1 1 1 =759
1 -1 1 -1 65-7
1 -1 -1 1 -262
1 -1 -1 -1 521
-1 1 1 1 -127-9
-1 1 1 -1 153-8
-1 1 -1 1 1143
-1 1 -1 -1 104-1
-1 -1 1 1 —104-1
-1 -1 1 -1 -114-3
-1 -1 -1 1 —153-8
-1 -1 -1 -1 1279

(CBOC"). They are expressed as

sg1-p(t) = ce1-p(t) (SCBOC<1,1) cos 6 + scgocis,1) €OS 92)7
(27)
se1-p(1) = cg1-p(t) (segoc(1,1) €08 01 — scpoc(s,1) €08 62).

respectively, where cz,_p(t) and cg;_p(f) are the PRN codes of the data component and
pilot component respectively. The constant envelope multiplexing scheme is Interplex
(Hein et al., 2005). The expression of the composite signal is:

CE%D(I) (scpoc(1.1)(t) cos B1 + scpoc(s,1) (1) cos 6,)+
s(1) = V2P w (scpoc(,1)(t) cos 0; — scpoc(s,1) (1) cos 6,)+
j<SPRS(t) w — sprs(t)cer-p(1)ce1-p(1) - w)
(28)

When cos 6 = /10/11, cos 6, = 1/1/11, the power ratio of sg;.p(¢), sg;-p(2), Sprs(?)

and spv(?) 1s 1:1:1-575:0-425. The corresponding combining efficiency is 89:37%.
Now we try to obtain the multiplexing scheme using our method. Because the

CBOC modulation has four values, our method cannot be applied directly to this
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case. Fortunately, the data component of the OS signal can be seen as the sum of two
binary signals. The pilot component of the OS signal can be seen as the difference of
two binary signals. Therefore, the problem can be converted into the multiplexing of
five binary signals. The five signals are

s1 = cg1-p(t)scpoce,1) (1), 52 = ce1-p(t)scpoc(,1) (1),
s3 = cp1-p(1)scpoc(s,1) (1), 54 = cp1-p(t)scpoc1 (1), (29)
S5 = SpRs(l).

Their power ratio is 1:10:1:10:17-325. According to Equations (11) and (13), we set

Al =A3 = 1,4, = A3 = V10 = 3.162, A5 = 4.162,

5 (30)
04 =6,=06,,0 =06, + 1800,95 =0;+90 .

There are 32 different possible states for five binary signals. However, in this case,
s1 and s, are related, s3 and s4 are related. Moreover, s;* 53 = cg1_p(t) - cp1—p(t) = 55
s4. Thus, there are only 16 different states. The matrix S is a 16 X 32 matrix here.
Vector s in Equation (20) becomes a 16 X 1 vector. We do not expect that the following
IM signals exist in the composite signal, because

s182 = 8384 = Scgoc(1,1)()scroc(s.1) (1),
§185283 =384, 515254 = 53, 818384 = §2,525384 = S1,
818285 = 538485 = S55¢goc(6,1)(1)SCpoc(1,1) (1),
51528384 — 1,S1S2S3S4S5 = 55.

Thus we pre-set the corresponding coefficients to be zero before the optimisation
process, i.e.

A=Az =Aig=A11 = A1g = A19 = An = Ars = Arg = A31 =0 (32)

At the same time, the un-modulated carrier component is also undesired, namely 4, = 0.

By exploiting the objective function Equation (20), we obtain the optimal complex
coefficients, which are listed in Table 3. The corresponding phase look-up table is listed
in Table 4. When the five signals are multiplexed by using these coefficients, combining
efficiency is also 89-37%, which is the same as Equation (28). The final composite
signal is

5(£)=51+3.16255 — 53+ 3.16254+ j4.162s5+0.634¢ 7710 5, 534+2.038 /™ 05 54
T 1.25¢ ™0 5,55 4+2.238¢/ 0 5553 +0.634 ™0 5554 + 1.209¢ 7750 5 5355 (33)

1440 360 916 1245
4+ 0.438¢7 180 515455 +0.438e /7180555355 +0.968e 7180 555455+ 1.25¢/ 7180 55535455
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Table 3. The optimal complex coefficients for Galileo E1 signals.

1 S 52 53 S4 S5 51852 5153
A; 0 1 3-162 1 3-162 4162 0 0-634
0; 0 0 0 180 0 90 0 =971
S154 5185 $283 82854 §285 S354 8355 5455
A; 2:038 1-250 2:038 0-634 0-0 0 0-0 0-0
0; -112-1 -55-5 679 829 86-6 0 —86-7 -161-5
8152853 815284 515255 815354 5153855 515455 825354 5253855
A; 0 0 0 0 1-209 0-483 0 0-483
0; 0 0 0 0 -839 144-0 0 -36:0
825485 835455 81525354 8152853855 815285485 81535455 82535455 5152535455
A; 0-968 0 0 0-0 0-0 0-0 1-250 0
0; -97-6 0 0 133-7 131-2 -50-1 124-5 0

Table 4. The phase look-up table for Galileo El signals.

51 S 53 Sa S5 Phase angle (degrees)
1 1 1 1 1 17-5
1 1 1 1 -1 -17-5
1 1 -1 -1 1 72-5
1 1 -1 -1 -1 -72-5
1 -1 1 -1 1 162-5
1 -1 1 -1 -1 -162-5
1 -1 -1 1 1 72-5
1 -1 -1 1 -1 =725
-1 1 1 -1 1 107-5
-1 1 1 -1 -1 -107-5
-1 1 -1 1 1 17-5
-1 1 -1 1 -1 -17-5
-1 -1 1 1 1 107-5
-1 -1 1 1 -1 -107-5
-1 -1 -1 -1 1 162-5
-1 -1 -1 -1 -1 -162-5
Since

s1s3=s28s=cg1-p(t)cpi-p(1),

s184=5283=cg1-p(t)ce1-p(1)SCBOC(1,1)SCBOC(6,1) 5

8185 =528385485=Cg1-p(t)Scoc(1,1)Sprs (1), (34
8185385 =528455=CE1-p(t)cE1-p(1)SPRS(1),515455= 525355
Equation (33) is simplified as
s(1) =3.317¢g1-p(t)(0.953s¢poc1,1) (1) +0.3025¢ 5o c(6,1) (1))
+3.317¢cg_p(2) (0.9533630C(171)(Z)—O.302scB0C(6_’1>(l)) (35)

+3.317/(0.953+0.302)sps (7)
—j3.317(0.953—0.302)CE1,D(l)CElfp(l)SpRS(l)
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Table 5. The optimal phase values of POCET for Galileo E1 signals.

S1 K $3 Sa S5 Phase angle (degrees)
1 1 1 1 1 0

1 1 1 1 -1 3223
1 1 1 -1 1 71-2
1 1 1 -1 -1 2512
1 1 -1 1 1 3566
1 1 -1 1 -1 325-8
1 1 -1 -1 1 364
1 1 -1 -1 -1 2860
1 -1 1 1 1 71-2
1 -1 1 1 -1 251-2
1 -1 1 -1 1 142-3
1 -1 1 -1 -1 180-0
1 -1 -1 1 1 364
1 -1 -1 1 -1 2860
1 -1 -1 -1 1 137-1
1 -1 -1 -1 -1 1853
-1 1 1 1 1 53
-1 1 1 1 -1 317-1
-1 1 1 -1 1 106-0
-1 1 1 -1 -1 2164
-1 1 -1 1 1 360-0
-1 1 -1 1 -1 322:3
-1 1 -1 -1 1 71-2
-1 1 -1 -1 -1 2512
-1 -1 1 1 1 106-0
-1 -1 1 1 -1 2164
-1 -1 1 -1 1 145-8
-1 -1 1 -1 -1 1766
-1 -1 -1 1 1 712
-1 -1 -1 1 -1 2512
-1 -1 -1 -1 1 142-3
-1 -1 -1 -1 -1 180-0

Considering that \/10/11~0.953, and 1/1/11=0.302, Equation (35) is equivalent to
Equation (28).
As a comparison, we also obtain the optimal phase values of POCET, which are listed
in Table 5. The power constraints and phase constraints are given by Equation (30).
Following the method proposed by Zhang et al. (2012a), we translate the results of
POCET into an analytical expression, i.e.

spocer(t) = 0.1490e 70327 4 0.4712¢703%87 5, 4 0.1490e/281% 55
+0.4712¢703%87 5, 1+ 0.6203¢/1 2! 55 + 0.0020e 703287 5, 5,55
+0.1363¢/>81 %51 5754 4 0.0178e 718515255 4 0.0020e 7032875, 535,
+0.0411e/1 2% g 5355 + 0.0178e /1899515455 4+ 0.1363e 703287 55354
+0.0178¢ /12 55355 4 0.2904e 7139555455 4 0.0178e/1 24 535455

+ 0.0482e*j1'8995s1S2S3S4S5
(36)
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Considering the relation between signal components, we have 515,53 = 54, S15254 = 53,
515354 = 2, 525354 = S1, 515255 = 535455, 515355 = 525455, $15455 = 25355 and 5152535455 = Ss.
Then Equation (36) is simplified as

spocer(t) = 0.2853¢ 70337 4 0.4714¢ 7703275, 4 0.2853¢/281% 5,

A A . (37)
+0.4714e 7793285, 1+ 0.5721e/ 2 55 + 0.5721e/1 24 55355

We find that the power ratio of signal components is 1:2:7301:1:2-7301:4-:0211, not the
designed power ratio 1:10:1:10:17-325! Because the POCET method assumes that all
the PRN code signals are uncorrelated, a single signal component is also unrelated
with IM signals. In other words, Equation (1) is established only when all the PRN
code signals are uncorrelated. However, some signal components are related in this
case. The IM signals change the power of single signal components, which results in
the failure of POCET.

5. THE APPLICATION OF THE SECOND WAY. In this section, we obtain the
AltBOC-like modulation schemes with 85% and 86% combining efficiency by the
second way. The baseband expression of the Galileo AItBOC signal is shown in
Equation (1). s; and s, denote the data and pilot component at lower sideband,
respectively. s3 and s4 denote the data and pilot component at upper sideband,
respectively. scs(f) and scp(f) represent the four-valued subcarrier for the single
signals and the product signals, respectively, whose waveforms in a period are
illustrated in Figure 1 (Galileo OS SIS ICD, 2010). T, is the period of periodic
side-band subcarrier functions.

$(0) = 3751 o) oes(0) = st = T1/4)
n ﬁ (53 + jisg[scs (1) +jscs (t — T./4) -
+ 2\1@<s2s3s4 +jsisysy)sca(r) — jsep(t — T/4)
4 2_% (515288 + s 5293) [scp () + jsc(t — T,/4)]

Figure 1 shows that each four-valued subcarrier period is sub-divided in eight equal
sub-periods. In each sub-period, s(f) can be seen as a constant envelope composite
signal of four binary PRN code signals. The combining efficiency of AItBOC is
85:36%. Equation (38) is rewritten as (Lestarquit et al., 2008):

2+v2 : 242 4
s(0) = W(& +jsr)e ) I (53 + jsa)e/"(H0)
+ # (525354 JrjslS3S4)€7jﬂ(§7%k) + W (51528 +jS1S2S3)ej”(§*%k)

(39)
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Figure 1. One period of the two subcarriers in AltBOC Modulation.

k=0,1,2,...,7 represents the eight sub-periods. In each sub-period, the power
and phases of four signal components can been obtained by Equation (39).
From the results of Zhang (2012b), we know that the combining efficiency
of POCET is also 85-36% when the power and phase constraints in Equation (39)
are met.

Now we first begin to generate the AItBOC-like modulation with 85% combining
efficiency. We exploit the objective function Equation (23). The combining efficiency
is set to 7y, = 85%. In the first sub-period, we pre-set

1 1 o o
Ay = Ay = A3 = Ay = 1,91 :—gn,93 :§”’62:61+90 ,94:93—|—90 (40)

Then we obtain

s = (81 —|—jsz)e_j% + (53 +jS4)€j% + 0.4201 (525354 +j31S3S4)e_j"%

4 (41)
+ 0.4201 (515254 +jsls2s3)efﬂ%lbl
. 3 3 .
In the second sub-period, we set 6; = — g™ 0; = 37 then we obtain
s =(51 4 Jjs2)e ¥ + (53 4 jsa)e’¥ + 0.4201 (525354 + js15354) /™15 W)
42

+ 0.4201 (515284 + js1 5253 )e ™0
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After we obtain all the expressions of the eight sub-periods, the AItBOC-like modu-
lation with 85% combining efficiency is expressed as

(1) = (o1 +js2)e ™) 4 (53 4 jsg) ()
+0.4201 (525354 +jsls3S4)e*j”(%gf%k) (43)

kT, (k+1)T,
g8 8

Figure 2(a) shows the constellation diagram of AItBOC-like modulation with 85%
combining efficiency. Its envelope value is constant, which is equal to 2-1698.
Figure 2(b) shows the constellation diagram of AltBOC modulation with 85-36% com-
bining efficiency. We can see that there are only eight different phase values for
AltBOC modulation. However, when the combining efficiency is reduced to 85%,
there are up to 24 different phase values for the AltBOC-like modulation. It appears
that each point in Figure 2(b) splits into four points in Figure 2(a).

Next we begin to generate the AItBOC-like modulation with 86% combining
efficiency. The objective function Equation (23) is used. In the first sub-period, the
expression of the composite signal is expressed as

+ 0.4201(S1S2S4 —l—_/'.5‘1.5‘2.5‘3)61-71(%7%)7 tmod T = |:

s =(s +jsz)e*j§ + (53 —l—jS4)€j% + 0.403567]'%”(S2S3S4 + js15354) )
44
+ 0.4035/7 (55554 + js15253)

After we obtain all the expressions of the eight sub-periods, the AItBOC-like modu-
lation with 86% combining efficiency is expressed as

$(0) = (51 +s2)e ) - (55 4 jisg)ern(E4) (45)
+ 0.4035(s25354 —|—jS1S3S4)€7jﬂ(§7%k) + 0.4035(s15254 —|—jS1S2S3)€jﬂ(%7%k)
where k=0, 1,..., 7.

Figure 2(c) shows the constellation diagram of AltBOC-like modulation with 86%
combining efficiency. Its envelope value is quasi-constant. There are eight different
phase values and two different envelope values for this AItBOC-like modulation.
The average envelope value is 2:1567. The maximum and minimum envelope values
are 2-1765 and 2-1368 respectively. Compared with AItBOC modulation, it seems
that every point in Figure 2(b) splits in the radial direction into two points in
Figure 2(c).

Figure 3 depicts the normalized Auto-Correlation Functions (ACF) of the above
three modulations in the case of 92:07 MHz bandwidth. Figure 3(a) clearly shows
that the ACFs of AItBOC-like modulations are similar to that of AItBOC modulation.
With the increase of the combining efficiency, Figure 3(b) shows that the main-peak of
the ACF becomes higher.

6. CONCLUSIONS. In this paper, a quasi-constant envelope multiplexing tech-
nique is proposed. Our method is more effective than the POCET method. The pro-
posed method can work in two ways. The main advantages of our method are that
the combining efficiency and IM signals are adjustable. When we slightly relax this

https://doi.org/10.1017/50373463315000119 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463315000119

806 TAO YAN AND OTHERS VOL. 68

(a) P00 (b) " -
2 2 T 4 2 et G s
- . ’/ -._\
15 && QJQQ 1 15 o ke
‘ \ L \\
1 !r v 1 1 }1 \
i v . \
2 05f, 14 2 osf, %4
2 E t
£ o g g £ op &
[1] [
S ; > \ r
O 05} ] g 057 )
A A F;
Y d E i
1 \\ ; 1 ‘\ /J
15 Q%é é{i{ ] A5 o, Kt
2l - u 2 Tt~ --"_
-2 -1 0 1 2 -2 -1 o] 1 2
In-Phase In-Phase
¢
() P T
2 - ~- .
15 /@/ &,
s \\
4
1 ) ‘\
! \
! \
o O5[ 1
2 ¢ !
il I
g o "
v t
8 o5t '
' 7
v I
-1 \\ ;’
A il
N, ’
15 @\ ,@
2 T - . e
. ., 8- .
-2 -1 0 1 2
In-Phase

Figure 2. The constellation diagram. (a) AltBOC-like modulation with 85% combining efficiency.
(b) AltBOC modulation. (c) AltBOC-like modulation with 86% combining efficiency.

constraint of constant envelope, we can even achieve higher combining efficiency
than POCET. The multiplexing applications of GPS L1 signals, Galileo El
signals and AltBOC-like modulations verify the correctness and effectiveness of
the proposed method. Based on the three examples, we summarise the following
conclusions:

The example of GPS L1 signals shows that the first variation of our method is
equivalent to POCET in terms of combining efficiency. The result also shows that
for N unrelated binary PRN signals, when the constant envelope constraint is strictly
met, the POCET method does reach the highest combining efficiency.

The example of Galileo E1 signals shows our method can be applied to this case that
some signal components are related to a certain extent. Due to the correlation between
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Figure 3. The auto-correlation function. (a) The full figure of ACF. (b) The enlarged view of the
main-peak.

signal components, when POCET is used, the IM signals may change the power of
single signal components, which results in the failure of POCET.

The last example shows that the second variation of our method is helpful to present
more details of the combining. We can generate some AltBOC-like modulations with
different combining efficiency. These AltBOC-like modulations have a similar function
to AItBOC. Among them, AltBOC has the highest combining efficiency when keeping
the envelope constant. Moreover, there are the least number of phase values in the con-
stellation diagram of AItBOC. When we reduce the combining efficiency, the envelope
is still constant. If the combining efficiency is higher than 85-36%, the envelope
becomes quasi-constant. Higher combining efficiency means a stronger main-peak
in the ACF. However, the effect of quasi-constant envelope on signal performance
should be further analysed before it is practically used.
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