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NSS SDRs are a rapidly advanc-

ing area in GNSS receiver

research and design. The last
few years have brought tremendous
growth in this field. Universities and
other research institutions have devel-
oped and demonstrated advanced
capabilities, particularly with respect
to multi-constellation GNSS and
GNSS-plus-multi-sensor navigation
processing for challenging environ-
ments. The recent commercial avail-
ability of multi-sensor data collection
equipment, development platforms
and open-source software projects
have catalyzed this rapid pace of inno-
vation. Indeed, SDR will likely become
a significant commercial GNSS receiver
architecture by the end of this decade
due to today’s ongoing deployment of
multiple global and regional satnav
constellations with their diverse signal
structures, and rapid advancements in
parallel low-power processors and inex-
pensive sensors.

Non-realtime SDR operational sce-
narios involve storage and post-pro-
cessing of samples. These sampled data
files can also be used in radio frequency
(RF) playback systems for GNSS receiver
test and evaluation in the lab. Post-pro-
cessing and/or playback requires several
generic front-end parameters such as RF
and intermediate frequency (IF) center
frequencies, sample rate, file format, as
well as GNSS-specific information such
as antenna location and type. We define
this information as GNSS SDR meta-
data. Manual transfer of metadata is the
method predominantly used today - a
process that is cumbersome and error
prone to say the least. No established
method exists to exchange this metadata
automatically.

During the ION GNSS+ 2013 con-
ference, a group of attendees discussed
the need for a formal standard for the
exchange of GNSS SDR metadata. This
group identified the following benefits of
engaging in this activity at the present:
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« It identifies and brings the inter-
national GNSS SDR community
together as a working group. This
collaboration is critical in order to

get broad acceptance and usage.

« Standardization will help to avoid
technology segmentation issues
while promoting the pace of innova-
tion by standard practices and com-
pliant tools.

+ The formal standard, if widely
adopted, will help ensure compat-
ibility and interoperability of future
GNSS SDRs. Specifically, front-end
agnostic “plug-and-play” SDRs are
envisioned. These have the potential
for revolutionizing positioning, navi-
gation, and timing (PNT) systems of
the future.

Most authors of significant GNSS
SDR publications and contributions over
the past two decades are ION members
and frequent meeting attendees. Hence,
we decided to pursue this standard
through ION sponsorship. During the
January 2014 Council Meeting in San
Diego, ION approved the process for
establishing a formal standard. The ION
GNSS SDR Metadata Working Group
(WG) was formed in April 2014. Mem-
bership represents academia, industry
(including GNSS SDR product vendors
as well as traditional GNSS equipment
manufacturers), non-profit research
entities, and government agencies span-
ning countries in America, Europe, Asia
and Australia.

Justification for GNSS Metadata
Standardization

Figure 1 shows the metadata transfer
scheme mainly used in today’s GNSS
SDR systems. The top row depicts data
collection system (DCS) A, producing
an SDR file of format A, consumed by
SDR processor A. This may represent
an end-to-end solution provided by a
vendor or a system that was initially
developed around a specific hardware
platform. In any case, assume that the
metadata for decoding Format A is
hard-coded into the processor. Conse-
quently, supporting other file formats
involves extensive software revisions
on a case-by-case basis. One group may
want to share SDR files from DCS A

Collection Data

Systems Files
Collection Format (A)

System (A) SDR File
K? Y Collection Format (B)

System (B) SDR File
Collection Format (C)

System (C) SDR File

SDR Metadata
Processors
GNSS SDR Format (A)
Processor (A) Metadata
GNSS SDR
Processor (X)
Format (B)
Metadata
GNSS SDR
Processor (Y)
GNSS SDR Format (C)
Processor (C) Metadata

FIGURE1 Ad-hoc Metadata Exchange

with other groups using SDRs X and Y
for research collaboration. This involves
conveying the file format and other rel-
evant information accurately to these
other groups. Today, this metadata
transfer occurs in an ad-hoc way that
is prone to interpretation errors.

The second row depicts multi-stream

DCS B that produces-files with a more
complicated format. SDR processors X
and Y'represents more flexible SDRs that
are able to support multiple file formats.
However, the data/metadata association
requires manual intervention.
DCS C multiplexes other data (such as
sensor data) along with multiple GNSS
sample streams in the same file. This
type of multiplexed collection has the
potential to become more common
with emerging SDR-related data stream-
ing standards such as VITA-49 (See T.
Cooklev et alia, Additional Resources).
In this case, custom-designed processor
C represents an SDR that fully supports
multi-sensor integration capabilities.
Because DCS C’s GNSS stream param-
eters are open, SDR Y is also able to
support GNSS-only processing using
an ad-hoc metadata transfer scheme.
The sensor data parameters in Format
C may or may not be open.

As clear from Figure 1, today’s ad-
hoc methods of metadata exchange
do not encourage interoperability and
instead cultivates potential for technol-
ogy segmentation (i.e., various groups
developing their own stove-piped solu-
tions and technologies).

Figure 2 shows the same systems of
Figure 1 that have adopted a metadata

standard. As shown, each DCS pro-
duces a compliant metadata file along
with the SDR file. The metadata file is
read-in by the compliant SDR proces-
sor to correctly decode and process files
seamlessly.

Adoption of a metadata standard
benefits DCS developers because their
systems become applicable to a much
wider group of users. Similarly, an SDR
processor’s utility is extended when it is
capable of supporting many file formats
from multiple sources seamlessly. Thus,
metadata standardization promotes
interoperability of GNSS SDR systems
and greatly simplifies the exchange of
files between groups.

Metadata standardization also bene-
fits other use cases beyond post-process-
ing GNSS SDRs. For example, consider
the use of the metadata specification
to synthesize compliant SDR files for
use in RF playback systems. Addition-
ally, libraries of compliant SDR file sets
containing various real-world scenarios
could be used interchangeably in com-
pliant RF playback simulators for repeat-
able and consistent testing of GNSS
receivers.

SDR Data Collection Topologies

The ION Executive Committee stipu-
lated that this standardization activity
shall not create an unfair advantage
or disadvantage to any entity. Specifi-
cally, the standard shall not require any
existing system to undergo data format
changes to achieve compliance. This
“do no harm” stipulation implies that
the standard be designed such that it
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FIGURE3 Fundamental GNSS SDR Data Collection Topologies

supports all current and future SDR file
formats. This also means that the WG
must “get it right the first time” since
major revisions to the standard would
be undesirable and adverse to the goal
of widespread adoption. Hence, we
considered the entire space of possible
GNSS SDR data collection topologies.
Figure 3 illustrates these topologies.

Figure 3.a illustrates the simplest data
collection topology that can exist. This
is when a single swath of RF spectrum
(referenced henceforth as a “band”) is
down-converted and sampled to pro-
duce a single data stream. The stream,
which may be IF sampled (real samples)
or baseband sampled (complex samples)
is written to disk as a single file.

Figure 3b represents a DCS that
writes parts of a single data stream

across multiple files. This may be done to
reduce the sustained write performance
requirement of storage drives (similar to
striping mode in RAID systems).

Figure 3.c is similar to Figure 3.a,
except that the data stream represents
more than one RF band. An example
of this topology is a direct RF sampling
front-end architecture that intentionally
aliases multiple bands to fall next to each
other at baseband. Some bands may be
spectrally inverted as a result of the digi-
tal down-conversion process.

A DCS may produce multiple data
streams. Each stream may contain
information from one of many antenna
elements (as shown in Figure 3.d, where
each stream may also encompass multi-
ple bands as in Figure 3.c). Alternatively,
a stream may be sampling one of sev-

eral bands received by a single wideband
antenna, where the multiplexed streams
written to file represents channelized
samples. Combinations of the above are
also possible.

Each stream may also be sampled
at different rates and bit depths. For
example, consider a civilian GPS L1, L2,
L5 system. In this case, the L1 and L2
streams may be sampled at rate f, and
the L5 stream at 10-f, (since the L5 sig-
nal’s null-to-null bandwidth is 10 times
wider than L1 C/A and L2C), where f,
represents the base sample rate. Figure
3.d may also represent how these multi-
ple streams are multiplexed into a single
lane of packed binary data and written
to a single file.

Similar to Figure 3.d, Figure 3.e illus-
trates a GNSS data stream multiplexed
with other data that is written to a single
file. This non-GNSS SDR data may be
from additional sensors (as shown), and
may be written in a proprietary format
that may or may not be known.

The specification of metadata param-
eters for non-GNSS data is outside the
scope of the present standardization
effort. However, the standard must sup-
port adequate information to skip over
such non-GNSS data bytes. Since the
metadata schema is extensible, it can
cover the description of non-GNSS SDR
data as needed by specific users.

It is important to note that although
we use the term “GNSS SDR data” in
this article to generally refer to the type
of sampled data for which metadata
parameters are defined in the standard,
the samples need not correspond to
GNSS frequency bands. For example,
frequency bands containing RF signals
of opportunity are supported as long
as they can be represented by the stan-
dard’s metadata parameters.

Due to the typically high data rate
of GNSS SDRs, some DCSs write data
as temporally split files, as illustrated in
Figure 3.f. This allows for efficient data
management through multiple smaller
files compared to a single large file. The
metadata for each file must associate
the previous and next files in order to
represent the sequence. Note that the
DCS block shown in Figure 3.f could
represent any of those described in
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topologies a, ¢, d, and e of Figure 3.

Figure 3.g illustrates spatial splitting
of files. Here, the binary data lanes from
two or more DCSs are written to sepa-
rate files. These files may be written by
different computer systems. In this case,
a non-zero inter-system timing offset,
At, may exist and must be supported in
the standard. Since At may or may not
be known at time of collection, it rep-
resents an example metadata parameter
that may be back-annotated into the
metadata file after an initial pass of SDR
data processing.

Multi-lane DCSs that write each lane
to a separate file may also implement
temporal file splitting according to 3.f.
We call this “spatial-temporal splitting”,
and is illustrated in Figure 3.h.

Since multi-stream-multi-file data
collection topologies (i.e., (g) and (h)
in Figure 3) produce multiple data files
applicable to a given time interval, the
SDR processor must be “introduced” to
the full or partial set of lanes associated
with the topology. This is covered by lane
selection parameters in the standard.

Metadata Parameters

The metadata standard enables a user to
specify a wide range of properties of the
binary data file. Some of these proper-
ties relate to the data collection scenario
itself, such as the time and location, and
the type of scenario. Other properties
of the dataset relate to the particular
RF data that is captured as IF samples,
including center frequency and band-
width. Yet other details such as the IF
digitization configuration and data
packing can be specified. These are
briefly summarized below. Some of the
parameters are free-form text, others are
integer or floating point variables, and
others are enumerations. The primary
classes are shown in Figure 4.

The metadata “session” class holds
details such as the time, the position,
the measurement campaign, and the
type of scenario. The “file” class contains
a path to the corresponding binary data
file, time-stamp info, and a reference to
the contained “lane” (described below).
A “system” class contains details of the
data recording equipment, such as the
equipment name, the reference clock
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FIGURE 4 Standardized Metadata Exchange

frequency, and the antenna details/
specifications. The metadata standard
allows for the specification of a variety
of RF bands, each “band” class includes
details of the band’s.center frequency,
intermediate frequency, bandwidth and
group-delay bias:

The actualformat of the binary data
is detailed in the “lane” class, which
allows for the specification of a hierarchy
of binary data packing patterns, entitled
“blocks”, “chunks” and “lumps”. These
classes specify the arrangement of the
packed IF data and optional additional
data such as sensor measurements or
configuration information, and further
specify the arrangement of data relative
to the standard word-sizes (arrays of
byte, short integers, integers, long inte-
gers, etc.). The arrangement of the raw IF
samples within these blocks is specified
by the “stream” class. This class speci-
fies the associated RF band, the sample
rate, the quantization, the sample for-
mat (real/complex), the encoding of the
binary data and the arrangement/align-
ment of the samples. Together these
classes contain sufficient information
to unambiguously interpret the packed
binary data.

Normative Reference Software

The primary responsibilities of the Nor-
mative Reference Implementation Sub-
committee are to reduce to practice the
conceptual design developed through

consensus by the WG into an appropri-
ate set of schema (according to industry
best practices) and to develop a compli-
ant software library implementation.
The WG was fortunate to receive vol-
untary participation for this task from
individuals representing established
commercial GNSS SDR vendors.

The WG decided to work on a pub-
licly available reference software library
to be released with the standard. The
goal of this effort is to promote early and
widespread adoption of the standard by
making it easy for vendors and research-
ers to integrate standard-compliance by
integrating the library into their existing
software. The scope of this effort is two-
fold, to develop a metadata interpreter,
and to develop a binary data converter
using this metadata interpreter.

The first contribution was a library
that would produce standard-compliant
metadata files from an appropriately-
populated data structure, a library
capable of reading the content of such
files back to a data structure. The second
contribution was in the form of a library
capable of parsing and converting binary
IF data based on an associated meta-
data description. When combined, it is
hoped that these two libraries offer suf-
ficient functionality to enable adoption
of the metadata standard in SDRs, or
to serve as a benchmark against which
implementations of the standard can be
validated.

www.insidegnss.com

NOVEMBER/DECEMBER 2017

InsideGNSS 53



STANDARDS

description to converter

—
XML

Metadata

[

Description of
packed data

A

Raw binary file(s)

Interface

Interprets XML file and passes file

" | Interpreter

Data

Basic interface:

Converter

File-Converter

Open()
Convert() T
IF Samples

Parses binary file and provides dumps
IF data to file in native machine type
(int8_t, int16_t, float, etc)

FIGURE5 Example of the Normative Reference Software configured as a file converter

Interprets XML file and passes
file description to converter

Metadata
Interpreter

Description of
packed data

Data
Converter

Binary

Raw binary
file(s)

Front-End
Interface

Basic interface:

Open()

Load()
GetSource()->GetSamples()
Close()

Parses binary file and provides
‘streams’ of native-format
data to user application

Baseband
Receiver
Processor

FIGURE 6 Example of the Normative Reference Software configured as a software
GNSS receiver front-end

The software is written in C++ and
managed using CMake. It has been
divided into two libraries, “apilib”
implementing the Metadata Interpreter
and “converterlib” implementing the
binary data conversion, and is accom-
panied by a selection of utilities, includ-
ing a data-converter application and
a simple test application. The software
is available on the Institute of Naviga-
tion’s GitHub account at the following
link: < https://github.com/IonMeta-
dataWorkingGroup/GNSS-Metadata-
Standard>.

The Metadata Interpreter library
includes a reader functionality that
can parse a metadata file and populate
a corresponding metadata object that
can then be queried through a selection
of member-function calls. Similarly, a

metadata object can be instantiated and
configured through a selection of mem-
ber functions and, subsequently, it can
be instructed to write a corresponding
metadata file.

The converter library can be used for
parsing binary data files and interpret-
ing the data according to a metadata file.
The basic converter can be adapted to
support processing of the converted data
streams, and two such adaptations have
been implanted in the reference soft-
ware. The first functionality is depicted
in Figure 5, where the data-converter is
embedded in a file-converter. The file-
converter configures the embedded
data-converter using a Metadata Inter-
preter object, and is capable of parsing
a packed binary input file and produc-
ing one file per IF data stream in a user-

specified data type (int8, int16, float,
double, etc.).

A second functionality has been
implemented by embedding the data
converter in a “front-end”, as depict-
ed in Figure 6. This front-end offers a
means of loading short portions of the
binary data file and converting them to
a user-specified data type (int8, intl6,
float, double, etc.) while handling
details such as sample alignment, when
different streams are sampled at differ-
ent rates.

The software suite includes a selec-
tion of example binary datasets and
associated metadata files along with a
simple MATLAB/Octave script to test
the build against reference datasets. To
date five different file formats have been
included in the repository including a
wide range of front-end configurations
and data packing variations.

A number of working group mem-
bers volunteered to perform “blind
testing” of SDR data files against draft
specifications. This involves exchanging
SDR data files and associated metadata
specifications among parties and verify-
ing that the files can be fully decoded
without additional information. Work-
ing group members participating in this
activity will comprise the Compliance
Verification Subcommittee.

SDR Data Repository

As with most standards and program-
ming projects, they are best understood
through good examples. Thus, the page:
http://sdr.ion.org/api-sample-data.html
has been created and contains several
binary sample files together with meta-
data files. All file sets have been tested
to follow the standard and to be read-
able by the normative reference soft-
ware. The binary files typically contain
samples over a duration of more than
60 seconds and position fixes have been
obtained by at least one software receiver
implementation.

Further examples will be added, not
only emphasizing new data recording
systems but also illustrating different
SDR applications such as antenna arrays,
reflectometry or ionospheric scintilla-
tion analysis. Further, data from GNSS
seen only at certain locations of the
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Earth (e.g., Quasi-Zenith Satellite Sys-
tem [QZSS]) are being considered.
Organizations are encouraged to
contact the working group if they have
files with formats that are currently not
adequately represented in the repository
or represent use cases so far not consid-
ered. The respective point of contact
is given on the web page. The working
group will then take care of creating a
metadata file (if not yet available), check
the correctness and organize the upload.
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