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Abstract

This paper presents Loran signal processing results for a series of successively smaller H-
field square-loop antennas input to a preliminary design of low-noise-optimized, low-
frequency ASIC. Antennas as small as 5cm (2-inches) on a side are able to detect Loran
signals both outdoors and indoors, although in some cases significantly attenuated
compared to signals from a larger 50cm (20-inch) antenna. Future work is aimed at
developing a fully optimized LNA/ASIC design for the Loran frequency band at 100 kHz,
in order to permit Loran operation with H-field antennas smaller than 1-inch (2.5cm).

Introduction

Loran position, navigation, and time (PNT) are desirable features in next-generation
personal navigation devices (Figure 1). First, Loran can improve navigation accuracy and

Next Gen Antenna & LNA for

' C E Small -form-factor eLoran

Multi-sensor Integrated
Navigation Devices

Geo-security R
alibration ge

Applications Y <G> o
Deny
L lvm wwwww H Foaue. Fl S0 5

Verification Stage

Figure 1. Enabling a Small Loran Antenna for
Integrated Navigation Devices.



availability through multi-sensor integration [Doty et al., 2003]. Second, Loran can
enhance geo-security through its jam- and spoof-resistant signal characteristics of high
transmit power and low carrier frequency [Qiu, 2007].

However, a major obstacle to the adoption of Loran navigation in mass-market
handheld consumer electronics devices is the large size of the receiving antenna. Large
antennas are needed in order to avoid excessive power loss due to the 3km wavelength
of the 100 kHz Loran radio frequency (RF) carrier. This flies in the face of industry trends
to reduce the size, weight, and cost of portable electronics, even at a time when
navigation and location-based services are perceived as critical platform and vendor
differentiators.

Shrinking the Loran antenna reduces the received signal strength and makes detection
and feature extraction problematic [Lee et al., 2009]. At a constant internal noise
power, this limits the minimum realizable antenna size required to achieve acceptable
signal-to-noise ratio (SNR). The approach pursued in this research is to combat the
internal noise issue by focusing on the low-noise amplifier (LNA), and to trade
improvements in internal noise power against smaller Loran H-field receive antennas.

This paper presents Loran signal processing results for a series of successively smaller H-
field square-loop antennas input to a preliminary design of low-noise-optimized, low-
frequency ASIC (application-specific integrated circuit). Antennas as small as 5cm (2-
inches) on a side are able to detect Loran signals both outdoors and indoors, although in
some cases significantly attenuated compared to signals from a larger 50cm (20-inch)
antenna. Future work is aimed at developing a fully optimized LNA/ASIC design for the
Loran frequency band at 100 kHz, in order to permit Loran operation with H-field
antennas smaller than 1-inch (2.5cm).

Low-Noise Amplifier

The LNA developed and tested for this research is a preliminary design that has been
integrated with extant low-frequency (ELF/VLF) radio reception and signal conditioning
hardware. That system previously has been deployed for studies of atmospheric physics
including remote sensing of lightning, ionosphere and magnetosphere characterization,
and terrestrial and space-based radio propagation experiments [Cohen et al., 2010;
Harriman et al., 2010]. To date, more than 50 systems employing this basic architecture
have been fabricated.

Figure 2 shows the specifications of a single-chip LNA and AAF (anti-aliasing filter) design
similar in concept to the discrete component implementation utilized herein.
Characterization and analysis of the single-chip design was undertaken to evaluate
whether the noise performance of the ELF/VLF hardware was likely to compensate for
poor signal reception of reduced form-factor antennas.
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LNA Key Specifications AAF Key Specifications
Adjustable Gain 0-20 dB Architecture 6t-order Chebyshev (Type )
Bandwidth 100 Hz - 1 MHz Adjustable 3-dB Bandwidth 30 kHz, 180 kHz, 1080 kHz
Input-referred Noise 10 nV/m/Hz" Stopband Attenuation -80 dB (3*f,), -96 dB (4*f,)
Input Impedance 1 GQ || 100 fF SFDR 100 dB
SFDR 100 dB Power 70 mW

Figure 2. A very low-noise, low-power, high-linearity, wide-bandwidth,
high-impedance LNA developed by Stanford EE STAR-Lab; the
specifications are for a single-chip integrated device similar to

the discrete component implementation utilized herein.

The single-chip LNA design exhibits a flat passband up to 100 kHz, accurate gain steps
from 14 to 20 dB, and negligible flicker noise above 100 Hz. While linear gain is
achieved for a 100 kHz input tone, the performance of this generation LNA does
degrade above 100 kHz; this impacts reception of Loran signals which are centered at
100 kHz but extend also some 10+ kHz higher in frequency.

An input referenced noise value of 0.5,uV/\/ Hz combined with an LNA bandwidth of
200 kHz yields an internal noise of approximately 220 pV:

050V /\VHz x 200kHz = 220V Eq. 1

Based on a 0.05m antenna effective height, this would yield an equivalent noise
strength of 36.5dB VvV /m:

220 4V /0.05m = 44mV/m = 36.5dB xV/m Eq. 2

This equivalent noise strength can be compared to the expected Loran field strength of
~30-110dB &V /m (assuming ~1500 km range to the transmitter), as well as to

atmospheric noise of ~45—-60dB xV /m. This indicates that it should be feasible to
operate a usefully small Loran H-field antenna with this baseline LNA performance.



Antenna Designs

A sequence of successively smaller air-core H-field square-loop antennas was tested in
both outdoor and indoor environments. While the air-core design was chosen for this
preliminary study, it is possible that implementing antennas with dielectric cores could
enable improved performance or allow further reduction in antenna size, however at a
negative cost tradeoff. Antenna specifications are as indicated below in Table 1.

Table 1. Loran H-field Antenna Evolution.
Parameter Gen-1 Gen-2 Gen-3 Gen-4 (thd)
Antenna size 50cm 10cm 5cm 2.5cm
Wire gage 22 AWG 26 AWG 26 AWG 26 AWG
# of turns 9 19 37 74
Inductance 0.16 mH 0.10 mH 0.13mH 0.23 mH
Resistance 1Q

The H-field antennas were integrated with the LNA module and line receiver support
electronics as indicated in Figure 3. The grey aluminum box contains the preamplifier
and filtering circuits; the red case is the line receiver [Cohen et al., 2010].

gen-1: 50cm

gen-2: 10cm
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Figure 3. ELF/VLF radio reception system with
various small-form-factor Loran antennas.



Experimental Results

The data collection equipment included H-field Loran antennas, optimized RF hardware,
and an Agilent 89600 Vector Signal Analyzer (VSA) which digitized the signals and stored
them for post-processing. Sampling locations were on the Stanford University campus,
outdoors on the roof of the Durand Building and indoors in a 4th floor meeting area; the
building construction is steel-reinforced concrete. Subsequent to data capture in
outdoor and indoor locations, the signals were processed with a Loran software receiver
implemented in Matlab. The experimental set-up is indicated in Figure 4.

Northern California is well-served by the Loran West Coast Chain (GRI-9940), with the
Master Station 360km distant in Fallon, NV, and Secondary Stations in George, WA,
Middletown, CA, and Searchlight, NV; the most-distant secondary is George at
approximately 1100km distant.

With the 50cm (20-inch) H-field antenna, the signal pulse sequences are readily visible in
the time domain, as shown in Figure 5 — no averaging is required, and changing the
orientation of the antenna will reveal the signal direction-of-arrival (DOA). As the
antenna size gets smaller, the signal strength reduces as well, as shown in Figure 6.
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Figure 4. Loran data collection set-up.
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Figure 5. Loran signals from proximate stations — Fallon/Master and
Middletown/Secondary — and 50cm H-field loop antenna.

Outdoor Data Collection — Palo Alto, CA
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Indoor Data Collection — Reinforced Concrete Multi-story Building
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Figure 6. Loran West Coast Chain as observed from Palo Alto, CA.



For the outdoor data collection, the large antennas (50cm and 10cm) easily process the
available signals, although the 5cm loop antenna requires fairly long averaging times to
bring the signal above the noise. For the indoor data collection, signal attenuation is
severe in the reinforced concrete building chosen for these tests; Fallon and
Middletown are detectable after 60 seconds of averaging for the 50cm antenna,
however only Middletown is detectable after 60 seconds of averaging for the 5cm
antenna. The received signal strength for the Loran stations on the U.S. West Coast
Chain are summarized in Table 2.

Table 2. Loran received signal strength (uV).
U.S. West Coast chain observed from Palo Alto, CA
. Dist. Outdoors Indoors

Station (km)

50cm 10cm 5cm 50cm 5cm
Fallon 360 50 6.8 2.9 3.1 -
George 1,100 14 2.1 0.5 - -
Middletown 160 210 27.1 17 7 0.46
Searchlight 680 8.5 1.3 0.9 - -

Projection with Improved LNA Design

Projections of a further evolution of this baseline LNA design promise improved
performance, primarily by limiting signal bandwidth prior to digitization. Reducing the
bandwidth from 200 kHz to ~20 kHz by inclusion of a band-pass or high-pass filter will
improve the internal noise to approximately 31dB 4V /m:

0504V /vHz x [20kHz = 70V Eq. 3
704V /0.05m = 14mV/m = 31dB uV/m Eq. 4

With this improved LNA design, we anticipate successful detection with H-field loop
antennas smaller than 5cm (2-inches) square (Figure 7). We anticipate sufficient SNR to
resolve time-difference of arrival (TDOA) and to achieve a position fix, although at
reduced accuracy compared to systems employing larger receive antennas.

Conclusions

In this study, we have shown that reducing antenna size should focus ideally on internal
noise, and that improved LNA design allows a trade of internal noise against antenna
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Figure 7. Next generation antenna design:
2.5cm air-core H-field antenna.

sensitivity. While long averaging times were required to combat low SNR, the Loran
signals were detectable both outdoors and indoors with the smallest antenna size
tested, namely a 5cm (2-inch) H-field air-core loop antenna. While timing and data
services are enabled, due to limited station observability indoor navigation is not yet
achieved with this LNA design, likely due to the excessive attenuation in reinforced
concrete buildings. Current analysis suggests improved performance with a further
optimized LNA, suggesting that a next-generation H-field air-core antenna of 2.5cm (1-
inch) would be enabled.
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