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Schedule:
• Design and development begins in FY 2024
• Fabrication, integration and testing begins in FY 2025
• Pre-cursor launch in FY 2026 with Artemis III 
• Final assembly and launch in FY 2028 with Artemis IV

Major Objectives & Technical Approach
• Mitigate surface erosion and ejecta during landing
• Implement a low cost and high TRL system, which can be 

developed and implemented within 3-5 years
• Integrate into existing interfaces where possible

• Target unprepared and undeveloped landing sites, with a 
focus on developing lander agnostic solutions

• Limit designs to allow for testing and implementation on 
CLPS landers in addition to HLS

• No additional risks posed to crew or surface infrastructure
• Retire as much risk as possible prior to launch

Concept of Operations:

Key Design Details
 HINDER uses a 3 phase approach to select landing sites which 

reduced PSI effects in the absence of dedicated infrastructure:
• Use existing radar data to map bulk density before launch
• Use state of the art radar to measure soil characteristics during 

landing to avoid unfavorable landing sites 
• Reference simulations to quantify PSI effects of hazard avoidance
After landing, measure regolith characteristics to inform soil and 
erosion models

HINDER: Holistic Integration of Navigational Dynamics for Erosion Reduction
The University of Illinois Urbana-Champaign

Cost:
• Lower Estimate: 

o $1.36 million
• Upper Estimate:

o $14.8 million

Concept Innovations
• Applying radar estimates of soil models to landing site selection
• Adaptation of existing radar systems for real time surface 

characteristic measurements during final descent
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I. Introduction
The University of Illinois Urbana-Champaign proposes the Holistic Integration of Navigational Dynamics for

Erosion Reduction (HINDER), a systems-level concept aimed at mitigating the risks of plume surface interactions
(PSI) during final descent and landing. From mission planning through terminal descent to the lunar surface, HINDER
supports landing site selection within regions of interest to reduce the risks associated with surface erosion and ejecta
due to the thruster plume(s) impingement on the surface. To accomplish this, candidate landing sites with high bulk soil
density are first identified through remote sensing using pre-existing orbital assets, and high bulk density is correlated
with lesser surface erosion. During landing, a radar instrument onboard HLS is used during refine local bulk density
estimates with higher resolution and identify a more precise landing site. By integrating this approach into the existing
Precision Landing and Hazard Avoidance (PL&HA) system with consideration of the impact of a divert on PSI erosion
and cratering, an optimal descent trajectory can be implemented to reduce risks to the Artemis missions. With this
approach, HINDER is both lander agnostic and has small size, weight, and power (SWaP), providing the flexibility to
mitigate the effects of PSI for a wide range of locations and landers.

II. System Overview

A. Requirements
The 2024 Human Lander Challenge (HuLC) requirements are adapted into high level mission requirements as listed

in Table 1 and are all met by our proposed solution. Based on stakeholder interest in implementing a solution in a short
time frame regardless of the presence or absence of surface assets, HINDER focuses on mitigating the effects of PSI at
unprepared landing sites for HLS. Additionally, while not a strict requirement, HINDER is designed to not interfere
with other PSI instrumentation systems, such as the PSI Lunar Measurement System (PLUMES) [1].

Table 1 HINDER System Requirements

Identifier Requirement
MR-01 HINDER shall mitigate the effects of Plume Surface Interaction.
MR-02 HINDER shall be capable of implementation in ≤ 5 years.
MR-03 HINDER shall function in a cislunar environment.
MR-04 HINDER shall function with no assumption of pre-existing surface assets.
MR-05 HINDER shall be able to be integrated on any HLS lander.

B. Concept of Operations

Fig. 1 HINDER Concept of Operations
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HINDER commences with Phase 0 taking place on Earth, prior to the launch of any elements of the HLS mission.
Using maps of soil parameters derived from sensor data taken by the Lunar Reconnaissance Orbiter and Chandryaan-2,
areas with high risk for increased surface erosion can be identified and avoided during site selection. To further refine
the results of Phase 0 which is completed on Earth, Phase 1 is completed during flight above the Moon an uses a
radar instrumentation system to image the surface underneath the lander within the pre-selected landing zone. Radar
data transmitted and received in real-time during descent is compared against existing maps to ensure nominal radar
performance and positioning. This data is stored locally to then used to measure the change in radar response of
the landing spot before and after PSI. This operation is done to add to NASA’s current terrain relative navigational
capabilities, filling an existing gap within its precision landing and hazard avoidance (PL&HA) suite. Phase 2 is
Hazard Detection and Avoidance (HDA). In Phase 2, the instrumentation system identifies PSI hazards in real-time by
measuring soil parameters correlated with adverse PSI effects to the lander or nearby surface assets. Particularly, it
measures soil dielectric constant with radar and uses this to estimate surface soil bulk density. As the lander’s altitude
decreases and instrument surface resolution increases, the instrumentation system down-selects to landing sites with
higher surface soil density and creates a high-resolution soil density map. To choose a final landing site, the onboard
avionics combines data from the integrated Precision Landing & Hazard Avoidance (PL&HA) system and the resultant
density map. After a final landing site has been selected, the system diverts to it and progresses to Phase 3: Surface
Measurements. The instrumentation system remains active during terminal descent, measuring changes in dielectric
constant during active erosion to collect data and inform soil models. After surface operations are complete, Phase 4
begins and the instrumentation system measures changes in landing site soil parameters during the lander’s ascent to
study the effects of PSI during takeoff.

It is important to note that the current concept of operations differs slightly from the initial HINDER proposal.
Phase 1 and Phase 2 are altered to introduce a new terrain-relative navigation capability —referred to as hazard relative
navigation within the context of highly PSI-susceptible landing sites —to this system. This new capability enables the
system to match the hazard map generated in flight to the hazard map generated before flight, reducing risk and allowing
the flight radar to skip imaging areas which are known to be hazardous. Altitude changes for each phase are due to
operational and hardware limitations, including a new instrumentation system design which constrains Phase 2 to be
performed below the threshold of 490 m.

C. Developmental Timeline

Fig. 2 HINDER Review Timeline

The developmental timeline of HINDER is split into three phases: Exploratory, Foundational, and Operational.
The Exploratory phase begins in Fiscal Year (FY) 2024, focusing on concept and technology development. During
this phase, Mission Concept and System Requirements Reviews are conducted to outline the mission architecture and
evaluate the proposed objectives and strategies for achieving them. The Foundational phase starts in FY 2025 and
lasts until the end of FY 2027. Preliminary and Critical Design Reviews prior to fabrication are conducted in FY
2025. Integration and testing are planned for FY 2026 with the aim of developing a pathfinder to fly on a precursor
mission. The pathfinder will operate in data collection mode during Artemis III in Q4 FY 2026. The Operational
phase begins in FY 2028 and concludes with the launch of Artemis IV. After the precursor mission, each aspect of
HINDERs performance is evaluated in post-launch assessment and flight assessment review. Necessary changes are
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made to the final iteration of the system, which is then integrated into Artemis IV with full operational capability. The
implementation of HINDER in further missions is anticipated to follow the outlined timeline from the Operations phase
onwards. This timeline is based on NASA’s PLUMES technology development plan, reflecting the similarity in scope
and purpose between the two projects [1]. To address challenges faced by similar instruments, special emphasis is placed
on experimental milestones, mainly testing and integration. The HINDER review timeline and technology readiness
level (TRL) development schedule are shown in Fig. 2 and Fig. 3, respectively. The schedule is slightly delayed from the
preliminary timeline in the earlier HINDER proposal, with the Artemis III mission being switched from the first full
operation of HINDER to a data collection flight. The additional time between Artemis III and Artemis IV allows for any
issues identified with integration and opertion on Artemis III to be resolved.

Fig. 3 HINDER Developmental and Operations Timeline

D. Modeling and Validation
The primary effects of PSI impacting mission safety are ejecta dynamics, crater erosion, and the aerodynamics

of plume impingement. However, these effects are coupled. Because of this, only crater erosion is quantified in this
analysis with the assumption that mitigating this factor also results in mitigated ejecta impacts and aerodynamic effects.
To model crater erosion due to PSI, the analytical model developed by Leonard Roberts relating erosion rate to excess
shear stress (Roberts’ model) is used. This model is given in Eq. 1, and assumes that the erosion rate is determined by
the excess shear stress available to accelerate soil particles to a proportion of the gas velocity [2, 3]. This equation is
expanded on in Appendix XI.A.

𝜕𝑦

𝜕𝑡
=

2(𝜏 − 𝜏∗)
𝑎𝑢 · 𝜎𝑐 · cos (𝛽) (1)

In this model, 𝜏 is the shear stress, 𝜏∗ is the restraining shear stress, 𝛽 is the local slope angle, 𝜎𝑐 is the surface bulk
density, 𝑢 is the gas radial velocity, and 𝑎 is the fraction of the gas velocity that the particle achieves such that the final
particle velocity is 𝑎𝑢 [2, 4]. Roberts’ model assumes a single vertically oriented jet where the primary mode of erosion
is due to the viscous flow on the surface exerting a shear force on the top layer of the soil. Other diffusion driven flow
erosion models were also considered. In these models, the primary mode of erosion is caused by the diffusion of the
jet exhuast flow into the surface acting a lift force on the granular material [5, 6]. In Roberts’ model, this diffusion
driven erosion is not considered, as the assumption is made that the shear forces outweigh the gas diffusion. While
Roberts’ model is not as accurate as modern predictive models or CFD simulations, it is sufficient for a preliminary
demonstration of methods that can be applied with other models [7, 8]. It can also be used to identify driving variables
for PSI which can later be confirmed by the more complex models and simulations.

III. Target Site Selection

A. PSI Impact Mitigation Strategy
In the interest of predicting PSI-related hazards to landing and avoiding sites vulnerable to these hazards in mission

planning prior to flight, surface characteristics impacting erosion rate are identified through Roberts’ model to be bulk
density (𝜎𝑐), particle size (𝐷), and soil shear strength (𝜏∗). Based on this model, increasing the soil bulk density,
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particle size, and shear strength decreases the rate of erosion under PSI. Experimental results such as the Mauna Kea
lunar test and in-situ observations on the Apollo missions further support these conclusions [9, 10]. Newer models of
erosion such as the ones derived by Metzger also feature an inverse relationship between erosion rate and bulk density
[5, 6]. In order to remotely estimate these parameters from a long range prior to landing in order to characterize the most
hazardous sites, HINDER focuses on estimating regolith bulk density. This is because through the strong correlation
between soil bulk density and soil bulk density, the bulk density can be estimated for large parts of the lunar surface
using existing data without the need to launch additional instrumentation. While particle size and soil shear strength
are useful in identifying sites hazardous to landing, they are less easily derived from existing data sets and so they are
beyond the scope of this analysis. As a preliminary bound on the expected range of bulk density, the density values
measured by Apollo 17 core samples range from 1.57 g/cm3 to 2.29 g/cm3, which is a variation of over 30% in local
bulk density values [9]. Across all Apollo missions, the samples collected ranged from densities of 0.75 g/cm3 to a
maximum of 2.29 g/cm3 [9].

The key benefit of using remote sensing to identify and avoid hazardous terrain during mission planning is that it is
preventive: providing significant improvements to safety while remaining minimally invasive to the overall system.
HINDER does not require the pre-positioning of any assets on or around the Moon, which both enables a more rapid
path to implementation and enables its use for rarely-visited sites where permanent infrastructure, such as landing pads,
is not justifiable. It also does not interfere with any other PSI instrumentation on the lander or directly impact the
surface in any way that could compromise scientific research after landing. Instead, the identification of PSI hazards
prior to launch allows some level of PSI risk to be mitigated without any modification to flight systems.

B. Bulk Density Estimation Method

Fig. 4 Correlation Used for Lunar Regolith Bulk
Density Estimation [11]

In order to remotely estimate bulk soil density from existing
data, HINDER uses the strong correlation between bulk density
and the dielectric constant of the surface regolith [12]. For lunar
regolith, the dielectric constant 𝜀′ is approximately related to
the soil bulk density 𝜌 (in g/cm3) by the relation 𝜀′ = (1.92)𝜌
[11–14]. By measuring the dielectric constant of the lunar
surface using current and past orbiters, regolith bulk density
is estimated to a sufficient precision such that areas with less
favorable surface properties with higher erosion susceptibility
can be identified. These areas can then be classified as PSI
hazards and factored into the landing site selection prior to
launch from Earth. This relationship between dielectric constant
and bulk density is independent of composition, which enables
site assessments to be made with a single measurement even
in the absence of information about the composition of the
regolith. The correlation is close enough to reasonably identify
hazards within the landing area but lacks the precision needed
to optimize site selection between similar candidate sites.

While dielectric constant cannot be directly measured using remote sensing, multiple methods have been demonstrated
to accurately estimate it using Synthetic Aperture Radar (SAR) data when compared against in-situ measurements such
as those taken on Apollo 17. These methods include, but are not limited to, the Fresnel reflection coefficient model
[14], a modified Campbell inversion model [15], a co-polarization ratio model [16], a hybrid polarimetric scattering
similarity model [17], and a symmetric coherency and anisotropy model [18]. Due to the limits of this analysis only the
symmetric coherency and anisotropy model described by Bhattacharya et al [18] and the modified Campbell inversion
model described by Calla et. al [15] were replicated in Section III.D to demonstrate the potential of this concept.

C. Target Site Selection Using Existing Data (Phase 0)
Within the past year, the use of Mini-RF radar on the Lunar Reconnaissance Orbiter (LRO) to characterize bulk

density with dielectric constant, specifically in the context of the Artemis III landing sites, has been suggested by
Patterson et al. along with the Mini-RF team and Rivera-Valentín et al. [19, 20]. Given the experience of Patterson and
the Mini-RF team and their prior work with NASA, it is likely that the models planned for this analysis would be well
suited for implementation in HINDER. Additionally, Patterson et al. have identified that 10 of the 13 candidate Artemis
landing zones have high-resolution (30 m per pixel) S-band data that can be used for this purpose, while the remaining
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sites are covered by lower resolution (100 m per pixel) data sets [20]. The novel proposal of HINDER is to apply this
data to identify target landing sites which are less susceptible to PSI due to a higher local bulk density, allowing PSI to
be mitigated without modification to any flight systems and completing before the lander itself even leaves Earth. The
resolutions of current Mini-RF data sets are acceptable for identifying and comparing candidate landing targets within
the broader landing zones since the HLS lander is intended to land within 100 m of a target [21]. When verifying the
models applied in Section III.D, ground based Apollo measurements of dielectric constant above 4 were not included
in the verification data set. This is because dielectric constant measurements of 𝜀′ > 4 are typically associated with
individual rocks rather than bulk soils [9, 12].

D. Methods and Verification for Concept Demonstration
The first model replicated as a HINDER concept demonstration is the symmetric coherency and anisotropy model,

developed by Bhattacharya et al. [18]. This model works by using the opposite sense radar backscatter coefficient from
Synthetic Aperture Radar (SAR) measurements to estimate an anisotropy parameter for the regolith, which can then
be used to bound the local dielectric constant [18]. This backscatter coefficient can be derived from the co-polarized
scattered power, which is a function of the Stokes vector as described by Fa et al. [22]. The Stokes vector is a set of
values that characterizes the radar polarization, and Stokes vector datasets are available as derived datasets of Mini-RF
radar measurements. Additionally because radar returns can be significantly influenced by surface slope, the results
are considered unreliable for slopes >10◦ (which are also beyond the landing constraints for HLS) [18]. Applying this
process, the results from Bhattacharya et al. for the Apollo 17 site were replicated without masking slopes, as shown in
Fig. 5b. This method was verified by the original authors by comparing the average dielectric constant calculated to the
average value in the region [18]. However, the verification work performed for HINDER shows that the the relative
trends of high and low dielectric constant produced by the model contradict the measurements taken during Apollo 17,
as shown in in Fig. 5c. For this reason, the symmetric coherency and anisotropy model is not used for further analysis,
but demonstrates the methods used to confirm the accuracy of a data processing method.

(a) Original Map from [18] (b) Map from HINDER Code (c) Anisotropy Model Verification

Fig. 5 Dielectric Constant from the Anisotropy Model for the Apollo 17 Site

The second model replicated as a HINDER concept demonstration is a modification of the Campbell inversion
model. The Campbell inversion model given in Eq. 2 where 𝜙 is the look angle and 𝜎0

𝐻𝐻
and 𝜎0

𝑉𝑉
are the horizontal

and vertical backscatter coefficients, respectively [12]. However, this model requires the use of polarized backscatter
coefficients, which cannot be obtained from a hybrid polarized radar like Mini-RF. Instead, this analysis uses a modified
version of the model which replaces the horizontal and vertical backscatter coefficients 𝜎0

𝐻𝐻
and 𝜎0

𝑉𝑉
with the circularly

polarized equivalents, 𝜎0
𝐿𝐻

and 𝜎0
𝐿𝑉

, which is given in Eq. 3 [15]. This change significantly reduces the accuracy of the
model but preserves many of the local trends and allows the data to be easily processed. For full implementation of
HINDER by NASA, a different model is recommended.

𝜀′ =
©­«sin(𝜙)/sin

arccos

(
𝜎0
𝐻𝐻

𝜎0
𝑉𝑉

)0.25

− 𝜙
ª®¬

2

(2) 𝜀′ =
©­«sin(𝜙)/sin

arccos

(
𝜎0
𝐿𝐻

𝜎0
𝐿𝑉

)0.25

− 𝜙
ª®¬

2

(3)
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For this analysis, we replicated the approach described by Callo et. al [15] of using hybrid polarimetric data from
Mini-RF in a modified version of Campbell’s inversion model given in Eq. 3. Our maps resulting from applying this
approach to data from the Apollo 17 site are shown in Fig. 6. The trends in dielectric constant over the terrain largely
matched the trends in Apollo 17 sample measurements [15, 17]. While there are still some significant errors in the
dielectric constant estimation across these samples, these errors and imprecision are expected for a simplified model like
this, while more advanced models such as the Fresnel coefficient model used by Kumar et. al [14] have demonstrated
dielectric constant estimation errors of <5% for Apollo 17 sample sites. For the purposes of a HINDER concept
demonstration, the modified Campbell inversion model is considered sufficient, though additional analysis with more
accurate models as recommended by the Mini-RF team is required for effective landing site selection [19, 20].

(a) Dielectric Constant (b) Bulk Density (g/cm3) (c) Campbell Model Verification

Fig. 6 Campbell Inversion Model Results for the Apollo 17 Site

E. Concept Demonstration of Radar for Target Site Selection
Based on the relative success of the Campbell inversion model at identifying approximate trends and bounds in the

local dielectric constant in Section III.D, the method is applied to candidate Artemis landing regions to estimate the
local variation in regolith bulk density around these areas. The primary landing region analyzed is in the Haworth
region, particularly in a flat area with slopes <10◦ due to HLS constraints [21]. This area is approximately 3 km by
3 km and is centered at 87.255◦S and 338.8◦E. This region is used as example of how this method can be generally
applied to candidate landing regions to identify and avoid potentially hazardous sites in the mission planning process.
Within this area, the regolith bulk density is estimated to vary significantly from about 0.8 g/cm3 to 2.0 g/cm3. As an
example of the potential impact of this landing site selection method, there are two landing circles placed on Fig. 7,
each about 200 m diameter based on HLS landing precision [21]. These landing sites are only about 300 m apart from
center to center, but the average estimated bulk density within them varies from about 1.25 g/cm3 to about 1.71 g/cm3,
a difference of 27%. By taking these differences into account during mission planning under the principle that higher
local soil density leads to lower surface erosion under PSI, the impacts of PSI from HLS can be significantly mitigated
without any modification to the lander.

Fig. 7 Haworth Landing Site Bulk Density Estimation in Context (g/cm3)
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IV. Hazard Relative Navigation
A. State of the Art

While the use of global-positioning systems has dramatically simplified navigation on and near Earth, a similar
capability is not yet available for missions to the Moon. Instead, terrain relative navigation (TRN) is a pivotal navigation
technology that guides landers to their final destination in a precise and safe manner. Given the varied surfaces of
planetary bodies, TRN allows landers to navigate the terrain and find their landing site by comparing real-time images of
the surface to pre-existing maps. Notably, TRN was demonstrated successfully on the Mars 2020 spacecraft depositing
the Perseverance rover onto the Martian surface. The recent IM-1 mission by Intuitive Machine’s Nova-C lander
also used the technology successfully to land on the moon within 1.5 km of the target location [23]. The general
concept of terrain relative navigation has a high technological readiness level, but there are certain goals set by NASA
for technological improvements of TRN technologies that have yet to be developed. The first is to design a TRN
sensor that can map a planetary surface effectively in real-time during descent within dark, shadowed, or illuminated
regions. Having technology that is independent of surface lighting will help modern landers land anywhere and at any
time without constrictive lighting requirements. The second is to take advantage of modern technologies and sensor
capabilities to facilitate technology transfer into NASA’s instrumentation suite. The third is to solicit public-private
partnerships and use commercial off-the-shelf (COTS) sub-systems to accelerate developmental timelines. These three
goals for NASA’s precision landing and hazard avoidance (PL&HA) technology gaps are all supported by HINDER
radar instrumentation within Phase 1 (Hazard Relative Navigation) of the HINDER Concept of Operations [24].

B. Instrumentation System Design
A key aspect of the HINDER system is that it characterizes high-PSI susceptible sites as landing hazards, in the

same way that large rocks, steep slopes, craters, and other surface objects that violate HLS-R-0071 requirements are
considered landing hazards [21]. HINDER integrates an instrumentation system onto the HLS lander to identify
high-PSI susceptible sites during descent and image the lunar surface to decrease landing risk and meet the three
aforementioned PL&HA goals. The instrument is designed to not only meet the HINDER mission requirements, but also
contribute to Artemis and HLS goals as well. Table 2 depicts additional requirements and objectives for the instrument
to contribute to the greater goal of the Artemis missions.

Table 2 Instrumentation System Requirements [25]

In selecting a remote sensing technology for measuring dielectric constant, various sensor types and operating
modes were evaluated. Passive sensors, such as lidar and optical cameras, were compared to active sensors such as radar
(Appendix 6). While passive sensors typically have lower weight and power consumption requirements, radar is selected
for HINDER due to the proven ability to estimate the bulk density of lunar regolith through measurement of dielectric
constant. Radar is also capable of operating with no performance loss in dark, shadowed, or illuminated regions on the
surface. The ability to function independently of surface lighting allows for any-time landings, a necessary characteristic
for when launch cadences are increased in the future. As mentioned in Section III.C, the Mini-RF radar is a TRL 9
instrument used aboard LRO and Chandrayaan-1 that is used for imaging the lunar surface and all Artemis candidate
sites. While Mini-RF is a compact-polarimetric radar which transmits circularly polarized radar and receives a linearly
polarized signal, HINDER is anticipated to use dual-polarized elements to achieve full-polarization and conserve mass
and power compared to a compact-polarimetric radar. While this may require the use of a different model to estimate
surface dielectric constant than is used for Mini-RF data, high accuracy models are also available for linearly polarized
radar [12]. The calculations for key sizing values showcased in Table 3 are included in Appendix XI.B.
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Table 3 High-Level Radar Parameters

Requirement Value

Frequency 24 GHz

Wavelength 12.5 mm

Antenna Size 0.36x0.36 m

Estimated Total Mass 15-25 kg

Beamsteering Electronic

Beam-Angle Range 0-30 degrees

Beam Width 3.1-3.5 degrees

Number of Elements 1024

Total Power 20 W

Antenna Efficiency 30%

Transmit Power 114.8 dBm

Pulse Width 10 ns

For HINDER’s radar operating mode, a K-band phased array radar
scatterometer is used to obtain high resolution (low beam width) point
measurements of the surface. This frequency selection is driven by the
mass availability of commercially-off-the-shelf (COTS) systems that can
be applied for HINDER’s purpose. Automotive radars are standardized to
two frequency’s: 24 GHz and 77 GHz. Because a current NASA science
objective is to obtain regolith bulk density down to at least 20 cm, the
choice of 24 GHz is made to meet that requirement [26].

The approach of using a phased array radar as a scatterometer has been
extensively demonstrated and validated through commercial automotive
systems. These system are designed to meet rigorous standards for
reliability, precision, and durability. Even with existing high technical
standards, continuous advancement within the automotive industry have
increased radar resolution and signal processing capabilities. While
HINDER requires more phased array elements and a higher transmitting
power than that of commercial automotive systems, the design approach
and sizing methods of these systems can be leveraged.

The digital beam forming of a phased array radar allows the beam to
be steered and map the lunar surface without mechanical actuation and
allows the radar to operate at lander angles up to 30◦ from to the site being
targeted. This minimizes the integration requirements that the HINDER
instrumentation places on the lander and does not require any changes
to the lander guidance, navigation, and control (GN&C) system. If this
field of view is insufficient based on the planned lander trajectory, the
instrument can be mounted at an angle to the lander base to take advantage
of the full 60◦ cone field of view.

C. Calibration (Phase 1)

Fig. 8 HRN Logic Flowpath

The initiation of the instrumentation system occurs during
descent, at approximately 1km altitude. At the same height, other
PL&HA systems activate concurrently. Due to HINDER’s antenna
beam width, dielectric constant data resolution is only better than
existent data below an altitude threshold of 490m, no matter the
lander. This operational limit is not a constraint on the overall
performance of the system because from initiation to an altitude
of 490m, a calibration procedure is performed to confirm nominal
operations of the system. By leveraging a process similar to TRN
but with imaged dielectric constant data, HINDER can verify
whether collected data matches expected returns based off of
existing data. Any anomalous signals received shall trigger an
object differentiation process which uses a suite of signal processing methods to filter out abnormal results. At the same
time, imaging returns are saved locally and transmitted back to Earth once touchdown is complete for future analysis.
This process is called hazard relative navigation (HRN) and is a critical redundancy feature to ensure that radar returns
during the next phases will accurately guide the lander towards a safe site. Figure 8 depicts a high-level overview of the
radar logic in Phase 1.

V. Hazard Detection and Avoidance

A. State of the Art
Current hazard detection and avoidance (HDA) sensors and technologies in use on CLPS landers autonomously

identify landing hazards and direct the lander to a safe location in real-time during final descent. Remote sensing
instruments from orbiters have limited resolution, and autonomous landers require as much data as possible ensure
a safe landing. Intuitive Machine’s Nova-C landing during IM-1 in February of 2024 required a safe landing site no
smaller than 10 meter by 10 meter, but existing data does not support resolution that high [23]. Multiple sensors such as
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optical cameras for crater recognition, lidar for surface slope detection, inertial measurement units (IMU) for positioning,
and others contribute to the active detection of and navigation to a safe landing site. However, multiple technological
gaps and areas for improvement exist within current HDA capabilities. Real-time mapping technologies for hazard
detection and avoidance during lunar descent all the way until landing is a current developmental focus driven by NASA.
Additional instrumentation to append to fused-sensor maps and advanced algorithms to aid in landing-site identification
are both goals also recognized by the administration [24].

Sensor fusion is the process of merging data from different sensors to create a more accurate and comprehensive
understanding of the environment. Data from diverse sensors such as optical cameras, lidar, radar, ultrasonic, inertial
measurement units, and others is integrated together to create a comprehensive understanding of the terrain. To
accomplish this, each sensor feeds data into a virtual processing unit (VPU), a computing platform within the command
and data handling (CD&H) subsystem. The VPU then processes the data and forms hazard maps, which are cost maps
that determine the danger of landing at a site within the range of the map. Figure 9 shows examples of hazard maps
generated by a lidar-based system which captures elevation, slope, and roughness data of an equivalent area.

Fig. 9 Hazard Map Examples [27]

The VPU then integrates all hazard maps to form a singular fused hazard map, completing the sensor fusion process.
Each graph has a different range of values due to the respective parameter it is depicting. Sensor fusion normalizes all
of the different values to one singular scale. Figure 10 shows the output from the sensor fusion process with the three
previously shown hazard maps as inputs.

Fig. 10 Fused Hazard Map Example [27]

Because the final output is a cost map, the landing site with the least cost is the most desirable for landing. The
areas masked with a red plaid pattern fall out of the preliminary requirements set for a safe landing and thus are not
considered. The fused hazard map is constantly updated throughout flight, until a designated altitude threshold is met.
The final coordinates are then sent to the central processing unit, or CPU, to be then processed using GN&C algorithms
and converted into flight maneuvers.
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B. Architecture and Operations

Fig. 11 HINDER HDA Architecture

Fig. 12 GNC Integration

HINDER integrates into HLS’s existing Hazard Detection and
Avoidance (HDA) architecture by providing additional hazard maps of
bulk density and divert-induced erosion into the existing landing site
selection process. The fused hazard maps generated by the lander’s
sensors and HINDER’s instrument are used to calculate the safest
landing point in the area, which is then fed into the guidance, navigation
and control system, commanding the divert maneuver towards the
chosen site. To do this, the existing navigation system generates a
new trajectory which is delivered to the the guidance system, enabling
existing flight control system to generate the necessary commands for
the lander’s control systems. This architecture ensures that HINDER
can be added on to any existing GNC system using sensor fused
HDA maps without significant modification. Figure 11 showcases
how HINDER integrates into a typical HDA architecture with the
additions to the hazard map and control block. Figure 12 expands on
how HINDER integrates with navigation and guidance processes.

C. Active Hazard Avoidance (Phase 2)

Fig. 13 HDA Logic Flowchart

Once the lander descends below the 490m threshold and the
HRN process detects no data anomalies, Phase 2 begins. Here,
resolution from the radar becomes higher than that of existing data
and thus, higher-fidelity landing decisions can be made. As the lander
approaches terminal descent, the bulk density hazard map shown
in Figure 11 is constantly updated with newly processed radar data

imported from the VPU. This real-time hazard detection process is crucial to make the most well-informed landing
decision within the performance bounds of the radar system. Figure 13 depicts a high-level overview of the radar logic
during the real-time hazard detection process. The bulk density maps alone, however, cannot be used to conduct diverts,
as the act of diverting also impacts erosion and PSI. Hence, it is necessary to create an additional hazard map that
accounts for the PSI cost of diverting to another location. While the bulk density hazard map is computed during flight,
the divert hazard map can be created using simulations before flight as a function of altitude and accessed from memory.
Like the bulk density hazard map, this divert hazard map is integrated into the existing set of HDA hazard maps to
minimize the changes to the HLS guidance and control system while still positively impacting the trajectory to mitigate
PSI effects.
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D. Landing Divert Analysis
As a low-fidelity demonstration of this concept, a set of example divert hazard maps were created using Roberts’

model. While this model is relatively simple, it is sufficient to demonstrate the concept. For a full implementation on
HLS, more complex and accurate state of the art PSI models and simulations will be used. As preliminary validation
for this approach, these simulation results were compared against experimental data from the PSI research laboratory
at the University of Illinois. Setting the variables of the simulation used for the HINDER divert map demonstration
to match the lab conditions, the simulations accurately replicated the experimental data within acceptable margins.
The expanded results of this validation are available in Appendix XI.D, and the parameters of the analysis and the
sub-scale experiment parameters are described in Appendix XI.C. In this context, the units ℎ/𝐷, 𝑥/𝐷 and 𝑧/𝐷 represent
non-dimensional heights and distances where ℎ, 𝑥, 𝑧 and 𝐷 refer to height, x-axis distance, z-axis distance and nozzle
diameter, respectively.

As a proof-of-concept, all simulations assume the lander uses a single vertical nozzle and executes a slant divert at
each point of the map. This type of trajectory, which is a popular basic maneuver from literature, offers a simplified
model of divert maneuvers [28]. This maneuver allows the simulations to remain within the assumptions of Roberts’
model. In this analysis, it serves as a baseline for understanding erosion mechanics in more complex divert trajectories.
This analysis also uses two-dimensional models to identify bounds to the domain and a three-dimensional model for the
full cost maps.

Fig. 14 Three dimensional Implementation of Roberts’ model

While the two-dimensional Roberts’ model simulation is based off code originally developed by the University of
Illinois PSI lab, a divert implementation and a three-dimensional simulation were developed by the HINDER team [29].
Within Roberts’ model, the erosion due to a nozzle at a given position is a function of 𝛽, the local slope angle, and 𝜃, the
azimuth angle. Converting this to three dimensions, the two-dimensional math of Roberts’ model can be extended to
three dimensions by treating each point on the surface as part of an independent two-dimensional model, as shown in
Fig. 14. This was also used to simulate a moving thruster. The conditions are the same as shown in Appendix XI.C.

E. Landing Site Divert Bounds

Fig. 15 Erosion rate vs height

For these simulations, Roberts’ model was used to model crater erosion
rate as a function of engine and trajectory parameters, including height above
the surface, chamber pressure, nozzle radius, chamber temperature, and exit
Mach number. Variables such as nozzle radius, chamber temperature, and
exit Mach number are constant for each landing, whereas chamber pressure
and height above the surface vary throughout the trajectory. Figure 15
showcases the relationship between erosion rate and height for the various
maximum chamber pressures expected from past lunar landers [30]. The
specific values for this analysis are included in Appendix XI.C, and all
lengths are non-dimensionalized by division by the nozzle diameter, 𝐷.
From initial analysis, it was identified that the erosion rate spikes in between
an order of 100 and 101 ℎ/𝐷 of altitude. Hence, the majority of the surface
erosion is dictated by the activity below the 100ℎ/𝐷 mark. As a result, any
maneuvers and aborts above this altitude would not significantly impact
PSI cratering. This finding is supported by simulation work done by the
Marshall Space Flight Center in support of the Firefly Aerospace Blue
Ghost Lander [7, 31].
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These findings were then used to bound low-fidelity Roberts’ model simulations of diverts for a divert impact hazard
map concept demonstrate. The parameters for the divert are stated in Table 4. While the results of the divert hazard map
demonstration are somewhat dependent on these values, the principle of the divert hazard map concept can be applied
for any lander configuration with an HDA system.

Table 4 Divert Parameters

Parameter Value
Initial Descent Height 100 ℎ

𝐷

Divert Height [90, 50, 10] ℎ
𝐷

Divert Distance in x and z axis [0, 10, 20, ...., 100] 𝑥/𝑧
𝐷

Descent Velocity 1( ℎ
𝐷
)/𝑠

Divert Velocity 20( 𝑥
𝐷
)/𝑠

F. Divert Hazard Map Concept Demonstration
As a concept demonstration of divert hazards maps for PSI impacts, a set of hazard maps was simulated for

non-dimensionalized heights of 90, 50, and 10 ℎ/𝐷, which are shown in Fig 16. These maps represent the hazard map
evolution over a lander’s descent. Based on this simplified application of Roberts’ model for a homogeneous surface,
the simulation results imply that a divert at a high altitude (near 90ℎ/𝐷) not only decreases the cost compared to that of
a lower divert, but also may reduce volumetric erosion relative to a purely vertical descent. This is likely because under
viscous erosion theory and Roberts’ model, a flat surface erodes slower than a sloped surface. Additionally, increasing
the altitude decreases erosion regardless due to the greater distance from the surface, providing the additional benefit of
a high diversion. Therefore, conducting a high altitude diversion over flat ground results in lower overall erosion when
compared to that of its lower altitude counterpart.

(a) 90h/D Altitude (b) 50h/D Altitude (c) 10h/D Altitude

Fig. 16 Divert Hazard Maps

At lower altitudes, a divert maneuver becomes more costly in terms of total volume eroded, which is expected due to
higher erosion rates. The transition when diverts become less beneficial seems to occur between 90 and 50 ℎ/𝐷, however
this threshold is a function of the specific lander, surface characteristics, and simulation model used. The pre-flight
analysis for this hazard mapping does not take into account non-uniform surface topology or other uncertainties in
the surface which will be encountered. Thus, this analysis can be further refined during flight using the data gathered
about surface topology from HINDER and other HDA instruments. This includes, in the future, landing proximity to
surface assets, which could be negatively weighted. Through further analysis, either during flight or with higher fidelity
pre-flight simulations, the specific threshold within which diverts are beneficial to erosion can be determined. Through
these initial findings, it can be seen that the divert-induced erosion map, within the HDA system, provide the guidance
and navigation with the ability to effectively reduce PSI effects over the course of a landing.
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VI. Surface Measurement and Ascent
Once a landing site is selected by the PL&HA system and terminal descent begins, the HINDER radar instrumentation

can either be deactivated to prioritize power for other PSI instrumentation or it can continue operating in a data collection
mode. If power is available, the instrument continuously records radar measurements of the selected landing site all the
way through touchdown on the surface and shutdown of the landing engines. Through analysis of this data following
the mission, it may be possible to gain new insights into how the plume impacts surface characteristics and dielectric
properties throughout the landing process, including changes to the upper regolith density due to erosion. While this
data may not be available to guide the final part of the descent due to plume and dust interference with the radar, the
change in radar reflectivity of the landing site from initial measurements during hazard detection to measurements taken
on the surface after landing could provide insights into the impacts of the landing on the local geology that are not
obtainable by other instrumentation.

Similarly, while the proposed instrumentation system cannot be used for hazard detection or avoidance on ascent
from the lunar surface at the end of the mission, it can be used to re-survey the landing zone and nearby areas to
characterize the changes caused by landing and surface activity. These measurements could provide additional context
to visible spectrum imagery of changes to the surface and long range measurements of the changes caused by ascent,
though the extent to which radar measurements would detect surface changes as a result of PSI will require further
analysis.

One of the biggest challenges surrounding current plume-surface-interaction research is the uncertainty within the
existing soil model. By leveraging the instrument to find the bulk density of the landing zone before and after erosion
begins, erosion rates and crater shapes can be correlated with the measured soil properties, and further PSI modeling
efforts will have access to additional soil model information.

VII. Test Campaign
Due to the aggressive timeline and the relatively short foundational phase (Figure 3), HINDER requires a rigorous

verification and validation process. Initial testing during the exploratory phase and early part of the foundational phase
includes software-in-the-loop and hardware-in-the-loop verification tests. Given the importance of integration and test
for PSI instruments such as Ejecta STORM, a significant emphasis is paced on this effort for HINDER in order to meet
the target schedule.

The system needs to the be tested over a series of field tests using flight-like profiles that are expected during the
descent phase. Additional testing to stress operational modes outside of the expected descent trajectories are also
performed. In order to conduct these initial tests terrestrially, a variety of equipment is used to cover the large span
of altitudes and velocities that the lander and system experience during descent. A high-performance jet can be used
for high-altitude high-velocity testing to simulate Phases 1 & 2, whereas a helicopter can be used for low-altitude
low-velocity testing to simulate Phases 3 & 4. Precedence in using such aircraft to simulate flight profiles terrestrially
has been established by the Mars Terminal Descent Sensor (TDS) team. The TDS is a pulse-doppler landing radar that
was used aboard the Mars Science Laboratory spacecraft to aid in determining when and where it was safe to lower the
Curiosity rover to the ground. Jet Propulsion Laboratory (JPL) engineers involved with the TDS program integrated
the instrument onto an F/A-18 aircraft and Eurocopter AS350 helicopter to test instrument performance by simulating
expected flight profiles. With the TDS program showing promising test results and a rapid design/integration timeline,
HINDER utilizes a similar terrestrial testing campaign [32]. By performing these tests early in the development process
and often to iterate on the design, HINDER aims to reduce the risks in integrating the system and identify potential
issues early in development. In addition to functional and performance testing on aircraft, HINDER instrumentation and
software solutions are intended to begin preliminary integration with HLS as early as possible. This will allow the
system to be designed with greater knowledge of the limitations of HLS, and will allow potential integration issues to be
identified before they become critical.

For the underlying simulations and modeling supporting the creation of hazard maps, the models shall be validated
as they are generated by the relevant investigators. For example, bulk density estimation hazard maps generated by the
Mini-RF team using existing radar data are expected to be validated by the team processing the data and producing the
resulting data product.
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VIII. Cost Analysis
Using existing NASA costing tools, two cost estimates were generated for HINDER, providing a bounded range.

The high end of the range was created using NASA’s Instrument Cost Model (NICM). NICM is a JPL cost-modeling
tool that uses mass and power-driven Cost-Estimating Relationships (CERs). The total cost projection using this method
is $14.8 million, which is broken down into $9.9 million for the sensor itself and $4.9 million of programmatic costs,
including integration and test. This estimate is expected to be the high end of the range, as the NICM CERs are based
on heritage instrument development. Since HINDER is similar to traditional systems on Earth, it is expected to have
lower development costs.

Fig. 17 Cost Breakdown

To take into account the similarity between the HINDER
instrument and existing commercial systems such as auto-
motive radar, a cost estimate was conducted by comparing
to existing radar systems. A hardware cost of $500, 000
was assumed, and NASA CERs were used to estimate the
programmatic and software costs. This method returned a
forecasted cost of $1.36 million, forming the lower bound
estimate. The final estimated cost for HINDER is between
1.36 and 12.78 million USD. This range also includes the cost
of developing the bulk density and divert hazard maps, which
are likely to be done by NASA or in close collaboration with
NASA teams. Figure 17 summarizes the cost per year and
breaks down each cost category: design and development,
fabrication, integration and testing.

IX. Risk Analysis
HINDER minimizes risk through its flexibility in design and scope, as well as its realistic integration into existing

HLS systems. Rather than requiring entirely new systems or procedures, HINDER leverages the work already being
done for HLS through the hazard detection and avoidance system and builds on it in a way that can be easily disabled
in the event of an anomaly. The greatest risk to HINDER is programmatic, with the redirection of funding to other
HLS instruments. To mitigate this, HINDER can be slowly implemented over multiple phases over multiple missions,
allowing the costs to be spread out while continually improving HLS safety to a significant extent with each step.

To reduce risks in the flight systems, pathfinders are developed to be used on terrestrial test beds to validate
performance in flight like conditions. A precursor mission on Artemis III is also planned to verify the performance of
the full-scale product. HINDER is also designed to be minimally invasive to the HLS’s PL&HA system, adding only to
its hazard maps that feed into respective GN&C systems.

Fig. 18 Pre-Mitigation (Left) and Post-Mitigation (Right) Risk Matrix
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Table 5 Risk and Mitigation Table

ID Risk Mitigation

1
Given the limitations on funding for PSI instrumentation, there is a risk that
funding is redirected to other instruments adversely impacting the resources
available to implement the design and leading to the instrument not being
available for a mission.

HINDER uses a flexible scope and timeline to implement PSI erosion
reduction in multiple steps, allowing for a gradual buildup of capability if
required.

2
Given that S-band radio is used for communications between Artemis assets,
there is a risk that the frequencies used expand beyond the current guidelines,
resulting in the potential for interference from the radar and requiring the
radar to be redesigned to accommodate a different frequency.

Preliminary design is agnostic of exact frequency used, with final frequency
selection being made after communications frequencies are disclosed. The
narrow beam width of the radar also significantly reduces the side-lobe
interference to the communications system.

3
Given that HINDER must integrate with HLS hazard detection system, there
is a risk of software testing failure, adversely impacting mission readiness
and leading to cost and schedule increases.

The HINDER elements of the hazard detection system can be easily disabled,
allowing the mission to proceed with the HINDER systems in a data recording
mode in the event of integration delays.

X. Conclusion
After more than half a century, humanity will once again set foot on the Moon with Artemis III. HINDER will play

a crucial role in ensuring astronauts’ safe return by mitigating the threats originating from ejecta and cratering. To
supplement current hazard relative navigation and avoidance systems for HLS, HINDER uniquely proposes two phases
of radar-based surface characterization and landing site selection. This selection starts with mission planning based on
existing lunar data sets and further refines this selection in flight with an active phased-array radar system that measures
dielectric constant in real-time to avoid hazardous landing sites with high PSI-susceptibility. HINDER also proposes
trajectory deviations that are processed and initialized during the hazard detection and avoidance phase for diverts away
from hazardous sites. These diverts to locations with higher bulk density further minimizes ejecta, safeguarding critical
instrumentation and the lander.

Taking full advantage of all flight systems included in the HINDER design, the proposed solution supports long
term PSI research by measuring and informing a better understanding of soil bulk density and its correlation to erosion,
enabling an increase in fidelity for PSI and surface modeling lunar soil models. Better soil models lead to more
confidence in technologies developed on Earth for the moon.

HINDER is not only within compliance of the 2024 Human Lander Challenge requirements, but also contributes to
the closure of technological gaps within NASA’s PL&HA instrument suite. With HINDER’s innovative approach, the
Artemis missions are poised to overcome lunar surface challenges and ensure the safety and success of humanity’s
return to the Moon.
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XI. Appendices

A. Roberts’ Model Expansion
Roberts’ model is stated by Hutton [3]:

𝜕𝑦

𝜕𝑡
=

2(𝜏 − 𝜏∗)
𝑎𝑢 · 𝜎𝑐 · cos (𝛽) (1)

However to conduct the Monte Carlo and trajectory analysis, the individual components need to be expanded to calculate
the erosion rate using soil and engine parameters. The shear stress (𝜏) is expanded as:

𝜏 = 𝐶 𝑓 𝑞 (4a)

Here, 𝑞 is the dynamic pressure, which can be calculated using the following formula:

𝑞 =
𝛾

𝛾 − 1

[
1 −

(
𝑝

𝑝𝑠

) 𝛾−1
𝛾

] (
𝑝

𝑝𝑠

) 1
𝛾

𝑝𝑠 (4b)

𝑝 is the ground pressure, which is calculated as:

𝑝 = 𝑝𝑠 cos(𝜃)𝑘+4 cos(𝛽)2 (1 − tan(𝜃) tan(𝛽))2 (4c)

Here 𝑝𝑠 is the stagnation pressure, which is calculated using the following formula:

𝑝𝑠 =
𝑘 + 2

2

( 𝑟𝑒
ℎ

)2
𝑝𝑟 (4d)

Here 𝑝𝑟 is the post-shock recovery pressure, which is calculated using the following formula:

𝑝𝑟 =

(
1 + 𝛾𝑀2

𝑒

)
𝑝𝑐(

1 + 𝛾−1
2 𝑀2

𝑒

) 𝛾

𝛾−1
(4e)

The shear restraining stress (𝜏∗) is expanded as:

𝜏∗ = 𝜎𝑐𝐷𝑔 cos 𝛽 tan𝛼 − 𝜎𝑐𝐷𝑔 sin 𝛽 + 𝐴𝑐𝑜ℎ

𝐷3 + 𝜏𝑐𝑜ℎ (5)

The momentum factor (𝑎) is expanded as:

𝑎 =
1

0.5 +

√︄
0.25 +

(
1
18

𝜇𝑐ℎ

𝜎𝐷2
√
𝑅𝑇𝑐 (𝑘+4)

(
1 + (𝑘+2)𝐷𝐶𝑑 𝑝𝑟

72
√

2𝜇𝑐
√
𝑅𝑇𝑐

( 𝑟𝑒
ℎ

)2
)) (6a)

𝑘 is the hypersonic simularity parameter, which is calculated as:

𝑘 = 𝛾(𝛾 − 1)𝑀2
𝑒 (6b)
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𝐶𝑑 is the friction coefficient of particles, which is estimated to be:

𝐶𝑑 =
24
𝑅𝑒𝐷

(6c)

𝑅𝑒𝐷 is the particle’s Reynolds number, which is calculated as:

𝑅𝑒𝐷 =
𝜌𝑢𝐷

𝜇
(6d)

𝜇 is the gas viscosity. which is calculated as

𝜇 = 𝜇𝑐

(
𝑝

𝑝𝑠

) 𝛾−1
2𝛾

(6e)

𝑢 is the velocity parallel to surface, which is calculated as:

𝑢 =

√√√
2𝛾

(
𝑅𝑇𝑐

𝛾 − 1

) (
1 −

(
𝑝

𝑝𝑠

) 𝛾−1
𝛾

)
(6f)

𝜌 is the gas density, which is calculated as:

𝜌 =
2𝑞
𝑢2 (6g)
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B. Instrument Trade Studies & Requirements

Table 6 HINDER Instrumentation Technology Selection

Table 7 HINDER Radar Trade Studies

To size the radar antenna, it is assumed that all elements are square and have a spacing of 𝜆/2. Based off analogous
24GHz radar systems, HINDER’s elements are 5mm x 5mm. With a wavelength of 12.5mm, the following equations
show how antenna sizing was achieved:

The element width 𝐸𝑤 is defined as:
𝐸𝑤 =

5
1000

m (7)

To get 1024 total elements, the number of elements on each side of the antenna, 𝑛, is given as:

𝑛 = 32 (8)

The length of one side of the antenna given in meters is calculated by:

𝐿𝑚 = 𝑛 · 𝐸𝑤 + 𝑛 · 𝜆
2

(9)

Given one side, the total area can then be calculated by:

𝐴 = 𝐿2
𝑚 (10)
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To make sure the radar has enough penetration depth this equation is used:

𝑑 =

√
𝜀real

2 · 𝜋 · 𝜀imaginary
· 𝜆 (11)

The relationship between 𝜀real & 𝜀imaginary is given by:

tan(𝛿) =
𝜀imaginary

𝜀real
(degrees) (12)

Instrument mass was found by comparing two current systems. One of the systems, ROLSES, is a low-wavelength radar
with a small antenna. It is assumed that HINDER, since it requires a larger antenna, has a larger mass than ROLSES.
The mass of ROLSES’s entire system is 14.8kg [33]. The larger system is the Mars Terminal Descent Sensor (TDS).
The TDS uses 6 fixed antennas compared to the 1 phased array antenna used for the HINDER radar instrument.

C. Parameters for Trajectory and Divert Analysis
The parameters inputted into the Roberts’ model for the trajectory and divert analysis are shown in the following tables.
These numbers are based on the sub-scale laboratory conditions described by Rasmont et al. [29]. These laboratory
numbers were used to provide verification for simulation results. These numbers were preferred over other lander
numbers due to Roberts’ model’s scaling nature and the accuracy of the sub-scale descriptions. We prioritized accurate
sub-scale parameters over inaccurate scale parameters.

Table 8 Exhaust Gas Parameters

Variable Value Meaning
𝑅 8.314

0.028 [ 𝐽
𝑚𝑜𝑙 ·𝐾 ] universal gas constant, normalized by mass

𝛾 1.4 heat capacity ratio
𝜇𝑐 17.49 · 10−6 [𝑃𝑎 · 𝑠] viscosity in the rocket chamber

Table 9 Surface Geology Parameters

Variable Value Meaning
g 1.62 [ 𝑚

𝑠2 ] lunar gravitational constant
𝐷 109 · 10−6 [𝑚] diameter of dust particles
𝑐 0.6 packing concentration in dust layer
𝜎 2500 [ 𝑘𝑔

𝑚3 ] density of dust particle
𝛼 20 [deg] static angle of repose of cohensionless particles

𝛼𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 25 [deg] angle of repose at which avalanche start
𝐾 1 shear stress augmentation factor

Table 10 Rocket Engine Parameters

Variable Value Meaning
𝑟𝑒 0.005 [m] nozzle radius exit
𝑀𝑒 5 nozzle exit mach number
𝑝𝑐 1.25 · 106 [Pa] max rocket chamber pressure
𝑇𝑐 300 [K] temperature in rocket chamber
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Table 11 serves as an overview of the crucial parameters influencing the descent and divert dynamics in the series of
simulations done in divert analysis. The provided values contribute to a better understanding of the conditions and
variables involved in the simulation. In the context of this discussion, the units ℎ/𝐷 and 𝑥/𝐷 represent non-dimensional
heights and distances where ℎ, 𝑥 and 𝐷 refer to height, distance, and nozzle diameter respectively. Using the same
framework, the descent and divert velocities are represented in non-dimensional units.

Table 11 Divert Parameters

Parameter Value
Descent Height 100 ℎ

𝐷

Divert Height [90, 80, 70, ..., 10] ℎ
𝐷

Divert Distance [0, 50, 100, ..., 1000] 𝑥
𝐷

Descent Velocity 10 ℎ
𝐷
/𝑠

Divert Velocity 20 𝑥
𝐷
/𝑠

D. Validation of Roberts’ Model
The team collaborated with the PSI group at the University of Illinois to validate Roberts’ model with experimental
data. The PSI group has a sub-scale experimental facility, shown in Fig. 19a, which consists of a vacuum chamber and
cold gas thruster as described by Rasmont et al. [29]. They provided the HINDER team with experimental data of the
craters that result from their lunar test regime. The HINDER team validated our implementation of Roberts’ model by
comparing it to the available lab data shown in Fig.19b. Using the exact lab conditions, we replicated the final crater
for their implementation of Roberts’ model and our implementation of lateral translation and compared them to the
lab data. Through this, we determined that our simulations accurately replicate experimental data to an acceptable
extent. The crater slope and dimensions (height and diameter) are seen within acceptable range. Additionally, Fig. 19b
demonstrates that our implementation replicates the standard model in the static nozzle case. The implementation of
lateral translation involved removing the expectation of an axisymmetric crater from the standard model. We remove
this expectation by assuming that the surface pressure distribution remains as described by Roberts because 𝑦 << ℎ, i.e.
the crater depth is much less that nozzle height above the surface. Hence, our implementation of lateral translation does
not violate the base case which builds confidence in its use.

(a) UIUC PSI Experimental Facility (Courtesy of
Dr. Roca)

(b) Simulation vs Lab Results

Fig. 19 Validation of Roberts’ Model
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E. Code
All the simulation programs as well as the code used to generate the figures shown in this paper can be found at
https://github.com/ISSUIUC/HuLC_2024_UIUC
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