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Abstract

This thesis presents the design and implementation of a Plasma Probe that measures the 

relative plasma density in the E-region of the ionosphere during an active aurora. The 

instrument was designed for the Horizontal E-Region Experiment (HEX-2) conducted by the 

Geophysical Institute (University of Alaska Fairbanks) to investigate the spatial relationship of 

vertical winds associated with auroral structures. The Plasma Probe was successfully launched 

into space on a three-stage Black Brant X rocket from Poker Flat Research Range (PFRR) on 

February 14, 2007. The instrument design exploits the rocket's near horizontal trajectory to 

measure the relative density of the positively charged thermal ions and detect the presence of 

high-energy secondary auroral electrons by employing four segmented, gold-plated collectors 

wrapped around the rocket skin.
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1. Introduction

This thesis presents the design and implementation of a Plasma Probe that measures the 

relative plasma density in the E-region of the ionosphere during an active aurora. The 

instrument was successfully flown on the second sounding rocket mission of the Horizontal E- 

Region Experiment (HEX-2), which was launched from the Poker Flat Research Range (PFRR) in 

Alaska on February 14, 2007. The instrument design is based on the Plasma Probe flown in the 

HEX mission on March 25, 2003 in that it exploits the rocket's near horizontal trajectory to 

collect the positively charged thermal ions by large segmented collectors (1) (2). For the HEX-2 

mission, two additional collector segments were added, making a total of four collector 

segments that were controlled by two completely independent sets of hardware. The HEX-2 

Plasma Probe incorporates the ability to bias each individual collector surface based on its 

precise orientation with respect to the velocity vector. This capability allows a better 

determination of the velocity distribution of the plasma in the region disturbed by an active 

aurora.

The HEX-2 was a four-rocket mission specifically designed to measure all terms in the 

atmospheric mass continuity equation (3). This mandates an accurate three-dimensional picture 

of the vertical wind patterns near a stable auroral arc, which in turn required the understanding 

of corresponding horizontal divergence fields leading up to it. The relative plasma density 

measurements obtained by the Plasma Probe contribute to understanding the relationship 

between vertical wind fields and associated auroral structures.

This chapter of the thesis covers the scientific background of the mission, followed by the design 

requirements and a brief introduction of the enhanced features implemented on the HEX-2 

Plasma Probe. Chapter 2 is dedicated to the theoretical operation of the Plasma Probe. Chapter 

3 is the biggest chapter amongst all and covers the detailed design and implementation of the 

entire instrument. Chapters 4 covers the numerous testing and integration procedures followed 

in certifying the hardware as "flight-ready". Chapter 5 details the launch operations and final
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flight configuration of the Plasma Probe. Chapter 6 presents an analysis of the acquired Plasma 

Probe data followed by the last chapter, which summarizes all accomplishments and provides 

recommendations for future work.

1.1.Scientific Background of the HEX and HEX-2 Sounding Rocket Missions

The original HEX mission employed two rockets to investigate the three-dimensional structure 

of the vertical winds and corresponding horizontal divergence fields near a stable auroral arc. 

The HEX-2 investigation employed four rockets to provide better resolution of all the terms in 

the atmospheric mass continuity equation during a more active aurora (3) (4).

Out of the four rockets, one delivered a two-part payload (mother-daughter payload of which 

the daughter payload carried the Plasma Probe) into a nearly horizontal trajectory with an 

apogee of 149.6 km, and it is addressed hereafter as the horizontal-rocket or simply as the H- 

rocket. The other three rockets again delivered a two-part payload into steep vertical 

trajectories and henceforth are addressed as the vertical-rockets or the V-rockets.

The key objectives of the mission are summarized below:

• Determine the vertical and horizontal neutral winds in the middle E-region by employing

ground-based images to triangulate and deduce the drift of a Tri-Methyl Aluminum

(TMA) trail released from the H-rocket's mother payload.

• Determine the height-resolved horizontal wind vectors (zonal and meridional) between

80 and 180 km altitudes in the middle E-region by using ground-based images to

triangulate and hence deduce the drift of three nearly vertical TMA trails from the V- 

rockets.

• Determine the height-resolved total atmospheric densities between 80 and 180 km in

the disturbed lower thermosphere by employing Cold-Cathode Ionization Gauge (CCG) 

in each V-rocket's forward end (outbound ram direction) and its aft end (inbound ram 

direction).
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• Determine the relative plasma density variations along the horizontal trajectory and 

estimate contributions from primary and secondary auroral electrons. It is this 

requirement that the Plasma Probe was designed to fulfill.

The H-rocket was a three-stage Black Brant X and carried the TMA experiment as part of the 

mother payload and the Plasma Probe as part of the daughter payload. Figure 1.1 provides a 

pictorial depiction of the H-rocket (4).

Figure 1.1 HEX-2 Black Brant X - H-rocket: 1 -  Nosecone; 2 -  Attitude Control System; 3 -  Plasma Probe; 4 -  
Telemetry System; 5 -  Forward Air Spring Section; 6 -  Aft Air Spring Section; 7 -  TMA Experiment; 8 -  TMA Electrical;

9 -  Bristol Ignition (4).

Immediately after the third stage burnout, a high-velocity air-spring separated the instrumented 

daughter portion of the payload from the mother payload carrying the TMA canister. After 

separation, a final Attitude Control System (ACS) maneuver oriented the daughter payload so 

that its spin axis was aligned perpendicular to its velocity vector. It was after completion of this 

orientation maneuver that the Plasma Probe commenced making valid plasma density 

measurements. Simultaneously, following the mother daughter payload separation, the TMA 

experiment commenced releasing a 200 km long TMA chemical trail from the mother payload 

(as depicted in Figure 1.2). The single trail was modulated to create clearly distinguishable 

"puffs" for more accurate optical triangulation.
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Figure 1.2 TMA Chemical Trail Example: The thick red portion of the curve indicates the nominal TMA release (3).

Each of the V-rockets used a two stage Taurus Orion rocket. After second stage burnout, a high 

velocity air-spring separated the CCG carrying daughter portion of the payload from the TMA 

system. One CCG was located on the forward section under the nose cone. The forward CCG 

points in the general atmospheric ram direction during the up-leg, while the aft CCG points in 

the ram direction during the down-leg to obtain a thermospheric total pressure altitude profile, 

and from that a density profile. A total of six pressure profiles were gained in the investigation. 

The TMA chemical trail was deployed separately on the up-leg and down-leg of each trajectory 

with each trail modulated continuously to create clearly distinguishable "puffs" for more 

accurate optical triangulation.

Photographing the TMA chemical trail's drifts for all the rockets were done from four ground 

sites located at Toolik Lake, Old Crow (Canada), Fort Yukon and Poker Flat Research Range 

(PFRR). Each "puff" can be resolved spatially to several kilometers and from time sequencing of 

these measurements the vertical and horizontal winds can be extracted.

One V-rocket was launched first, followed by the H-rocket and then by the remaining two V- 

rockets. The conceptual outline of the measurement regions are shown in Figure 1.3.



5

Figure 1.3 HEX-2 TMA Measurement Regions: The red colors shows TMA release locations, 
whereas green diamonds show the locations of the launcher and the downrange 

triangulation sites. The gray dashed lines and yellow shading indicates measurement (3).

1.2. Design Requirements for the HEX-2 Plasma Probe

This section briefly introduces the original HEX Plasma Probe, the design requirements for the 

HEX-2 mission and the enhancements featured on the HEX-2 Plasma Probe to satisfy those 

requirements.

The Plasma Probe for the HEX-2 mission is based on the Plasma Probe flown on the HEX mission 

(March 25, 2003) and its novel approach to exploit the H-rocket's near horizontal trajectory to 

collect the positively charged ions by large segmented collectors (1) (2). The HEX Plasma Probe 

had two gold plated collector surfaces; one larger primary collector and a smaller secondary
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collector. The primary collector had a length of 121.4 cm and a width of 15.24 cm while the 

secondary collector dimension was 15.24 cm x 15.24 cm. The instrument was designed to 

measure a maximum plasma density of 2xl06 cm'3.

Building on the success of the HEX mission, the HEX-2 mission laid out more ambitious 

requirements (as outlined below) for the Plasma Probe in order to satisfy the mission's 

comprehensive success criterion:

1. The Plasma Probe should provide the relative super-thermal plasma density variations 

along the horizontal trajectory of the H-rocket.

2. The instrument should expect higher plasma densities than encountered in the HEX 

mission and operate within the H-rocket's nominal attitude information summarized 

below:

• Nominal rocket velocity: 2500 m/sec.

• Nominal apogee: 150 km.

• Nominal daughter payload rotation rate: 2.5 Hz.

3. Detect and account for the contributions from high energy primary and secondary 

auroral electrons when present.

4. Plasma density data should compliment data from other instruments and ground based 

observations to help establish the spatial relationship between vertical wind fields and 

associated auroral structures.

5. The daughter payload flight requirement driven by the Plasma Probe measurements are 

listed below:

• The Plasma Probe (daughter payload) will separate from the mother payload 

before the TMA release.
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• The daughter payload is oriented with its spin axis perpendicular to the velocity 

vector with a maximum permissible deviation of 20°.

• The coning angle is maintained less than 10°.

In order to satisfy and exceed the above declared requirements, the Plasma Probe for the HEX-2 

mission features the following enhancements:

1. A total of four gold plated collector surfaces are implemented constituting two primary 

and two secondary collectors. The primary collectors have a dimension of 53.34 cm x 

15.24 cm while the secondary collectors have a dimension of 15.24 cm x 15.24 cm. 

Guard rings of 2.54 cm are provided for all the collector surfaces. The secondary 

collector surfaces, by virtue of their smaller size, provides a more refined plasma density 

measurement by better accounting of the higher energy thermal and secondary auroral 

electrons.

2. Two completely independent sets of electronic modules are implemented, with each set 

controlling one primary and one secondary collector. Therefore the Plasma Probe in its 

entirety can in effect be thought of as two independent Plasma Probes. This redundancy 

ensures that in an event where one entire set fails, the other set will provide sufficient 

data to satisfy the comprehensive success criterion.

3. Unlike the HEX Plasma Probe, which employed a synchronous communication with the 

NSROC TM, the HEX-2 Plasma Probe's interface to the TM is asynchronous. This 

eliminates synchronization complexities and necessary hardware, thus reducing possible 

points of failure.

4. A high data rate of 153.6 kbps is employed for transmitting the digitized Plasma Probe 

data to the TM, thus allowing for more plasma density data to be recorded.

5. For the HEX mission, the Plasma Probe had to rely on acquired plasma current to 

deduce the orientation of the collector surfaces. For the HEX-2 mission however, the 

Attitude Control System (ACS) provides the orientation of one secondary collector 

surface with respect to the velocity vector every 20 msec. Therefore, for the nominal 2.5
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Hz of rotation, the ACS provides the collector orientation every 18° of rotation. This 

information is then extrapolated by the Plasma Probe to calculate a precise orientation 

of all the collector surfaces at any given time.

6. Four different collector surface biasing schemes are implemented (as discussed in 

Section 3.4.5), which allows for more flexibility in resolving the velocity distribution of 

the plasma in disturbed auroral regions.

7. Some of the other enhancements include newer electronic components, more capable 

microcontroller, an entirely interrupt driven firmware, and an advanced Ground Support 

Software (GSS) that facilitates remote configuration of the most important Plasma 

Probe functions.

1.3.Scope and Organization of this Thesis

The principle work in this thesis is the design and implementation of a Plasma Probe for the

HEX-2 mission; however the broader scope of this thesis is outlined below:

1. Discuss the comprehensive success criterion and other mission parameters that are 

relevant to the Plasma Probe design.

2. Outline the enhancements to the original HEX Plasma Probe that are required to meet 

and exceed the comprehensive success criterion.

3. Design and implement the Plasma Probe electronics and accompanying hardware.

4. Program the firmware and GSS for remotely configuring and monitoring Plasma Probe 

performance.

5. Perform all environmental and performance tests required in certifying the Plasma 

Probe as "flight-ready".

6. Perform the integration of the Plasma Probe with other systems on the H-rocket.

7. Finalize the Plasma Probe launch countdown procedures.

8. After successful mission, analyze the Plasma Probe data to determine relative plasma 

density.

9. Provide suggestions and improvements for future designs.
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The thesis is organized into seven chapters and the respective topics covered are discussed 

below. The first chapter covered above discussed the scientific background of the mission, the 

design requirements and a brief introduction of the enhanced features implemented on the 

Plasma Probe. Chapter 2 is dedicated to the theoretical design constraints and operation of the 

Plasma Probe. Chapter 3 covers the detailed design and implementation of the entire 

instrument. Chapter 4 elaborates on the numerous testing and integration procedures followed 

in certifying the hardware as flight ready. Chapter 5 details the launch operations and final flight 

parameters. Chapter 6 presents a detailed analysis of the acquired Plasma Probe data and lastly, 

Chapter 7 summarizes all accomplishments and provides recommendations for future work.
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2. Plasma Probe: Design

The theoretical framework of how the instrument will exploit the unique horizontal trajectory of 

the H-rocket to measure the relative plasma density and detect the presence of high energy 

thermal and secondary auroral electrons is based on the Plasma Probe designed and 

implemented by Bruce Johnson for the HEX mission (1). This section therefore heavily 

references Bruce Johnson's thesis "Design and Implementation of a Relative Plasma Density 

Probe for the HEX Sounding Rocket Mission" and provides only a brief review of the core 

concepts rather than a complete re-iteration of all the fundamental principles established in 

Bruce Johnson's thesis.

This section starts off with a discussion on the plasma environment, followed by the Plasma 

Probe design philosophy.

2.1. Plasma Environment

The thermal plasma environment is assumed to consist primarily of singly ionized positive gas 

molecules referred to as ions and free electrons. These particles are considered to be in 

electrical equilibrium in the plasma, thus a measurement of ion densities is an approximate 

measure of the electron densities. The dominant ion composition predicted by the MSIS-E- 

90/1RI-95 Models at the HEX-2 apogee of 149.6 km is 40% 0 2+ and 60% NO+ (1) (5) (6). Figure 2.1 

below depicts the plot of electron and various ion densities (7). Note that during an active 

auroral arc, the actual plasma densities can be substantially higher than indicated by Figure 2.1. 

Therefore, the Plasma Probe has been designed to detect and measure plasma densities of up to 

107 cm-3.

Figure 2.2 depicts the plot of thermal plasma temperature with respect to altitude (7). As can be 

seen, the expected plasma temperature for the nominal apogee of 149.6 km is approximately 

700 K. This is consistent with conclusions made by Bruce Johnson for the HEX mission and thus
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the HEX-2 Plasma Probe design borrows the same conservative design approach assuming a 

plasma temperature of 1160 K (0.1 eV) (1). With the plasma temperature for the design 

finalized, Equation 2.1 predicts the ion and electron velocities.

v =
Equation 2.1(1)

m

Principal Constituents of the Ionosphere

Particle Density (c m '2)

Figure 2.1 Plasma Density Plot (7)

In Equation 2.1, m is the average molecular weight of the ions, which according to the IRI model 

is 31 atomic mass units (1). Bruce Johnson's thesis computes & plots Equation 2.1 and concludes 

that the most probable velocity of ions and electrons are 0.77 km/sec and 187 km/sec, 

respectively.
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The nominal H-rocket velocity is 2.5 km/sec, which is clearly larger than the velocity of the 

majority of the ions, but significantly less than the velocity of the majority of the electrons. As a 

consequence, the Plasma Probe can be assumed to be moving through a field of nearly 

stationary ions and the electrons can be assumed to be seeing the rocket as a nearly stationary 

body. This concept, when combined with the near horizontal trajectory of the H-rocket, lays the 

foundational design principle of the Plasma Probe and is explained in detail in the subsequent 

section.

2.2.Plasma Probe Design Philosophy

It has been established in the above section that the H-rocket can be assumed to be moving 

through a field of stationary ions. Therefore a collector surface mounted on the H-rocket skin 

could in effect sweep the ions in its trajectory and leave a wake area behind the rocket that is 

essentially devoid of ions. Electrons on the other hand, having velocities far exceeding the H-
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rocket's velocity, sees the rocket as a stationary object and thus are incident on the mounted 

collector surfaces from all direction. In order for an accurate measurement of the ion 

concentration, the instrument needs to isolate and/or account for the electrons that are 

incident on the collector surfaces. The direct approach employed in achieving this was to induce 

a negative potential on to the mounted collector surfaces that will repel the electrons and 

provide the added advantage of attracting the ions. Though seemingly straight forward, there 

are numerous details that need to be accounted for as described below:

• There are primarily two distinct populations of electrons that can be encountered in the 

vicinity of auroral arcs. They are the general low energy thermal electrons (resultant 

from general ionization) and the relatively sparse high energy secondary auroral 

electrons. The secondary electrons are a result of the auroral electrons colliding with 

and ionizing neutral gas molecules and transferring energy to the electrons stripped 

from these molecules. At the HEX-2 mission altitudes, these secondary electrons are 

expected to have a Maxwellian velocity distribution with large energies of a few 

hundred eV (1). In order to successfully repel these secondary electrons, a very large 

negative potential would have to be applied to the collector surfaces, which leads to the 

complication described next.

• The plasma environment is assumed to be neutral with opposite charges of ions and 

electrons cancelling each other out. In order to make valid measurements, the 

instrument also needs to have a neutral reference point, which is the instruments 

electronic ground plane. A negative potential applied to the collector surface attracts 

ions and this induces currents that must be sunk by the ground plane. Conservation of 

charge requires that current flowing into the collector surfaces from the plasma must be 

balanced by an equal and opposite current flowing back into the plasma. This is 

achieved by attracting equal amounts of opposite charge (electrons). The electrode that 

achieves this is formed by the H-rocket's daughter payload's skin section. Now a very 

high negative potential on the collector surface required to repel secondary auroral 

electrons will also attract a larger number of ions and thus result in larger induced
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current. In order for the ground plane to remain neutral, this induced charge must be 

dissipated back into space and for that a large counter electrode is required, which the 

HEX-2 daughter payload does not provide. Thus, only a limited amount of negative 

potential can be applied to the collector surfaces, which unfortunately is insufficient to 

repel the secondary auroral electrons. The plasma current measured by the instrument 

will be a sum of the currents induced due to ion collection and electron collection. 

Therefore, in order to measure only the ion concentration, the instrument needs to be 

able to detect and measure the currents induced by the secondary electrons, which is 

discussion in the subsequent point below.

• It has been established that the wake region of the rocket will be largely devoid of ions. 

Therefore any currents induced on the collector surface when in the wake region should 

primarily be due to the secondary and higher energy thermal electrons, which in turn 

brings in the requirement for segmentation of the collector surface. The segmented 

collector surface should be small enough for it to be completely immersed in the wake 

region so that the bulk of induced current will be due to the higher energy electrons. 

The HEX-2 Plasma Probe as mentioned earlier employs four segmented collector 

surfaces, two of which form the smaller collector surfaces (secondary collectors) that 

will be completely immersed in the wake region.

The concept described above is illustrated in Figure 2.3. The negative bias on the collector 

surface attracts ions and repels the thermal electrons. Notice that the secondary collector 

surface completely immersed in the wake region will detect and measure the current induced by 

the high energy thermal and secondary auroral electrons. This information is utilized to refine 

the ion density measurements produced by the collectors in the ram direction. The subsequent 

subsections refine all the relevant parameters that have thus far been described.
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Figure 2.3 Plasma Probe interaction with ions and electrons

2.2.1. Plasma Sheath

The negative bias will create a region of net positive charge surrounding the collector surface 

due to its attracting of ions and repelling of thermal electrons. This net positive electric field is 

called the sheath and the exact thickness varies with temperature and particle densities. The 

electric field potential will decrease exponentially with distance from the collector surface and 

the length at which the electric field reduces to 63% is defined as the Debye length (1) (8).

There are essentially two sheath models which define the mode of operation of any plasma 

instrument and they are the "Thin Sheath" or "Sheath area limited" mode and the "Thick 

Sheath" or "Orbital limited" mode. Figure 2.4 depicts both the thick and thin sheath models (1).
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Thin Sheath Thick Sheath

(Sheath area lim ited) (Orbital lim ited)

Figure 2.4 Plasma Sheath Models (1)

The "Thick Sheath" model comes into existence when the sheath thickness is much larger than 

the radius of the collector surface. This only occurs when the plasma densities are low because 

the concentration of ions that need to be attracted in order to cancel out the negative potential 

of the collector surface is spread over a larger area. Likewise, the "Thin Sheath" model comes 

into play when the plasma densities are higher resulting in a sheath thickness much less than 

the radius of the collector surface. The plasma densities at the H-rocket's nominal flight altitude 

of 150 km dictate that the Plasma Probe will be primarily operating in the 'Thin Sheath" mode.

2.2.2. Plasma Probe Collector Currents and Biasing Voltage

For the model represented in Figure 2.3, the current induced by ions in a collector surface is 

given by Equation 2.2 below,
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Һ = Equation 2.2 (1)

where:

rii is ion density.

V is collector bias voltage.

• D is cylindrical probe diameter.

• L is probe length.

• Vi is probe velocity.

• q is ion-charge in coulombs.

• rii is ion-density in cm'3.

Employing the equation above, the estimated plasma current at a plasma density of 107 cm'3 for 

the primary and secondary collectors are 187.6 pA and 35.7 pA, respectively.

The thermal electrons are mostly retarded by the negative bias on the collector surfaces. But 

any incident higher energy thermal and secondary auroral electrons will induce currents that are 

governed by Equation 2.3, Equation 2.4 and Equation 2.5 below (1).

ie =  2 n r  L I  e n Equation 2.3 (1)

where / and n are given by

Equation 2.4 (1)

and



• r  is the radius of the probe.

• L is probe length.

• N is ne, which is electron-density in cm'3.

• e is electron charge (1.6 x 10 19 C).

• k is Boltzmann's constant (1.38 x 10‘23 C or 8.62 x 10’5 eV/K).

• T is electron temperature.

• m is electron mass (9.11 x 10'31 kg).

• V is collector bias voltage.

Using the assumption than the electrons will see the probe as a stationary object, Equation 2.3

provides the electron current that will be induced. The current the counter electrode will have

to radiate back into the plasma will be the algebraic sum of the ion and electron currents.

Solving numerically, this counter electrode current will be in equilibrium with respect to the

plasma at -0.368 VDC (1). The collector surface bias thus selected for the HEX-2 mission was -0.4

where:
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3. Plasma Probe Implementation

This chapter elaborates all aspects of the Plasma Probe design, development and 

implementation in a systematic and modular fashion. The material covered in this section is to 

be used in conjunction with the respective circuit diagrams included in Appendix-A.

3.1. Design

This section provides an overview of the Plasma Probe design, its components and their 

respective function in the overall instrument.

3.1.1. Overview

The Plasma Probe is a current probe designed to measure the relative density of aurorally 

produced electrons and of the ambient plasma before, during, and after the TMA releases. The 

instrument is also designed to investigate the upwelling vertical wind associated with the 

auroral heating that may carry molecular species aloft, causing plasma depletions at trajectory 

altitudes near 160 km.

3.1.2. Plasma Probe Components

3.1.2.1. Collector Surfaces Overview

In order to measure the ion density, the Plasma Probe uses gold plated collector surfaces of 6- 

inch width wrapped around the H-rocket skin. The collector surfaces are segmented azimuthally 

into four parts; two 21" sections forming the main collectors and two 6" sections constituting 

the secondary collectors. The current collection surfaces are bordered above and below by 1- 

inch wide guard rings that are biased at the same potential as the current probe surfaces to
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minimize edge/fringing effects. Measuring only the current flowing to the primary surfaces 

minimizes electric field fringing effects at the edges and corners. The collector surface 

configuration is elaborated in Section 3.3

(Collector Surfaces and Guard Rings).

3.1.2.2. Electronics Overview

Interfacing with the above mentioned four collector surfaces are two completely independent 

sets of electronics, which the remainder of this thesis will address as Plasma Probe 1 (PP1) and 

Plasma Probe 2 (PP2). PP1 and PP2 are identical in every aspect with only minor variation in 

their respective firmware that concerns with extrapolating the ACS roll data required for 

calculating the orientation of the respective collector surfaces interfaced to it.

Each Plasma Probe is made up of three modules: Analog, Digital and Power. Figure 3.1 below 

provides an overview of the involved components.

• Power Module (PM): The principal function of the Power Module is to provide the 

analog and digital modules with their required voltages and currents with minimal 

output jitter.

• Analog Module (AM): The Analog Module comprises mainly the electronics that 

translates the current induced by the charged particles (primarily positively charged 

ions) incident on the collector surfaces to a voltage that can be measured and 

quantified. Note from Figure 3.1 that all the collector surfaces are interfaced to the 

Analog Module.

• Digital Module (DM): The Digital Module houses the microcontroller, the 

communication circuitry and the Analog-to-Digital Converter (ADC) essentially forming 

the brain of the entire system.
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Figure 3.1 Plasma Probe Overview

3.1.2.3. Supporting Components Overview

Several other supporting hardware and software are required for the functioning of the Plasma 

Probe. The major supporting components are as follows:

• Telemetry (TM): The TM is provided by NASA Sounding Rocket Operations Contract 

(NSROC) and is essentially where all the data from the Plasma Probe terminates. The TM 

also provides the digitization of numerous analog data channels of the Plasma Probe. 

This is essential because if the DMs within the Plasma Probe fail, then plasma density 

data (with lesser digitized precision) can still be recovered.
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• Attitude Control System (ACS): ACS is also provided by NSROC. Apart from orienting the 

daughter payload as required, the ACS also provides the spin axis information of the 

daughter payload, which is essential for the enhanced features incorporated into the 

Plasma Probe.

• Ground Support Software (GSS): The GSS is primarily a software program running on a 

PC that is used to remotely configure and monitor the performance of the Plasma 

Probe.

The subsequent section will elaborate on the actual design and implementation of the entire 

Plasma Probe in a systematic and modular fashion.

3.2. Electronics

The core electronics is primarily divided into three different modules, each having a dedicated 

circuit board for itself as listed below:

1 Power Module (PM)

2 Analog Module (AM)

3 Digital Module (DM)

These three core modules interface with other external hardware and electronics to form a fully 

functional Plasma Probe. The PM converts the +28 VDC battery supply to voltages required by 

the AM and DM. The AM houses the analog components such as op-amps while the DM carries 

primarily digital components such as the microcontroller, ADC, etc. This isolation between 

analog and digital components is done to prevent sensitive analog components from getting 

affected by the high frequency noise dumped into the ground path by many digital components. 

All the modules are built on 5" x 5" circuit boards with the hole-pattern shown in Figure 3.2.
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Figure 3.2 Plasma Probe PCB Hole Pattern

3.2.1. Power Module (PM)

3.2.1.1. Overview

The principal function of the PM is to provide the AM and DM with their required voltages with 

minimal output jitter as listed below:

1. Provide a regulated +5 VDC Analog, +5 VDC Digital supply to AM and DM, respectively.

2. Provide a single regulated -15 VDC to both AM and DM.

3. Maintain output regulation over an input voltage range of +24 VDC to +32 VDC.
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Figure 3.3 below depicts the functional block diagram of the PM. The blocks have been color 

coded to highlight the two distinct +5 VDC and the -15 VDC voltage regulation channels. Both 

the channels employ switching regulators followed by linear regulators, the benefits of which 

are discussed in the subsequent sections. Note that the error signals from PP1-PM are sent to 

PP2-DM and vice versa so that if one module fails, the other Plasma Probe will detect the same.

PP 1

Figure 3.3 Power Module Block Diagram

The silent features of the PM are as follows:

1. Designed to withstand an indefinite short-circuit on the output side of the regulator 

without incurring any self damage.

2. Voltage regulation of the +5 VDC signal is monitored by the microcontroller residing on 

the DM.
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3. Provides power snap-on and snap-off feature to the digital module, thus eliminating 

unpredictable microcontroller operation that results from transition voltages.

4. Resettable PolySwitch fuse on input side protect the PM from excessive current surges.

5. Use of only closed core inductors and tantalum capacitors wherever feasible.

6. LEDs provide visual indication of the proper function of the PM.

The following sections explain the PM by dividing it essentially into three parts: The Input Side, 

+5 VDC and -15 VDC generation. This is followed by a discussion on passive component 

selection, which is vital in order for the regulator design to withstand an output short-circuit and 

to generate a regulated, low ripple output voltage.

3.2.1.2. Input Side

The Plasma Probe is provided with a dedicated battery supply voltage of 28 VDC nominal by 

NSROC. This supply is fed into the Plasma Probe's Power Module after passing through NSROC's 

power switches and electronics for monitoring battery voltage and current. The input side of the 

PM has primarily a PolySwitch to protect against excessive current surges and an inductor to 

attenuate noise spikes in the input power supply.

A PolySwitch is a Polymeric Positive Temperature Coefficient (PPTC) device that, in addition to 

functioning as an ordinary fuse, resets itself once the fault condition is removed. The PPTC 

device achieves this by varying its internal resistance in response to the current flowing through 

it. Exceeding the PPTC device's maximum current rating will cause a rapid increase of the 

device's temperature due to l2R heating. This increase in temperature forces a change in the 

crystalline composition of the device causing a drastic increase of the device's resistance. The 

device will reset itself once the fault is removed and its temperature drops back to within its 

normal operating range and depending on the environmental temperature surrounding the 

device, this may even take several hours. The PolySwitch used in the Plasma Probe has a current 

rating of 1.5 A and has an internal resistance ranging from 60 mQ to 250 mfi when in normal 

conduction state.
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The +28 VDC battery supply voltage is first stepped down to +7 VDC by a switching regulator and 

then employs a Low Dropout (LDO) linear post regulation to get the final +5 VDC. This approach 

incorporates both the higher efficiency of a switching regulator in performing large voltage 

conversions and the better output voltage ripple performance of a linear regulator.

The switching regulator employed is the LM2672, a Pulse Width Modulated (PWM) buck 

regulator operating in continuous conduction mode at a switching frequency of 260 kHz. In 

continuous conduction mode, the inductor current never drops to zero, thus offering the 

benefits of greater output power, lower peak switch, inductor and diode currents and lower 

output ripple voltage. The main drawback of operating in continuous conduction is the 

requirement of larger inductor values to sustain the current in its coils during switching 

intervals, but the PM circuit board had the required real estate and the use of only closed core 

inductors ensured safety from Electromagnetic Interference (EMI).

An inrush current of approximately 392 mA is observed at turn on, which is primarily due to the 

initial charging of the 220 |iF input stage capacitor. The switching regulator's contribution in 

causing the high inrush current is made negligible by using the soft-start (slow start-up) feature 

of the LM2672. Soft-start reduces the startup current requirement by gradually increasing the 

regulator duty cycle to its desired final value. For the PM, the LM2672 was configured with a 

soft-start time of 50 msec.

Passive component selections were meticulously done to ensure that the regulator will 

withstand an indefinite short circuit on the output side. Further details on component selection 

are discussed in Section 3.2.1.5 below (Passive Component Selection Guidelines).

The +7 VDC output of the switching regulator is then buffered, divided and sent to two similar 

LDO linear regulators (LP2957), each generating one +5 VDC supply for the analog and digital 

modules, respectively. Only the linear regulator powering the DM has been configured to 

provide a snap-on/snap-off output power. This is done to eliminate any transition voltages that

3.2.1.3. +5 VDC Regulated Output
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may put the microcontroller into an unknown state during power up. Apart from this difference, 

both the linear regulators are configured identically.

The LP2957 is configured to snap-on (enable regulated output) when the input voltage to the 

regulator equals or exceeds +6 VDC and snap-off (disable regulated output) when the input 

voltage falls below +5.5 VDC. This provides for sufficient safe margin since the preceding 

switching regulator (LM2672) is configured to provide a regulated +7 VDC.

The LP2957 is also configured to produce a logic "LOW" whenever the output voltage exceeds 

5.25 VDC or falls below 4.75 VDC (output is out of regulation by 5%). This signal is routed to the 

DM (microcontroller) on the other Plasma Probe. This logic "LOW" error signal from PP1-PM is 

routed to PP2-DM and vice versa so that if the DM of one PP fails, the other PP will detect it.

3.2.1.4. -15 VDC Regulated Output

The first stage consists of the LM2597HV buck-boost PWM switching regulator operating at a 

switching frequency of 150 kHz. This is followed by the LM2990 negative low-dropout linear 

regulator. The output of the first stage is a regulated -17.22 VDC, from which the LM2990 

generates the final -15 VDC regulated output.

The LM2597HV is configured to convert the positive input voltage to a stepped down negative 

output voltage with a common ground. The circuit operates by bootstrapping the regulators 

ground pin to the negative output voltage and grounding the feedback pin. Note that the 100 pF 

input capacitor in this inverter configuration may allow input voltage ripple to pass through to 

the output, therefore a fast acting Schottky diode is employed for isolation.

The soft-start feature with a 50 msec delay is implemented to reduce the inrush current 

experienced during regulator startup. The approximate inrush current due to the 100 pF input 

capacitor and the regulator startup is 327 mA.

The stepping down of the -17.22 VDC to -15 VDC is performed by LM2990 with minimal use of 

external components. LM2990 is in itself short-circuit proof with a rated output current of 1 A.
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Passive component selection is of utmost importance in a robust regulator design that is both 

short-circuiting proof and achieves a stable, low noise and low ripple output voltage for 

sensitive electronics. The key aspects considered in the design of PM are described in the 

following sections.

3.2.1.5.1. Capacitor Selection

An ideal capacitor should provide zero in-phase AC resistance, but in reality the resistance of the 

dielectric, plate material, electrolytic solutions and terminal leads all add up to form the 

Effective Series Resistance (ESR). Thus to charge the dielectric, excess current to overcome the 

ESR has to be provided and this undesirable effect should be minimized as much as practically 

possible (9). Low ESR capacitors at the input stage facilitates in better prevention of large 

voltage transients from passing through, while at the output stage a low ESR ensures a low 

output ripple voltage. For the output capacitor, the ESR value is of utmost importance and solid 

tantalum capacitors in general provide very low ESR.

The Root Mean Square (RMS) current rating of the input capacitor should be at least half the 

maximum DC load current. As per the manufacturer's application note, the RMS current rating 

of a capacitor is determined by the amount of current required to raise the internal temperature 

by approximately 10° C above an ambient temperature of 105° C. The capacitor's ability to 

dissipate this heat to its surroundings determines the current the capacitor can safely sustain. 

Since a relatively high current flow in a buck regulator's input capacitor, the RMS current rating 

is of significant importance. A larger surface area facilitates quicker heat dissipation resulting in 

higher RMS current ratings, which is the primary reason why for a given capacitance, the larger 

aluminum electrolytic capacitors have higher RMS current ratings than solid tantalum 

capacitors. Note that solid tantalum capacitors used in the input stage should be surge-current 

tested by the manufacturer.

3.2.1.5. Passive Component Selection Guidelines
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Electrolytic capacitors and tantalum capacitors used at the input stage as bypass capacitors 

should have a voltage rating of at least 1.5 times and 2 times the maximum input voltage, 

respectively. An increase in a capacitor's voltage rating generally requires the size of the 

capacitor to also be increased, which in turn allows for higher RMS current ratings. This is the 

primary reason that tantalum capacitors' voltage rating is recommended as twice the maximum 

input voltage as opposed to 1.5 times for an electrolytic capacitor.

Minimal use of aluminum electrolytic capacitors is advised for operation in vacuum environment 

due to electrolytic evaporation. In addition, operating at temperatures below -25° C typically 

results in a rise in the ESR by up to three times. But in the PM design, the input sides of both the 

switching regulators use aluminum electrolytic capacitors. As explained in the preceding two 

paragraphs, the RMS current and voltage requirements were difficult to achieve with tantalum 

capacitors, leaving aluminum electrolytic capacitors as the only cost effective alternative as 

most regulator manufacturers do not recommend the use of ceramic capacitors for input 

decoupling. The Plasma Probe designed by Bruce Johnson for the HEX mission also employed 

electrolytic capacitors without any failures and so its use was regarded as acceptable in this 

design (1).

3.2.1.5.2. Inductor Selection

Open core inductors such as bobbin core, stick core or rod core, etc. are to be avoided because 

the magnetic flux is not completely contained inside the core and thus the inductor flux may 

intersect sensitive feedback paths, 1C ground paths and output lines thereby inducing voltages 

into them hindering both regular switching operation of the regulator and affecting sensitive 

electronics. Using closed core inductors such as a toroid or E-core will alleviate such 

complications. Powered iron toroid inductors are used throughout the PM design.

Care should also be taken to choose an inductor with current ratings exceeding the maximum 

expected load current. Exceeding the inductor's current rating could cause the core to saturate,
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drastically reducing the inductance and making the inductor look mainly resistive. This will cause 

the regulator switch current to rise, thus reducing the output load current.

3.2.1.5.3. Catch Diode Selection

The catch diodes apply to all the switching regulators used in buck configuration seen on the 

first stages of both the +5 VDC and -15 VDC regulation paths. In principal, this diode provides a 

return path for the inductor current when the regulator switch turns off. At the bare minimum,

the catch diode current ratings should be at least 1.3 times greater than the maximum expected

load current, but if the design is to withstand an indefinite continuous output short-circuit (as 

the case is in PM design), then diode current rating should at least equal the regulator's 

maximum current limit.

The voltage rating of the diode should be at least 1.25 times the maximum input voltage. In 

addition the selected diode should have a short reverse recovery time and low forward voltage 

drop, which makes Schottky diodes a very attractive option. The catch diode selected for the 

LM2597HV is an ultrafast, high-efficiency power rectifier.

3.2.2. Analog Module (AM)

3.2.2.1. Overview

The Analog Module comprises mainly the electronics that translates the density of charged 

particles (primarily positively charged ions) incident on the collector surfaces to a voltage that 

can be measured and quantified. Figure 3.4 below depicts the color coded functional block 

diagram of the AM.
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Figure 3.4 Analog Module Block Diagram

The process of measuring the ion density is carried out in two steps. First, a negative voltage 

potential is applied to the collector surfaces that serves the purpose of repelling electrons and 

attracting the positively charged ions, resulting in a current to the probe circuit. This is 

represented by the orange blocks in Figure 3.4. The current drawn is measured by employing 

op-amps in a current-to-voltage configuration followed by another group of op-amps that scale 

the voltage to provide for maximum analog-to-digital conversion resolution, all of which are 

represented by the green colored blocks in the block diagram. This core current-to-voltage 

conversion and voltage scaling configuration is adopted from the tried and tested HEX Design by 

Bruce Johnson (1).

For the primary collector, there are two different scaling channels; one having a gain of one 

(called the Low-Gain channel) and the other having a gain often (called the High-Gain channel).
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This is done so as to facilitate the measurement of both the minimum and maximum expected 

plasma densities with adequate resolution.

The primary functions performed by the analog module are as follows:

1. Provide the required bias (0 VDC to -2 VDC) to each of collector surfaces independently.

2. Measure the density of charged particles incident on the collector surfaces by 

converting to a voltage scaled from +5 VDC to -15 VDC.

3. Generate all analog housekeeping data scaled from 0 to +5 VDC for the NSROC 

electronics to digitize and record.

The key features of the AM are listed below:

1. The estimated plasma current at a plasma density of 107 cm'3 for the primary collector is

186.7 pA, but the Low-Gain channel has been designed to handle plasma induced 

currents up to 421.94 pA, thus providing a large margin of safety.

2. The High-Gain channel having a gain of ten, will measure currents up to 42.194 pA.

3. The secondary collector's maximum estimated plasma current is 35.7 pA and the design 

will resolve it with a resolution of 1.089 nA.

4. Onboard precision temperature sensor is configured to measure the circuit board 

surface temperature from +2° C to +150° C with an accuracy of 0.5° C.

5. Incorporates a 12-bit Digital-to-Analog Converter (DAC) with independent outputs for 

each of the collector surfaces.

6. Incorporates two analog CMOS switches that can be controlled from the Ground 

Support Software (GSS) and is used to select the bias applied to the collector surface as 

either the hardwired -0. 4096 VDC or the variable DAC output.

7. Onboard relay (controlled from the GSS) attaches/detaches dummy load to the collector 

surface outputs in order to simulate plasma density for testing &. simulation purposes.

The following sections elaborate the AM by dividing it into the following subsections: Collector 

Surface Biasing, Current to Voltage Conversion, Voltage Scaling and Analog Housekeeping Data.
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The circuit has been designed to accommodate two different voltage sources for biasing the 

collector surfaces. One is a fixed -0.4096 VDC while the other is a variable voltage output 

generated by the DAC that can range anywhere from 0 VDC to -2 VDC. Two precision single-pole 

double-throw Complementary Metal-Oxide-Semiconductor (CMOS) analog switches (MAX319) 

controlled from the GSS via the microcontroller selects which of the two voltage source biases 

the respective collector surface.

The rationale for selecting a fixed -0.4 VDC collector bias voltage is discussed in Section 2.2.2. 

The fixed -0.4096 VDC bias is generated from a high-precision, low-noise LM4140 voltage 

reference. The default output of the LM4140 is 4.096 VDC, which is then reduced and inverted 

to -0.4096 VDC by a high precision op-amp (OPA277) arranged in an inverting configuration with 

a gain of 0.1.

The variable voltage bias is generated by a dual output, 12-bit DAC (TLV5618A) that is interfaced 

with the microcontroller using a 3-wire Serial Peripheral Interface (SPI). The reference input 

voltage to the DAC is provided by the same high-precision LM4140 voltage reference. The 

programming and performance parameters of the DAC are covered in detail in Section 3.4 

(Firmware) and Section 4.1.1.2 (Analog Module Performance), respectively. Of the two DAC 

outputs, "OUTA" (Appendix-A) biases the primary collector surface and its guard rings, while 

"OUTB" is used for biasing the secondary collector and its guard rings. Note that both DAC 

outputs are positive voltages, and thus they are first inverted and buffered by the high precision 

OPA277 op-amps to generate the negative bias voltages before the physical connection to 

collector surfaces and guard rings are made.

Two analog switches (MAX319) select which voltage source (fixed -4.096 VDC or DAC output) 

provides the bias to each of the two collector surfaces (primary and secondary collectors). These 

switches are configurable from the GSS via the microcontroller. On power up, the switch is 

configured to select the fixed -0.4096 VDC bias for the primary collector and the DAC output for

3.2.2.2. Collector Surface Biasing
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biasing the secondary collector. This is done so to ensure that even if any one of the biasing 

sources fails, only one collector surface will lose its bias.

3.2.2.3. Current-to-Voltage Conversion

The plasma current induced onto the collector surfaces need to be quantized and for this 

purpose it is first converted to a corresponding voltage by op-amps in a current-to-voltage 

configuration, followed by a difference amplifier. The difference amplifier subtracts the bias 

voltage to result in a voltage that only corresponds to the actual plasma current induced onto 

the collector surfaces. The configuration is explained in the following three subsections: op-amp 

selection, feedback resistor(s) selection and filter capacitor selection.

3.2.2.3.1. Op-amp Selection

The following conditions dictated the selection of MAX421 chopper stabilized op-amp for the 

current-to-voltage conversion:

1. The principle reason for selecting a chopper stabilized op-amp is to have minimum input 

offset voltage. Extremely low current values are to be measured and therefore a very 

large gain during the current-to-voltage conversion is provided. This high gain also 

amplifies the input offset voltage, thus resulting in significant errors at the output. 

Therefore, it is highly desired to select op-amps that offer superior input offset voltage 

specifications and the MAX421 has a maximum offset of 5 |iV.

2. Furthermore, rapid temperature changes due to frictional heating may cause significant

input offset voltage drift, which again is accounted for and corrected by the chopper

stabilized design of the MAX421, resulting in a guaranteed drift of 0.05 nV/°C.

3. Since very small plasma currents have to be measured, it is important that the op-amps

selected have very low bias current to minimize offsets in the corresponding voltage at 

the output. The MAX421 has a manufacturer rated input bias current of 35 pA over the 

temperature range of 0 °C to 70 °C. This coupled with proper passive component
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selection as outlined in the subsequent section, provides for good resilience to the ill 

effects of input bias current.

4. Though a few other op-amps provided better input bias current and input offset voltage 

ratings, the MAX421 was the best off-the-shelf op-amp available during the design 

phase for the required operational voltage rating of +5 VDC to -15 VDC.

The MAX421 has an internal nominal chopper frequency of 400 Hz. This results in a slight inter

modulation between the input signal and the chopper frequency. The OPA277U op-amps do not 

have this problem and compromises only slightly on its performance specifications, which is the 

reason why it was chosen for implementing the difference amplifier. The OPA277U is also 

available in a much smaller Small-Outline Integrated Circuit (SOIC-8) package, and when coupled 

with the fact that the difference amplifier has a unity gain with the input voltages being 

sufficiently large, the minimal input offset voltage and bias current results in negligible adverse 

effects. The OPA277U has an offset voltage of 10 pV with a drift of 0.1 pV/°C and input bias 

current of maximum 1 nA.

3.2.2.3.2. Feedback Resistor(s) Selection

The selection of the feedback resistor(s) in the current-to-voltage conversion design was 

governed by the below mentioned requirements:

1. First and foremost, the feedback resistors were selected to scale the maximum 

expected plasma current (421.94 pA for the Low-Gain primary collector channel and

35.7 pA for the secondary collector channel) to result in -10 VDC.

2. Secondly, reducing the undesired effects of the input bias current of the MAX421 was a 

priority. The input bias current will exist on both the positive and negative inputs of the 

op-amp and during current-to-voltage configuration. The positive input bias current gets 

multiplied with the resistors R1 (for U2 (primary collector channel)) and R l l  (for U4 

(secondary collector channel)), causing a resultant voltage adding onto the output 

(plasma current converted to corresponding voltage). The negative input bias current on 

the other hand simply gets multiplied with the feedback resistor, again resulting in
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erroneous voltage output. In order to mitigate these ill effects, it is clear from the above 

discussion that smaller resistor values are desired, which is reflected in the design.

3. In order to get a good level of input bias current cancellation, it is required that the 

resistors R1 (for U2 (primary collector channel)) and R l l  (for U4 (secondary collector 

channel)) be equal to the parallel combination of the input and feedback resistors, again 

evident in the design.

3.2.2.3.3. Filter Capacitor Selection

The sampling frequency of the ADC residing on the digital board is 40 kHz and therefore it is 

imperative to filter out frequencies beyond our region of interest before it is passed on to the 

ADC to prevent aliasing. For both the primary and secondary collector channels a second order 

op-amp-RC active Low-Pass filer realization is implemented by the cascade of two active first 

order filters.

The corner frequency is chosen to be less than 500 Hz for the following two reasons:

1. Since the rocket rotation rate is only 2.5 Hz, the variability of the detected plasma 

current will primarily be contained in a bandwidth of 500 Hz.

2. As an added measure of safety, the voltages corresponding to the induced plasma 

currents after the current-to-voltage conversion will also be sampled and quantized by 

NSROC hardware in addition to the Plasma Probe electronics. The NSROC digitization 

hardware has a sample rate of 1042 sps, therefore it is imperative to limit the highest 

frequency component of the signal to less than 500 Hz.

The following points summarize the cascade design of the second order active Low-Pass filter:

1. For the primary collector channel, the capacitor C8 and resistor R7 together provide a

corner frequency 447.69 Hz, which forms the first order Low-Pass filter. In the 

subsequent difference amplifier the capacitor C9 and resistor R8 form another first 

order Low-Pass filter with a corner frequency of 442 Hz and together, both the first 

order filters in cascade form the second order filter.
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2. Likewise, the capacitors C15 and C16 and the resistors R14 and R15 form the second 

order filter with a corner frequency of 442 Hz for the secondary collector channel.

3.2.2.4. Voltage Scaling

Since the ADC (residing in the DM) has an input analog signal range of ±10 VDC, to provide for 

maximum digitizing resolution, the highest expected plasma current is translated to -10 VDC by 

the voltage scaling op-amps.

Note that on the primary collector channel, an all-pass filter is implemented. Though the ADC 

can accept input signal voltages up to ±15 VDC (but will only digitize signals in the range of ±10 

VDC) without component failure, the signal amplitude is restricted by a Zener diode to -11 VDC.

3.2.2.5. Analog Housekeeping Data

All the analog housekeeping data are acquired and digitized by the NSROC TM. They either 

provide a backup of important data (Collector Currents) that will be used in case the DM on the 

Plasma Probe fails, or record data that is not digitized by the Plasma Probe electronics such as 

temperature sensor data. Table 3.1 below summarizes all the analog housekeeping data and the 

respective sampling rates and digitized resolution.

Table 3.1 Plasma Probe House Keeping Data

Housekeeping Data
Data Signal Voltage 

Range
Sampling Rate Digitizing

Resolution
Primary Collector High-Gain Plasma 

Current
0 V D C -+5 VDC 1042 sps 12 bit

Primary Collector Low-Gain Plasma 
Current

0 V D C -+5 VDC 1042 sps 12 bit

Secondary Collector Plasma Current 0 V D C -+5 VDC 1042 sps 12 bit
Primary Collector Offset Voltage 0 V D C -+5 VDC 1042 sps 10 bit

Secondary Collector Offset Voltage 0 VDC -  +5 VDC 1042 sps 10 bit
AM Temperature 0 V D C -+5 VDC 1042 sps 10 bit
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As evident from the table, all the signals to the NSROC TM is conditioned from 0 VDC to +5 VDC 

and wherever applicable, this is performed using OPA335 op-amps.

3.2.3. Digital Module (DM)

3.2.3.1. Overview

The color coded functional block diagram of the DM is represented in Figure 3.5 below.
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Figure 3.5 Digital Module Block Diagram

The Digital Module houses the microcontroller, the communication circuitry and the ADC. The 

microcontroller selected is MC9S12DP512 from Freescale and it is clocked by a 20 MHz oscillator
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to form the brain of the system. It interfaces with the ADC, DAC, ACS, GSS and other devices like 

LED drivers, digital switches and relays to performs a host of functions among which the primary 

ones are listed below:

1. The microcontroller controls the ADC which digitizes the plasma current data sent from 

the AM with a 16-bit digitizing resolution. The digitized data of all the collector channels 

are multiplexed and packetized into an eight-byte data frame and transmitted to the 

NSROC TM via an RS-485 communication interface at 153.6 kbps. The entire path is 

color coded with green in Figure 3.5.

2. Receives the daughter payload rotation (roll rate) information from the NSROC ACS and 

calculates the collector orientation at any given instant (orange blocks in Figure 3.5).

3. Communicates with the GSS from which most functions of the Plasma Probe can be 

configured and monitored (orange blocks in Figure 3.5).

4. Depending on the collector orientation, the microcontroller programs the DAC residing

on the AM to change the bias voltage to the collector surfaces.

5. Controls the analog CMOS switches residing on the AM that bridge the bias voltage to 

the collector surfaces.

6. Controls the relay circuitry that simulates plasma current draw for testing proper 

operation of the Plasma Probe.

7. Detects launch and generates all of the numerous timing signals critical for the control 

and operation of the Plasma Probe.

8. Continually monitors the +5 VDC regulated outputs of the PM.

9. Provides a visual status of the operating state of the Plasma Probe by use of eight

colored LEDs.

10. The module has optical fiber communication capability built into it for versatility with 

future payloads.

The discussion of the DM is split into the following subsections: Microcontroller, ADC, Device 

Interfaces and Communication Interfaces.
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3.2.3.2. Microcontroller

The microcontroller being the brain of the system performs a vast array of functions, which in 

many cases are intertwined with other devices. Due to the sheer multitude of tasks performed 

by the microcontroller, its various functions are split up and discussed as appropriate in the 

following sections, as opposed to listing them all here in sequence.

Though the MC9S12DP512 has numerous features, the key ones that resulted in its selection for 

the Plasma Probe are as follows:

1. 512 Kbytes of Electronically Erasable Programmable Read Only Memory (EEPROM) more 

than guarantees ample space for any code the Plasma Probe will require. Section 3.4 

(Firmware) elaborates the algorithm in detail.

2. Two hardware asynchronous Serial Communication Interfaces (SCI) provides most 

efficient means of interfacing with GSS, ACS and the TM.

3. Three SPI ports assure high speed connectivity with other devices. The DAC is interfaced

using SPI in the design.

4. Eight-channel enhanced capture timer provides for sufficient and effective timing 

generation.

5. Twenty interruptible digital I/O lines.

6. Twenty nine general discrete digital I/O lines.

7. A maximum main bus frequency of 25 MHz provides for rapid processing and response

times.

3.2.3.3. ADC

The ADS7825 is a 16-bit ADC with an input range of ±10 VDC. It has four multiplexed input 

channels with an Integral Nonlinearity (INL) of ±2 LSB. INL and Differential Nonlinearity (DNL) are 

the most important parameters when conversion accuracy is of utmost importance. In an ideal 

ADC, each quantized voltage step of the input analog signal will be a constant, but in reality, the
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DNL provides the measure of deviation in step size from the ideal value. INL provides the 

deviation of the transfer function of the ADC from its ideal straight line transfer function (10).

The ADC is interfaced with the microcontroller using a parallel connection. The ADC's control 

signals are generated by general purpose microcontroller I/O pins, while its responses are tied 

to the microcontroller's interruptible pins. During board layout, the ADS7825 is kept as close to 

the DM periphery as possible with short copper traces for the input data, ground and power 

lines. The ADC, despite being placed in the DM, is supplied with ground and regulated +5 VDC 

analog power, which is shared by all the components of the AM. This is done to ensure that 

most of the high frequency noise induced on to the supply return paths by the digital 

components of the DM do not interfere with the ADC performance.

The three analog data channels are routed to the ADC, while it's built in multiplexer sequentially 

acquires and digitizes the data. The digitization is performed starting with the secondary 

collector data, then the primary collector High-Gain channel, and lastly the primary collector 

Low-Gain channel. Since the ADC is controlled by the microcontroller, the acquisition and 

conversion rate is decided by the firmware. Section 3.4 (Firmware) and Chapter 4 (Performance 

Testing and Integration) details the control algorithm and various timing parameters of the ADC, 

respectively.

3.2.3.4. Device Interfaces

This section covers all the devices the microcontroller is interfaced/connected to excluding the 

communication interfaces, which are discussed in the subsequent Section 3.2.3.5 

(Communication Interfaces).

3.2.3.4.1. DAC

The DAC (U23) discussed in Section 3.2.2.2 (Collector Surface Biasing) is interfaced with the 

microcontroller using a three-wire SPI. A few parameters of interest pertaining to the
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programming of the DAC can be controlled using the GSS, such as enabling/disabling of the DAC, 

its output selection, the desired output voltage and output settling time. The programming 

algorithm and relevant timing parameters are addressed in Section 3.4 (Firmware) and Chapter 

4 (Performance Testing and Integration), respectively.

3.2.3.4.2. Processor Supervisory Circuit

Unstable or insufficient power supply to the microcontroller can cause it to behave erratically 

and in some cases cause un-predictable consequences that may require a complete firmware 

reloading. Such a situation would be an expensive affair once the instrument is sealed, 

integrated and mounted on the rocket. As discussed in Section 3.2.1.3 (+5 VDC Regulated 

Output), the snap-on/snap-off configuration of the linear regulators prevents transient voltages 

to the microcontroller, but the processor supervisory circuit (implemented very close to the 

microcontroller) continually monitors the supply voltage and in an event of supply voltage 

anomaly, it resets the microcontroller (by triggering the microcontroller's reset pin) for the 

duration of the fault. Such an approach of employing a supervisory circuit as opposed to simply 

cutting off the supply to the microcontroller has the following advantages:

1. The microcontroller records the fault condition and has various routines that can be 

initiated as a response to a particular fault condition. For example, a reset by triggering 

the reset pin is considered a fault condition that is different from a power-on reset and 

appropriate remedial action can be taken by the firmware once the supervisory circuit 

releases the microcontroller from the reset state.

2. The supervisory circuit can also be manually controlled to reset the microcontroller; a 

feature very useful in the development and programming phases.

3. Though the supervisory circuit shares the Background Debug Module's (BDM) 

connection to the reset pin, it does not interfere with the programming or debugging 

operations.
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The supervisory circuit implemented is TPS3828, which has a fixed delay of 25 msec for which it 

will hold the microcontroller in reset after the fault condition is cleared.

3.2.3.4.3. BDM Interface

The BDM is by far the most efficient means of programming and debugging the microcontroller 

when compared to the expensive option of using an external In-Circuit Emulator (ICE) hardware 

device or a Joint Test Action Group (JTAG) debugging architecture. In order to access the on

board memory or to set breakpoints, the JTAG architecture halts the microcontroller, while the 

BDM does it seamlessly. The other advantage of BDM is that it waits for unused memory access 

slots to perform its memory access operation, resulting in minimum interruption of 

microcontroller operation.

The BDM interface implemented on the DM is a six pin header connector that will plug into the 

BDM module, which interfaces the programming/debugging software to the microcontroller.

3.2.3.4.4. DIP Switches

A Dual In-Line Package (DIP) switch with four switches is connected to the microcontroller's 

interruptible pins that can be used to set the microcontroller into any pre-programmed mode of 

operation. The operational modes implemented will be discussed in detail in Section 3.4 

(Firmware), but these hardware set states can be bypassed using the GSS for the duration until a 

power flush to the microcontroller occurs. Upon a power-on reset, the microcontroller 

configures itself as indicated by the DIP switches and GSS has to be invoked again to override 

the same.

3.2.3.4.5. Status LEDs

Eight LEDs are provided to indicate the operational status of the Plasma Probe. These LEDs are 

rated for a maximum current rating of 20 mA but have been designed to draw 15 mA each. Such
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a design can be directly powered using the microcontroller since the maximum allowable 

current draw from any microcontroller pin is 20 mA. But to ensure that a short-circuit on the 

LED side does not result in a catastrophic microcontroller failure from excessive current draw, 

Exclusive-OR gates are used to interface the LEDs to the microcontroller.

The eight LEDs can be used to indicate just about any status reading required and have been 

used extensively both in the design phase at the university lab and for debugging at NSROC. The 

entire Plasma Probe will be sealed off in an aluminum box without any vents for viewing the 

status LEDs, therefore its primary role is in facilitating the programming and debugging of the 

Plasma Probe design.

3.2.3.4.6. Launch Detect

The microcontroller maintains an accurate time from the launch of rocket to initiate any timed 

events. Unlike the previous HEX mission, which had to rely on the loss of communication to its 

GSE as an indicator of a rocket launch, the HEX2 mission is provided with a dedicated launch 

signal by NSROC.

This link providing the launch detect signal reads a constant +5 VDC when the rocket is on the 

rail and will go open (floating) upon launch. This link is connected to an interruptible pin on the 

microcontroller with external pull down resistors to force an active low upon open, thus 

triggering a high-to-low signal transition interrupt upon launch.

3.2.3.4.7. AM Components

The components on the AM that are interfaced to the microcontroller are the relay and the 

MAX319 analog switch. The relay when triggered provides a source for current draw, thus 

simulating the effect of induced plasma current and is employed in testing the proper operation 

of the instrument when on the rail. The analog switches are used to select the source that will 

bias the collector surfaces.
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3.2.3.5. Communication Interfaces

There are three external modules to which the Plasma Probe is interfaced, which are the ACS, 

GSS and TM. This section will cover each of the interfaces and its importance in detail.

The communication standard adopted is RS-485 (EIA/TIA485), which with its balanced 

differential signaling scheme over twisted pair can yield a transmission distance up to 1200 m. In 

addition, the ability to tri-state the RS-485 device is crucial since the ACS and GSS are sharing the 

same communication link.

Since there are two DMs (one each for PP1 and PP2), the communication links to the ACS and 

the GSS is a multi-drop configuration and this demands proper line termination. In addition, 

system isolation from unwanted currents and voltages resultant from Electro Static Discharge 

(ESD) is also crucial.

3.2.3.5.1. RS-485 Termination Scheme

Termination becomes particularly important in a multi-drop configuration where the data sent 

from a transmitter will be picked up by multiple receivers. Failsafe biasing provides a known 

state when all the drivers are in tri-state, which is important in configurations employing more 

than one transceiver. A failsafe biased bus should always have either a High or a Low logic state. 

When the transmitter is not transmitting and/or the receiver is not receiving any data, pull up 

and pull down resistors connected to the bus biases it to either a High or a Low logic state. 

Numerous termination schemes exist, but for a multi-drop configuration, the most commonly 

used is the power termination scheme, which guarantees failsafe bias for idle or open lines and 

allows for high signal quality under high data rates.

In order to switch the receiver into a known logic state regardless of whether the line is open or 

idle, a minimum of +200 mV must be developed across the two differential terminals of the 

receiver. Due to this reason, it is generally practiced to employ the termination at the receiver 

end only and to leave the transmitter un-terminated in a multi-drop configuration. Power
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terminations are used on all the communication links (ACS, GSS and TM). Figure 3.6 depicts the 

power termination configuration. The resistor values for RA, RT and RB used in the Plasma Probe 

design are 62 П, 120 Q and 62 Q, respectively.

3.2.3.5.2. ACS Interface

The importance to know the precise orientation of each of the collector surfaces at any given 

time after separation from the mother payload is discussed is Chapter 2 (Plasma Probe: Design). 

The daughter payload (containing the Plasma Probe, the ACS and the TM) is reoriented with its 

spin axis perpendicular to the direction of the velocity vector and is provided with a constant 2.5 

Hz rotation by the ACS. Thereafter, the ACS send a signal to the Plasma Probe that provides the 

angle of the skin section's zero-marker (which is exactly aligned with the center of PPl's 

secondary collector) with respect to the velocity vector every 20 msec with a resolution of 

0.0879°. This angle is hereafter referred to as aspect angle. With the information ACS provides, 

the Plasma Probe can precisely calculate the position of all four collector surfaces at any given 

time. The data format of the ACS signal to the Plasma Probe is discussed in the Section 3.4.4.2 

(Communication Interface to ACS and GSS).

Because the MC9S12DP512 features only two SCI ports, the ACS shares the communication link 

with the GSS and thus care must be taken to ensure that only one of the devices is active at any
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given time. The ACS data signal to the Plasma Probe is sent at 9600 baud using RS-485 

differential signaling standard. The receiver on the DM is SN65HVD55, whose receiver and 

transmitter can be independently enabled or disabled from the GSS via the microcontroller 

firmware. Since the data from the ACS is routed to both PP1 and PP2 DMs, it essentially forms a 

multi-point interface and the most appropriate failsafe biasing (power termination) is employed. 

For a multi-point interface, it is general practice to have termination only on the receiver end, 

which in this case is on the Plasma Probe. A power termination configuration is employed with 

the cable characteristic impedance assumed at 120 Q. Numerous termination related issues 

arose during the integration and testing phase both at NSROC (Wallops Island) and at PFRR, 

which is discussed in detail in Section 4.1.3 (Integration and Final Assembly).

The SN65HVD55 has a built-in ESD protection of 15 kV, but for added safety, a Transit diode 

array (ITA6V5B1) is implemented prior to it. The ITA6V5B1 provides robust protection against 

both ESD and Electrical Overstress (EOS). ESDs are very rapid (5 to 30 ns durations) low energy 

discharges with very high voltage peaks (approx 15 kV) and so the Transil diodes with its swift 

switch-on times (often picoseconds) are sufficient for overvoltage peak protection. EOS on the 

other hand, with its higher energy and longer over-voltages, demands that the protection device 

be able to dissipate the excess power in its silicon, which again the ITA6V5B1 satisfies.

One of the best methods to guarantee protection to the microcontroller against excessively high 

voltages from external communication links is to use some sort of isolation circuitry. In the 

Plasma Probe, a digital isolation is opted for by using Analog Devices' ADuM1402. These are 

superior to opto-coupler devices because they provide a near linear transfer function, 

performance consistency over a wide temperature range and eliminate the need for any 

external drivers and discrete components.

3.2.3.5.3. GSS Interface

The GSS communication interface is implemented using a 4-wire RS-485 full-duplex 

communication link. As both the GSS and ACS share the communication link, all the 

communication components mentioned and discussed in the "ADC Interface" section above also
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applies to the GSS Interface. While the communication link between the ACS and the Plasma 

Probe is a simplex, multi-drop connection with data transmission only occurring from the ACS, 

the communication link between the GSS and the Plasma Probe is a full duplex 4-wire multi

drop configuration. Care should not only be taken to ensure that ACS and GSS communication 

do not occur simultaneously, but since there are essentially two DMs (on PP1 and PP2, 

respectively), it is imperative that only one DM communicates with the GSS at any given time. 

This is guaranteed by the firmware running on their respective DMs and will be elaborated in 

Section 3.4 (Firmware).

3.2.3.5.4. TM Interface

This section only discusses the hardware involved in the interface and leaves the discussion of 

the timing parameters and data format to Section 4.1.1.3 (Digital Module Performance) and 

Section 3.4 (Firmware), respectively.

Unlike the HEX mission, an asynchronous mode of data transfer was adopted for HEX-2, thus 

eliminating synchronization complexities with the NSROC TM. The digitized data from the ADC is 

packetized and transmitted to the TM in continuous streams of 8 bytes at 153.6 kbps via an RS- 

485 communication link. In addition to the RS-485 link, a fiber optic interface has also been 

implemented (color coded as yellow in Figure 3.5), which will be utilized when the hardware is 

adopted for the Student Rocket Project -  5 (SRP5) mission.

The RS-485 data interface solution from Maxim (MAX1490EA) was used on the Plasma Probe. 

The MAX1490EA has inbuilt opto-coupled electrical isolation for the data and transformer 

isolation for the power, providing protection against ±15 kV ESD shocks. The data drivers are 

short-circuit current limited and the receivers have failsafe feature guaranteeing a known 

output state when left open. This allows for leaving the receiver end open (un-terminated) as 

data is only being sent from the Plasma probe to the TM and not vice versa.

For the optical fiber connection, an RS-232 signaling scheme is adopted as set forth by the TM 

on SRP5. The RS-232 chip used is MAX3221, which features a single driver and receiver pair
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capable of operating up to data rate of 250 kbps. The output of the MAX3221 is then sent to an 

Exclusive-OR gate (74HC86) to generate the positive +5 VDC and GND signals for the optical fiber 

transmitter.

A jumper pin (J19) is used to select whether data is sent to the MAX3221. This works in 

conjunction with the MAX3221's built-in feature of auto powering down when data is neither 

being received or transmitted, thus saving power when the fiber optic communication is not 

required (as the case is in the HEX-2 mission).

3.2.4. The Entire Instrument

Figure 3.7 and Figure 3.8 each show a picture of the completed electronics. There are a total of 

five circuit boards; two for AM (PP1 and PP2), two for DM (PP1 and PP2) and one for PM (the 

Power PCB has two separate PMs built into it). From top to bottom, the first (top most) PCB is 

the PM, it is followed by the DM of PP1, then by AM of PP1, then by DM and AM of PP2, 

respectively.

Figure 3.7 Plasma Probe Electronics (Photo 1)
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Figure 3.8 Plasma Probe Electronics (Photo 2)

The completed electronics is mounted into an aluminum enclosure, the dimension of which is 

depicted in Figure 3.9. The enclosure is fitted with a DB9, DB15 and DB28 male connectors on 

one side and a DB9 female connector on the opposite to allow for connection with all the 

required external components. The yellow material shown in Figure 3.9 is a conolite fiberglass 

that is placed between the aluminum enclosure and the rocket deck plate to provide thermal 

isolation from the heavily heated exterior skin of the rocket during flight Elaboration of the 

connections to and from the aluminum enclosure is provided in Appendix-B.



51

 *
< т >•

/ ' ’ V ~  t ™ * '*  ♦* DB9F Conncctor is mounted
— .—  — ---— — ....  ---- - ' on opposite side

Figure 3.9 Plasma Probe Aluminum Enclosure
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3.3.Collector Surfaces and Guard Rings

3.3.1. Overview

As already discussed in Section 3.1 (Design), each Plasma Probe controls one primary collector 

and one secondary collector surface. The primary collectors are of 6" height and 21" length 

while the secondary collectors have a dimension of 6" x 6". One inch guard rings cover both the 

top and bottom of all the collector surfaces. These collector surfaces are then mounted onto the 

rocket skin. A flattened two dimensional representation of the collector surfaces are shown in 

Figure 3.10 below.

6M
Mass ~ 4.6 kg

6M

5 ft f)
. .0 ._ .C L ...{

6”

I ”

2 0 7  electro deposited" 
gold plated copper cladding

21’

Applies to all sections
Insulating layers:
RT Duroid 5X70 
(125 mil top «fe 62 mil bottom)

Shield:
2 0 7  electro deposit 
copper cladding.

Figure 3.10 Plasma Probe Collector Surface
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All the materials employed are to the exact same specs that were researched and used by Bruce 

Johnson for the first HEX mission. The mounting of the collector surface on to the skin section is 

a very tedious process and was carried out at the UAF Gl Machine Shop under the supervision of 

Bruce Johnson. Therefore, this section only briefly outlines the collector surface materials and 

its mounting procedure and refers to Bruce Johnson' thesis for a thorough discussion (1).

Each collector surface is composed of two layers of a flexible laminate called 5870 RT Duroid. 

The bottom layer is electro-deposited with a copper cladding of 1 oz while the top layer is 

electro deposited with a coating of 2 oz. The top side of the upper layer is then electroplated 

with gold for better conductivity and to prevent oxidation of the copper surfaces.

The bottom side of the outer layer and the top side of the inner layer come in physical contact 

and are electrically connected to have the same voltage potential as that of the guard rings. This 

prevents capacitive coupling between the collector surface and the rocket skin section.

Lastly, Figure 3.11 shows the picture of the Plasma Probe inside the aluminum enclosure 

mounted into the skin section.

3.3.2. Collector Surface Material and Mounting

Figure 3.11 Plasma Probe Ready for Integration
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3.4. Firmware

3.4.1. Overview

After a quick initialization of the numerous ports and communication interfaces, the firmware 

code relies on a strictly interrupt driven mechanism. Due to the numerous intertwining of 

various Interrupt Service Routines (ISR), it gets very complicated depicting the entire logical 

workflow of the firmware in one master flowchart. Therefore, this and the subsequent sections 

address the firmware in a piece meal methodology with several flowcharts and tabulations.

A higher level logical workflow of the firmware is presented in Figure 3.12 below. Every one of 

the process or action boxes in the flowchart is in reality composed of numerous decision making 

and processing steps. Also, almost all of the ISRs are influenced by, or influence, the other ISRs, 

which is again omitted in the flowchart. Apart from the logical workflow depicted, the 

microcontroller continuously monitors for a number of reset conditions discussed in the 

subsequent Section 3.4.2 (Microcontroller "Resets").



Figure 3.12 Flowchart - Firmware Workflow
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This simplified higher level operational workflow of the firmware is summarized below:

1. Upon power up the watchdog timer is first initialized. The watchdog refreshing 

command is placed in the ISR involved with transmitting data to the TM. The watchdog 

timer will expire if for some unforeseen reason, the microcontroller gets bogged down 

in some section of the code and does not transmit data to the TM for over 2 msec, 

forcing the microcontroller to reset. After reset, the microcontroller will initiate into its 

default operating mode (discussed in Section 3.4.3) and resume operation for the 

remainder of the flight.

2. The code then configures the required general I/O ports. Amidst other things, this 

involves setting all unused ports as output ports to prevent any undesired signal (noise) 

induced on the pins from grabbing the microcontroller's attention and/or processing 

time.

3. All the communication interfaces discussed in Section 3.4.4 (Firmware: Interfaces and 

ISRs) will be configured next.

4. The parallel interface to the ADC and the SPI interface to the DAC is configured next, the 

details of which will be presented in Section 3.4.4.3 (Other Interfaces).

5. All the other interfaces such as status LEDs, launch detect, DIP switches, etc. will be 

configured.

6. After completion of the configuration process, the firmware goes into a perpetual loop 

waiting for interrupts to occur. Interrupts occurring are then serviced in a First-In-First- 

Out (FIFO) manner. In an event where two interrupts occur simultaneously, they will be 

serviced depending on their order of importance. Table 3.2 below enumerates the 

priorities of interrupts that are of importance to the mission.

7. Once an interrupt occurs, the code written in its corresponding ISR is executed. In many 

situations, the execution of a code in one ISR is dependent on flags set by code in 

another ISR or a particular ISR will queue another interrupt for servicing immediately 

following its completion. This complex relation is easier addressed in a modular fashion 

and is omitted from the Figure 3.12. In principle however, after completion of servicing 

any ISR, the control goes back to "wait for interrupt" decision box as shown in the
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flowchart (Figure 3.12). Each of the ISR action boxes shown in the flowchart will be 

enumerated in the subsequent sections.

The Table 3.2 enumerates the interrupt priorities that are of importance. The ISR with a higher 

priority will be executed in an event where two or more interrupts occur simultaneously.

Table 3.2 Firmware Interrupt Priority

Interrupt Priority Interrupt caused by
1 Manual or voltage reset from supervisory circuit
2 External clock failure
3 Watchdog timer expires
4 Real Time Interrupt (Clock)
5 Timer channels 0 to 7
6 SCI #0 -  Communication to TM
7 SCI #1 -  Communication with ACS and GSE
8 SPI #2 -  Communication with DAC
9 Launch detect at interruptible Port-H.
10 +5 VDC voltage regulation failure at interruptible Port-P

Since the firmware is completely interrupt driven, there is a possibility that multiple interrupts 

may occur at the same given time, and it is therefore important to structure the program such 

that higher priority interrupts do not interfere with the logical flow of the program.
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3.4.2. Microcontroller "Resets"

The MC9S12DP512 has separate ISRs for every fault and can be configured to reset itself for any 

of them. Resetting the microcontroller has been implemented for the following faults:

1. If the power supply voltage falls below +4.75 VDC, the processor supervisory circuit will 

initiate a reset by holding the reset pin on the microcontroller in a "Logic 1" or "High" 

state. Upon restoration of power, the microcontroller will re-initiate itself in its DOM.

2. If a manual reset is initiated by pressing the reset button on the DM, the supervisory 

circuit, like in the case of a power anomaly scenario mentioned above, will initiate a 

reset by invoking the reset pin on the microcontroller.

3. The clock signal integrity is continually monitored by the microcontroller for a failure. 

Upon an event, the firmware will enable the built-in Phase Locked Loop (PLL) and 

attempt to acquire a lock on to the incoming clock pulses and generate a clean 4 MHz 

low frequency clock for the microcontroller operation. Upon restoration of the external 

clock (10 MHz bus speed), the microcontroller is reset and allowed to re-initiate itself 

with the default operational configuration (DOM). Note that under the PLL mode of 

operation, the required communication data rate of 153.6 kbps to the TM cannot be 

established. The low frequency clock is only used to keep the microcontroller alive to 

monitor the restoration of the normal high frequency clock.

4. The firmware is programmed to initiate a reset of the microcontroller if the watchdog 

timer expires. This routine is also exploited to force a remote reset of the 

microcontroller from the GSS Graphical User Interface (GUI).

These reset routines are not shown in Figure 3.12 and they work outside the logical workflow 

depicted in it. The microcontroller continually monitors for these faults throughout its operation 

and will force an immediate reset.
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3.4.3. Default Operating Mode (DOM)

The DOM represents the initial microcontroller configuration that will be applied immediately 

following its power up or a reset and is enumerated below:

1. The watchdog is initiated with a 2 msec expiration time interval.

2. I/O port initialization is performed next.

3. The communication ports are configured. First the SPI interface to the DAC is configured 

with a clock speed of 39.04 kHz.

4. The parallel interface with the ADC and the timer channel #6 used to indicate the ADC 

signal acquisition time is configured.

5. All the status flags are reset and global interrupts are enabled.

6. The value of the DAC output is set to -0.4 VDC by invoking the DAC ISR by placing data 

into the corresponding SPI's transmit register.

7. One of the MAX319 CMOS switches on the AM is configured to allow the DAC output to 

provide the biasing to the primary collector surface and its guard rings. The biasing to 

the secondary collector (-0.4096 VDC) is derived from the LM4140. This approach 

provides an added level of redundancy such that if either the DAC or the LM4140 fails, 

only one of the collector surfaces will be rendered ineffective.

8. The onboard relay to simulate a plasma density is de-activated. This de-activation is 

achieved in the I/O port initialization, but as an added safety measure, the same de

activation procedure is repeated here again.

9. A constant voltage biasing scheme is selected (please refer to Section 3.4.5 for an 

explanation on the various biasing schemes). Under this scheme, the microcontroller 

will receive the ACS data but will not change the bias to the collector surfaces 

depending on it current orientation.

10. The Real Time Interrupt (RTI) timer is disabled. The RTI is initially enabled with the High- 

to-Low launch detect signal from NSROC hardware (or remotely from the GSS) and the 

ISR for the RTI calculates all the required in-flight times. In the default configuration, the 

microcontroller will not perform any timed events. This is exactly what is required
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because if a reset occurs in mid flight, there is no way for the microcontroller to know 

the elapsed flight time.

11. The microcontroller will not respond to any GSS instructions other than an 

Enable/Disable GSS instruction. This particular instruction is two bytes in length and is 

unique from all other GSS and ACC instructions. During flight, if a reset occurs, there will 

be no GSS transmission available and therefore this step prevents the microcontroller 

from interpreting a corrupt ACS signal as a specific GSS instruction.

12. Launch detect feature is enabled. The microcontroller can be configured to not respond 

to the launch detect signal from the GSS.

The default configuration is designed to meet the Plasma Probe's comprehensive success 

criteria for the mission, which is to apply a constant bias to the collector surfaces and acquire a 

measurement of the relative plasma density. This default configuration can be modified using 

the GSS before launch to achieve an advanced success criterion, but if an error occurs in flight, 

the default configuration is restored.

3.4.4. Firmware: Interfaces and ISRs

This section covers the configuration of the numerous interfaces and their respectively involved 

ISRs. In general, each subsection consists of two elements. The first one involves the 

configuration of the interface and the second relates to the ISR(s) involved in the use the 

interface. An ISR, like that for an SCI, can be manually invoked by placing data into the 

interface's transmit register or automatically invoked when data arrives at its receive register. In 

this thesis, no distinction is made between the two different ISR invoking mechanisms and 

instead collectively addresses them both as "invoking" the ISR.

Configuration of the interface in most cases is a relatively straight forward process. 

Comparatively, programming the involved ISR to be fool proof is a more time consuming and 

critical event. To elucidate this point, consider a scenario involved in a dynamic bias changing 

mode of operation.
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The Plasma Probe is designed to perform various dynamic biasing schemes, all based on the 

calculated collector surface orientation interpolated from the roll data send by the ACS. The 

reception of the ACS data and a change in bias to the collector surfaces involves invoking the 

"ACS & GSS Communication ISR", "RTI -  ISR" and the "DAC -  ISR". After a successful change in 

the collector bias, a stabilization time has to be allowed before the new data is digitized, this 

again involves the "Timer -  ISR" and the "ADC -  ISR". Only after all the above mentioned 

processes are complete, can the "Transmit to TM ISR" be invoked for the transmission of the 

data to the TM. Since all events are critically time based, it is vital to ensure that each ISR 

involved be invoked in a very controlled manner and its respective execution time does not 

impede the operation of other ISRs. To ensure this, a calculated nesting of ISRs was devised so 

that an unexpected operational holdup in one ISR will not interfere with the proper operation of 

another ISR and thus the overall functioning of the Plasma Probe. During flight, if the holdup in 

any ISR exceeds the watchdog timeout of 2 msec, the microcontroller is forced to reset and re

initiate itself in its DOM, which is in fact a comprehensive success criterion satisfying mode of 

operation.

Numerous parameters and scenarios need to be accounted for in setting up and using each 

interface and all those particulars are elaborated in their respective subsections.

3.4.4.1. Communication Interface to TM

3.4.4.1.1. Overview

A reliable un-interrupted communication with the TM is of vital importance in meeting the 

comprehensive success criterion of the mission and therefore considerable time and effort has 

been put into programming a near fool-proof ISR for communication with the TM. The 

communication interface to the TM consists of two parts. The first one involves the 

configuration of the communication link and the second relates to the ISR that performs the 

actual data transmission to the TM.
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Configuring the interface to the TM in the firmware is a relatively simple procedure involving 

setting the baud rate, enabling/disabling appropriate transceivers and its interrupts. Before a 

detailed discussion on the ISR involved in transmitting to the TM, the following section identifies 

the Plasma Probe data that will be transmitted.

3.4.4.1.2. Plasma Probe Data Format

There are three plasma current data channels in total (primary collector High-Gain, Low-Gain 

and secondary collector channels) with each providing 16 bits of digitized data from the ADC. 

These 6 bytes are then multiplexed along with a status byte and a sync byte to form an 8 byte 

data frame which is then transmitted to the TM via an RS-485 differential signaling system over 

twisted pair cable with a data rate of 153.6 kbps. The format of the data frame is shown in Table 

3.3 below.

Table 3.3 Plasma Probe Data Format

Data Frame Format
Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7 Byte 8

Sync
Byte
0xA5

Status
Byte

Secondary 
collector 
data MSB

Secondary 
collector 
data LSB

Primary 
collector 
High-Gain 
channel - 

MSB

Primary 
collector 
High-Gain 
channel - 

LSB

Primary 
collector 
Low-Gain 
channel - 

MSB

Primary 
collector 
Low-Gain 
channel - 

LSB

The multiplexing of the collector current data is done in the ADCs ISR. The sync byte will remain 

a constant 0xA5 during the course of the flight. The status byte is created as part of the power- 

up default configuration and populated with all zeros, but is then updated in various ISRs to 

reflect the actual status. The data format of the status byte is shown in Table 3.4.
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Table 3.4 Status Byte Data Format

Data format of the status byte
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bitl BitO

Launch detect 
& engineering 
sweep status

RAM or 
WAKE 

indicator

Current secondary collector bias 
value

Roll data 
reception 
indicator

Roll
data

validity

The bits in the status byte are updated in their corresponding ISRs. The information regarding 

the status bits and the ISR in which it gets updated is listed below:

1. Bit 0: This bit is updated in a function invoked from the "Transmit to TM ISR" that 

processes the received ACS data.

(a) Will be '0' if the received roll data from the ACS is invalid. This condition will 

occur when the ACS cannot provide a valid roll angle to the Plasma Probe and 

will persist for most of the duration prior to the science alignment of the 

daughter payload.

(b) Will be '1' if the received ACS roll data is valid.

2. Bit 1: This bit is also updated in a function invoked from the "Transmit to TM ISR" that 

processes the received ACS data. This bit starts initially with a '0' and will toggle with 

each reception of a new roll data frame (5 bytes) from ACS. The toggling is irrespective 

of the received roll data's validity.

3. Bit 2 to Bit 5: These bits are updated in the "DAC -  ISR" and it indicates the secondary 

collector's bias setting that resulted in the measured collector current. This information 

is very useful in multi-bias schemes where the collector bias is changed rapidly. Table

3.5 below outlines the value of the nibble for each corresponding secondary collector 

bias setting.
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Table 3.5 Plasma Probe Status Bits for Secondary Collector Bias

Relation between the secondary collector bias the indicated status bits

Nibble value (Bit 2 to Bit 5) in 
hexadecimal notation

Corresponding secondary collector bias

0 -0.4 V
1 -0.5 V
2 -0.6 V
3 -0.7 V
4 -0.8 V
5 -0.9 V
6 -1.0 V
7 -1.1 V
8 -1.2 V
9 -1.3 V
A -1.4 V
B -1.5 V
C -1.6 V
D -1.7 V
E -1.8 V
F -1.9 V
F -2.0 V

4. Bit 6: As in the case of Bit 0 and Bit 1, this bit is updated in a function invoked from the

"Transmit to TM ISR" that processes the received ACS data.

(a) When 'O', it indicates that the secondary collector is pointing in the ram 

direction. More precisely, this means that the secondary collector has crossed 

the angle set via the GSS that represents the ram direction. For the mission, this 

angle was set to 270°

(b) When T ,  it indicates that the secondary collector is pointing in the wake 

direction. Again, the angle is set via GSS to 90° for the mission.

5. Bit 7: This bit is updated by the "Interruptible I/O Ports ISR" and the "RTI -  ISR" to

indicate the actual launch of the rocket and the start of the End of Mission Engineering

Sweep (EMES) discussed in Section 3.5.2.7.
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(a) This bit initially starts off with a '0' and will change to '1' when a launch detect is 

registered. A false launch detect may be registered when the rocket is switched 

from external power to internal power on the launch pad and this will also 

result in this bit changing to T ,  but it can be reset back to '0' from the GSS.

(b) After actual launch, this bit will remain as T ,  until the EMES commences. When 

the sweep commences, this bit will change to '0' to indicate the successful start 

of the sweep.

The preparation of the data frame discussed above is elucidated in Figure 3.13.
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Figure 3.13 Flowchart - Preparation of Plasma Probe Data Frame
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This ISR routine performs the transmission of the data frame to the TM, after which it invokes 

the required ISR. There are a few scenarios that have to be accounted for which are described 

below:

1. The roll data from the ACS or communication from the GSS (when on rail) can occur at 

any time. When either communication occurs, the "ACS & GSE ISR" will only set a flag 

indicating that new data is awaiting processing and will not process the received data in 

order to guarantee un-interrupted operation of any other ISRs. It is the "Transmit to TM 

ISR" that invokes the function responsible for processing the ACS or GSS data based on 

the flag set by the "ACS & GSE ISR". This invoking is done after the successful 

transmission of the data frame to the TM.

2. There are several dynamic collector biasing schemes programmed and some of them 

are precise time-based biasing schemes. The time for change in bias is provided by 

either the "RTI -  ISR" or the ACS & GSS data processing function, but the actual change 

in bias is performed by the "DAC -  ISR" which is invoked from either the "Transmit to 

TM ISR" or the ACS & GSS data processing function. This is done to ensure that a change 

in bias does not occur amidst an ADC conversion cycle making the digitized data difficult 

to interpret.

3. One special case of dynamic biasing is called the End of Mission Engineering Sweep 

(EMES). EMES is the only dynamic biasing scheme that is completely independent of the 

"ACS & GSS ISR". The bias change times are provided by the "RTI -  ISR" but the actual 

change is performed by the "DAC -  ISR", which in turn is invoked from the "Transmit to 

TM ISR".

4. The EMES takes priority over the dynamic biasing scheme that is dependent on the ACS 

roll data.

5. The GSS always takes priority over the EMES and any other dynamic biasing scheme. 

Though in an actual flight the GSS will never occur, the GSS needs to take control of the 

microcontroller operation from all other ISRs in order to program the Plasma Probe with 

appropriate parameters at any given time when the rocket is on rail.

3.4.4.I.3. Transmit to TM ISR
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6. If none of the above mentioned events occur, then this ISR routine invokes the "ADC -  

ISR" for preparation of the next data frame for transmission to TM.

There are far too many operations that occur in each ISR to allow for any meaningful all inclusive 

flowchart, therefore only the essential logical flow of the scenarios discussed above is depicted 

in Figure 3.14.

Figure 3.14 Flowchart - Data Transmission Workflow
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3.4.4.2.I. Overview

This communication interface is shared between the ACS and the GSS and both communication 

interfaces operate at 9600 baud. In addition, it is designed as a multi-drop configuration 

because of the two independently functioning Plasma Probes. The firmware thus has the 

following critical tasks that it accounts for.

1. Isolate, recognize and interpret communication originating from the ACS and the GSS.

2. Only the Plasma Probe configured to react to ACS communication will do so.

3. Since there are two Plasma Probes, only the one to whom the GSS instructions are 

intended for will respond. The GSS has been designed to specifically address only one 

Plasma Probe for all instructions that require a response back. There are other 

instructions sent by the GSS that requires both the Plasma Probes to take action 

simultaneously but does not require a return communication.

4. When one Plasma Probe is using the communication channel to send out data, the other 

Plasma Probe waits until the communication channel is released for its use.

5. As an added precaution, each Plasma Probe will only enable its transmitter if it has been 

instructed by the GSS to send data back and only after verifying that the communication 

channel is free for use. After successful transmission, the transmitter is disabled.

6. Receivers on both the Plasma Probe are active at all times to receive communication 

from the ACS or GSS.

It is of vital importance that the Plasma Probe successfully differentiates between the ACS and 

GSS data. For this purpose, all data frames from the ACS will be of 5 bytes in length with the 

sync byte (first byte) remaining a constant 0xA3. The GSS data frames are also 5 bytes in length, 

but will never employ 0xA3 in any of its bytes. The GSS instructions are structured such that at 

least the first three bytes need to be in a pre-defined sequential order (depending on the 

function configured) for any action to be performed by the Plasma Probe, thus making it highly 

unlikely that a corrupt ACS transmission will be interpreted as a GSS instruction or vice versa.

3.4.4.2. Communication Interface to ACS and GSS
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Furthermore, before launch or in the DOM, the Plasma Probe is configured to not respond to 

any GSS instructions, thus preventing any corrupted ACS signal from being interpreted as a GSS 

instruction. Both the ACS and GSS data frames along with a comprehensive discussion on its 

operation are covered in the following sections.

3.4.4.2.2. ACS Data Format

The ACS provides the aspect angle (angle the zero-mark of the payload makes with the velocity 

vector) every 20 msec with a resolution of 0.0879°. When the rocket is placed on the rail, the 

zero-mark is that longitudinal line over which the rail is attached and this passes exactly through 

the center of the secondary collector surface of Plasma Probe 1. With the aspect angle available, 

the precise orientation of each collector surface can be calculated and thus appropriate 

collector bias can be applied to them.

Five bytes of information make up an ACS data frame send to the Plasma Probe and is depicted 

in Table 3.6.

Table 3.6 ACS Data Frame Format

Data format of the ACS data frame sent to Plasma Probe
Byte 1 Byte 2 Byte 3 Byte 4 Byte 5

Sync Byte: 
0xA3

Valid data: 0x0000 to OxOFFF 
Invalid data: 0xF000

Angle transmission 
delay

Checksum

1. Byte 1: This byte will always be a constant 0xA3. This is principally how the firmware 

differentiates an ACS data signal from that of GSS.

2. Byte 2 &. Byte 3: These two bytes provide the actual angle that the zero-mark makes 

with the velocity vector with a resolution of 0.0879°. There are two distinct scenarios:
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• Invalid data: The ACS will only provide the aspect angle if it can successfully 

calculate it. Failing to calculate the aspect angle, the ACS will transmit OxFOOO 

and the Plasma Probe firmware will not proceed with the calculations it 

performs with the ACS data.

• Valid data: The valid data will contain the aspect angle from 0 to 306° encoded 

within 0x0000 to OxOFFF.

3. Byte 4: There is indefinite delay that the ACS experiences between the calculation of the 

aspect angle and actual transmission of that data to the Plasma Probe. This delay is 

provided in increments of tenths of a millisecond (0.1 msec), which the Plasma Probe 

will add to the transmission delay (4.2 msec) in order to compute the precise aspect 

angle.

4. Byte 5: This is a checksum byte which is verified for data accuracy.

3.4.4.2.3. Processing of ACS Data

Processing of ACS data provides the exact orientation of each of the collector surfaces with 

respect to the velocity vector and depending on how the Plasma Probe is configured to operate; 

appropriate collector surface biasing is performed.

Processing of the ACS data follows the logic described below.

1. The "ACS & GSS ISR" indicates whether an ACS or GSS data is received by setting 

appropriate internal flags.

2. After the successful transmission of data to the TM, the "Transmit to TM ISR" invokes 

the function for processing the ACS or GSS data if indicated by the internal flags.

3. Within the function, a decision is made on whether the received data is from ACS or 

GSS.

4. If ACS data was received, then the validity of the data (aspect angle) is verified.

5. If valid ACS data is available, the status byte is updated to reflect the same and 

processing of the ACS data to decipher the aspect angle begins. If the Plasma Probe is 

receiving valid ACS data for the first time, then it will wait till the deciphered aspect
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angle takes one full rotation of 360° and will initiate the dynamic biasing along with the 

0° crossing. This process of waiting for a 0° crossing is followed if the dynamic biasing 

was interrupted by invalid ACS data.

6. If invalid data, then as discussed in Section 3.4.4.1.2 (Plasma Probe Data Format), the 

status byte is appropriately updated, the collector surfaces are biased to the safe -0.4 

VDC and the ACS data analyzing routine is reset back to their default initial values. This is 

important because dynamic biasing of the collector surface is dependent on the precise 

knowledge of each collector surface's orientation at any given time. A failure to resolve 

the orientation of the collector surface will immediately result in the suspension of the 

dynamic biasing and the Plasma Probe will default to a constant bias mode of operation. 

If valid ACS data becomes available later on, the Plasma Probe will resume its dynamic 

biasing operation from where it was interrupted by the invalid ACS data.

7. Depending on the outcome of ACS data analysis and the configured biasing schemes, 

other appropriate ISRs are invoked from the "Transmit to TM ISR" to perform an actual 

change in bias of the collector surface.

8. The ACS roll data only provides the aspect angle information every 20 msec and at the 

nominal rotation rate of 2.5 Hz, this corresponds to 18°. Therefore, the firmware ACS & 

GSS data processing function interpolates the data for a precise orientation of any 

collector surface at any given instant. This interpolation routine is constantly adapted 

with each received ACS roll data such that the variations in actual rotation rates will not 

affect the accuracy of determining the precise collector position.

The above mentioned logical workflow is further elucidated in Figure 3.15.

Although the ACS & GSS data processing function performs the processing of the ACS data, it 

only updates the status bits and sets appropriate flags without actually invoking the "DAC -  ISR" 

for a change in bias. This is because many of the biasing schemes implemented are also time 

dependant in addition to its dependence on aspect angles provided by the ACS. These time 

dependant events are triggered by the "Timer -  ISR" and the "RTI -  ISR" and so, in order to 

guarantee stability, the "Transmission to TM ISR" does the invoking of the "DAC -  ISR".



Figure 3.15 Flowchart - ACS Data Processing Workflow
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The GSS data frame is similar to the ACS data frame and is composed of five bytes in total, but it 

is ensured that none of the five bytes will ever have the same ACS data sync byte value of 0xA3. 

Due to the high remote configurability built into the firmware, many of the bytes in the GSS 

frame perform multiple functions but for the large part can be classified as depicted in Table 3.7.

3.4.4.2.4. GSS Data Format

Table 3.7 GSS Data Frame Format

GSS data frame format
Byte 1 Byte 2 Byte 3 Byte 4 Byte 5

Higher Level 
Functions

Main Feature 
Select

Sub-Feature
Select

Configuration
Value

Configuration 
Value #2

1. Byte 1: The following three higher level functions have been implemented:

• A specific value on this byte followed by another specific value on Byte 2 will 

Enable or Disable the Ground Support. When disabled, the Plasma Probe will 

not react to any GSS commands. Before launch of in its DOM, the Ground 

Support is disabled. This is done to ensure that during actual flight, even a 

completely corrupt ACS data frame having same values of a GSS data frame will 

not cause any adverse effects as the Plasma Probe will simply ignore it. It is 

highly unlikely that a corrupt ACS data frame will have the exact specific value 

on both its first and second bytes that correspond to the GSS instruction for 

Enable/Disable.

• If the GSS has been enabled, a specific value of this byte and the subsequent 

bytes 2 and 3 will reset the microcontroller. This feature can also be used when 

the Plasma Probe has been falsely configured and the user has lost track of all 

the configuration changes and would like to get the Plasma Probe back to its 

default configuration (DOM).
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• A specific value on this byte also selects which Plasma Probe amongst the two 

to address. The Plasma Probe will only respond to this higher level function only 

if the GSS has been enabled as mentioned earlier. Both the Plasma Probes can 

be individually configured for different modes of operation and since they share 

the same communication link, it is vital that only the Plasma Probe addressed by 

the GSS respond to it.

2. Byte 2: Overall, there are 43 different functions that can be configured remotely via the 

GSS with many of these functions having sub-features that needs to be configured as 

well. A specific value on this byte selects the appropriate function to be configured. An 

exhaustive list of all the configurable options is covered in Section 3.5 (Ground Support 

Software (GSS)).

3. Byte 3: A specific value on this byte selects the appropriate sub-feature (feature within a 

function) to be configured. This value does not have to be unique because it is used in 

conjunction with Byte 2, which selects the main function, though for added robustness, 

uniqueness has been maintained to account for data corruption while signal 

transmission.

4. Byte 4: Once the appropriate feature to be programmed has been selected, the new 

value that needs to replace the previous value within the firmware is contained in this 

byte.

5. Byte 5: In situations where a particular feature requires more than one new value or to 

accommodate floating point values, this byte works in conjunction with or 

independently from Byte 4. Floating point values are uniquely encoded by the GSS for 

transmission ease and the firmware upon reception re-encodes them back to floating 

numbers.

The firmware is developed in conjunction with the GSS as all features incorporated into the GSS 

needs to be accounted for in the firmware. Overall there are 46 different main features 

(excluding sub-features) regarding the Plasma Probe that can be configured via the GSS and the 

entire set is elaborated in Section 3.5 (Ground Support Software (GSS)).
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3.4.4.2.5. Processing of GSS Instructions

The GSS instructions, like the ACS data, are processed within the same ACS & GSS processing 

function that is invoked by the "Transmit to TM ISR". The firmware makes a determination of 

whether the data is from ACS or GSS and if it's from GSS, it further confirms whether the Plasma 

Probe is configured to respond to the GSS. Only when both conditions are met does the 

firmware continue with the processing of the GSS instructions.

Some GSS instructions require that the Plasma probe send data back to the GSS. In such 

situations, the processing function prepares the data and invokes the "ACS & GSS ISR", within 

which the actual transmission occurs.

3.4.4.2.6. ACS & GSS ISR

Since the communication link is shared between the ACS and GSS, their ISR is also the same. 

Both the ACS and GSS data frame can arrive at any time and the ISR should be available to 

receive the same. As mentioned earlier, the numerous ISRs needs to be invoked in a very 

controlled manner and since the "ACS & GSS ISR" can be invoked by the incoming 

communication at any time, it is important that the processing within this ISR be kept to a 

minimum. In order to do so, apart from receiving and transmitting data, which cannot be 

avoided, a few status flags are set within the ISR for other ISRs to use. In other words, the "ACS 

& GSS ISR" only performs the following functions.

• Receive any data send by the ACS.

• Receives any data send by GSS.

• Sets status flags to indicate reception of new data for other ISRs.

• Transmits data back to GSS when asked to do so by the GSS.
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3.4.4.3.1. SPI Interface to DAC

The interface to the DAC is via a three-wire SPI interface in which the DAC is set as slave and the 

microcontroller as master. The 12-bit DAC is programmed using a 16-bit word of which the first 

nibble forms the control bits. Being a master-slave configuration, the microcontroller provides 

the clock to the DAC for clocking in the data. The theoretical maximum clocking frequency 

allowed by the DAC is 1.25 MHz, but since the DAC is placed in the AM and the clock has to be 

routed from the DM, a low clocking frequency of 39.04 kHz was employed.

The ISR for servicing the DAC has to be invoked manually by other ISR and/or functions. The 

modules that can invoke the "DAC -  ISR" according to need are as follows:

• Main Program loop

• Transmit to TM ISR

• ACS & GSS processing function

• Aspect angle based biasing function

After completion of execution, the "DAC - ISR" invokes the "ADC -  ISR". The timing parameters 

are discussed in Chapter 4 (Performance, Testing and Integration).

3.4.4.3.2. Parallel Interface to ADC

The interface to the ADC is a time critical one and requires some pins have to be set as High and 

Low at specific times for optimal operation. For one complete ADC cycle of acquiring and 

digitizing one analog channel, the program control enters the "ADC -  ISR" twice. The "ADC -  

ISR" also invokes the "Timer -  ISR" with a 25 psec period before acquiring the next analog 

channel for digitizing. Therefore the complete digitization of the three analog channels (Primary

3.4.4.3. Other Interfaces
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collector High-Gain, Low-Gain and secondary collector) takes a total of eight entries into the 

"ADC -  ISR".

The ADC ISR invokes only the "Timer -  ISR" and the "Transmit to TM ISR" but in turn can be 

invoked by any of the following modules.

• Main Program loop

• Transmit to TM ISR

• ADC-ISR

• Tim er-ISR

• DAC - ISR

• ACS & GSS processing function

• Aspect angle based biasing function

Any of the above mentioned modules can invoke the "ADC -  ISR" and once inside the ISR, the 

logical workflow is depicted in Figure 3.16 and is enumerated below:

1. The microcontroller initiates the ADC acquiring and conversion cycle for the first analog 

channel (secondary collector channel). After initiation, the program execution control 

returns to the main programming loop.

2. After successful digitization, the "ADC -  ISR" is invoked again and during this cycle, the 

digitized data is read back from the ADC by the microcontroller.

3. The "Timer -  ISR" is invoked to measure 25 psec after which the "ADC -  ISR" is invoked

again for conversion of the next analog channel (primary collector High-Gain channel).

4. Step 1 to Step 3 is repeated until all the three analog channels are digitized and read

back by the microcontroller.

5. Finally, the "transmit to TM ISR" is invoked for transmission of the digitized data to the 

TM.
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3.4.4.3.3. RTI - ISR

The "RTI -  ISR" keeps time with an accuracy of 1 ms starting for the actual launch. This ISR keeps 

track of time for all the time based biasing schemes, EMES and interpolation of ACS data to get 

precise collector surface aspect angles at any given time during flight. All timed events during
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the flight will be triggered from this ISR but since it is of high priority coupled with the fact that it 

will be invoked every 1 ms, the code within the ISR is made efficient and kept to the minimum.

3.4.4.3.4. Interruptible I/O Ports ISR

There are a total of three interruptible ports on the MC9S12DP512 of which two are used in the 

Plasma probe design for generating interrupts for the following.

• The ADC pin indicating the status of the ADC is connected to an interruptible pin on the 

microcontroller. The interrupt generated is used to assess the current state of the ADC 

as busy or idle.

• A three channel dip switch is connected to interruptible pins.

• The launch-detect signal transition from +5 VDC to open (floating) will invoke the ISR, 

which initiates the RTI. The RTI in turn commences the internal time clock from which all 

timed events are controlled.

• As discussed in Section 3.2.1.3 (+5 VDC Regulated Output), a failure in the +5 VDC 

voltage regulation provided by the LP2957 residing on the PM may invoke the ISR.

• The status of the communication interface to ACS and GSS invokes the ISR. The interrupt 

routine will set or clear an internal flag to indicate whether the communication channel 

is being used or idle, respectively. When PP1 is thus transmitting, PP2 waits until the 

communication channel becomes available and vice versa.

3.4.4.3.5. Timer-ISR

Though there are eight timer channels on the MC9S12DP512, only one channel was used for 

generating the 25 psec wait time required by the ADC for initiating a conversion cycle. This is 

because of a hardware design flaw where in the timer port (Port-T) of the microcontroller was 

used for the parallel interface with the ADC. Port-T was chosen for interfacing with the ADC in 

order to facilitate routing with minimum vias during board layout phase. The limitation of not
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being able to use the built-in tinners without keeping the timer port unconnected became 

apparent only later on during the firmware development phase. For this reason, all the 

numerous time triggered events were derived from the "RTI -  ISR".

3.4.5. Biasing Scheme

The default configuration at power up is to apply a constant -0.4 VDC to all the collector 

surfaces. There are benefits to applying different biases to some of the collector surfaces in a 

controlled manner and a couple of them are described below.

1. A negative voltage greater than -0.4 VDC applied to one secondary collector will result in 

more thermal electrons being repelled and more positively charged ions being 

attracted. A comparison later on with the data acquired from the second secondary 

collector kept constant at 0.4 VDC will better help characterize the higher energy 

thermal electron tail and ion density during that aurora.

2. Improving on the afore mentioned point, if the bias to one collector surface is cycled 

over a range of voltages, a much more accurate understanding of the thermal electron 

energies and the ideal bias to repel most of them can be understood. Generally, the 

quicker the cycling of bias voltage, the better inference the data will provide. This is 

because the plasma density will vary from one location to another as the rocket moves 

through the aurora and ideally it is desired to sweep the collector surface with different 

voltages at each location.

In light of the above mentioned reasons, there are a total of four different biasing schemes 

implemented and the Plasma Probe can be configured to use any one of them via the GSS. All 

biasing schemes can only be configured for the secondary collectors though it can be easily 

extended to include the primary collectors with minor modifications to the firmware and GSS. 

Each biasing scheme along with its merits and de-merits are described below. But for a 

comprehensive understanding, use of this material in conjunction with Section 3.5.2.4 (Biasing 

Schemes (Option {8})) is recommended.
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1. Constant Bias: This option is to be used when the desire is to provide a constant bias to 

the secondary collector that is different from the primary collector and remain constant 

throughout the duration of the flight. In this mode, the Plasma Probe will not respond 

to any roll data sent by the ACS and will only indicate the reception of the roll data by 

toggling a bit in the TM data stream.

a) Merits:

• Simplest form of biasing and being independent of ACS roll data, it 

eliminates one point of failure.

b) Demerits:

• A different bias on the secondary for the entire duration of flight may 

result in local disturbance of the plasma when the secondary enters the 

ram direction resulting in slightly erroneous data on both the adjacent 

primary collectors.

2. Two-Value Bias: This biasing method provides for two different biases, one while the 

collector surface is in the wake and other while in ram direction.

a) Merits:

• The different (often stronger) negative bias on the secondary only when 

in wake will have minimal effect if any on the plasma data being 

collected in ram direction.

• Keeping the bias constant for the entire duration that the secondary 

collector remains in wake helps in deducing the impact angle variation 

has on the amount of high energy thermal electrons that will penetrate 

the wake region.

• A comparison between the collector currents of the secondary on PP2 

kept at a fixed -0.4 VDC bias and a different bias (mostly -2 VDC) on the 

PP1 secondary will facilitate a better characterization of the high energy 

thermal electron tail.
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• As the bias will not be changed when in wake, there will be no bias 

settling time (of 2 msec) and hence we acquire maximum valid plasma 

data.

b) Demerits:

• Since the bias in the wake is not altered, the complete thermal electron 

retardation point may not be accurately deducible.

• Though all known failure scenarios have been accounted for, the 

dependence of biasing on the received roll data from ACS adds another 

layer for an unforeseen failure. Nevertheless, it should only affect the 

biasing of the secondary collector and the redundancy of hardware will 

ensure the proper operation of the second Plasma Probe (PP2) 

regardless of any failure to the first (PP1).

3. Smart Bias: This biasing scheme allows for a change in bias on every consecutive 

rotation when the secondary collector is in the wake and switches back to the bias of all 

the other collectors (-0.4 VDC) when in ram direction.

a) Merits:

• Apart from all the merits outlined for the "Two-Value Bias", a bias 

change on every rotation may help characterize the high energy thermal 

electrons more accurately. But for doing so, the variation of the plasma 

due to the distance covered by the rocket between two consecutive 

biases will have to be accounted for. If the neutral plasma assumption is 

valid, then the ion concentration calculated from the ram may provide 

the required information.

b) Demerits:

• The most significant demerit to this biasing scheme is that at the 

expected nominal velocity of 2 km/sec, the rocket would have travelled 

a distance of 400 meters before a different bias will be applied. The 

plasma environment may have varied widely by then and so the results 

gained from the two different biases may not be easily compared. But,
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since we are anticipating neutral plasma, the ion concentration acquired 

from the ram direction will be indicative of the concentration of thermal 

electrons and thus it may be possible to account for the variation of 

plasma by distance mentioned above.

• The dependence of ACS roll angle demerit discussed in the case of 

"Two-Value Bias" also applies here.

4. Smarter Bias: This biasing scheme differs from the previous "Smart Bias" in that it allows 

for multiple collector surface biases on each rotation. While sweeping, each new bias 

voltage can be held for a duration that can be customized through the GSS.

a) Merits:

• Once in wake, the bias sweeping will help better characterize the high 

energy thermal electrons that make their way through the electron 

retardation region to the collector surfaces. But for doing so, the 

dependence of angle variation on the penetrability of the electrons will 

have to be accounted for. The secondary collector of PP2 that is kept at 

a fixed potential will best serve this purpose.

b) Demerits:

• A 7 msec sweep will result in the secondary collector being rotated 6.3° 

at the expected 2.5 Hz rotation rate. This will hinder the calculation of 

the effect angle variation has on the amount of high energy thermal 

electrons that will be incident on the collector. A possible solution is to 

rely entirely on the PP2's secondary collector, which will have a fixed 

bias and then account for that into the calculations for this collector's 

data. This complexity of calculation, the complexity of the plasma 

structure, the probe-plasma interaction and any other unexpected 

anomaly will only add to the complexity of calculations using this biasing 

scheme.
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3.5.Ground Support Software (GSS)

3.5.1. Overview

The ground support software was developed using Visual C++ in Microsoft Visual Studio 2005. 

The entire GSS is essentially made up of two different but interrelated software; the 

configuration software called the "GSS Configuration Tool" and the data monitoring software 

called the "GSS Data Monitor". The GSS Configuration Tool is used to perform the numerous 

configurations of the Plasma Probe, while the GSS Data Monitor allows for a continuous 

monitoring and recording of the final Plasma Probe data send to the TM. The GSS Configuration 

Tool also provides basic data monitoring capability that can be used to verify whether a 

configuration change has been successfully applied or to simply ensure the proper operational 

status of the Plasma Probe.

The subsequent sections provide an exhaustive discussion of the numerous options provided by 

the GSS.

3.5.2. GSS Configuration Tool

The GSS Configuration Tool has numerous configurable and Plasma Probe status monitoring 

features, which has been grouped and marked on a screen shot of the software in Figure 3.17.

The alphanumeric numbering scheme depicted in Figure 3.17 has been devised to facilitate the 

detailed discussion in the subsequent sections. The numbers represent features that are used to 

configure the Plasma Probe while the alphabets represents features of the software that serve 

the purpose of monitoring the configuration changes and status of the instrument. Rather than 

a sequential description of all the features, the subsequent sections adapt a piece meal 

methodology by classifying them into categories based on function in which the numbers and 

alphabets depicted on Figure 3.17 will be referenced within a curly-bracket (braces). For 

example, {8} refers to the number 8 in Figure 3.17, which houses the entire section containing
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all the options for selecting and configuring any of the four different biasing schemes. Blowup 

figures wherever appropriate will be provided along with the explanation of every option 

available.
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Figure 3.17 GSS Data Monitor - The red demarcations mean the enclosed set of functions are used for configuring 
the Plasma Probe while the blue demarcations mean the feature enclosed pertain to monitoring of the 

configuration changes applied. Numerical numbering is employed for all configuration functions and alphabetical
numbering for all monitoring functions.
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3.5.2.1. Higher Level Functions (Options {1}, {2} & {3})

The higher level functions and its implications from the firmware side were described in Section 

3.4.4.2.4 (GSS Data Format) and this section concerns its use from the GSS.

As mentioned earlier, in the DOM the Plasma Probe (firmware) will not respond to the GSS 

without the feature being explicitly enabled. This is done by clicking the "Enable - Ground 

Support Feature" button {1} on the GSS and all the controls that were grayed out and 

inaccessible (indicating that the Plasma Probe is not configured to respond to GSS) will now be 

functional. After configuration, prior to launching, the Plasma Probe again needs to be 

configured not to respond to any GSS instructions. Doing so will provide resilience to corrupted 

ACS data that may otherwise be interpreted as a GSS instruction. Disabling the GSS feature on 

the Plasma Probe is achieved by clicking the "Disable - Ground Support Feature" button {1}. In 

order to ensure that the user does not forget to disable the GSS support after configuration, the 

"OK" and "Cancel" buttons on the bottom right hand side are grayed out until the "Disable - 

Ground Support Feature" button {1} is clicked. In other words, once enabled, the software 

cannot be closed in an appropriate manner until the user disables GSS feature on the Plasma 

Probe. A forced closure of the software will result in a windows exception error being displayed.

The second higher level function discussed earlier in Section 3.4.4.2.4 (GSS Data Format) 

provides the ability to remotely reset the microcontroller to bring it back to its DOM. This is 

easily achieved by hitting the "RESET MICROCONTROLLER" button {2} on the GSS.

The last higher level function provides the ability to select the appropriate microcontroller 

(Plasma Probe) for configuration. Since both the Plasma Probes share the same GSS 

communication channel, only one should be addressed at any given time and the selection of 

the appropriate microcontroller is done by using the drop down menu {3}. The two selectable 

options are "Microcontroller 1" and "Microcontroller 2". All the remainder of the features 

discussed subsequently only affects the microcontroller that has been selected in {3}. If a 

particular configuration needs to be applied onto both the microcontrollers (Plasma Probes), the 

configuration procedure need to be repeated twice, once with each microcontroller selected.
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All the three hardware components that the GSS has been equipped to configure are mounted 

on the AM and they are the DAC, relay and the MAX319 analog switch. Option {4}, {5} and {6} 

configure the DAC, relay and the switch, respectively. After appropriate selections have been 

made, the "Transmit Data to Plasma Probe" button needs to be clicked for the changes to take 

effect.

The options available for configuring the DAC are enclosed in {4} and are as follows:

1. DAC #: The available options within this drop down menu are "Both Collectors", "Main 

Collector" (primary collector) and "Secondary Collector". The new bias voltage will be 

applied to the collector surface(s) selected in this option.

2. Voltage: This drop down menu also serves as an input box for entering any desired 

voltage that the DAC should output. The drop down menu provides for some pre

programmed voltages for ease of configuring, but any value within the range of 0 to 2 

can be entered with a resolution of 0.01 and that will be new the DAC output when 

applied. If a value outside the range of 0 to 2 is entered, the GSS will internally convert 

the value to 0.4 because the DAC can only be programmed to output a voltage between 

0 VDC to +2 VDC. Note that, though the values entered are positive, the actual bias 

applied to the collector surface will be its equivalent negative.

3. Mode: The three options available in this drop down menu are "Fast Settling", "Slow 

Settling" and "Disable DAC". Section 3.2.2.2 (Collector Surface Biasing) briefly discusses 

the difference between the fast and slow settling of the DAC. The "Disable DAC" option 

as the name suggests will disable the DAC output and no bias will be applied to the 

collector surface.

Along with the DAC, the MAX319 switch should also be configured appropriately to allow the 

DAC output to be applied to the collector surface and guard rings as the bias voltage. Option {6} 

controls the switch and the two available options are "Switch OFF" and "Switch ON". "Switch

3.5.2.2. Hardware Control Functions (Options {4}, {5} & {6})
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ON" means the bias voltage will be derived from the LM4140 (precision voltage reference) and 

"Switch OFF" indicates that the DAC output will provide the bias voltage. Though both the 

switches on the AM can be independently controlled by the microcontroller, the GSS address 

both of them simultaneously in order to reduce configuration time and possible user error.

When the rocket is on rail, any change in the DAC output voltage will not be apparent in the 

digitized data because there will be no plasma current induced onto the collector surfaces. The 

onboard relay when pulled provides a dummy current draw for this purpose and is done so by 

{5}. Care must be taken that prior to launch the relay is set to "Relay OFF" or the entire data for 

that Plasma Probe will be of no use. As a security feature, when the user clicks the "Disable -  

Ground Support Feature" button {1} at the end, a dialog box will alert the user if {5} has the 

relay in the "Relay ON" state.

3.5.2.3. Reset Trap (Option {7})

This is a feature that has been carried over directly from HEX (designed by Bruce Johnson (1)) 

that can be used as a definitive indicator of whether the Plasma Probe had undergone a reset 

after the GSS configuration procedure was commenced. Since in the DOM (ensuing a reset of 

the microcontroller) the Plasma Probe will not respond to the GSS, an interruption in 

communication or lack of response by the Plasma Probe to GSS instructions can be indicative of 

a microcontroller reset or a communication link problem and by setting a reset trap, the issue 

can be isolated. Ideally, when the "Check Reset Trap" button is clicked, {b} should read the 

status as "Reset Trap is 216: OK". If the status instead reads "Reset Trap is 0: FAULT", then it is 

indicative that a microcontroller reset has occurred. The "Set Reset Trap" button can be used to 

manually set the value of 216.

3.5.2.4. Biasing Schemes (Option {8})

The default biasing scheme that is applied following power-up or a microcontroller reset is a 

constant bias of -0.4 VDC on all the collector surfaces. Apart from this, there are four different
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biasing schemes (as described in Section 3.4.5 (Biasing Scheme)) implemented, which can be 

configured via the GSS prior to launch. The configuration procedure for each of the biasing 

schemes is discussed below.

1. Constant Bias: This option is used if a bias value other than the initially applied -0.4 VDC 

needs to be applied to the secondary collector surface that will be maintained 

throughout the flight. Figure 3.18 shows the highlighted options that need to be 

appropriately set for the new constant bias value.

Constant Bias

Two Value Bias 

Smart Bias

Smarter Bias

Bias Value 

Го4 И

190 z J

Lowest Bias

[0.9 H  

BIAS MODE

RESET

Wake Angie Bias @  Wake Ram Angle Bias Ф  Ram

I 2 -d
Granularity

fo l 3

FAILURE BIAS

UP-DOWN t ] 10.4

2?0 ! 0.4 4

Highest Bias Hold Duration (ms)

Update Bias Settings

Figure 3.18 Constant Bias - Configuration Window

a) Bias Value: This drop-down menu provides some commonly used bias values as 

the default option for easy configuration, but any desired bias value can be 

manually entered. The range of values allowed is between 0 VDC and 2 VDC. 

Any value outside this range will default to 0.4 VDC and the user will be warned 

of this change via a pop-up message box. Note that though the values entered 

are positive numbers, the actual bias applied to the collector surface will be its 

equivalent negative. The precision level implemented is two significant digits 

after the decimal points and the GSS will appropriately truncate values with 

more than two digits after the decimal point.

b) The "Update Bias Settings" button needs to be clicked for the changes to be 

applied.
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2. Two-Value Bias: This biasing method provides for two different biases. Figure 3.19 and 

Figure 3.20 depicts the configuration options and an example, respectively.

Bias Value RESET I
( Constant Bias 0.4 j r j

Wake Angle Bias ф Wake Ram Angle SBias ф Ram

Two Value Bias I 90 Ш 2 jd 270 _4 £3,4 j r j

Lowest Bias Granularity Highest Bia  ̂ Hold Duration (ms)
Smart Bias

10.9 j H !jo.l _*J 2 И 5

BIAS MODE FAILURE BIAS J __ „ __  .....
[ C Smarter Bias j UP-DOWN j r j 0.4 Update Bias Settings

Figure 3.19 Two-Value Bias - Configuration Window

a) Bias @ Wake: Specifies the bias that will be applied when the secondary 

collector enters the wake area.

b) Wake Angle: Specifies the start of the wake angle measuring from the rocket's 

velocity vector. Beyond the angle specified here, the Plasma Probe will bias the 

secondary collector to the bias specified by "Bias @ Wake".

c) Bias @ Ram: Specifies the bias that will be applied when the secondary collector 

enters the ram area.

d) Ram Angle: Specifies the start of the ram angle measuring again from the 

rocket's velocity vector. Beyond the angle specified here, the Plasma Probe will 

bias the secondary collector to the bias specified by "Bias @ Ram".

e) FAILURE BIAS: Specifies the bias to be applied when ACS fails to provide valid 

roll data. The bias specified here will remain constant throughout the rocket 

rotation, therefore it is recommended to set this value equal to the bias of all 

the other collector surfaces, which was -0.4 VDC for the HEX-2 mission. When 

valid ACS data is restored, the dynamic biasing operation will resume from 

where it was interrupted.
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f) The "Update Bias Settings" button needs to be clicked for the changes to be 

applied.

-0.4 VDC (Ram) 

-2 VDC (Wake)

Figure 3.20 Two-Value Bias -  Example Waveform: Bias @
Ram = -0.4 VDC & Ram Angle = 270°; Bias @ Wake = -2 

VDC & Wake Angle = 90°

3. Smart-Bias: This biasing scheme allows for a change in bias applied to the secondary 

collector on every consecutive rotation when in the wake region and the configuration 

options are highlighted and depicted in Figure 3.21.

Bias Value RESET I

; C Constant Bias 0.4 H

Wake Angle Bias ф  Wake Ram Angle Bias ф  Ram

( Two Value Bias 90 ▼ 2 _ rl ! 270 d |0.4 j J

Lowest Bias Granularity Highest Bias Hold Duration (ms)
Smart Bias

1 o 40 Ll
.

I °-» J d |2 15

| BIAS MODE FAILURE BIAS .. ...........  _ .
i Smarter Bias

UP-DOWN ј И 0.4 Update Bias Settings

Figure 3.21 Smart Bias - Configuration Window
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a) The "Wake Angle", "Ram Angle", "Bias @ Ram" & "FAILURE BIAS" is the same as 

described for the "Two-Value Bias" previously.

b) Lowest Bias: This specifies the lowest bias (least negative bias value), which is 

also the starting bias when the secondary collector enters wake.

c) Granularity: The value specified here indicates the increment or decrement in 

bias value that will be applied to the previous bias value.

d) Highest Bias: The value specified here will dictate the highest bias (most 

negative bias value) that will be applied to the secondary collector.

e) BIAS MODE: The two options available here are "UP-DOWN" and 

"CONTINUOUS".

• UP-DOWN: When selected, the bias will be stepped down from the 

"Lowest Bias" to the "Highest Bias" (less negative bias to more negative 

bias) and then stepped back up from "Highest Bias" to "Lowest Bias" as 

specified by "Granularity" and the whole process is repeated as shown 

in Figure 3.22.
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Figure 3.22 Smart Bias (UPDOWN) - Example Waveform: Bias @ Ram = -0.4 
VDC, Ram Angle = 270°; Wake Angle = 90°; Lowest Bias = 0 VDC; Granularity 

= -0.5 VDC; Highest Bias = -2 VDC; Bias Mode = UP-DOWN

CONTINUOUS: The bias will only be stepped down from the "Lowest 

Bias" to the "Highest Bias" and the whole process is repeated as 

depicted in Figure 3.23.
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Figure 3.23 Smart-Bias (CONTINUOUS) - Example Waveform: Bias @ Ram = 
-0.4 VDC Ram Angle = 270°; Wake Angle = 90°; Lowest Bias = 0 VDC; 

Granularity = -0.5 VDC; Highest Bias = -2 VDC; Bias Mode = CONTINUOUS

4. Smarter-Bias: This biasing scheme allows for sweeping of bias voltage on each rotation 

when the secondary collector is in the wake. Figure 3.24 and Figure 3.25 depicts the 

configuration options and an example, respectively.

Bias Value RESET

: C Constant Bias j 0.4 _»j

Wake Angle Bias Ф  Wake Ram Angle Bias ф  Ram

1 (  Two Value Bias 190 2 [270 J (o-4 if

(  Smart Bias
Lowest Bias Granularity Highest Bias Hold Duration (ms)

10-9 0.1 |2 ii

( '  Smarter Bias
BIAS MODE FAILURE BIAS

UP-DOWN ▼] 0.4 j r J Update Bias Settings

Figure 3.24 Smarter-Bias - Configuration Window
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a) The "Wake Angle", "Ram Angle", "Bias @ Ram" & "FAILURE BIAS" is same as 

described in "Two Value Bias" previously.

b) "Lowest Bias", "Granularity", "Highest Bias" & "BIAS MODE" is same as 

described for "Smart Bias".

c) Hold Duration: The value specified here in mile seconds will be the duration for 

which each bias will be held. Valid data can only be collected after the new bias 

has stabilized, which takes about 2 msec. This needs to be taken into account 

when specifying the hold duration. The recommended safe "Hold Duration" is 7 

msec, with 5 msec, being the absolute minimum.

d) The "Update Bias Settings" button needs to be clicked for the changes to be 

applied.

Figure 3.25 Smarter-Bias - Example Waveform: Bias @ Ram = -0.4 VDC; Ram 
Angle = 270°; Wake Angle = 90°; Lowest Bias = 0 VDC; Granularity = -0.2 VDC; 
Highest Bias = -2 VDC; Hold Duration = 7 msec & Bias Mode = UP-DOWN. The 
-0.4 VDC results when the collector enters the ram direction. Note that the 

next bias applied after re-entering the wake is a continuation of the bias that 
existed when the ram direction was entered.
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3.5.2.5. ACS Roll Data Simulation (Option {9} & {c})

Section 3.4.4.2 (Communication Interface to ACS and GSS) addressed the aspect angle data sent 

by the ACS to the Plasma Probe. Option {9} on the GSS is used to emulate that. This feature is 

vital for testing and verification of the instrument's proper operation as all the biasing schemes 

described above requires the availability of ACS data.

Referring to Option {9} in Figure 3.17, the various options that control the ACS data simulation 

are described below.

1. The "Select Roll Data" drop-down menu provides two options for selection: "Roll Data 

(20 ms)" & "Roll Data". The actual ACS roll data will be provided by the ACS at every 20 

msec intervals and as the name suggests, "Roll Data (20 ms)" does exactly the same. 

Instead, if it's desired for testing purposes that a continuous un-interrupted stream of 

simulated ACS data be transmitted to the Plasma Probe, option "Roll Data" needs to be 

selected.

2. The "Rotation Rate" drop-down menu is used to set the rotation rate of the rocket in 

rotations per second (Hz). Though the actual flight will have a controlled rotation rate of

2.5 Hz, for testing purposes, any required rotation rate can be manually entered. The 

default values in the drop-down menu are 2, 2.5, 3, 3.5, 4, 4.5 & 5 (all the values are in 

Hz).

3. As detailed in Section 3.4.4.2 (Communication Interface to ACS and GSS), the ACS will 

either send out valid or invalid data to the Plasma Probe. "Valid Sets" and "Invalid Sets" 

refer to the number of valid and invalid sets of simulated ACS data that the GSS will 

transmit to the Plasma Probe. The GSS will first start by transmitting valid sets of data 

governed by the value entered in the "Valid Sets" followed by invalid sets of data 

governed by the value entered in "Invalid Sets" before repeating the process 

continuously. Any whole number value can be entered into each of the two drop-down 

menus with a value of zero meaning that the particular type of ACS data (valid or 

invalid) will not be sent to the Plasma Probe. That is if a value of zero is entered for 

"Invalid Sets", the GSS will continuously transmit valid ACS data and vice versa.
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4. The "Start Simulation" and "Stop Simulation" buttons as the described by the name, 

starts and stops the simulation process.

5. Normally, verifying the Plasma Probe's reaction to the ACS data depending upon the 

selected biasing scheme provides sufficient information on the proper functioning of the 

instrument. But in order to facilitate troubleshooting, the "Query Actual Roll Data" 

option will instruct the Plasma Probe to return the last three received aspect angles 

(from the ACS or the GSS simulating the ACS) back to the GSS and the result will be 

displayed in option {c}. This feature can be exploited to ensure whether the ACS data 

was received and interpreted by the Plasma probe correctly.

This ACS roll data simulation feature was employed to generate all the example waveforms 

depicted in Section 3.5.2.4 (Biasing Schemes (Option {8})).

3.5.2.6. Communication Channel Control (Option {10})

During the 10 minute launch count-down procedure described in Section 5.3 (Plasma Probe 

Configuration Procedure during Launch Countdown), the GSS releases the communication 

channel (for duration of one minute) to ACS during which the ACS will transmit dummy roll data 

and the Plasma Probe's response to the roll data is monitored. For this purpose, option {10} 

provides a "Release COM Port" &. an "Enable COM Port" button, which releases and acquires the 

control of the communication channel, respectively.

3.5.2.7. End of Mission Engineering Sweep (EMES) (Option {12})

The EMES is a biasing scheme that will function independent of the ACS roll data and is intended 

to be performed towards the end of the mission. It will be initiated after a specified time 

calculated from launch (350 sec after launch for the HEX2 mission), at which point the ACS roll 

data based dynamic biasing is overridden.
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The EMES biasing will hereafter be referred to as "sweep" in order to differentiate it from the 

aspect angle based biasing described in Section 3.5.2.4 (Biasing Schemes (Option {8})). The two 

forms of sweeps implemented are "Constant Voltage" and "Smart Sweep".

1. Constant Voltage: This option is to be used if it is desired to apply a constant bias to the 

secondary collector after a specified time interval. Figure 3.26 depicts option {12} with 

the "Constant Voltage" sweeping highlighted.

i Start Time (sec) Stop Time (sec) | Sweep Mode

11 150 _▼] | NEVER ▼j j | UP-DOWN _▼]

Lowest Bias Granularity Highest Bias Bias Hold Duration (ms) j
( Smart Sweep ] 0,9 j Q’ l  jH  ! 2 ▼] 1 333 i 1

Bias Value . |
C  Constant Voltage 0.4 V Finalize Sweep j

!

Simulate Sweep
il
It

— J i
Reset Sweep

Figure 3.26 EMES - Constant Voltage - Configuration Window

a) Start Time: Specifies the time in seconds that is calculated from launch after 

which the sweep will commence.

b) Stop Time: Specifies the time at which to stop the sweep. After this time, the PP 

will resume the ACS roll data based biasing as configured. An option "NEVER" 

exists in order to ensure the continued operation of the sweep until mission 

complete.

c) Bias Value: The bias value to be applied.

d) Finalize Sweep: This button needs to be clicked for the configuration to take 

effect.

2. Smart Sweep: This is very similar to the aspect angle based biasing option "Smart Bias", 

with the exception that the biasing will not be based on the ACS provided aspect angle. 

Therefore the voltage sweep will apply to the secondary collector for a specified time
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irrespective of whether the collector is pointing in ram or wake. Figure 3.27 depicts the 

relevant configuration option.

Start Tima (sec) Stop Time (sec) Sweep Mode

| 150 j r j | NEVER _*j j UP-DOWN ▼ ;

Lowest Bias Granularity Highest Bias Bias Hold Duration (ms)
( '  Smart Sweep | 0*9 d  10.1 V J  j 2 | 333 •

C  Constant Voltage

Bias Value 

1 u,4 ▼ Finalize Sweep

Simulate Sweep Reset Sweep

Figure 3.27 EMES - Smart Sweep - Configuration Window

a) "Start Time" and "Stop Time" is the same as explained in the "Constant Voltage" 

option.

b) Lowest Bias: This specifies the lowest bias (least negative bias value) and will 

also be the starting bias when the secondary collector enters wake.

c) Granularity: The value here indicates the increment or decrement in bias value 

that will be applied to the previous bias value.

d) Highest Bias: The value specified here will dictate the highest bias (most 

negative bias value) that will be applied to the secondary collector.

e) Bias Hold Duration: The value specified here in milliseconds will be the duration 

for which each bias will be held. With the expected rotation rate of 2.5 Hz, a 400 

msec bias duration will ensure that the bias value will remain for an entire 

rotation.

f) Sweep Mode: The two options available here are "UP-DOWN" and 

"CONTINUOUS".

• UP-DOWN: If selected, the bias will be stepped down from the "Lowest 

Bias" to the "Highest Bias" (less negative bias to more negative bias) and
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then stepped back up from "Highest Bias" to "Lowest Bias" as specified 

by "Granularity" and the whole process is repeated.

• CONTINUOUS: The bias will only be stepped down from the "Lowest 

Bias" to the "Highest Bias" and the whole process is repeated. An 

example of this mode of sweeping operation is depicted in Figure 3.28.

g) Finalize Sweep: Lastly, the "Finalize Sweep" button needs to be clicked for the 

configuration to take effect.

In order to verify whether the Plasma Probe functions appropriately as configured, the 

"Simulate Sweep" button has to be clicked. Doing so will force the Plasma Probe to function as if 

an actual launch occurred and at the time specified in "Start Time (sec)", the EMES will 

commence. In order to revert back to the pre-launch configuration, the "Reset Sweep and False 

Launch Detect" button needs to be pressed. All the previous configuration changes will remain 

intact but the Plasma Probe's internal clock is reset and the instrument is bought back to the 

pre-launch mode. Notice that this button also doubles as false launch detect reset. This feature 

is explained in Section 3.5.2.8 (Launch Detect Configuration (Option {11})) in greater detail.
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0 VDC

-2 VDC

Figure 3.28 EMES - CONTINUOUS - Example Waveform: Lowest Bias = 0 VDC;
Granularity = -0.4 VDC; Highest Bias = -2VDC; Hold Duration (ms) = 50 msec &

Bias Mode = UP-DOWN.

3.5.2.8. Launch Detect Configuration (Option {11})

The launch signal is used by the Plasma Probe to start its internal clock and all events that are 

time triggered do so by referring to this internal clock. The dynamic biasing schemes and EMES 

are the only features that are time triggered and if they are not being used (as the case is when 

operating in DOM), the internal clock need not be maintained, and consequently, the Plasma 

Probe does not require detecting the launch.

When the "Disable Launch Detect" radio button is selected, the Plasma Probe will not detect the 

launch. This option should only be exercised when both the dynamic biasing scheme and the 

EMES are not being used.

False launch detection may occur if the constant +5 VDC gets momentarily interrupted when the 

rocket is switched from external power to internal batteries. This anomaly was only discovered 

during the later stages of integration at NSROC (Wallops Island) and therefore modifications to
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the firmware to account for this was not permitted. Therefore, the modification was made to 

the GSS by adding functionality to correct any false launch detection.

3.5.2.9. Plasma Probe Configuration Verification

With the multitude of configurable options made available by the GSS, it is easy to lose track of 

the configuration changes applied to the Plasma Probe. In order to mitigate this problem and to 

precisely monitor the current configuration of the Plasma Probe, numerous configuration 

monitoring features are built into the GSS Configuration Tool as described below.

1. Option {d} will reflect the status whether a false launch detection has occurred or not 

and if required, correction can be made via button {13}. Option {d} will also report the 

corrected status.

2. In option {14}, the "Query Settings" button updates monitoring windows {f} and {g} 

while the "Acquire ADC Data from Plasma Probe" button updates the monitoring 

windows {a}, {15} and {e}.

3. {15} displays the final eight-byte data frame send by the Plasma Probe to the NSROC 

TM. The details of the data sent have been discussed in Section 3.4.4.1 (Communication 

Interface to TM). The radio buttons "HEX", "Integer", "Voltage" and "Collector Current" 

have not been implemented.

4. {a} provides the information as to which Plasma Probe's data is being displayed in {15} 

and {e}. The two possible display options for {a} are "Plasma Probe 1" and "Plasma 

Probe 2".

5. {e} displays the bias values applied onto the collector surfaces and the onboard relay 

and CMOS switch status.

6. {f} provides all the information relevant to dynamic biasing (aspect angle based biasing). 

Only the fields that are necessary are updated while others are kept blank. For example 

if the "Constant Bias" option was applied using {8}, only "Bias 1" of {f} will be updated 

and all other fields will be kept blank. In addition the "Bias Type" field always displays 

the type of biasing applied.
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7. {g} will reflect all information relevant to EMES.

3.5.3. GSS Data Monitor

The "GSS Data Monitor" is used to monitor and interpret the Plasma Probe's eight-byte data 

stream. The software was originally intended for use by a volunteer outside the core 

development team and therefore good effort was put into making it intuitive and user friendly. 

It provides a clutter free interface with necessary data interpretations performed by the 

software for an easy and efficient data monitoring and interpretation capability.

The "GSS Data Monitor" has two versions, one having substantial data interpretation ability 

built-in (referred to as "GSS Data M&l" hereafter) while the other providing only basic data 

monitoring ability (referred to as "GSS Data M" hereafter). For the HEX-2 mission, only Plasma 

Probe 1 was configured for using a biasing scheme and EMES, while Plasma Probe 2 was flown in 

its DOM. Therefore, the "GSS DATA M&l" was deployed for receiving Plasma Probe l's  data 

while "GSS Data M" was used to receive Plasma Probe 2's data stream

3.5.3.1. GSS Data M&l

Figure 3.29 below depicts a snap shot of the "GSS Data M&l" in operation. The software can be 

primarily divided into four major sections, the window displaying the raw eight-byte data frame 

in integer format, the section for configuring the "Operational Mode", the "Operational Status" 

section and lastly the "Plasma Probe Status" readouts. The "Operational Mode" has three 

possible configurations, the "Automated", "Pre-Launch Mode" and "Launch-Ready Mode", 

which are discussed in the following sub-sections.
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Figure 3.29 GSS Data MSd

3.5.3.1.1. Automated

This is the initial default mode of the software, and it is the preferred mode of operation if the 

user has only a minimal knowledge of the instrument's operational and pre-launch count-down 

procedure. No further interaction from the user is required except monitoring and reporting the 

messages displayed in the "Plasma Probe Status" section. Since the software makes all of the
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interpretations on the current status of the pre-iaunch count-down from the Plasma Probe's 

eight-byte data stream automatically, some ambiguities remain as described below.

1. "Launch Status" will read "ON RAIL or SWEEP COMMENCED" when the rocket is on rail 

and "LAUNCHED" when the actual launch occurs. Since only one bit in the status byte is 

used to indicate whether the rocket is on the rail or launched or whether the EMES has 

commenced, in "Automated" mode the software cannot decisively differentiate 

between the "ON RAIL" and the "SWEEP COMMENCED" status.

2. "Secondary Collector Bias Voltage" will read out the current secondary collector bias 

voltage. Bias voltages between 0 VDC to -0.4 VDC will be reported as "0V to -0.4V", 

voltages between -1.9 VDC and -2 VDC will be reported as "-1.9V or -2.0V" and all other 

voltages between -0.4 VDC and -1.9 VDC will be reported accordingly with the actual 

bias value, i.e., a -1.3 VDC will be reported as "-1.3V".

3. "End of Flight Sweep Status" is nothing but the EMES status and in "Automated" mode, 

it will read out "ON RAIL or SWEEP COMMENCED" when the rocket is either on the rail 

or the sweep has been commenced during flight. Again, in "Automated" mode, the 

software cannot differentiate between "ON RAIL" and "SWEEP COMMENCED".

3.5.3.1.2. Pre-Launch and Launch-Ready Mode

In "Automated" mode, the software had difficulty asserting whether the rocket was on rail or 

whether the EMES had commenced. That is rectified when the Pre-Launch and Launch-Ready 

mode of operation are used. This however requires the user to switch the software into the 

"Pre-Launch Mode" initially and then to "Launch-Ready Mode" after the rocket has been moved 

from external to internal battery power and after any false launch detection has been cleared 

from the "GSS Configuration Tool". In order to do so, a communication link must exist between 

the user operating the configuration tool and the "GSS Data M&l". For the HEX2 mission 

however, the GSS software was operated by one individual and therefore the "Automated" 

mode of operation was not used. The operating instructions are described below.
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1. The software is initiated in the "Automated" mode of operation and the user needs to 

switch it into the "Pre-Launch Mode".

2. "Launch Status" should read "ON RAIL".

3. "Secondary Collector Bias Voltage" will read out the current secondary collector bias 

voltage. Bias voltages between 0 VDC to -0.4 VDC will be reported as "0V to -0.4V", 

voltages between -1.9 VDC and -2 VDC will be reported as "-1.9V or -2.0V" and all other 

voltages between -0.4 VDC and -1.9 VDC will be reported accordingly with the actual 

bias value i.e. a -1.3 VDC will be reported as "-1.3V".

4. Upon instruction from the personal operating the "GSS Configuration Tool", the user 

needs to switch the software to "Launch-Ready Mode". This is done after the rocket 

payload power supply has been switched from external to internal, and after any false 

launch detection has been reset.

5. "Launch Status" will read "LAUNCHED" when actual launch occurs.

6. "End of Flight Sweep Status" will remain blank until the EMES commences, after which 

the read out will indicate "SWEEP COMMENCED".

3.5.3.1.3. Roll Related Status

The "Roll Related Status" will function independent of the "Operational Mode" selected as 

described below.

1. "Roll Data Status" will read out "ACS Roll Data Active" when the Plasma Probe is 

receiving aspect angle data from the ACS and will read "DISABLED" when ACS data is not 

being received.

2. "Valid or INVALID" will display "Valid" when valid ACS data is being received and 

"INVALID" otherwise. When "Roll Data Status" is "DISABLED", it will read "N/A".
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3. "# of Roll Data Packets Received" will indicate the number of ACS data packets totally 

received by the Plasma Probe. Both valid and invalid data packets will be counted to 

calculate the total number of data packets received.

3.5.3.1.4. Plasma Probe Status

The "Plasma Probe Status" messages are described below.

1. The "Plasma Probe Status" will either read "OK" or "ERROR". If "OK", then the "ERROR 

Reason" windows will be blank. But if the status reads "ERROR", the "ERROR Reason" 

windows will read out the error(s) detected.

2. There are three possible errors that can be displayed as described below:

• "TM DATA NOT BEING RECEIVED" will be displayed when no data is being 

received. This could happen is the Plasma Probe is not sending data to the 

NSROC TM or there is a communication link breakage between the NSROC TM 

and the "GSS Data M&l" software. The "GSS Configuration Tool" can be used to 

query and probe the Plasma Probe to narrow down the cause of the problem.

• "LAUNCH DETECT REGISTERED (Ignore if TRUE)" will be displayed when the 

launch occurs. This error message will be displayed when actual launch occurs 

when operating in the "Automated" mode or when false launch detection 

occurs when operating in "Pre-Launch Mode".

• "DUMMY LOAD (RELAY) IS CONNECTED" will be displayed if the on-board relay 

on the AM is pulled. This relay has to be switched off to disengage the dummy 

loads on the collector surfaces before launch.
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3.5.3.1.5. Miscellaneous Features

The eight-byte data will be updated continuously, but the user can freeze any frame by clicking 

the "Stop" button, but doing so halts the operation of the all other sections. All operations will 

resume as normal when the "Display Plasma Probe Data" button is pressed. If for some reason a 

communication link error occurs, the "Enable COM Port" and "Disable COM Port" buttons can 

be used to possibly rectify the problem.
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The "GSS Data M" provides for only very basic data monitoring ability and an inexperienced user 

can only assert whether the eight-byte Plasma Probe data is being received or not. This version 

of the software is ideal if the Plasma Probe is operated in its DOM. Figure 3.30 below depicts a 

snap shot of the "GSS Data M".

3.5.3.2. GSS Data M

I. PtonB Probe -  2. TM cata _.|

155 0 255 244 0 136 0 7
165 0 255 246 0 137 0 6
165 0 255 244 0 137 0 6
165 0 255 243 0 136 0 s
165 0 255 2*e 0 135 0 6
165 0 255 246 0 133 0 5
165 0 255 247 0 1-37 0 7
165 0 255 247 0 139 0 3
165 0 255 246 0 137 0 6
165 0 255 246 0 133 0 7
165 0 255 247 0 137 0 7
165 0 255 247 0 136 0 3
165 0 255 247 0 136 0 6
165 Q 255 247 a 140 □ 7
165 0 255 243 a 133 0 7
165 0 255 249 0 139 0 7
165 0 255 247 0 135 0 6
165 0 255 245 0 136 0 6
165 0 255 247 Q 139 0 3
165 0 255 246 0 136 0 3
165 0 255 247 0 139 0 5
165 0 255 244 0 137 0 7
165 0 255 2^7 0 137 a 6
165 0 255 245 0 135 0 6
165 0 255 246 0 134 0 6
165 0 255 243 0 133 0 3
165 0 255 246 0 139 0 6
165 0 255 244 0 136 0 6
165 0 255 246 0 137 0 7
165 0 255 247 0 139 0 7 -
165 0 255 243 0 136 0 5
165 0 255 249 a 133 0 3
165 0 255 247 0 137 0 5
155 0 255 245 0 133 D 7
165 0 255 249 0 137 0 3
165 0 255 251 D 135 0 7
165 0 255 245 0 136 0 7
165 0 255 247 Q 135 0 7
165 0 255 245 0 133 0 7
165 0 255 247 0 137 0 7
165 0 255 246 0 136 0 7
165 0 255 247 0 136 0 7
155 0 255 244 0 137 0 7
165 0 255 247 0 137 0 7
165 0 255 245 0 134 0 7
165 0 255 2^6 a 137 a 5
165 0 255 244 0 137 0 6
165 0 255 245 0 137 0 6
165 0 255 249 0 135 0 6
165 0 255 246 0 137 0 6
165 0 255 247 0 135 a 7
165 0 255 246 0 133 0 7
165 0 255 247 0 139 0 7
165 0 255 247 0 133 0 5
165 0 255 246 a 137 0 3
165 0 255 247 0 136 0 3
165 0 255 246 0 136 0 7
165 0 255 243 0 138 0 7
165 0 255 247 0 137 0 7 z

Acusre ADC Data From Plasma Probe j| | f "  "stop

Figure 3.30 GSS Data M
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A continuous flow of data is indicative of proper functioning of the Plasma Probe. The user can 

freeze a frame for further inspection by clicking the "Stop" button and can resume normal 

operation by clicking the "Acquire ADC Data from Plasma Probe" button.

3.6. NSROC Electronics

This section will briefly discuss the electronics provided by NSROC that are essential to the 

functioning of the Plasma Probe.

1. Power Supply:

The Plasma Probe is powered from a +28 VDC power supply and NSROC provides this 

with a dedicated battery for the instrument. NSROC also continuously monitors the 

current drawn by the instrument.

2. NSROC TM:

The TM is where all the data from the Plasma Probe, both analog and digital terminate.

• The NSROC TM provides two dedicated several channels each accepting packets 

with eight bytes of Plasma Probe's multiplexed data at 153,600 bps.

• The analog data from the Plasma Probe are acquired and digitized by the TM. 

Three of the seven differential channels are digitized with a resolution of 10 bits 

while the remaining four differential channels are quantized with a resolution of 

12 bits. All seven channels are sampled at 1024 sps. Appendix-B elaborates all 

the analog channels digitized and recorded by the TM.

• The TM also accepts inputs from two temperature sensors; one mounted on the 

instrument's aluminum enclosure while the other mounted on the deck plate.
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3. NSROC ACS:

The ACS provides the following services to the Plasma Probe.

• Orients the daughter payload spin axis perpendicular to the velocity.

• Induces and maintains a constant spin rate of 2.5 Hz.

• Provides the aspect angle information every 20 msec with a precision of

0.0879°.

4. Launch Signal:

When on rail, NSROC instrument provides a constant +5 VDC signal to the Plasma Probe 

via a trip switch. Upon launch, the umbilical gets pulled away from the rocket and thus 

the line goes open (unconnected) indicating a launch.
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4. Performance, Testing and Integration

This section covers all aspects of the instrument performance, the numerous testing procedures 

conducted and the detailed integration process with NSROC electronics.

4.1.1. Instrument Performance Parameters

The performance parameters are addressed in a modular fashion starting with the PM, followed 

by the AM and lastly the DM.

4.1.1.1. Power Conditioning

The key performance parameters and the relevant tests conducted to ensure the PM's ability in 

providing uninterrupted power to the remainder of the instrument are as follows.

1. The completed PM was continuously powered for over 48 hours and its performance 

periodically monitored to ensure design and build integrity.

2. The design requisite for the PM required it to operate with an input voltage of +28 VDC 

(±2 VDC) and successfully provide the Plasma Probe electronics with the required 

regulated voltages of +5 VDC and -15 VDC. The actual design far exceeded this 

requirement as evident from the measurements outlined in Table 4.1. The DM 

maintained the +5 VDC Analog and +5 VDC Digital output voltage regulation from an 

input voltage as high as +34 VDC and as low as +5.87 VDC. The abrupt drop in the output 

voltage for an input of +5.86 VDC is due to the snap-off feature of the PM module 

described in Section 3.2.1.3 (+5 VDC Regulated Output). The output snap-in occurred at 

an input voltage of +6.22 VDC. The DM was not tested for an input voltage greater than 

+34 VDC since it already exceeds the performance requirements. The regulated -15 VDC 

remained acceptable for as low an input voltage as +3.2 VDC.
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Table 4.1 DM Voltage Regulation Figures

Digital Module Output Voltage Regulat on Ability
Input Voltage Regulated +5 VDC Output Regulated -15 VDC

+34 VDC +5.01 VDC -15.03 VDC
+28 VDC +5.01 VDC -15.03 VDC

+5.87 VDC +4.8 VDC -15.03 VDC
+5.86 VDC 0 VDC -15.03 VDC
+3.2 VDC 0 VDC -14.99 VDC
+2.5 VDC 0 VDC -14.2 VDC

3. The DM was short-circuit tested by subjecting it to an output short circuit for duration of 

30 minutes. Following the removal of the short circuit condition, the DM resumed 

normal functioning.

4. The inrush current at instrument power up is 700 mA, well within the design 

requirement range of 1.5 A.

5. During the rigorous temperature cycling tests performed at UAF, a tantalum capacitor 

that was mounted with incorrect polarity on the second DM (spare hardware) failed. 

This capacitor was replaced to resolve the issue.

6. An input short circuit that resulted from an unknown wiring harness issue at the 

preliminary integration procedure at NSROC (Wallops Island) resulted in the DM's input- 

side Poly-Switch open circuiting, which verified the module's self-protection ability.

7. During the sinusoidal input payload vibration test performed at NSROC (Wallops Island), 

a faulty battery connection powering the instrument caused intermittent input power 

supply to the DM, but the input side capacitors of the module provided the necessary 

input voltage to the regulators and maintained proper output voltage regulation. Figure

4.1 depicts the portion of the strip chart showing the anomaly.
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Figure 4.1 Data Anomaly During Vibration

The rectangle on the figure reads 350 mA, which refers to the current draw by the entire 

Plasma Probe and the payload vibration frequency at that point was about 150 Hz. 

Notice that shortly after, the current starts oscillating between 0 mA and 700 mA. The 0 

mA reading corresponds to the instant when the power to the DM was cut o ff and the 

700 mA resulted due to the inrush current primarily caused by the large input side 

capacitors on the DM. Also notice that the oscillating pattern seems like it is being 

pushed further apart. This is because the vibrating frequency o f the interm ittent contact 

at the faulty battery connection was increasing along with the sinusoidal vibration 

frequency o f the entire payload, while the digitizing sampling frequency of the channel 

was fixed at 200 Hz. Therefore this seemingly unusual pattern is a result of aliasing.

The large input side capacitors on the DM compensated for the discontinuity of the 

input power supply, thus maintaining output voltage regulation and the Plasma Probe 

continued to perform flawlessly throughout this disturbance, again proving the 

resilience of the design.
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The AM is composed of all the electronics for measuring the ion density and translating it to a 

corresponding scaled voltage along with a host of housekeeping data, temperature sensors, 

relays and analog switches. The performance parameters and tests conducted on the AM are 

summarized below.

1. The completed AM was tested at ASGP lab (UAF) by keeping the module continuously

powered for over 48 hours with periodic verification of proper operation.

2. The cut-off frequency (500 Hz) of the op-amp-RC active Low-Pass filters on both the

primary and secondary collector channels have been verified.

3. Once the DM was completed and interfaced, the programming and testing of the DAC 

was successfully carried out and the performance parameters are elaborated below.

• The time taken for a newly applied DAC output value to stabilize is about 2.5 

msec. Therefore, allowing a 5 msec stabilization time between change of values 

will guarantee sufficient time for valid collector current data acquisition. Figure

4.2 represents a case where the DAC output value was alternated between 0 

VDC and -2 VDC every 7 msec.

• Once the GSS was complete, the whole range of aspect angle based biasing 

schemes were tested and have already been discussed in detail in Section 3.4.5 

(Biasing Scheme) and Section 3.5.2.4 (Biasing Schemes (Option {8})).

4.1.1.2. Analog Module Performance

4. During the integration and assembly phases both at NSROC and PFRR, the AM worked as 

desired without any failures.
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Figure 4.2 DAC Settling Time: It can be clearly seen that the stabilization time 
required when the bias is switched from 0 V to -2 V and vice versa is 

approximately 2.5 msec.

4.1.1.3. Digital Module Performance

The DM was the last module to be completed and the performance testing for the module 

involved thoroughly testing the firmware and GSS in addition to the standard hardware integrity 

tests. The performance parameters and improvements made to solve the issues faced during 

integration and assembly are discussed below.

1. The DM hardware was subjected to the standard 48-hour of continuous burn-in test 

with power and analyzed for discrepancy.

2. The firmware was developed to provide a robust interrupt-driven architecture.

3. After completion of the GSS, the entire DM was tested for all aspect-angle based 

dynamic biasing scenarios successfully.
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4. The processor supervisory circuit was tested manually by providing power to the DM 

and then lowering the voltage below + 4.75 VDC to verify that the microcontroller was 

held in reset state until the supply voltage was increased back above +4.75 VDC. In 

addition, the manual reset button was installed and tested.

5. The clock reset circuitry was tested by manually shorting the pins of the crystal oscillator 

and verifying that the firmware held the microcontroller in a reset state until proper 

clock signal was restored.

6. The ADC performance and communication interface to the TM was characterized and 

the results are discussed below.

• The ADC samples and digitizes the three channels sequentially starting with the 

secondary collector data, then the primary collector High-Gain channel and 

lastly the primary collector Low-Gain channel. The total time taken for 

acquiring, digitizing, preparing the digitized data for transmission and 

generation of the 8-bit status bits takes a total of 180 psec. It is immediately 

followed by its transmission to NSROC TM via the RS485 interface at 153600 

bps.

• Figure 4.3 depicts a snapshot of the oscilloscope screen showing the ADC 

conversion cycles and the RS485 transmission of the eight-byte data frame to 

theTM.

Digitization of the analog data channels are not performed during the 

transmission of the previously digitized data. From Figure 4.3, we see that this 

process results in a 140 psec idle time between each successive transmission. At 

the expected roll rate of 2.5 Hz and vehicle velocity of 2 km/sec, this idle time 

will result in a roll of only 0.126 degrees and vehicle advancement of 0.28 

meters, which will not adversely affect the science return of the experiment.
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ADC
Digitization

RS485
Transmission

7. The ACS data format was only finalized by NSROC after the instrument was shipped to 

NSROC (Wallops Island) for integration & evaluation. Therefore, the changes required 

were incorporated by modifying the firmware and GSS at NSROC.

8. Since both the ACS and GSS share a communication channel, it was imperative that both 

the GSS and ACS be able to tri-state its transmitters, but the ACS employed an RS422 

transceiver that did not have tri-state capability. NSROC solved the problem by adding 

an RS485 transceiver between the ACS and the Plasma Probe.

9. Fine tuning of the RS485 termination scheme was carried out at NSROC to enable 

successful communication between the Plasma Probe, the GSS and the ACS.

10. The distance between the launch pad and the GSS computer in the block house is about 

300 feet. Due to high level of noise in the old umbilical wirings at PFRR, the

Figure 4.3 ADC & Data Transmission Performance: The upper waveform 
represents the conversion cycle and the lower waveform represents the 

actual RS485 transmission to NSROC TM. The idle time between consecutive 
transmissions is 140 u sec.
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communication link between them was tested and concluded as unreliable. Therefore, 

the RS485 termination scheme on the Plasma Probe was revised and the final 

component values of the termination are discussed in Section 3.2.3.5.1 (RS-485 

Termination Scheme). The final changes are reflected in the DM schematics in 

Appendix-A.

11. The Plasma Probe was designed to expect a transition from a +5 VDC to 0 VDC (Ground 

Signal) indicating a launch of the rocket, but in reality the +5 VDC was just cut off leaving 

the line open and the residual noise on the line prevented the DM from detecting a 

successful launch. A pull-down resistor was added to the DM to resolve the issue.

4.1.2. Environmental and Endurance Tests

The Plasma Probe will face rapid temperature and g-force variations during the course of its 

flight and therefore it is imperative to test the instrument in simulated extreme conditions prior 

to launch to guarantee a fail safe operation.

This section will brief the temperature cycling, vibration and shock tests performed on the 

Plasma Probe before it was certified as flight ready.

4.1.2.1. Temperature Cycling

In order to ensure the Plasma Probe will withstand rapid variation in temperature, only the 

electronic components with industrial or military specifications were chosen. Components 

guaranteeing nominal performance over the temperature range of -20 °C and 70 °C was 

deemed suitable. Thus rigorous component selection was the first step towards designing the 

Plasma Probe for the HEX-2 mission.

Once the entire Plasma Probe was completed, the instrument was subjected to temperature 

cycling in an environmental chamber depicted in Figure 4.4; the particulars of which are 

discussed below.
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1. The environmental chamber from the Arctic Engineering Lab at UAF was employed for 

the simulating the required temperature conditions.

2. The entire instrument was placed within the chamber with all necessary electrical 

connections pulled out through the firewall. The instrument was subjected to three 

complete temperature cycles of -20 °C to +40 °C, all the while continually monitoring all 

relevant aspects of the Plasma Probe as outlined below.

• The communication links, analog housekeeping and digitized Plasma Probe 

collector current data were continually monitored.

• The instrument was configured in all the implemented aspect angle based 

biasing schemes and EMES using simulated ACS roll data from the GSS and the 

Plasma Probe's operation was verified as accurate.

• The temperature readings from the onboard temperature sensor on the AM 

was monitored frequently and verified for correctness by comparing with the 

environmental chambers precision temperature sensor.

3. The Plasma Probe was also subject to a constant -20 °C and +40 °C for 45 minutes, at 

the end of which all instrument performance parameters were verified.

4. As mentioned in Section 4.1.1.1 (Power Conditioning), one of the tantalum capacitors 

failed because it was mounted incorrectly with the wrong polarity. Since the PM was 

designed well over the required specification, this falsely mounted capacitor did not fail 

during the numerous performance tests performed in the ASGP lab at room 

temperatures. The failed component was replaced to resolve the issue, but this event 

further reinstates the importance of such environmental tests.

5. Finally, the instrument was powered down and cold soaked at -20° C for 45 minutes and 

then abruptly powered up. All relevant performance parameters were verified.
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Figure 4.4 Environmental Test Chamber

The discussed temperature cycling tests were devised with the recommendations from Bruce 

Johnson who designed and implemented the Plasma Probe for the previous HEX mission (1).
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The vibration tests were conducted at NSROC (Wallops Island). The tests included vibrating the 

payload from 0 Hz to 2000 Hz on each axis (x, y and z) individually, followed by a random axis 

vibration test and lastly the sinusoidal waveform vibration test. Figure 4.5 depicts the payload 

on one of the vibration table ready for vibration. A brief outline of the tests and the results are 

described below.

• The Plasma Probe was kept operational with all required interfaces connected 

throughout each of the above mentioned tests.

• Simulated aspect-angle data was fed to the Plasma Probe from the GSS as the ACS was 

excluded from the vibration tests. All aspects of the Plasma Probe, including aspect- 

angle based dynamic biasing and EMES were continually monitored throughout the 

tests and verified for proper functioning.

• Though the Plasma Probe did not exhibit any anomaly whatsoever, the NSROC 

monitored instrument current channel exhibited unusual behavior during the sinusoidal 

vibration test as already discussed in Section 4.1.1.1 (Power Conditioning). In order to 

isolate the cause of the problem, the Plasma Probe was first vibrated alone, followed by 

the remainder of the payload and the fault was narrowed down to a faulty instrument 

battery connection.

4.1.2.2. Vibration Tests
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Figure 4.5 Payload on Vibration Table: The rectangle in the picture depicts the Plasma Probe with 
its collector surfaces wrapped in an antistatic cover.
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Shock tests were performed at NSROC that involved simulating a shock of 20 g by dropping the 

entire payload from a height of eight inches. Figure 4.6 depicts the payload mounted on the 

machinery that performs the shock test.

4.I.2.3. Shock Test

Figure 4.6 Payload Shock Test
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This section discusses the integration and final assembly procedures that were conducted at 

UAF, NSROC and PFRR in a more or less chronological order of events as follows.

1. Once the entire Plasma Probe electronics was complete and fully functional, it was sent 

to the Gl Electronics Shop for staking and conformal coating of the printed circuit 

boards.

2. As discussed in Section 3.3 (Collector Surfaces and Guard Rings), Bruce Johnson and Tim 

Manning prepped and mounted the collector surfaces on the payload skin at the Gl 

Machine Shop.

3. After staking and conformal coating, the Plasma Probe electronics was integrated into 

its aluminum enclosure and the entire instrument was shipped to NSROC.

4. At NSROC, the Plasma Probe the successfully integrated with the NSROC modules after 

numerous difficulties as described below.

a. There were faulty wiring harness issues that prevented the analog housekeeping 

data from being received by the TM.

b. Faulty or loose wiring harness resulted in the Plasma Probes protection fuses 

becoming open-circuited.

c. There were communication channel termination issues that prevented 

communication between ACS, GSS and Plasma Probe.

d. ACS could not tri-state its transmitter; therefore a hardware modification was 

performed by NSROC on the ACS to accommodate the same.

e. Plasma Probe was designed to accept a +5 VDC to GND transition in order to 

indicate rocket launch, but in reality the line just went open. Pull-down resistors 

were added to the Plasma Probe to resolve the issue.

f. The ACS data format was only finalized during integration at NSROC, requiring 

on site firmware changes.

4.1.3. Integration and Final Assembly
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g. Interruption to Plasma Probe power supply occurred during sinusoidal vibration 

tests, leading to repair of a loose connection in the payload battery pack.

5. A couple successful mock sequence tests were performed wherein the entire payload 

was powered up emulating an actual launch scenario.

6. All components were then shipped to PFRR and a couple more sequence tests were 

performed.

7. At PFRR the communication link between the Plasma Probe on the launch pad and the 

GSS computer in the block house had termination issues that were corrected.

8. After ironing out all issues, the entire rocket was assembled and mounted onto the 

launch pad.
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This section explains the final decided flight configuration of the Plasma Probe, the NSROC-ACS 

science alignment strategy for achieving the desired daughter payload altitude and the Plasma 

Probe configuration procedure via GSS prior to launch.

5.1. Plasma Probe Flight Configuration

The Plasma Probe was designed to operate as a standalone unit in its DOM immediately 

following instrument power up. In its DOM, the Plasma Probe will immediately apply -0.4 VDC 

bias voltage to all collector surfaces and send out the digitized data at 153600 baud to the TM. 

For a successful operation in its DOM, the Plasma Probe does not require a communication link 

with the "GSS Configuration Tool" as no configuration changes are required to be made, but the 

instrument performance can be verified using the "GSS Data Monitor" to analyze the eight-byte 

Plasma Probe data transmitted to the TM. Since only a constant -0.4 VDC bias is applied to all 

collector surfaces without employing any aspect-angle based dynamic biasing, the Plasma Probe 

does not require a communication link with the ACS. Lastly, since both biasing schemes and 

EMES are disabled in DOM, successful launch detection is also not required because the DOM 

has no timed events. As discussed earlier, the launch signal is used only to initiate the internal 

clock of the Plasma Probe.

Though the DOM meets the comprehensive success criterion for the mission, several advanced 

aspect-angle based biasing schemes were incorporated into the instrument that can be 

configured after instrument power up and prior to launch. The final Plasma Probe configurations 

that were decided upon for the HEX-2 mission is discussed in this section and the actual 

configuration procedure is addressed in Section 5.3 (Plasma Probe Configuration Procedure 

during Launch Countdown).

5. Launch Operations and Final Flight Parameters
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For the HEX-2 mission, the Plasma Probe 2 was operated in its DOM while Plasma Probe 1 

configuration was updated via the GSS prior to launch to activate the following advanced 

features.

• The bias to both the primary and secondary collector surfaces is configured to be 

provided by the DAC. In DOM, only the primary collector surface and guard rings are 

biased by the DAC while the secondary collector surface and its corresponding guard 

rings are biased using the LM4140 (mounted on the PM).

• The "Constant Value" bias of -2 VDC is selected as the aspect-angle based biasing 

scheme for the PP1 secondary collector. All other collector surfaces are biased at -0.4 

VDC.

• Again, referring to Section 3.5.2.7 (End of Mission Engineering Sweep (EMES) (Option 

{12})), the EMES feature is enabled to commence at 350 sec after launch and to 

continue for the remainder of the flight. A "Constant Sweep" option was decided upon 

that biased the secondary collector surface back to -0.4 VDC for the remainder of the 

flight.

5.2. NSROC Flight Science Alignment

For the Plasma Probe to work as per its design, the following conditions had to be satisfied:

• The daughter payload spin axis should be aligned perpendicular to the direction of the

velocity vector with as minimal deviation as possible.

• A controlled rotation rate of approximately 2.5 Hz must be induced and maintained.

• The ACS thruster firings should be kept to a minimum as the jets tend to disturb the

immediate plasma environment and corrupt Plasma Probe data.
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All of the above mentioned points together constitute the flight science alignment, which are all 

provided and controlled by the ACS. NSROC employs numerous strategies to satisfy these 

requirements but the dead reckoning approach was employed for the HEX-2 mission. In this 

approach, the desired alignment of the daughter payload carrying the Plasma Probe is 

completed only once immediately following the mother payload separation. No correction is 

attempted if a deviation from the required alignment occurs during the remainder of the flight. 

In dead reckoning, the ACS jets are guaranteed not to fire once the alignment is made and any 

deviation from the science alignment afterwards can be accounted for in the data processing 

stage, provided the deviation is not too severe. This approach was chosen because of the 

Plasma Probe's high sensitivity towards ACS thruster firing witnessed in the previous HEX 

mission.

5.3. Plasma Probe Configuration Procedure during Launch Countdown

The launch countdown procedure is initiated 10 minutes prior to actual launch. Table 5.1 

outlines the Plasma Probe configuration procedure during the countdown. For the specific 

configuration terminologies used within the description, refer to Section 3.5 (Ground Support 

Software (GSS)).
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Table 5.1 Plasma Probe Countdown Configuration Procedure

Plasma Probe configuration procedure during the 10 minute countdown to launch.

Time Configuration Procedure

Pre-Launch Just prior to the commencing the 10 minute launch countdown, the following 

actions need to be performed:

• The "GSS Configuration Tool", "GSS Data Monitor" (both "GSS Data 

M&l" and "GSS Data M") software is started and kept ready.

• The "GSS Data M&l" is set to "Pre-Launch Mode".

10:00 The Plasma Probe is powered up and the following events are examined:

• Both the "GSS Data M&l" and "GSS Data M" should show data 

reception.

• The received data is visually assessed for correctness.

9:30 1. The Plasma Probe begins its configuration procedure. All the below 

mentioned points refer to the "GSS Configuration Tool" unless explicitly 

mentioned.

• The GSS feature is enabled.

• "Microcontroller 1" is selected and the eight-byte Plasma Probe 

data is read back to the "GSS Configuration Tool" to ensure that a 

successful GSS communication is established.

• Both collector surfaces are configured to be biased by the DAC.

• The onboard relay is switched ON and the MAX319 analog switch is 

switched OFF. This procedure simulates a plasma environment by
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Table 5.1 Continued...

drawing current from the collector channels facilitating the testing 

of the instrument.

• The "GSS Data Monitor" is observed to ensure proper operation of 

the instrument

• Reset trap is set.

2. All the above mentioned steps are repeated for "Microcontroller 2"

(Plasma Probe 2).

3. "Microcontroller 1" is selected again.

• The desired aspect-angle based biasing scheme is configured.

• The communication channel is released by using option {10} shown 

in Figure 3.17. This is done so that the ACS can take control of the 

channel in order to send test signals (simulated aspect-angle data) 

to the Plasma Probe.

6:00 ACS commences sending of the test signals to the Plasma Probe and the Plasma 

Probe's reaction is monitored on the "GSS Data Monitor".

5:00 1. ACS Stops sending test signal to Plasma Probe and releases 

communication link.

2. The communication link is re-acquired by the "GSS Configuration Tool".

• The eight-byte Plasma Probe data is again read back to the "GSS 

Configuration Tool" to ensure the establishment of a successful GSS 

communication link.

• The EMES is configured as described in Section 5.1 (Plasma Probe 

Flight Configuration).
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Table 5.1 Continued...

• Onboard relay is switched OFF.

• "Microcontroller 2" is selected and the onboard relay on Plasma 

Probe 2 is also switched OFF.

3:00 Plasma Probe along with the rest of the payload is switched from external to 

internal battery power.

• The "GSS Data Monitor" is observed for false launch detection, and if a 

the false detection occurs, it is cleared/reset from the "GSS 

Configuration Tool". Note the false launch detection on Plasma Probe 1 

and Plasma Probe 2 must be cleared independently by selecting 

"Microcontroller 1" and "Microcontroller 2", respectively.

• The "GSS Data M&l" is set to "Launch Ready Mode".

• The configuration is verified again using the data verification ability of 

the "GSS Configuration Tool".

• After all verification, the GSS feature is disabled.

0:00 Launch of the H-rocket.
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6.1. Overview

The previous sections covered the design, implementation & integration of the Plasma Probe. 

The mission was successfully launched on February 14th, 2007. The Plasma Probe fulfilled the 

comprehensive success criterion and the analysis if the data collected during the HEX-2 mission 

is the focus of this section.

The data pertaining to the Plasma Probe can be broadly classified into the following categories:

1. Plasma current data that was digitized by the Plasma Probe.

2. Plasma Probe housekeeping data digitized by NSROC electronics.

3. ACS data that is relevant to the Plasma Probe.

4. Flight attitude data recorded and provided by NSROC.

Appendix-C provides a detailed description of the Plasma Probe Data Plotter (PPDP) software 

that was developed for processing the eight-byte Plasma Probe data. The subsequent sections 

provide a systematic analysis of the H-rocket's attitude and the Plasma Probe's collector current 

data.

6.2. Mission Events and Payload Attitude

The H-rocket's attitude data relevant to the Plasma Probe includes the following.

1. Altitude and velocity information for any given time during the flight.

2. The trajectory and a timeline of important events elaborated in Table 6.1.

3. The rotation rate of the daughter payload and the measure of deviation from the ideal

perpendicular orientation of the payload spin axis and the velocity vector.

6. Data Analysis
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Table 6.1 Timeline of Important Flight Attitude Events for H-rocket

Event Nominal 
Time (Sec)

Measured 
Time (Sec)

Altitude
(KM)

Extra Notes

Terrier Ignition 0 .065 0.217
Spin-Motor Ignition 1.0 1.194 0.260

Max-Terrier Acceleration 3.222 0.600 16.85 G's (spike)
Terrier Burnout 6.2 5.871 1.671 1.81 Hz Roll Rate

Black Brant Ignition 18 18.221 6.371 0.36 Hz Roll Rate
Max Black Brant 

Acceleration
46.145 25.801 10.27 G's (spike)

Black Brant Burnout 50.4 48.703 29.098 2.42 Hz Roll Rate
Black Brant Seperation 102 102.225 83.511 2.55 Hz Roll Rate
ACS Nihka Alignment 104 104.183 85.02

Begin FTS Window (FSO) 135 135 103.511
Nihka Ignition 135 135.504 103.743 2.56 Hz Roll Rate

Max Nihka Acceleration 152.337 113.254 14.21 G's
Nihka Burnout 153.6 154.157 114.613 2.56 Hz Roll Rate

End FTS Window (FSO) 153.6 154.157 114.613
Mother/Daughter

Seperation
158 158.258 117.447

ACS Science Realignment 163 163.166 120.659
ACS Maneuver Complete 190 176.829 128.523

Apogee (2SigmaLow) 240.7 239.2 144.783 2.56 Hz Roll Rate

TM Loss of Sight (LOS)
439.4 377.417 64.943 Dropped Track to 

prepare for 41.063

Figure 6.1 depicts the H-rocket's trajectory, altitude, velocity and a timeline of important events. 

The y-axis on the left side (blue color) represents the altitude of the rocket; the y-axis to the 

right (green color) represents the rocket velocity and the x-axis provides the time in seconds 

after launch, which applies to both the altitude and the velocity plot. In order to reduce clutter, 

only the most important timeline of events from Table 6.1 have been plotted.



135

SO 1 0 3  ISO 20C 2 5 0  X O  3 5 0, _ _    Ткиеш 3acoinfa.... . . . _ .......................

Figure 6.1 Plot of H-rocket Attitude Information

The reorientation of the daughter payload's spin axis perpendicular to the velocity vector was 

completed at 177 sec into the flight by the ACS. The plot of the Angle of Attack (AOA) as 

depicted in Figure 6.2 below, shows a remarkably stable orientation throughout the flight up to 

about 325 sec into the flight. The parallel realignment of the daughter payload's spin axis and 

the velocity began as the payload dropped below 115 km at about 325 sec into the flight.

Figure 6.2 Plot of Angle of Attack after Science Alignment
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Clearly, the daughter payload stayed within 0.3° of deviation from the ideal AOA of 90° over the 

course of the entire flight and within ±0.1° over the region of primary interest (between 200 sec 

to 300 sec) with a nutation frequency of 0.1125 Hz. Observing a small region of the AOA data 

reveals the presence of the payload's rotation frequency of 2.5 Hz as depicted in Figure 6.3.

P k ' af AOA depicting n #  i r r t i at ttv» 7 5  H7 rocket re* rare

Tim e  in S c c c n d s- - .
Figure 6.3 AOA Plot showing 2.5 Hz Roll Rate

From data provided by NSROC, it has been verified that there was virtually no change in the 

rocket rotation rate of 2.5 Hz up until about 350 sec into the flight. From 350 sec to 370 sec, a 

very minimal deviation in the roll rate occurred (about 1° per sec over 15 sec.), which intensified 

as the rocket began re-entry into the atmosphere. The daughter payload's 2.5 Hz rotation rate 

was almost completely lost by about 375 sec into flight.
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6.3. Plasma Probe Data

6.3.1. Overview

This section analyzes the measured plasma current data relevant to fulfilling the comprehensive 

success criterion. Figure 6.4 portrays the plasma current plots for all the collector surfaces along 

with the H-rocket's attitude data (previously depicted in Figure 6.1).

Figure 6.4 Plot of Plasma Currents and H-rocket's attitude
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The science alignment of the daughter payload was completed at 177 sec into the flight and is 

marked in the flight attitude data as "ACS Maneuver Complete". It is beyond this point that the 

collector currents generated becomes proportional to the relative plasma density. The plasma 

current plots from 160 sec till LOS for all four collector surfaces are sequentially represented in 

Figure 6.5 through Figure 6.8.

From these slightly zoomed in plots, the following aspects are readily apparent:

1. The plasma currents independently collected by the collector surfaces of the Plasma 

Probe 1 and Plasma Probe 2 share the same basic pattern, thus providing the first 

indication on the credibility of the collected data.

2. The secondary collectors of Plasma Probe 1 and Plasma Probe 2 were biased at -2 VDC 

and -0.4 VDC, respectively. A clear rise in the PP1 secondary collector current is evident 

due to the more aggressive repulsion of thermal electrons and attraction of positively 

charged ions.
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Figure 6.5 PP1 Primary Collector Current Plot

Figure 6.6 PP2 Primary Collector Current Plot

Figure 6.7 PP1 Secondary Collector Current Plot

Figure 6.8 PP2 Secondary Collector Current Plot
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Figure 6.9 depicts a small region (1 sec) of superimposed plasma currents from all four collector 

surfaces. The effect of the roll rate (2.5 Hz) and the segmented design of the collector surfaces is 

readily apparent from the figure. The negatively biased collector surfaces oriented in the ram 

direction detects the largest plasma currents and the detected current decreases in a 

progressive manner as the probe rotates into the wake region.

6.3.2. Effect of Rocket Roll Rate

The following conclusions pertaining to the roll rate of the daughter payload can be inferred 

from the Figure 6.9 above.

• For any given collector surface, the detected plasma current is maximum when the 

surface is facing the ram direction and progressively reduces to a minimum value as the 

surface rotates into the wake direction.

• The primary collector surfaces of both the Plasma Probes are exactly opposite to each 

other and therefore when the PP1 primary collector detects maximum plasma current 

(pointing in the ram direction), the PP2 primary collector detects minimum currents
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(pointing in the wake direction). Same is the case with the secondary collectors and this 

is conclusively observed from the superimposed plasma current plots.

• The secondary collectors by virtue of their smaller size will remain in the deeper wake 

region for longer periods than the primary collectors. This resulted in longer durations 

of negligible ion detection as evident from Figure 6.9.

• Though a deep reduction in the collector currents occur inside the wake region, the 

currents do not become negative. This is indicative that the presence of primary and 

secondary auroral electrons was negligible.

6.3.3. Secondary Collector Currents

From the analysis of the status byte for PP1, the bias voltage to the secondary collector of PP1 is 

switched from -0.4 VDC to -2 VDC at 31 sec into the flight. This -2 VDC bias remained constant 

up until 350 sec into the flight, at which point the EMES changed the bias back to -0.4 VDC. This 

is in accordance to what was configured as outlined in Section 5.1 (Plasma Probe Flight 

Configuration).

Figure 6.10 and Figure 6.11 depicts the superimposed plots of maxima and minima of both the 

secondary collector currents, respectively. It can be clearly seen that the more aggressive -2 VDC 

bias voltage on secondary collector of PP1 resulted in an increased detection of ions.

Figure 6.10 Superimposed Maxima Plot of PP1 & PP2
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Figure 6.11 Superimposed Minima Plot of PP1 & PP2

Note that the plot of minima depicts small rapid variations while the maxima plot appears to 

have a smoother plot. This is due to the scaling differences between the plots with the minima 

plot depicting the collector current with finer granularity. The following observations are made 

from the maxima and minima plots of the secondary collector currents:

1. Clearly the increased bias voltage on the secondary collector of PP1 resulted in 

consistently increased collector currents.

2. The minima plot indicates ion detection even in the wake region, implying that there 

existed a non trivial concentration of higher energy ions that had thermal velocities 

exceeding the velocity of the daughter payload.

3. The region between 240 sec and 280 sec (between 145 km and 135 km altitude) 

exhibited enhanced plasma density. The exact particulars of the plasma structure can 

only be conclusively deduced after future comparisons with the other scientific data 

acquired from other instruments and ground based observations taken during the HEX-2 

mission.

4. Negative plasma currents were only detected very briefly and sporadically by the PP2 

secondary collector biased at -0.4 VDC. The current plot of the PPl's secondary collector
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surface is consistently positive, indicating that the higher bias of -2 VDC did indeed 

successfully repel all the thermal electrons. In either case there seem to have been only 

negligible presence of primary and secondary auroral electrons.

6.3.4. Relative Plasma Density

The relative plasma density plot is generated using Equation 2.2 (Section 2.2.2 (Plasma Probe 

Collector Currents and Biasing Voltage)). Figure 6.12 depicts the relative plasma density plot 

generated from PP2 secondary collector current data after the science alignment was 

completed at 177 sec, up to 345 sec, where the alignment significantly deteriorated. The 

assumptions made in using Equation 2.2 for generating the relative plasma density plots are as 

follows:

1. The payload's chassis (ground reference for the Plasma Probe electronics) is assumed to 

at zero potential, same as that of the neutral plasma.

2. The payload velocity is taken as a constant 2700 m/sec.

3. The positively charged ions are assumed to be at stationary with respect to the payload

velocity.

4. The plasma is considered to consist of only singly ionized positive gas molecules and

therefore the ion charge q is taken as 1.602 x 1019 coulomb.

The secondary collector currents of Plasma Probe 2 is used because the bias of -0.4 VDC is the 

calculated ideal bias that will repel 99% or all thermal electrons as described in Section 2.2.2 

(Plasma Probe Collector Currents and Biasing Voltage).
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Figure 6.12 Plot of Plasma Density Plot versus Time

Figure 6.13 Depicts the plot of the relative plasma density versus altitude. The plasma density in 

the E-region of the ionosphere is generally in the range of 105 cm'3, but during an active aurora 

the densities can be significantly higher. The maximum detected plasma density from Figure 

6.12 is 1.3 x 106 cm'3. The particulars for the plasma density variations can only be discussed 

after comparing the Plasma Probe data with other instrument data and ground based 

observations collected during the HEX-2 mission.

Figure 6.13 Plot of Plasma Density versus Altitude
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7. Summary of Accomplishments and Recommendations for Future Work

7.1. Accomplishments

This section first provides a brief review of the initial goals set forth by the HEX-2 mission for the 

Plasma Probe followed immediately by a discussion of the results achieved.

The comprehensive success criterion specific to the Plasma Probe for the HEX2 mission along 

with a discussion on the achieved results are as follows:

1. Requirement: Determine relative super-thermal plasma density variations along the 

horizontal trajectory.

Result: This requirement has been satisfied. All four collector channels provided relative 

plasma density data. Enhanced plasma density is detected during the time frame 

between 240 sec and 275 sec after launch corresponding to altitudes between 145 km 

and 135 km, respectively.

2. Requirement: Estimate contributions from primary and secondary auroral electrons.

Result: From the preliminary analysis of the Plasma Probe data conducted in Section 6.3, 

the contributions from the primary and secondary auroral electrons seem negligible.

3. The payload attitude requirements driven by the Plasma Probe are listed below:

• Requirement: The Plasma Probe (daughter payload) should separate from the 

mother payload before the TMA release.

Result: The mother-daughter payload separation occurred at 158 sec into the 

flight at an altitude of 117.447 km and prior to the release of the TMA chemical 

trail.
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Requirement: The perpendicular orientation of the daughter payload's spin axis 

with respect to the velocity vector should be known with a minimum of 5° 

precision.

Result: This payload attitude requirement has been satisfied with a precision far 

exceeding the minimum requirement as discussed in Section 6.2 (Mission Events 

and Payload Attitude).

Requirement: The conning angle should be less than 10°.

Result: The nutation frequency of 0.1125 Hz seen in Figure 6.2 indicates a 

variance of 0.1° over a 10 sec interval, thus satisfactorily exceeding the conning 

angle requirement of 10°.

Requirement: The payload spin phase (angle made by the rocket zero-marker 

with respect to the velocity vector) should be known to within 15° at any instant 

in time from post processing of plasma current data.

Result: The roll rate provided by the ACS by itself provides the spin phase with 

an accuracy of 9°. Post processing of the plasma current data provides the 

payload spin phase at any instant to well within a degree of accuracy.

Requirement: The cumulative deviation of the spin axis from its ideal 

perpendicular orientation with respect to the velocity vector should be less than 

20°.

Result: The daughter payload commences reentry into the atmosphere at about 

345 sec into the flight, which marks the extremity of our region of interest. The 

cumulative deviation of the spin axis at 345 sec is approximately 1°, which 

clearly satisfies the requirement.

Requirement: The payload should be deployed at altitudes between 139 and 

160 km.
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Result: The apogee achieved was 147 km at 239 sec into the flight.

7.2. Recommendations for Future Work

An elaborate list of improvements to the Plasma Probe and future data analysis work are 

discussed below:

1. Figure 4.2 in Section 4.1.1.2 (Analog Module Performance) depicts a settling time of 2.5 

msec for a newly applied DAC output. Employing a DAC with a quicker settling time or 

preferably an analog approach for voltage sweeping is highly recommended for future 

designs.

2. The hardware design the Plasma Probe did not allow for positive voltage biases to be 

applied to the collector surfaces. Minor modifications to the design will allow for this 

capability.

3. The ADC on the DM was connected to the timer channels of the microcontroller, which 

greatly limited the use of the numerous timer functions provided by the MC9S12DP512 

microcontroller. A reconnection and a re-layout of the DM will rectify this design issue.

4. The Plasma Probe employed wired interconnections between the different electronic 

modules, which are not only potential failure points but also an inconvenience. The 

aluminum enclosure for the Plasma Probe also needed to be larger in dimension in 

order to accommodate the wiring harness. It is therefore recommended that backplane 

connectors be employed wherever possible.

5. Incorporating the functionality for a complete remote update of the firmware is highly 

recommended. This allows for the firmware changes performed on site during 

integration to be tested thoroughly and if required, allows updating the firmware of the 

integrated flight hardware remotely. A couple of proven approaches are listed below:
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• Use a microcontroller that permits programming of its firmware via its built-in 

UART interface. The MC9S12DP512 microcontroller used in the Plasma Probe 

provides this functionality, but using the feature required minor hardware 

changes to be performed and thus was not an option at a later stage.

• The second approach is to have the firmware designed from the ground up to 

be updatable via the GSS. This is a much harder approach and is recommended 

to be used only if the above mentioned method is not feasible.

6. One of the extended ambitions of the Plasma Probe was to be able to provide the 

absolute plasma density measurement with a good level of accuracy. The density 

measurements made by the Plasma Probe must therefore be compared with other 

independent plasma density measurements made during the HEX-2.

7. For generating the plasma density plot depicted in Figure 6.12, the payload's chassis 

(ground reference for the Plasma Probe electronics) was assumed to at zero potential, 

same as that of the neutral plasma. But in reality, the payload chassis floats to several 

hundred millivolts negative with respect to the neutral plasma due to reasons discussed 

in Section 2.2.1 (Plasma Sheath). Taking into account this drift of the Plasma Probe's 

ground reference (same as payload chassis) is required when computing absolute 

plasma density measurements.

8. The payload chassis potential drift discussed in the preceding point may also cause the 

impact of the primary and secondary auroral electrons to be masked out. A detailed 

investigation into this may provide a better measure of the secondary auroral electron 

population that existed during the HEX-2 mission.

9. A constant daughter payload velocity of 2700 m/sec was assumed for the generation of 

Figure 6.12 in Section 6.3.4 (Relative Plasma Density). In reality, from completion of the 

science alignment to LOS, the daughter payload velocity varied from 2600 m/sec to 

2800 m/sec. Incorporating these velocity variations while provide a more refined 

relative plasma density measurement.



149

10. The Plasma Probe data need to be compared with other instruments and ground based 

observations taken during the HEX-2 mission in order to establish the spatial 

relationship between the observed vertical wind fields and associated auroral 

structures.
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Appendix - A 

Schematics for HEX-2 Plasma Probe Electronics

Document Number Document Name Page

HEX-2_PP_W_H PLASMA PROBE WIRING HARNESS 152

HEX-2_PP_PM_01 PLASMA PROBE -1  POWER MODULE 153

H EX-2_P P_PM_02 PLASMA PROBE - 2 POWER MODULE 154

HEX-2_PP_AM_01 PLASMA PROBE ANALOG MODULE - PRIMARY CHANNELS 155

HEX-2_PP_AM_02 PLASMA PROBE ANALOG MODULE - SECONDARY CHANNEL 156

HEX-2_PP_AM_03 PLASMA PROBE ANALOG MODULE - DAC (BIASING) 157

HEX-2_PP_DM_01 PLASMA PROBE DIGITAL MODULE - ADC 158

HEX-2_PP_DM_02 PLASMA PROBE DIGITAL MODULE - MICROCONTROLLER 159

HEX-2_PP_DM_03 PLASMA PROBE DIGITAL MODULE - GSS & ACS 
COMMUNICATION

160
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153



154



155



156





158
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PLASMA PROBE DIGITAL MODULE- GSS & ACS COMMUNICATION 

Document Number
H EX-2_PP_DM_03
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Appendix - B

Plasma Probe Aluminum Enclosure and Analog Channels

B.l Aluminum Enclosure

The completed electronics is mounted into an aluminum enclosure, the dimension of which is 

depicted in Figure 3.9. The enclosure is fitted with a DB9, DB15 and DB28 male connectors on 

one side and a DB9 female connector on the opposite to allow for connection with all the 

required external components.

7"

7"

DB9M

X”

7"

MtOYI MIH

Screw Size 
1 «10-32

оегомгкн moM siot 
JWjg om

2.25"

7"

* All connectors mounted in the front 
are Male

y  1 hernial isolation

./ c onoiuc hbcrgiâ  ** [)B9F Connector is mounted 
on opposite side

Figure B .l Plasma Probe Aluminum Enclosure
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B.2 Plasma Probe Analog Channels

The DB15M comprises only the connection originating and/or terminating in the DM, which are 

the connections to NSROC TM, ACS and the GSS as shown in Table B.l below.

Table B .l Plasma Probe DB15 (Male) Interface

DB15-M -  NSROC TM, ACS and GSS Connections
Pin #1 Multiplexed Plasma Probe #1 RS-485 link to TM (+)
Pin #2 Multiplexed Plasma Probe #2 RS-485 link to TM (+)
Pin #3 Signal Ground
Pin #4 RS-485 Link to GSS via Umbilical Interface TX(+)
Pin #5 RS-485 Link to GSS via Umbilical Interface RX(+)
Pin #6 N/C
Pin #7 Roll Data from ACS (+)
Pin #8 N/C
Pin #9 Multiplexed Plasma Probe #1 RS-485 link to TM (-)

Pin #10 Multiplexed Plasma Probe #2 RS-485 link to TM (-)
Pin #11 Signal Ground
Pin #12 RS-485 Link to GSS via Umbilical Interface TX(-)
Pin #13 RS-485 Link to GSS via Umbilical Interface RX(-)
Pin #14 N/C
Pin #15 Roll Data from ACS (-)
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The DB25M caters to all the connections originating from the AM and the configuration is 

detailed in the Table B.2 below.

Table B.2 Plasma Probe DB25 (Male) Interface

DB25-M -  Analog Housekeeping Lines
Pin #1 Primary Collector (PP #1) High-Gain Analog Current (+)

Pin #2 Primary Collector (PP #1) Low-Gain Analog Current (+)

Pin #3 Secondary Collector (PP #1) Analog Current (+)

Pin #4 Primary Collector (PP #2) High Range Analog Current (+)

Pin #5 Primary Collector (PP #2) Low Range Analog Current (+)
Pin #6 Secondary Collector (PP #2) Analog Current (+)

Pin #7 Bias Voltage for Primary Collector (PP #1) (+)

Pin #8 Bias Voltage for Secondary Collector (PP #1) (+)

Pin #9 Bias Voltage for Primary Collector (PP #2) (+)
Pin #10 Bias Voltage for Secondary Collector (PP #2) (+)

Pin #11 Analog Module (PP #1) Temperature (+)
Pin #12 Analog Module (PP #2) Temperature (+)

Pin #13 Signal Ground

Pin #14 Primary Collector (PP #1) High-Gain Analog Current (-)

Pin #15 Primary Collector (PP #1) Low-Gain Analog Current (-)

Pin #16 Secondary Collector (PP #1) Analog Current (-)

Pin #17 Primary Collector (PP #2) High Range Analog Current (-)

Pin #18 Primary Collector (PP #2) Low Range Analog Current (-)

Pin #19 Secondary Collector (PP #2) Analog Current (-)

Pin #20 Bias Voltage for Primary Collector (PP #1) (-)
Pin #21 Bias Voltage for Secondary Collector (PP #1) (-)

Pin #22 Bias Voltage for Primary Collector (PP #2) (-)

Pin #23 Bias Voltage for Secondary Collector (PP #2) (-)

Pin #24 Analog Module (PP #1) Temperature (-)

Pin #25 Analog Module (PP #2) Temperature (-)
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The DB9M carries the +28 VDC input battery voltage and the launch detect signals. Table B.3 

below provides the pin by pin configuration.

Table B.3 Plasma Probe DB9 (Male) Interface

DB9-M -  Power Supply and Launch Detect Signal
Pin #1 +28VDC Input Supply to Plasma Probe
Pin #2 Common (return) for +28VDC (GND)
Pin #3 N/C
Pin #4 N/C
Pin #5 N/C
Pin #6 N/C
Pin #7 Launch Detect Signal
Pin #8 Signal Ground
Pin #9 N/C

Lastly, the DB9F connects the four collector surfaces and its respective guard rings to the AM as 

shown in the Table B.4 below.

Table B.4 Plasma Probe DB9 (Female) Interface

DB9-F -  Collector Surfaces and Guard Ring Connections
Pin #1 To Plasma Probe #1 Primary Collector
Pin #2 To Plasma Probe #1 Secondary Collector
Pin #3 To Plasma Probe #2 Primary Collector
Pin #4 To Plasma Probe #2 Secondary Collector
Pin #5 N/C
Pin #6 To Plasma Probe #1 Primary Collector Guard Rings
Pin #7 To Plasma Probe #1 Secondary Collector Guard Rings
Pin #8 To Plasma Probe #2 Primary Collector Guard Rings
Pin #9 To Plasma Probe #2 Secondary Collector Guard Rings
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Appendix - C 

Plasma Probe Data Plotter (PPDP) Software

C.l Overview

The PPDP is the data analysis software developed in Matlab (version R2006b) and specifically 

designed to process the eight-byte Plasma Probe data. The software provides an intuitive and 

user friendly interface and facilitates the plotting and analysis of the following aspects of the 

data:

1. Plotting of the raw plasma currents over any desired time frame for the duration of the 

flight.

2. Provides functions to scale the plots to facilitate data analysis procedure.

3. Provides two plasma current plot windows with independent controls for plot 

comparisons.

4. Functions to plot the maxima and minima of the waveforms.

5. Provides overlapped attitude information such as plot of the rocket trajectory, timeline 

of important events, altitude and velocity of the rocket at any given time.

6. Function to map the generated plots to external figures to facilitate printing of the data.

The following subsection will provide the usage and detailed description of all the above 

mentioned functions of the PPDP.

The universal approach to running PPDP on any operating system requires that the computer 

concerned have Matlab already installed. However, for Windows-XP based operating systems, a 

precompiled and directly executable version of the software is provided dispenses the 

requirement that Matlab be installed in the system. However, it does require Matlab Run-time 

Libraries that is freely distributed by MathWorks be installed, a copy of which is provided along 

with the source code on the DVD (Appendix - D). Also note that the GUI of the PPDP requires a
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minimum screen resolution of 1280 x 1024 pixels. Figure C.l depicts the snap shot of the PPDP 

software.
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Figure C .l Plasma Probe Data Plotter

There are three figure windows as seen in the figure above. The controls that control the figure 

windows are clearly demarcated as "Plot-1 Controls", "Plot-2 Controls", 'Trajectory Control" and 

"Generate External Plots for Printing". "Plot-1 Controls" controls what will be plotted onto the 

top most figure window. Likewise the "Plot-2 Controls" is used for the second (middle) figure 

window and "Trajectory Control" governs be behavior of the attitude plots on the last (bottom 

most) figure window. Lastly, the "Generate External Plots for Printing" can be used to plot any of
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the graphs displayed in any of the three built in plotting windows onto an external figure that 

will facilitate using Matlab's built in figure controls for modifications and the printing of only the 

figures.

C.2 Plot-1 Controls

The option where controls the plotting of the plasma current data on the top most figure 

window. The controls and its respective functions are described below.

1. The "Start Time" and "Stop Time" together dictate the duration for which the plasma 

currents should be plotted. The value entered in "Start Time" represent the time in 

seconds after launch from where the plotting of the plasma current data should begin 

and likewise the "Stop Time" represents the time at the plotting should stop. The 

maximum value of "Stop Time" allowed is 377 as this represents the duration of the 

flight. Any value exceeding this when entered is internally reduced to 377.

2. The "Scale Amplitude" when enabled will allow for auto-scaling of the graphs plotted to 

fill the entire figure window.

3. The "Plot" column corresponding to the desired collector surface need to be selected 

for software to plot the plasma current data for that collector surface. This is designed 

so that the user can only plot the maxima or minima points using their respective 

controls without plotting the regions in between.

4. The "Maxima" input selection box when selected will draw a line connecting the maxima 

(peaks) of the plasma current data.

5. The "Minima" in a similar fashion to the "Maxima" will draw a line connecting the 

minima (valleys) of the corresponding plasma current data. Figure C.2 represents an 

example depicting the use of the "Maxima", "Minima", "Plot", "Start Time" and "Stop 

Time" options.
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Figure C.2 Example of Minima Plot

6. The "Marker" option when selected will place a marker on the maxima and minima 

points of the plasma current data. Note that if only "Maxima" is selected along with the 

"Marker" option, then the markers are only placed for the peaks, i.e. either "Maxima" or 

"Minima" or both need to e selected in conjunction with the "Marker" option for the 

markers to be placed on the plots. Figure C.3 depicts an example showing the results 

from the use of the "Marker" option.

7. "Delta" refers to the aggressiveness with which the peaks (maxima) and valleys 

(minima) are detected by the algorithm. The smaller the value, the more aggressive the 

detection is, but too small a value and small noise spikes will be misinterpreted as a 

false peak or valley. The default values provided by the PPDP at startup has been tested 

to faithfully represent the actual peaks and valleys on the plasma current data, but if 

need arises, the user can modify this value to suite varying needs.
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8. The "Reset Delta" button when clicked will revert all the delta values in the "Delta" 

column to its default, which are the same values that are displayed when the PPDP is 

started.

Figure C.3 Example of Maxima Plot with Marker ON

9. Other silent features involved with plotting of the plasma current data are as follows:

• Each collector surface is designated with a different color, which is reflected on 

the actual plots and the color used to represent the collector surfaces within the 

"Plot-1 Controls" section.

• The title of the figure window will show the color coded name of the collector 

surfaces whose collector current data that is currently plotted.

• The x-axis label represents the plasma current and the y-axis though not 

depicted on the PPDP software due to space constraints represent the time in 

seconds.
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The options here controls the plasma current plots for the second (middle) figure window. Note 

that many options available on the “Plot-1 Controls" are not available on the Plot-2 Controls 

and for the options that remain; they function exactly as described in the "Plot-1 Controls" 

section above. However, notice that the "Plot" column is not available and merely selecting the 

desired collector surface with cause the PPDP to plot the corresponding collector current data in 

the figure window.

Notice that the "Start Time" and "Stop Time" options here are grayed out at startup. The 

enabling and disabling of this control option is governed by the "Tie Ranges" button. When 

enabled, this is a very useful feature which allows the time range entered in the "Plot-1 

Controls" to automatically apply to the "Plot-2 Controls" saving the hassle of entering the same 

time ranges twice. The "Tie Ranges" button when clicked toggles between tying and untying 

both the time ranges together.

C.4 Trajectory Control

These controls are pretty basic and only decides the time range over which the flight attitude 

information is plotted on the last (bottom most) figure window.

1. "Full Trajectory" when selected will plot the attitude information for the entire course 

of the flight.

2. "Tie to Plot-1" when selected will restrict the trajectory plot to the time range specified

in the "Plot-1 Controls" by the "Start Time" and "Stop Time" options. Likewise is the

case when "Tie to Plot-2" option is selected.

The flight attitude information that are plotted are the rocket altitude, velocity, trajectory and a 

timeline of important events.

C.3 Plot-2 Controls
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C.5 Generate External Plots for Printing

As the subsection title explains, the controls herein are used to map the plots any or all of the 

figure windows to an external stand alone figure window. This allows for using the numerous 

Matlab tools for plot management and facilitates printing of the respective plots alone.
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Appendix -  D

A CD Containing all the software and Design files are available in the attached pocket.


