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Background

® Several methods previously proposed to combine multiple signals
Into a single composite signal

® Linear combining
— Just add the signals together
— Results in poor efficiency non-constant envelope (amplitude)

Amplitude modulation-to-amplitude modulation (AM/AM) and
amplitude-modulation to phase-modulation (AM/PM) distortions when
a signal is passed through a nonlinear amplifier in saturation

® Constant-envelope combining methods

— Avoids AM/AM and amplitude-modulation to phase-modulation AM/PM

distortions N




Signal Combining Objectives

Combine binary signals into a constant-envelope composite signal
Correlate to each individual code without knowledge of other codes
Correlation power is defined for ideal correlation with replica code
Maintain specified phase relations (if any) between correlations
Minimize combining loss

— Combining loss = 10log(envelope power/sum of correlation powers)



Quadrature Multiplexing of Two Binary Signals

Enables arbitrary power ratio

Constant envelope requires quadrature phase relation

Has zero dB of combining loss

Used to combine L1-C/A and L1-P(Y) in GPSII

Quadrature phase relation is backwards compatibility requirement



Majority Vote for Binary Signals (Spilker)

2 states per chip +1 (0), -1(1)

Assignment of transmitted chip as function of binary chip values

Transmitted chip
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Correlation Result = (6 agreements — 2 disagreements)/8 total
= 0.5, or -6.02 dB, assuming random codes
ldeal = 1/3, or -4.77 dB



Majority Vote with Random Interlace (Spilker, Orr)

Combining loss = 1.25 dB for three equal-power signals
Adjust relative power by random interlacing

To increase power of a signal, replace majority vote by chip of
signal

— Randomly choose chip of signal instead of majority vote

Not as efficient when specified powers are different

Phase angles of all correlations is the same

Another signal or an interlaced majority vote can be in phase
guadrature



INTERPLEX (ITT)

Combining of C/A, P(Y), and M in GPSIIR-M

Optimal efficiency places two weakest signals at same phase and
strongest signal in phase quadrature

Intermod added in phase quadrature

— Intermod is product of other three codes (same for majority vote)

— Intermod is obviously randomized and spread by P(Y)

C/A and P(Y) in phase quadrature for backwards compatibility

— This is the case when C/A is strongest signal



Deficiency of Prior Methods

Efficiency is critically dependent on maintaining certain carrier phases and
power ratios

— Best-case power efficiency is dependent on the relative phase relationships
between constituent signals and desired power of constituent signals

— Cannot minimize the transmitted power (maximize power efficiency) for arbitrary
power distributions

Existing combining methods cannot maintain arbitrary phase relationships

between signals

— Maintaining phase relationships between signals is a desirable feature to meet
legacy system requirements

* e.g., 90-degree phase relationship between P(Y) and
C/A codes in the GPS system

Cannot be easily extended to an arbitrary
number of signals



Phase Optimized Constant-Envelope

Transmission (POCET)

Composite signal is generated through phase modulation of a finite
set of composite signal phases, q={ q,....g,N-1} for N signals

* With symmetry (complementing all code bits increases phase by

180°), there are 2N-1-1 independent phase values

Phases are determined through mathematical optimization of an
objective function of the constant-envelope (A), subject to the
constraints of the expected component signal power levels and
relative phase relationships for an arbitrary number (N) PRN code
component signals
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POCET Applies Mathematical
Programming to Signal Combining

* General field concerned with optimization (minimization) of an
objective function, f(x) subject to some number of constraints,
=1, 2,...K

g;(x) £ 0(Inequality Constraints
h,(X) = 0(Equality Constaints)

® Various subdisciplines, including nonlinear programming, where the
objective function is nonlinear, as is the case for POCET
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3-Signal Binary Code Example
Possible Carrier Phase Angles

2 states per chip +1 (0), -1(1)

Assignment of transmitted phase angles as function of binary chip values
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Comparison of INTERPLEX and POCET for 3 Signals

®* POCET yields the same combining loss as INTERPLEX for 3
Signals

®* Two signals are in phase quadrature
* Thus INTERPLEX is optimal for 3 signals
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Case of Combining 4 GPS Signals: C/A, P(Y), L1C,,
L1C,

®* M code is transmitted in separate aperture

* Interlaced Majority Vote and quadrature combining
— Majority Vote P(Y), L1Cy, and L1C; in phase quadrature with C/A code
— Apply interlace technique to set power level of each code

* POCET combining with four signals

— 24 Carrier phases determined through minimization of composite signal
envelope subject to constraint on component signal powers and phase
relations

* 8 unique phases due to symmetry

® Only 7 phases need to be determined through the optimization
process since one may arbitrarily be
set to zero
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Total Power Required Compared to Linear Combining
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Compare for GPS llI-like power ratios

— C/A =-158.5 dBW, P(Y) = - 161.5 dBW, L1C; = - 158.25 dBW, and
L1C, = - 163 dBW.

Interlaced majority vote for 4 signals requires 1.38 dB more total
power (envelope squared) than linear combining to generate the
above component signal powers

POCET for 4 signals requires 0.68 dB more total power (envelope
squared) than linear combining

— 0.7 dB power savings compared to majority vote for 4 signals
— P(Y),L1C;, L1C, are in phase quadrature with C/A
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A Combining Surprise

More combining loss if L1C is combined into a single binary signal
Signal power values for this assumption

— C/A =-158.5 dBW, P(Y) =-161.5 dBW, L1C =-157.0 dBW

C/A and P(Y) in phase quadrature

Combine by INTERPLEX (optimum for 3 signals)

— L1C inphase with P(Y)

— INTERPLEX term =-160.0 dBW

Combining loss = 0.94 dB

— POCET with 4 signals gives combining loss = 0.68 dB
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Diagram of 4-signal POCET
Modulator

s(t)= ACos(2pft+q.(t))=I(t)cos(2pft)-Q(t)sin(2pft)
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Penalty Function Method
Used to Compute POCET Results

FO=f(+m G g(¥
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G, (¥) the penalty function and is some ftioa of the j'th constrair

m is the penalty parameter corresponding to the &ration
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POCET Results for 4 Signals

Binary chip value of Binary chip value of Binary chip value of Binary chip value of Transmitted phase
C/A P(Y) L1C, L1C, angle
0 0 0 0 0
0 0 0 1 349.7
0 0 1 0 310.3
0 0 1 1 231.9
0 1 0 0 336.3
0 1 0 1 257.9
0 1 1 0 218.5
0 1 1 1 208.2°
1 0 0 0 28.2
1 0 0 1 38.5
1 0 1 0 77.9
1 0 1 1 156.3
1 1 0 0 51.9
1 1 0 1 130.3
1 1 1 0 169.7
1 1 1 1 180
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Polar Plot of Phase Angles (rotated for symmetry)
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Simulation of 4 Linearly Combined
Signhals Compared to Theory
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Power Spectrum of Interlaced Majority Vote*
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*J. Spilker and R. Orr, “Code Multiplexing via Majority Logic for GPS
Modernization,” Proceedings of the ION International Technical
Meeting, September 1998

21



Power Spectrum of Four-signal POCET
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Hypothetical Example of Combining L1C and
GLONASS FDMA

Four signals to be combined by POCET
— One pair for L1C, constrained to a phase shift of O
— One pair for GLONASS, constrained to a phase shift of 90°

Phase relation between the two pairs rotates due to frequency
offset

Quantizing phase rotation to 10° requires 18 different phase tables
High sampling rate reduces the phase rotation per sample
Hypothetical example of combining L1C and GLONASS FDMA

— Carrier frequency = 1575.42 MHz, GLONASS = 1605.375 MHz

— Sampling rate = 98.208 MHz (96*1.023 chip rate of L1C)

— Phase shift per sample for GLONASS at 1605.375 MHz = 109.8°

— Chip edges of GLONASS are slightly reclocked
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SPECTRAL DENSITY, DBC/HZ
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Are the Signals Really There with POCET?

® This question arises because there isn’t an obviously uncorrelated
intermod term (in contrast to INTERPLEX)

* Measurements were taken in laboratory simulation at The Aerospace
Corporation
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Simulation Setup Description

Genera tor [ MAGNET IF; MAGNET
@ o Q GPS at L1 Front-end Unit
Generator

157.542 MHz
A

A
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*C/A-code correlations for four satellites are obtained by the Modernized Aerospace
GPS Navigation Evaluation Testbed (MAGNET)
*Aerospace Reconfigurable MAGNET Simulator (ARMS) simulated eight SVs in view
*The eight satellites are SV#1*, SV#2*, SV#8, SV#10*, SV#11*, SV#15, SV#21,
SV#22, where the asterisked satellites are taken for C/A-code correlation study
— All satellites have the same transmitted power
— The scenatrio Is that the receiver is moving along a circle with radius of
2500m at 100m/s
— MAGNET is tracking and navigation using the eight satellites
— For correlation study, the C/N, value is at 50 dB-Hz including
all the cross-correlation effect from other satellites
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Smoothed Autocorrelation Main-lobe Plot For Code
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Summary and Conclusion

POCET is an improved method of combining random binary signals
into a multiplexed composite signal with a constant envelope

For combining of four signals, C/A, P(Y), L1C., and L1C, the
required constant-envelope power is 0.70 dB less than for 4-signal
majority vote

— Observed comparable spectral separation and intermod behavior

POCET is readily adaptable to an arbitrary number of signals in
GPS and other GNSS systems

— Also provides great flexibility to constrain signal power levels
and phase relationships

— M code could be combined with the four signals

Performance has been verified by testing with C/A receiver
— Will there be a problem with multipath-mitigation receivers?



