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ABSTRACT
We evaluate INS/GNSS-based navigation availability against prospective integrity requirements for self-driving cars in urban
environments. Specifically, we quantify how long and under what local conditions a practical integrated navigation system,
consisting ofGNSS, INS,wheel speed sensors, 3-Dmaps, and vehicle dynamic constraints, canmaintain fault-free integrity along
a real urban street transect in downtown Chicago. The results show that the integrated system cannot ensure availability across
the entire transect, even with four GNSS constellations, and that the main factors influencing unavailable regions are building
height, IMU grade, alert limit, and vehicle speed. After the deficient locations are exposed, we consider landmark localization
by LiDAR to maintain continuous navigation. We derive ranging error models and investigate placement configurations of
pole-like landmarks to ensure availability of INS/GNSS/LiDAR self-driving car fault-free integrity.

I. INTRODUCTION
Global Navigation Satellite Systems (GNSS) provide navigation services globally, but high-rise buildings disturb satellite signal
transmissions in urban areas. This leads to a mixture of GNSS-available and -denied environments (Fig. 1). In [1], we evaluated
GNSS availability in a real urban environment and determined where it was able to maintain sufficient levels of accuracy and
fault-free integrity for self-driving cars.

GNSS signal prediction in urban environments has been conducted in previous work. The concept of ‘shadow matching’ [2]
was developed to identify GNSS signal blockages in urban canyons. Overlaying sky plots on a hemispherical sky view can be
used to distinguish between line of sight (LOS) and non-line of sight (NLOS) signals [3]. Reflected rays can be predicted by
using Householder transformations [4] to reveal potential multipath conditions.

GNSS alone is generally not able to ensure city-wide availability, so integration with other sensors is needed. Tightly coupled
GNSS and inertial navigation systems (INS) using ExtendedKalman filter (EKF) integration provide better estimation results [5].
The EKF also enables integration of wheel speed sensors and vehicle dynamic constraints [6] to further improve continuity.
However, the performance the integrated system is fundamentally limited by the INS, which drifts over time and cannot ensure
continuity of self-driving car integrity through a city under slow driving speeds. [7]. The situation can potentially be improved
by means of ranging augmentation using local landmarks, high integrity maps, and light detection and ranging (LiDAR)
sensors [8]. Once GNSS/INS-unavailable regions are determined, LiDAR augmentation can be implemented. In this paper,
we discuss configurations of pole-like landmarks to maintain continuous navigation with fault-free integrity, and we define
ranging error models from these landmarks for this purpose. Our overall goal is to provide tools to help design future urban




