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Abstract

A very precise and fast wireless indoor positioning system becomes necessary
for multiple applications such as industrial automation, robot navigation and
inventory tracking. The precision of an RF based positioning system can be
improved by increasing the bandwidth and the carrier frequency of the signal,
as proven by the theoretical studies on estimation precision. However, on the
practical side, not only the theoretical concerns but also the hardware design
constraints and signal propagation related limitations should be taken into
account, which exactly suffer from high bandwidth and carrier frequency. This
work enhances the precision of an RF based indoor positioning system, while
keeping both theoretical performance and practical limitations into account.

To this end, a range estimation scheme, consisting of both an efficient hardware
implementation of a novel phase-based range estimation algorithm and a
hardware friendly ranging signal, is proposed. The phase-based range estimation
algorithm is designed to exploit the advantages of a wideband signal, while
keeping the complexity of the necessary receiver components low. Towards an
efficiently implementable estimator, the range estimation algorithm is broken
into 3 computational steps. The step-wise approach provides benefits for FPGA
implementation as well as flexibility on choosing between transmitted signal
energy, computational cost and precision of the ranging algorithm. The proposed
ranging algorithm also enables sub-Nyquist sampling which helps to reduce the
power consumption of the preceding ADC.

The discrete carrier ranging signal, the second component of the ranging scheme,
is designed to relax the design constraints of the transmitter and comply with
the sub-Nyquist sampling. By carefully designing the ranging signal, also
the baseband signal generation is simplified allowing efficiently generating
a wideband signal. Moreover, the power amplifier efficiency is increased by
reducing the peak-to-average power ratio of the signal.

Designed to cope with the hardware and environmental imperfections, the
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ranging scheme is tested together with a custom designed transmitter and
receiver. The tests report a mm-level precision performance of the ranging
scheme under real-world conditions. Moreover, they prove the validity and
benefits of the sub-Nyquist sampling and baseband signal generation concepts.
The ranging scheme, the transmitter and the receiver are finally integrated to
obtain a complete indoor positioning system.

Besides this custom made positioning system, an alternative ranging framework
compatible with the communication standard IEEE802.11ad is proposed. The
phase-based range estimation algorithm is therefore adapted to process the
communication packet, and further enhanced against multipath fading by
utilizing the channel estimation field provided by the package.

This thesis proposes two ranging systems, highly focusing on the first one, which
is optimized for very high precision and used together with custom designed
analog and RF components towards a complete positioning system. Developing
the core of the first ranging system, a standard-compliant ranging system is
also obtained.
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Thermal noise

Number of symbols

Number of Short Training Symbols
Number of training symbols

Free space path loss

Input power (to the PA)

Output power (of the PA)

Received waveform
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Appendix A

FFT implementation for LTE
systems

The FPGA implementation of the 1536 point FFT with output prunning is
expanded to be used for the emerging communication standard LTE (long Term
Evolution). An output pruning enabled varying lenght FFT as proposed in
[Ayh14] will be briefly explained in this Appendix.

The LTE requires 128-2048/1536 size FFT, providing a flexible spectrum support
from 1.4 up to 20 MHz [Gholl]. Moreover, output pruning would be a nice
asset since the information is transmitted in resource blocks. One resource
block contains 12 subcarriers and occupies 1.4 MHz of bandwidth. Number
and position of the resource block in the spectrum can be altered online by
the resource block allocation principle of LTE. Considering this energy saving
principle, an online input size programing scheme and an efficient output pruning
method would be two nice assets for an FFT implemenation to be used in the
LTE systems.

The FFT architecture is introduced in Section A.1. The hardware implementa-
tion of this architecture is presented and compared with two implementations
that tackle similar challenges in Section A.2.



FFT IMPLEMENTATION FOR LTE SYSTEMS

128~2048/1536 128~2048 128~512
point with | point point
pruning
Occupied slices 787 728 581
DSP48Es 30 14 14
Total Memory (kb) | 612 594 252
RAM Blocks 22 22 9

Table A.1: Resources for variable length FFT

A.1 Architecture

The FFT architecture of this work is a combination of the widely used CF-FFT
with a DFT as explained in Chapter 4. The main extension to the proposed
architecture is the variable input length, provided by the 128 point FFT blocks
used as the core of the architecture.

A 128 point FFT has 7 stages which comprises the 7 stages close to the FFT
output for the 256~2048 point FFT. For a 2™ point FFT, 2™ /128 times the
128 point FFTs and M — 7 input stages are needed. With the programmable
twiddle factors for both the input stages and the 128 point FFT, CF-FFT size
can be changed online. The architecture given in Figure 4.10 is used with 4
extra input stages which can be turned off when the FFT size less than 2048.

This architecture enables output pruning as well, which is the second asset
aimed for this FFT implementation.

A.2 Hardware implementation and comparisons

Implementation is done on a Xilinx Virtex-5 (XC5VFX130T-2FFG1738CES)
FPGA. The resource usage is given in Table A.1.

The implementation performance is compared with two hardware efficient and
high throughput FFT architectures for LTE systems given in [Pat13] which is
synthesized on 130 nm ASIC technology and [Chel2] which is implemented on
Virtex-5 FPGA. Both of these designs employ radix-3 support to compute 1536
point FFT.

These proposed implementations are compared by resource utilization and



HARDWARE IMPLEMENTATION AND COMPARISONS

[Ayh14] | [Pat13] | [Chel2]
LUTs (Virtex-5) 3148 NA 23807
Total Memory (kb) 612 NA 224
Area (kgates) NA 109 NA
Computation clk cycles (2048 pnt) 8195 12345 3072
Computation clk cycles (1536 pnt, | 1646-2906 9324 4224
60-900 subcarriers)

computation time in clock cycles in Table A.2. Using PF-FFT instead of a
mixed-radix architecture, leads to a significant increase in throughput in typical

Table A.2: Comparison

LTE workloads because it enables output pruning.
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