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Abstract

Documentation of a comprehensive sounding rocket payload electrical system design method

ology is needed by the Alaska Student Rocket Program (ASRP) in order to allow future student 

designers to build upon the knowledge and experience developed on previous sounding rocket 

missions, rather than rediscover valuable techniques that were never documented. A systems 

approach to sounding rocket payload design is presented and supported by a detailed presenta

tion and analysis of the Hawkins/30.047UO “DIONISYS” (D-region IONIzation measurement 

SYStem) payload design that was used to measure the D-region ionization density at high lati

tudes. Fabrication techniques and test methods that ensure the payload will survive the launch 

environment are also presented, as well as a post-flight analysis of the successfully launched and 

recovered payload.
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1 Introduction

1.1 Alaska Space Grant Student Rocket Program

The Alaska Space Grant’s Student Rocket Program at the University of Alaska Fairbanks supports 

the design, fabrication, and testing of sounding rocket payloads by international and interdisciplinary 

student design teams. After being launched from the Poker Flat Research Range by a launch crew 

consisting of personnel from NASA and the University of Alaska Fairbanks, the data obtained from 

the experiment is collected and analyzed by the student design team. The educational opportunities 

for students participating in the Student Rocket Program are varied, numerous and unique. A brief 

listing of the tasks required for a successful sounding rocket mission include: payload mechanical 

structure design, payload mechanical structure fabrication, electrical module design, electrical mod

ule fabrication, mechanical structure stress testing, electrical module environmental testing, payload 

trajectory analysis, recovery system design, flight computer programming, ground support equip

ment programming, safety and reliability analysis, design documentation, and project management. 

In addition to the opportunity to develop and refine technical skills, the program also gives stu

dent participants the opportunity to interact with students in different disciplines, with students at 

Japanese universities, and with NASA sounding rocket engineers and launch crewrs.

The Alaska Space Grant’s Student Rocket Project offers student participants unique opportuni

ties, but it also presents them with unique challenges. With few exceptions, students do not enter 

the project with the design and fabrication skills necessary to efficiently design, fabricate, and test 

flight hardware and none of the students who have been involved in the ASGP Student Rocket 

Project have had prior experience in sounding rocket payload design. Most of the students have not 

previously been a member of an international, interdisciplinary design team and may initially find 

it difficult to adapt their wrork and communication skills to this type of work environment. Some 

students may find themselves in leadership positions (project managers and design team leaders) 

for the first time, and will have to learn to motivate students who are volunteering their time and 

effort to meet project deadlines in a timely manner. Every student involved in the Student Rocket 

Project is to some extent acquiring and developing new skills, rather than practicing or applying 

fully developed skills. This highlights the need for comprehensive documentation that explains the 

design rationale utilized in previous Student Rocket Project missions, that gives detailed expla
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nations of project management, fabrication, and testing procedures that have been developed by 

students working on the project, and that provides a base of knowledge that future student design 

teams can use to accomplish missions of higher complexity.

1.2 Thesis Overview

This thesis documents, develops, and analyzes the project management, design, fabrication, and 

testing procedures used by the ASGP Student Rocket Project to prepare a sounding rocket payload 

electrical system to support a sounding rocket science mission. It does this by starting with a general 

systems engineering overview and then develops the functional architecture that is common to the 

majority of sounding rocket payloads. It then presents and discusses the physical architecture that 

was designed and developed by the ASGP student design team to meet the functional architecture 

requirements. Testing methods and a post-flight analysis is presented as well as a recommendation 

list for improving future payloads. The thesis concludes with a short section on project management.

Although the presentation on systems engineering is an overview that provides few specifics, 

the concepts presented therein can lead a design team through a complicated project to success. 

Ignoring the systems engineering aspects of a project can result in project failure even with a 

technically proficient design team. The functional architecture development is useful because the 

functional architectures for all sounding rocket payloads are quite similar. Typically only the function 

of the science system differs from payload to payload. The functional architecture development is 

also valuable because it provides the designer with a description of what the design must do in 

order to contribute toward meeting the mission objectives. The sections on physical architecture 

development, testing, and the post-flight analysis will be useful to future design teams because these 

sections present in detail the specific hardware that was developed for the functional architecture, 

how that hardware was tested and verified, and how the hardware actually performed in flight. The 

simple suggestions in the section on project management can help a student design team operate 

efficiently.
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2 A Systems Engineering Approach to Sounding Rocket Pay

load Design

The design of a sounding rocket payload must begin at the systems level. Failure to complete a 

systems level design before designing lower levels in the design hierarchy could result in expertly 

designed modules that cannot be interfaced together or even an entire payload that functions flaw* 

lessly from an engineering standpoint but fails to meet the mission objectives. Poor systems level 

design could also result in infeasible requirements being placed on sub-system or module designers.

Because the systems level design is so important, sounding rocket payload systems engineers 

should be experienced in individual module design and sub-system design and should be familiar with 

general sounding rocket launch and safety procedures. Systems engineers need good communication 

skills as they will work closely with design engineers, systems engineers from other engineering 

disciplines, and project managers.

Except where otherwise cited, the following summary of basic systems engineering concepts is 

adapted from Dennis M. Buede’s The Engineering Design of Systems [1].

2.1 Overview of the Engineering Design of a System

As shown in Figure 1, Buede divides system engineering into five major functions:

1. Define the Design Problem

2. Develop the Functional Architecture

3. Design the Physical Architecture

4. Develop the Operational Architecture

5. Obtain Approval and Document

These five functions can be divided into sub-functions. Only the first three major functions will be 

discussed in detail in this thesis.

2.2 Define the Design Problem

There are six steps to defining the design problem. As shown in Figure 2 these are:



* I loin I hr Engineering Design o f Systems. Dennis M. Buede)

Figure 1: Basic functions in system engineering [1]



Stakeholder input

Systems level 
operational concept

System boundaries

Objectives
hierarchy

Proven
Infeasibility

Originating and System 
Requirements

(From The Engineering Design o f Systems. Dennis M. Buede i

Figure 2: Defining the design problem[l]
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1. Develop the operational concept

2. Define the system boundary with external systems

3. Develop the system objectives hierarchy

4. Develop, analyze, and refine requirements

5. Ensure requirements feasibility

6. Obtain approval of requirements documentation

The stakeholders provide the inputs for defining the design problem, but feedback from the design 

engineers is essential for establishing feasible requirements.

There are four outputs that result from defining the design problem. These outputs are:

1. A systems level operational concept

2. A definition o f system boundaries

3. An objectives hierarchy

4. A list of originating and system requirements

The operational concept is a qualitative description of how the system will function. It can begin 

with the stakeholders presenting a general idea of how they think the system should function in 

order to accomplish the system objectives and it then can be modified and refined by engineers 

who see difficulties or infeasibilites with the original concept. The finished system level operation 

concept should consist of a clear, concise description of the system operation and a simple graphical 

representation of the system function.

Clear definition o f the system boundaries is important because anything within the system bound

ary is under the system engineer’s control and can be altered as needed to meet a requirement. Any

thing external to the system boundary cannot be changed. System boundaries are also important 

because system interfaces occur at system boundaries.

At the highest system design levels, system objectives are mission objectives. Mission objectives 

are broad goals that are stated qualitatively, not quantitatively. The importance of the mission 

objectives cannot be overstated because they will remain constant throughout the sounding rocket
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payload design and all systems lower in the design hierarchy will support the mission objectives. 

All payload systems will be evaluated based on how well they support the mission objectives. The 

system objectives hierarchy is a ranking of the objectives in importance and is the basis for making 

design trades.

A sounding rocket mission can have more than one objective. In fact, some of the objectives 

that must be satisfied may not even be technical objectives. Non-technical objectives (e.g., political 

objectives, social objectives) must be identified along with the technical objectives.

Sounding rocket mission objectives should be based on the needs of the user and on the space 

characteristics that can be accessed with sounding rockets. The reason for this is that cost is a 

fundamental limitation for sounding rocket missions, and if the mission objectives do not require 

fundamental space characteristics which can be accessed with sounding rockets, then the mission 

can be accomplished with less cost by other means. Can the mission objectives be met using a high 

altitude balloon? If so it is not cost effective to use a sounding rocket to accomplish the mission 

[2]. Some fundamental space characteristics include: a global perspective, reduced atmosphere, and 

a microgravity environment. Not all space characteristics can be accessed using sounding rockets, 

e.g., a sounding rocket cannot place a payload into orbit.

System requirements determine how a system must function and how its performance will be 

evaluated. Unlike the system objectives, which may or may not be met, the system requirements are 

not optional and are quantitative. Requirements are chosen to meet the mission objectives and must 

be carefully documented because every design decision should be traceable to a system requirement. 

"As we derive functions and the associated performance requirements, we must document them 

to provide the basis for developing, producing, deploying, and operating the system, as well as a 

referencable history governing their development [2]."

The system operational concept, the external systems diagram, and the system objectives hi

erarchy lead to the system “originating requirements”. These originating requirements lead to in

put/output requirements, system-wide and technology requirements, trade-off requirements, and 

qualification requirements. Input/output requirements are “defined on the basis of the inputs, con

trols, and outputs o f the system identified while bounding the system with the external systems 

diagram [1].” System-wide and technology requirements are requirements which are not addressed 

in the external systems diagram nor in the operational concept. Examples of system-wide require
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ments include cost and schedule requirements. Specifying that only surface mount device packages 

will be used on all circuit boards is an example of a technology requirement.

Qualification requirements for a system consist of four elements: observance, verification, 

validation, and acceptance. The observance requirements deal with the specifics of how 

the qualification data will be obtained. The verification plan specifies how the qualifica

tion data obtained following the observance plan, will be used to determine the extent 

to which the actual system conforms to its design. The validation plan specifies how 

the qualification data will be used to determine the extent to which the actual system 

meets the originating requirements. The acceptance plan specifies how the qualification 

data will be used to determine the extent to which the actual system is acceptable to 

the stakeholders. For some systems the acceptance criteria is identical to the validation 

criteria [1].

Avoid the pitfall o f overspecifying requirements at the higher system levels in the design hierarchy. 

“During the requirements definition process, system designers tend to place too much emphasis on 

low-level details and ignore requirements that affect cost and schedule. End users tend to over

specify low-level requirements that affect the mission’s cost and risk. Mission requirements must be 

essential requirements [2].” Keep in mind while defining upper level system requirements that nEvery 

meaningful requirement bears cost and will have an impact [2].n Stakeholders, systems engineers, 

and design engineers should participate in the system requirements definition process.

Requirements that are inflexible are constraints. Examples include mission cost, safety issues or 

legal issues. In contrast, requirements may have to be relaxed in order to meet project cost, safety, 

or legal constraints [2].

Ensuring the feasibility of the design requirements is primarily the responsibility of the design 

engineers. The mission stakeholders can in some respects be viewed as “customers” and as such they 

may not have the technical expertise necessary to determine whether or not their initial mission 

concept and/or design requirements are feasible. A word of caution is in order here. The design 

requirements in many cases will become the basis of contractual obligations, e.g. “we will deliver 

to the stakeholders on this date a design which fully meets these requirements.” Any doubts or 

reservations regarding the feasibility of the design requirements should be resolved before proceding 

in the design process.
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After the feasibility of the design requirements is ascertained, the design requirements must be 

documented and approved by the stakeholders. The design requirements must be documented in a 

manner that makes them accessible, easy to understand, and traceable. The requirements must be 

easily accessible because they will be referred to often. Every design decision that is made is based 

on meeting a system requirement. The meaning of the requirements must be clear to designers 

from different disciplines. The requirements must be traceable so that every design decision can 

be traced back to its originating requirement. “Requirements must be rigorously traceable as we 

develop, allocate and decompose or derive them....We must base every design and decision task on 

requirements, and trade studies at any level must take into account all related requirements... [2]” 

The documentation method requires an indexing method that traces each requirement to its 

point of derivation. The requirements documentation should be consistent and complete. Consistent 

requirements documentation will have requirements in their proper position within the requirements 

hierarchy. Consistent requirements documentation will also have minimal, if any, changes in the 

carefully chosen requirements. Complete requirements documentation will have every level in the 

requirements hierarchy completely fulfilled by tiie requirements specified in the next lowest level of 

the hierarchy [2].

2.3 Functional Architecture Development

This system engineering function requires:

1. A system operational concept

2. Originating and system requirements, objective hierarchies, and system boundaries

3. Candidate generic physical architectures

and provides a system level functional architecture.

There are five steps to developing a functional architecture, as shown in Figure 3:

1. Create functionalities based on the operational concept

2. Create functional model and evaluate

3. Create data model based on functional model and evaluate



Originating and system 
requirements, objectives, 
hierarchies, and boundaries

System level functional 
architecture

(From The Engineering Design o f Systems, Dennis M. Buede)

Figure 3: Functional development diagram [1]
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4 . Complete functional and data model

5. Trace input/output requirements to functions and items

Using the system operational concept, the originating system requirements, objective hierarchies, 

and boundaries, simple functionalities are created from which a system functional model will be 

constructed.

Once a set of simple functionalities is created, a candidate generic physical architecture is chosen. 

Using this candidate physical architecture and the set of functionalities, a detailed system functional 

model is created and evaluated. A data model such as a flowchart can then be developed based on 

this detailed functional model. The data model considers the decisions and processes necessary to 

accomplish a function. The inputs and outputs o f the functional and data model must be rigor

ously traced to the originating system requirements, and data connections between systems must be 

consistent at the system boundaries.

Functional architecture development can take one of two general approaches: decomposition or 

composition. Decomposition is “top-down” structuring and results in a neatly organized functional 

architecture. System engineers prefer using decomposition for functional architecture development 

because it results in clearly defined functions in an organized hierarchy. The problem wnth using 

decomposition is that it is difficult to match this organized functional hierarchy with a physical 

architecture. Composition is the “bottom-up” approach and develops the functional architecture in 

conjunction with the physical architecture. The advantage to this approach is that the functional 

architecture matches the physical architecture. The disadvantage is that the resulting functional 

architecture may be confusing and unorganized.

2.4 Developing the Physical Architecture

This part of the system engineering process maps the functional architecture developed in the previ

ous step to physical components that will realize these functions. This mapping should be one-to-one 

and onto, and this will be ensured if the system’s internal interfaces are defined so that the functions 

and physical architectures match. Note that a certain function will be mapped to one of many pos

sible physical components that could accomplish this function. This points to the need for a system 

engineering technique for choosing between several possible physical component candidates to per
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form a certain function. A commonly used technique is morphological analysis or matrix analysis. 

Morphological analysis essentially consists of segmenting a problem, listing several possible solutions 

for each segment of the problem, and choosing a complete “physical instantiation” [1] from among 

the segment solutions. In practice this is done by creating a morphological box with the columns 

delineating the problem segments. Each cell in a given column is a possible solution to that problem 

segment. A physical instantiation is obtained by selecting one cell from each of the columns. “Each 

instantiation is based on a sub-set of the system’s objectives [1] ” Some possible instantiations may 

be infeasible.

It is helpful to represent the physical architecture graphically. The most common format is the 

block diagram. The block diagram can show the flow of energy or information, or blocks can be 

used to represent components which make up the physical architecture.

Effective physical architecture development requires creativity and experience, but this is the 

area o f systems engineering with which design engineers are most familiar.
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3 DIONISYS Payload: Defining the Design Problem

3.1 Identifying Stakeholders

Defining the design problem begins with identifying the stakeholders. The stakeholders are those 

investing resources such as research funding, expertise, or technical skills, and who expect a return 

for their investment. For the SRP-4/DIONISYS payload the stakeholders include:

D r . J o s e p h  H a w k i n s , D i r e c t o r , A l a s k a  S p a c e  G r a n t  P r o g r a m  Dr. Hawkins is the fac

ulty advisor for the Alaska Space Grant Student Rocket Project and co-ordinates all in

teraction between the Alaska Student Rocket Program and Poker Flat Research Range, 

NASA-Wallops Flight Facility (N A SA /W FF), Tokai University and Toyama Prefectural 

University. Dr. Hawkins expects to advance Alaska’s aerospace technology and infras

tructure.

D r . T o s h im i O k a d a , P r o f e s s o r , T o y a m a  P r e f e c t u r a l  U n i v e r s i t y  Dr. Okada provides guid

ance to the TPU students who are designing, fabricating, testing and analyzing the data 

from the SRP-4 plasma density mapping instruments. Dr. Okada also provides partial 

funding for the launch and expects to obtain high latitude D-region ionization density 

data from the SRP-4 mission.

D r . F u m io  T o h y a m a , P r o f e s s o r , T o k a i  U n i v e r s i t y  Dr. Tohyama directs the Tokai Student 

Rocket Project (TSRP) that is designing, fabricating, testing, and analyzing the data 

from a magnetometer sensitive enough to measure aurora current systems and a solar 

sensor that will be used to determine the attitude of the payload. Dr. Tohyama and the 

students involved with the TSRP expect to obtain data which can be used to validate 

the operation of their instruments.

St u d e n t s  Pa r t ic ip a t in g  in  t h e  A l a s k a  St u d e n t  R o c k e t  P r o g r a m  Students, many on a 

volunteer basis, contribute thousands of hours of design, fabrication, and testing time to 

the SRP-4 mission. In return for this investment, students expect to acquire viable “real- 

world” design, fabrication, and testing experience that is in demand by the aerospace 

industry.
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The development of the SRP-4 payload bus, the interaction with Poker Flat Research Range, and 

the interaction with NASA/W allops Flight Facility (N ASA/W FF) are under the jurisdiction of 

Dr. Hawkins, but the responsibility for developing the SRP-4 payload bus is almost completely 

delegated to the student design team. Development of the Toyama Prefectual University (TPU ) 

science instruments and the analysis of the science data resulting from the mission is under the 

jurisdiction o f Dr. Okada. Similarly, the development of the TSRP science instruments and the 

subsequent data analysis falls under the jurisdiction of Dr. Tohyama.

3.2 SRP-4 Payload Operational Concept

A graphical representation of the SRP-4 mission concept is given in Figure 4. The SRP-4 payload 

will launch from Poker Flat Research Range when D-region ionization is present. Conformal metallic 

probes on the payload surface will measure relative ion and electron density. A loop antenna in the 

rocket’s nosecone will determine the plasma cutoff frequency, providing a calibration point for the 

relative ionization density measurements by the probes. This science data will be sent in real-time 

through a telemetry link to a ground control station that will archive the data. Flight data pertaining 

to the payload’s internal and external environment will also be sent through the telemetry link. All 

data will be archived on the payload for redundancy. The rocket motor will separate from the 

payload near apogee and the payload will tumble into the atmosphere. At approximately 20,000 ft. 

of altitude a recovery parachute will deploy and a tracking beacon will be activated. The payload 

will be recovered by helicopter or snow machine.

3.3 Define System Boundaries with External Systems

The Alaska Student Rocket Program interacts with seven external organizational entities, as dia

grammed in Figure 5, over the course of the mission: N ASA/W FF, Nasa Sounding ROcket Contrac

tors (NSROC), a NSROC safety sub-contractor (CSC), a NASA telemetry group (CSOC), Poker 

Flat Research Range (PFRR), Tokai University, and Toyama Prefectural University. The Alaska 

Student Rocket Program is responsible for developing the SRP-4 payload bus, for providing a ground 

telemetry station, for providing a data archival computer, and an umbilical system which will con

trol the payload while it is on the launch rail. Toyama Prefectural University and Tokai University 

provide the science instruments for the payload bus. N ASA/W FF provides mission oversight and



Figure 4: Illustration of the SRP-4 payload operational concept
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Resource Flow:
Communication Flow: -----

1 - MIC, CDR, MRR, informal 
communication

2 - CDR, technical information 
exchange via Internet

3 - informal communication

4 - science instrumentation

5 - mission management, payload design review, launch team

6 - payload safety approval, range safety

7 - backup telemetry

8 - Orion motor

9 - range control, launch facilities, payload recovery

Acronyms

MIC = Mission Initiation Conferenc 
CDR = Critical Design Review 
MRR = Mission Readiness Review

Figure 5: ASGP external interfaces diagram
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is the controlling organizational entity. N ASA /W FF provides an “Improved” Orion rocket motor, 

a NSROC launch team, a NSROC safety sub-contractor and (optionally) a CSOC telemetry team 

for the SRP-4/DIONISYS mission. These resources are sent directly to Poker Flat Research Range 

and many details o f the transportation, storage, and handling of these resources are dealt with in 

direct interactions between N ASA /W FF and Poker Flat Research Range and therefore are trans

parent to the Alaska Student Rocket Program. Direct interactions between N ASA/W FF, NSROC 

and the Alaska Student Rocket Program include a Mission Initiation Conference (MIC), a Critical 

Design Review (CDR), and a Mission Readiness Review (M RR). These are formal meetings done 

by teleconference. Informal interaction between individual NSROC team members and ASRP team 

members also takes place as necessary. Poker Flat Research Range provides a range control team 

and launch facilities, including a launch rail and a blockhouse-to-rail control cable that will be used 

by the ASRP umbilical system. Post-launch payload recovery services are also provided by PFRR.

3.4 Develop System Objectives Hierarchy

The SRP-4 mission has several objectives that can be separated into scientific objectives and program 

objectives.

3.4.1 Science Objectives

1. Map the high-latitude D-region ionization density using in-situ probes.

2. Validate the performance o f a 3-axis fluxgate magnetometer designed to measure magnetic 

fields from aurora current systems.

3.4.2 ASRP Program Objectives

1. Develop a re-usable payload bus that can be quickly re-configured for new science missions.

2. Provide opportunities for students to design, fabricate, test, and validate sounding rocket flight 

hardware.

The importance of the first scientific objective lies in the fact that few direct measurements of D- 

region electron density have been made at mid-latitudes, and few direct measurements of D-region 

electron density have been made at high latitudes.
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In spite of the need of the knowledge for the detailed structure of the lower ionosphere, 

only a few studies have been made because of the difficulty of observation. A possible 

technique is to use the ionogram or the vertical sounder transmitting pulsed waves at 

the short band, the lowest frequency of which is usually limited to avoid interferences to 

the MF broadcasting. Because the ionosonde typically cannot measure plasma density 

below 3*104 cm -3 (plasma frequency below 1.6 MHz), it is not effective for the nighttime 

ionospheric E-region. A more promising technique is the direct measurement of electron 

density on a rocket. A series o f such experiments in the D- and E- regions have been 

made at mid-latitude (e.g. Hall and Fooks, 1965; Smith, 1970; Maeda, 1971). However, 

the altitude resolution in these measurements was insufficient to resolve thin layers of 

enhanced electron density [3].

The SRP-4 payload is not expected to reach the altitude required to measure the magnetic fields from 

aurora current systems that the 3-axis fluxgate magnetometer was designed to measure. However, 

the SRP-4 mission does provide an opportunity for the magnetometer to be flight tested. In the 

absence of fields from aurora current systems, the magnetometer data will be used for payload 

attitude determination using geomagnetic fields as a reference.

The program objectives are based on the needs of the Alaska Student Rocket Program in general, 

and not exclusively on the needs of the SRP-4 mission. In fact, the first program objective looks 

beyond the immediate requirements o f the SRP-4 mission to the next Alaska Student Rocket Program 

mission that will require a payload bus that will be similar in many respects to the payload bus 

required for the SRP-4 mission. It would be extremely advantageous to the Alaska Student Rocket 

Program if future design teams could build upon the work done by the current design team instead 

of essentially duplicating a substantial portion of that work. Designing a re-usable standardized 

payload bus for the SRP-4 mission creates a platform that future design teams can quickly modify 

to accommodate new science missions, potentially reducing payload development time from 2-3 

years (the current average for ASRP missions) to a few months with a corresponding reduction in 

development costs.

The alternative to a standardized payload bus is to design a unique payload bus for each mission. 

Each new payload bus is actually just a different physical instantiation that performs essentially the 

same functions, if not exactly the same functions, of the previous payload bus. Each new physical
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instantiation may be better in some respects, or worse in some respects, than its predecessor but it 

has two substantial disadvantages compared to a standardized payload bus (the assumption is that 

a standardized bus has been developed and used on previous missions) :

1. Since it is a new design, it has not been flight tested whereas the standardized bus has

2. No resources are required for payload bus development if the standardized bus is re-used, 

whereas considerable resources are required to develop a new bus

For these reasons, the development of the SRP-4 standardized payload bus should be regarded as 

an investment that is important not only to the SRP-4 mission but to future missions as well.

It should be noted that providing opportunities for students to design, fabricate, and test sound

ing rocket flight hardware is a major program objective and that this program objective is as impor

tant as the science objectives. The intent of the Alaska Student Rocket Program is not to provide an 

opportunity for students to watch a scientific payload be assembled by a team of doctoral candidates 

using commercial-off-the-shelf (COTS) hardware wherever possible throughout the payload bus to 

support the science instruments. The intent is not to ship the payload to a distant launch range 

where a professional launch team and telemetry team will perform the launch and collect the data 

without the students taking an active role in these activities. The intent is, on the other hand, 

for students to be extensively involved in every aspect of a sounding rocket science mission includ

ing mission planning, scheduling, hardware design, fabrication, software development, component 

testing, payload telemetry reception, and data analysis.

3.5 Develop, Analyze and Refine Requirements

3.5.1 Science Requirements

A daytime launch is required in order to map D-region ionization since ions in the D-region re

combine at night when the ionizing effects of solar radiation are blocked by the earth. Since the ion 

and electron probes provide only a relative density measurement, and absolute measurements are 

required to meet the science objectives, a loop antenna will be used to determine the plasma cutoff 

frequency in order to provide a calibration point for the relative density measurements provided 

by the probes. The loop antenna will monitor the carrier signals from three commercial AM radio
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stations with frequencies of 257 kHz, 660 kHz, and 820 kHz. Since the plasma cutoff frequency in 

Hertz, f p , is related to  the electron density in electrons per cubic meter, N e , by the approximation

f p ~  SyfN i (1)

adapted from Allnutt [4], and since the electron density in the D-region increases with altitude, 

the lowest carrier frequency monitored determines the minimum altitude that the payload must 

achieve in order to provide a calibration point for the relative density measurements from the ion 

and electron probes. Based on ionospheric models accounting for latitude and time of launch (a 

daytime launch in mid-March), an altitude of 85 km to 90 km is required to obtain a calibration 

point for the probes.

The SRP-4/DIONISYS minimum success criteria specifies a minimum altitude of 86 km, and this 

requirement can be used in a simple example of requirements traceability. The altitude requirement 

stems from the science objective of obtaining absolute ionization density measurements in the D- 

region. If relative measurements were needed, an altitude lower than 86 km would be acceptable. 

Given that absolute measurements are required, the altitude requirement is then based on the 

method used to obtain a calibration point. If an alternative method to using the plasma cutoff 

frequency to obtain a calibration point were available, then perhaps the calibration could be done 

at a lower altitude than required when using the plasma cutoff frequency calibration method. Given 

that the plasma cutoff frequency is used for probe calibration, the required altitude is a function of 

the carrier frequency being monitored and the time of launch. Monitoring a lower carrier frequency 

would reduce the required altitude. Launching at the time of year and the time of day when the 

ionization effects of the sun are at a maximum would also reduce the required altitude.

The importance of requirements traceability becomes apparent when difficulty arises in meeting 

a requirement. The first step when faced with that situation is to determine whether or not the 

“requirement” is actually a goal. The second step is to trace the genuine requirements back to their 

originating requirements or objectives to determine what factors were considered in specifying that 

requirement. As a hypothetical example, if payload mass and the rocket motor available limited the 

maximum payload altitude to 82 km, tracing the 86 km altitude requirement back to the science 

objectives would lead to these questions when considering alternatives:
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• Is a calibration point for the probe measurements a requirement or a goal? Would relative 

probe measurements be of any scientific value?

• Is there an alternative to using the plasma cutoff frequency to provide a calibration point? 

Would this alternative method provide a calibration point below 82 km ?

• Is it possible to generate a carrier frequency lower than 257 kHz that could be used to determine 

the cutoff frequency?

• Is it possible to launch during the time of year when the ionization effects of the sun axe at a 

maximum?

Requirements traceability maximizes the opportunity for finding alternative ways of meeting the 

mission objectives when a lower level requirement is infeasible.

The second science system requirement, that the nosecone must be RF transparent, is derived 

from choosing a non-deployable loop antenna for the radio receivers and from the goal of maximizing 

the physical area of the loop in order to maximize received signal strength.

The third science system requirement is that the payload reach an altitude where aurora current 

systems exist so that the magnetic fields produced by these currents can be measured by the Tokai 

fluxgate magnetometer. Due to the use o f an Orion motor to propel the payload, the requirement is 

infeasible. The payload is expected to reach a maximum altitude of approximately 100 km and no 

aurora current systems are expected at this altitude. Because of the infeasibility of this requirement, 

and because of the competing requirement for a daytime launch, the magnetometer will be used to 

provide payload attitude determination data. The SRP-4 mission will permit the magnetometer to 

be flight tested in preparation for a mission that will reach the altitude required for aurora current 

measurement.

3.5.2 Program Requirements

A payload recovery system is required for the SRP-4 mission in order to meet the program objective 

o f developing a re-usable payload. The following lower-level requirements can be traced to this 

upper-level program requirement:

1. The payload must be recovered with minimal damage in order to be re-used. This leads to the 

development of a parachute recovery system that slows the descent of the payload to a rate
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which will not cause damage upon impact with the ground. The descent rate of the payload 

must be decreased gradually in order to prevent a sudden “jerk load” from compromising the 

mechanical frame of the payload. A method of triggering the deployment of the parachute 

recovery system is needed. This leads to the development o f an electro-explosive discharge 

(EED) board that controls the firing o f pyrotechnic devices to initiate recovery events at the 

proper times. The use of a parachute recovery system leads to the requirement that the motor 

and payload must separate.

2. Even if the parachute recovery system lowers the payload to the ground without damage, the 

payload must be located in order to be re-used. The use o f a Telonics locator beacon that 

is activated when the parachute recovery system deploys can be traced to this requirement. 

GPS data in telemetry data packets as well as NASA tracking radar co-ordinates will assist in 

locating the payload.

3. Once the payload is lowered to the ground safely and once its location is precisely determined, 

the payload must be transported back to the ASRP laboratory for re-use. Depending on the 

accessibility o f the payload’s impact zone, snowmachine or helicopter rental may be required.

The program objective of developing a payload bus that can be quickly re-configured for new science 

instruments is the driver for the development of a modular payload bus design.

The program objective of providing opportunities for students to design, fabricate, and test 

sounding rocket payload hardware requires that the design, fabrication, and testing of flight hardware 

be done by students whenever possible, and not by faculty or staff with students merely assisting.

3.6 Ensure Requirements Feasibility

Requirements feasibility is primarily determined by the systems engineers or design engineers who 

will be responsible for meeting the requirements. W ith the exception of the science system re

quirement of reaching the altitude needed for aurora current systems measurement by the flux-gate 

magnetometer, all requirements were determined to be feasible.
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3.7 Obtain Approval of Requirements Documentation

The development o f the original SRP-4 mission objectives, which differs significantly from the devel

opment presented in this thesis, is documented in the SRP-4 Design Document, Version 1.0, March 

10th 2001 produced by students participating in the EE 656 Space Systems Engineering class offered 

at the University o f Alaska Fairbanks during the Fall 2000 semester. These objectives, in addition 

to a fairly complete initial design for the entire SRP-4 mission, were approved by the majority of 

the student participants.

For future missions, it is strongly recommended that originating and broad, non-restrictive sys

tem requirements be developed, documented, distributed, and approved by all stakeholders before 

working on lower levels in the design hierarchy. The requirements for the systems in the next level 

down in the hierarchy should be developed, documented, distributed, and approved by the stake

holders for that system in a similar manner before working on specific designs for that system. 

However, these lower level requirements should also reference their originating requirements in order 

to maintain traceability.

Stakeholder interests, program and mission objectives, and mission constraints are listed below 

with traceability references given in parentheses. A complete payload functional architecture can be 

developed based on this list.

Stakeholder Interests

SHI Advance Alaska’s aerospace technology and infrastructure.

SH2 Obtain high-latitude D-region ionization data for scientific analysis.

SH3 Provide opportunities for Japanese students to fabricate, test, and validate science in

struments for sounding rocket payloads.

SH4 Acquire “real-world” design, fabrication, and testing experience.

Program Objectives

P O l Develop a re-usable payload bus that can be quickly reconfigured for new science missions.

(SHI, C3, C4)
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P 0 2  Provide opportunities for students to design, fabricate, test, and validate sounding rocket

flight hardware. (SHI, SH4)

Science Objectives

501  Map the high-latitude D-region ionization density using in-situ probes . (SH2)

502  Validate the performance of a 3-axis fluxgate magnetometer designed to measure mag

netic fields from aurora current systems. (SH3)

Constraints

C l All systems, tests, and procedures must conform to  applicable NASA and PFR R  safety

regulations.

C2 All ASRP electrical and mechanical systems must be compatible with N ASA /W FF and

PFRR testing and launch facilities.

C3 Fabrication, testing, and launch materials and services are constrained by the amount of

funding that can be raised for the mission. This includes ASRP funding as well as funds 

from the science researchers that the mission supports.

C4 All launch related activities at PFRR must be done during the NASA launch season on

a non-interference basis.
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4 Sounding Rocket Payload Functional Architectural Devel

opment

4.1 General Overview of Sounding Rocket Functional Systems

The functional architecture presented here is not specific to the SRP-4 mission. Most sounding 

rocket payload electrical systems will have basic functional systems similar to those developed here. 

All payload systems must be capable of performing their function in the temperature, vibration, 

and acceleration environment experienced during a typical launch. They also must be capable of 

performing their functions in the presence of electro-magnetic interference (EMI) generated by other 

payload electronics.

4.1.1 Science Data System

The function of a sounding rocket science data system is to convert the physical phenomena of 

interest to the science mission into analog voltages or currents that accurately represent the physical 

phenomena for sampling by the flight computer.

Any component or sub-system that detects or measures a physical phenomenon external to the 

payload that is important to the science mission and converts this measurement into an analog 

voltage to be sampled by the flight computer is part of the science data system. Data produced by 

the science system is high priority data and usually requires higher sampling resolution than other 

types of data. The science data system on a payload is unique to the science mission.

4.1.2 Flight Data System

The function of the flight data system is to convert all physical phenomena internal to the payload 

that are of interest for evaluating system performance during flight into analog currents or voltages 

that accurately represent those phenomena and that can be sampled by the flight computer.

The flight data system detects or measures physical phenomena internal to the payload or forces 

that are exerted on the payload during flight and payload attitude or position. Examples of flight 

data include “housekeeping55 data such as battery temperature or voltage. Acceleration data, payload 

attitude data, and GPS data are other examples of flight data. Data produced by the flight data 

system is of a lower priority than the science data, but it can potentially be used to explain anomalies
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in the science data. Unlike the science data system, a flight data system can generally be used for 

multiple missions since the flight data desired is unlikely to change.

4.1.3 Power System

The function of the payload power system is to provide the power needed by all payload electronics 

at the voltage levels required by the electronics during payload testing and during flight. The power 

system must function reliably and safely, and must not generate EMI at levels or frequencies that 

would corrupt science system data or flight system data.

The power system stores the energy needed to power all of the other systems for the duration 

of the payload’s flight, converts the energy into a form that is usable by the various systems and 

sub-systems, and delivers the energy to those systems and sub-systems requiring power.

4.1.4 Flight Computer

The function of the flight computer is to create a digital representation of the analog inputs that 

represent science data (external physical phenomena) and flight data (internal physical phenomena). 

This digital representation must be in a format that is compatible with the communication system 

because this digital representation must be sent through the communication channel, and in a format 

that is compatible with the ground support software because the digital representation o f the science 

and flight data must be converted back into a human readable format.

The flight computer samples the analog data from the instruments in the science data system and 

the analog data from the instruments in the flight data system. It then creates data packets from 

the sampled analog data and any digital data from the science data or flight data system. These 

packets are sent to the communication system for transmission to the ground support equipment. 

The flight computer can also be used for archiving data inside the payload.

4.1.5 Communication System

The function of the communication system is to accurately transfer the digital representation of the 

science and flight data created by the flight computer to the ground support data archival software.

The communication system includes all components and sub-systems necessary to convert the 

data packets from the flight computer into electromagnetic waves that propagate from the payload
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to the ground support equipment to be converted back into a digital bit stream.

4.1.6 Recovery System

The function o f the recovery system is to deliver the payload to the ground, safely and without 

damage to the payload, when the science mission is complete.

The recovery system includes all components and devices necessary to recover the payload with

out damage. The recovery system includes the separation system pyrotechnics and the electronics 

that control them, the parachute system, the parachute deployment pyrotechnics and their con

trolling electronics. Since motor-payload separation is required for recovery, the motor-payload 

separation mechanism may be considered to be part o f the recovery system.

4.1.7 Ground Support Equipment

The function of the ground support system is to externally power the payload during testing and 

while it is on the launch rail. It also provides a means o f monitoring payload vital signs without 

the necessity of a telemetry link. The function of the ground support system software is to per

manently archive the digital representation of the science and flight data that arrives through the 

communication link and to display this digital representation in a human readable format.

The ground support equipment consists of the computers that will archive the telemetry data 

from the communication system, the computers that process and display this data, and the umbilical 

system. The umbilical system allows the payload to be controlled while it is on the launch rail before 

flight. Payload batteries can be recharged and payload instruments can be monitored through the 

umbilical system before launch.

4.1.8 Trajectory Tracking and Control

All payloads are required to be tracked during flight for safety reasons. Radar transponders may 

be necessary in order to meet this requirement. Sounding rocket missions using guidance control 

systems are typically required to carry explosives that can be detonated by telecommand if the 

guidance control system malfunctions and creates an unsafe trajectory. All payload systems derived 

from safe trajectory requirements belong in this functional system. An attitude control system 

(ACS) derived from science data requirements would be included in the science data system rather
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than the trajectory tracking and control system.

4.1.9 Mechanical System

The mechanical system provides a structure that supports and protects the electrical system’s physi

cal architecture. It must maintain integrity during launch and re-entry and it must protect electrical 

components from excessive aerodynamic heating. The mechanical system also provides a grounding 

point for electrical components. The payload mechanical structure should be easy to assemble and 

disassemble. Provisions for accessing internal payload systems without removing the payload tube 

are highly desirable.
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4.2 SRP-4 Functional Architecture Development

4.2.1 Create Simple Functionalities Based on the SRP-4 Operational Concept

The following list illustrates the development and documentation of simple functionalities for the 

SRP-4 payload. Items in parentheses indicate traceability.

FI Convert physical phenomena of interest to the science researchers into analog voltages

for sampling by the flight computer that accurately represent the physical phenomena. 

(SOI, S02)

F l -1 Obtain an absolute measurement o f plasma density at a known altitude in the high-

latitude D-region. (FI)

F l -2 Obtain a relative plasma density profile of the high-latitude D-region. (FI)

F l-3  Measure geomagnetic field components during flight. (FI)

F 2 Convert all physical phenomena that are of interest for evaluating system performance

during flight into analog voltages that can be sampled by the flight computer. (P 02)

F 2-1 Measure temperature on the outer surface of the payload tube (“skin”), the temperature

inside the payload tube (“ambient temperature”), and the payload battery temperature. 

(F2)

F 2-2 Measure 3-axis accelerations and vibrations experienced by the payload during flight.

(F2)

F2-3 Determine payload position. (F2)

F2-4 Determine payload attitude. (F2)

F2-5 Signal the occurrence of major launch events. (F2)

F2-6 Measure power system voltages and currents. (F2)

F2-6 Measure atmospheric pressure inside the payload. (F2)
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F3-1

F3-2

F3-3

F3-4

F3-5

F4

F4-1

F4-2

F4-3

F5

F5-1

F5-2

F5-3

Provide the power needed by all payload electronics at the voltage levels required by the 

electronics during payload testing and during flight. The power system must operate 

reliably and safely and must not generate electro-magnetic interference (EMI) at levels 

or frequencies that would corrupt science system data or flight system data, (implied by 

FI, F 2)

Store the energy required to power all payload components for the duration of the mis

sion. (F3)

Provide a means o f externally powering the payload during testing. (F3-2)

Convert stored energy into the voltage levels required by the payload instruments. (F3) 

Distribute power to payload instruments. (F3)

Provide a reliable and safe means of turning the payload power ON and OFF. (F3)

Create a digital representation of the science data and flight data in a format compatible 

with the communication system and ground support software. (FI, F2)

Pre-filter to prevent aliasing. (F4)

Sample each analog science data and flight data channel. (F4)

Generate a serial bitstream capable of modulating the communication system transmitter 

that accurately represents the science data and flight data. (F4)

Accurately transfer the digital representation of the science and flight data created by 

the flight computer to the ground support data archival computers, (implied by FI, F2, 

F4)

Transmit the digital representation of the science and flight data from the flight computer 

by creating electromagnetic waves that propagate through free-space. (F5)

Receive the electromagnetic waves at a ground station and regenerate the serial bitstream 

transmitted from the payload. (F5)

Archive the data represented by the regenerated bitstream. (F5)
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F6 Deliver the payload to the ground safely and without damage to the payload when the

science mission is complete. (P O l)

F6-1 Separate motor from payload near apogee. (F6)

F6-2 Deploy parachute below the ceiling required by FAA restrictions . (F6)

4.2.2 SRP-4 Candidate Physical Architecture

Figure 6 is a candidate SRP-4 physical architecture for accomplishing the SRP-4 payload functions. 

It is useful for gaining an understanding of the physical components that are necessary to accomplish 

the payload’s functional requirements.

Figure 6 is only a candidate physical architecture, and does not exactly represent the actual 

SRP-4 physical architecture.

4.2.3 SRP-4 Data Models

Figure 7 shows a data model for the SRP-4 payload science data system and flight data system 

based on the payload functionalities and the candidate physical architecture.

The data models are useful for understanding the computational resources required by the pay

load. The models indicate that the primary function of the flight computer is to sample and multiplex 

data from numerous inputs and then generate a serial bitstream from the multiplexed data. W ith 

the possible exception of error coding, the computational requirements of the flight computer for 

the SRP-4 payload are minimal.

4.3 Functional Description of the SRP-4 Payload

The architecture development overview presented thus far illustrates a proposed design methodology 

that is useful for payload system engineers or design team leaders. A functional description of the 

actual SRP-4 payload systems and components is now provided.

4.3.1 Science System

All science data for the SRP-4 mission is sampled with 16-bit resolution at a rate of 100 Hz, and 

includes all data from the radio receivers detecting the plasma cutoff frequency, the ion and electron



Figure 6: Candidate physical architecture for the SRP-4 payload
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Figure 8: Flight computer, communication system, and ground support software data model
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probes measuring the relative ion and electron densities, and the magnetometer measuring the 

geomagnetic field for attitude determination. The 16-bit sampling resolution is greater than the 12- 

bit resolution initially specified for the receiver data by the science team, but the increased resolution 

is desirable for increased accuracy for both this mission and future missions that will require the 

use of this flight computer. The 100 Hz sample rate is chosen based on the limitations o f the flight 

computer, which was under development before the science system requirements were specified in 

detail. This sample rate was deemed adequate by the science researchers and provides a sample for 

every 12 meters of altitude when the payload’s vertical velocity is at a maximum.

Receiver The inputs to the receiver are signals from three different commercial AM stations. The 

outputs of the receiver are voltages between 0 V and 5 V that indicate the plasma cutoff 

frequency.

Probes The inputs to the probes are the electron and ion currents from the plasma. The outputs 

of the probe circuits are voltages between 0 V and 5 V that indicate the relative ion and 

electron density.

Magnetometer The inputs to the magnetometer are the geomagnetic field and the magnetic fields 

produced by any current systems near the payload. The outputs of the magnetometer 

are voltages between -2.5 V  and +2.5 V  that indicate the magnitude of magnetic field 

components.

4.3.2 Flight Data System

Flight data instruments used in the SRP-4 mission include multiple axis accelerometers, payload 

skin temperature and internal temperature probes, power system monitors (voltage and current), 

a sun attitude sensor (SAS), and a GPS sub-system. The flight data system also includes several 

status switches that transition from logic 0 to logic 1 when a major launch event takes place. All 

flight data on the SRP-4 payload is sampled with 12-bit resolution at a rate o f 10 Hz. The sampling 

rate is chosen based on flight computer limitations.

Accelerometer The inputs to the accelerometer are the accelerations experienced by the payload.

The outputs of the accelerometer are voltages from 0 V to 5 V that indicate the magnitude 

of the acceleration components. The accelerometer should be capable of measuring + / -
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25 g ’s of acceleration along the longitudinal or z-axis and + / -  5 g ’s along the x-axis or 

y-axis. The radial accelerometer should be scaled for roll rates between 0 Hz and 10 Hz. 

The roll rate of the SRP-4/DIONISYS payload is approximately 5 Hz after motor burn

out but the radial acceleration that corresponds to this roll rate depends on the distance 

between the radial acceleration sensor and the roll axis (5 cm for the SRP-4/DIONISYS 

accelerometer).

Flight Instrumentation Board The flight instrumentation board’s inputs are the payload’s ambient 

pressure, the payload’s ambient temperature, and the payload’s “skin temperature”, or 

the temperature on the surface o f the payload tube. The outputs of the flight instrumen

tation board are voltages from 0 V to 5 V that indicate the payload’s ambient pressure, 

ambient temperature, and skin temperature. The flight instrumentation board should 

be capable of measuring ambient temperatures between 273 K and 330 K and skin tem

peratures between 273 K and 590 K. High accuracy and resolution for ambient pressure 

readings is relatively unimportant since altitude can be determined from tracking radar 

or GPS.

Power System Monitoring The inputs to the power monitoring system are three voltage levels, 

nominally 5 V, -15 V, and +15 V, and the currents at each of these voltage levels. The 

outputs of the power monitoring system use a voltage from 0 V to 5 V to indicate the 

actual voltage and current from these power board outputs. The voltage monitors should 

be capable of indicating actual voltages between 0 V and 1.25 times the nominal voltage. 

Current monitors should be capable of measuring currents from 0 A to 1.25 times the 

expected current on each voltage channel.

Sun Attitude Sensor The input to the sun attitude sensor is sunlight at a certain angle of arrival.

The output is a voltage from 0 V  to 5 V that indicates the payload’s attitude with respect 

to the sunlight’s angle of arrival.

GPS The inputs to the GPS sub-system are data packets from GPS satellites received both 

at the payload and at a GPS station on the ground. The outputs o f the GPS system 

are differentially corrected payload position coordinates as a function of time. The GPS
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system should indicate payload position during launch as long as telemetry data is being 

received.

Status Switches The inputs to the status switches are physical events such as motor-payload sepa

ration or removal of the umbilical cord as the payload leaves the launch rail (“umbilical 

pull”). The outputs of the status switches are voltages that indicate whether or not the 

event has occurred. The status switches should be positive indicators, meaning that all 

status switches should be configured so that a change in status is a sure indication that 

the physical event actually occurred.

4.3.3 Power System

The power system on the SRP-4 payload consists of two 28 V battery packs, a power board that

provides DC-DC conversion and a power bus that delivers power to the various payload modules

while providing over cur rent protection.

Battery Pack The input to the battery pack is a voltage level and current rate that can be provided 

by a battery charger for a certain duration of time. The output of the pack is a voltage 

level that can be used by the power board at a current rate determined by the payload 

systems for the duration of the payload's flight. The control circuitry of the battery pack 

should prevent hazardous conditions such as overcharging or short circuits. The battery 

pack must store enough energy to power all payload electronics for the duration o f the 

mission without exceeding the maximum mass allowed by the payload mass budget.

Power Board The input to the power board is power from the battery packs at a certain voltage 

level, nominally 28 V. The outputs of the power board is power at stable voltage levels 

(+5 V, -15 V, and +15 V ) that can be used by the payload sub-systems and modules. 

The power board must convert the battery voltage level into the standard payload power 

bus voltage levels at an efficiency that will allow the energy stored in the battery pack 

to power all payload electronics for the duration of the mission. Voltage ripple or noise 

in the power board outputs or EMI produced by the power board components must not 

corrupt science or flight data.

Power Bus The input to the power bus is power from the power board at a certain voltage level.
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The output of the power bus is power at the same voltage level at the power input 

connector of an electrical instrument or circuit on the payload. The power bus limits 

the amount of current that can flow to an individual instrument or circuit. The function 

o f the power bus is to provide a means of quick and safe connection between payload 

electronic boards and the power board outputs. The overcurrent protection devices must 

prevent a short circuit on a payload electronics board from comprising the mission while 

allowing the board to draw the current necessary to accomplish its function.

4.3.4 Flight Computer

The inputs to the flight computer are all the analog voltage outputs from the science and data 

system and the serial data packet from the GPS system. The output of the flight computer is a 

voltage waveform representing a serial bitstream that is used to modulate the transmitter. The flight 

computer typically forms a data packet from the sampled analog inputs and adds error detection 

coding to this packet before converting the packet into a waveform representing a serial bitstream.

The analog inputs to the flight computer are filtered before being sampled by the flight computer. 

The inputs to these anti-aliasing filters are the analog voltages produced by the science and flight 

data instruments. The outputs of the anti-aliasing filters are analog voltages with all frequency 

components greater than one-half the flight computer’s sampling frequency attenuated.

The function of the anti-aliasing filters is to prevent ambiguities in the flight computer’s digital 

representation of the analog science and flight data. Without the pre-filtering performed by the 

anti-aliasing filters, the flight computer would not be able to uniquely represent some of the fre

quency components in the sampled signal. The result would be an uncertainty in which frequency 

component in the analog signal is being represented by the flight computer data because there are 

an infinite number of unfiltered analog frequency components that would produce the same digital 

representation. The anti-aliasing filters prevent this uncertainty by ensuring that the flight computer 

data represents a unique analog signal.

4.3.5 Communication System

The SRP-4 communication system includes an S-band FM transmitter, conformal patch antennas, 

a 1.22 meter parabolic dish receive antenna, a low noise amplifier, a Microdyne receiver, and all
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associated connectors and cables.

Transmitter The transmitter’s input is the waveform from the flight computer that represents a 

serial bitstream. Its output is a voltage waveform from a 50 Q characteristic impedance 

output port that is frequency modulated by the input waveform. % The function of the 

transmitter is to convert the digital representation of the science and flight data into an 

upconverted frequency modulated voltage that can be used to create an electromagnetic 

wave that will propagate in free-space.

Transmit Antenna The transmit antenna’s input is the voltage waveform from the transmitter’s 

output. The antenna’s output is an electromagnetic wave that propagates through free- 

space to the receive antenna. The function of the antenna is to impedance match the 

transmitter output to free-space so that currents from the transmitter create propagating 

electromagnetic waves.

Receive Antenna The input to the receiving antenna is a power density from the transmitted elec

tromagnetic wave. The output of the receive antenna is signal power that can be demodu

lated by the receiver. The purpose of the receive antenna is to convert an electromagnetic 

wave into a current.

Low Noise Amplifier The low noise amplifier’s (LNA) input is the signal power from the antenna.

Its output is higher signal power with minimal added noise from the amplifier. The 

primary function of the LNA is to minimize the noise effects of lossy components between 

the receive antenna and the receiver input.

Receiver The input to the receiver is signal power from the LNA. The output of the receiver is 

a voltage waveform that represents a serial bitstream. The receiver downconverts and 

demodulates the received telemetry signal.

Serial Converter The serial converter’s input is the voltage waveform from the receiver. Its output 

is a digital bitstream in a format that can be read by a computer’s serial port. Since an 

RS232 serial stream from the flight computer is sent through the telemetry channel, the 

primary function of the serial converter is to clean and buffer the demodulated output 

from the receiver.
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4.3.6 Ground Support Equipment

Data Archive Computer The input to the archiving computer is a serial bitstream from the serial 

converter. The archiving computer’s output is a file on a hard disk drive that represents 

the unmodified serial bitstream received at the computer’s serial port. The function of 

the data archive computer is to reliably and accurately record the demodulated receiver 

output that has been cleaned and buffered by the serial board.

Data Display Computer The input to the display computer is either a serial bitstream from the 

serial converter or an archived data file. The output of the display computer is data 

representing the payload instrument outputs as a function of time in a human readable 

format. The function of the data display computer is to use the digital representation 

of the science and flight data to display the analog values produced by the science and 

flight data instruments in a manner that facilitates analysis and comparison.

Umbilical System The umbilical system has three types of inputs and three types o f outputs. The 

inputs are: user commands at the umbilical box, power to charge the payload batteries, 

and feedback signals from the payload. The respective outputs are: command signals 

for critical payload systems, charging power at the battery terminals, and indicators or 

displays on the umbilical box. The function of the umbilical box is to create command 

signals that will initiate payload systems, to indicate payload status based on feedback 

signals from the payload, and to provide a connection point for a battery charger. The 

umbilical box should be capable o f indicating the battery charge status, power system 

status, and EED system status. It should be capable of producing payload O N /OFF 

commands and EED system ON/ OFF commands. It should provide connections for ex

ternally powering the payload and for charging payload batteries. It should also provide 

a data connector that permits the flight computer serial bitstream to be accessed without 

a telemetry link. The umbilical connector on the payload should be able to  accommodate 

all payload input and output circuits and provide a generous number o f spare connec

tions. The payload umbilical connector must provide a reliable connection before the 

rocket is launched as well as a reliable disconnection after the rocket is launched.
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5 Physical Architecture Development for the SRP-4 Payload

Documenting the physical architecture development process is of great benefit to future student de

sign teams participating in the Alaska Space Grant’s Student Rocket Project. Physical architecture 

development is in many ways an iterative and exploratory process. Documenting the alternatives 

considered and the system objectives used to make design trades while choosing one of many possi

ble physical instantiations to accomplish a specific function will allow future design teams to make 

informed decisions and comparisons when developing their own physical architectures.

The morphological box, in addition to being used as a design tool to facilitate the selection of 

a physical instantiation to perform a function, can also be used to document the various physical 

instantiations considered during the physical architecture development process. Morphological boxes 

will be used to summarize the comparisons made during the SRP-4 payload development. Selections 

from the morphological boxes are based on certain criteria. The question is not “Which physical 

instantiation is better?” but rather “Which physical instantiation is better based on these selection 

criteria?”.

5.1 Standardized Modular Approach vs. Mission Specific Payload Design

A sounding rocket payload electrical system usually consists of a specifically designed interconnection 

of several electrical sub-systems. The complexity of these sub-systems vary, and a sub-system 

may require many different circuits to perform its function. Comparing sub-systems typically used 

in sounding rocket payloads reveals common requirements and basic circuitry which is re-used in 

different sub-systems. This commonality suggests the use of modules to accomplish the functions 

that are repeated instead of using many unique sub-system designs. An important goal of modularity 

is to reduce the overall system design time by creating a module out of a circuit that is repeated 

in several sub-systems. The module design is then re-used in multiple sub-systems. Examples of 

repeated functions in sounding rocket payload electrical systems include:

1. Physical mounting - every circuit board and module must be physically mounted to the me

chanical payload frame in some fashion.

2. Power supply - every circuit board and module requires power.
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3. Overcurrent protection - the current to individual electrical modules should be limited to 

prevent an overcurrent in a module from damaging other payload components or draining the 

payload battery.

4. Interconnections - many circuit boards and modules will connect to other boards, modules, 

and subsystems.

5. Data filtering - the majority of the data signals produced by the sub-systems will require 

anti-aliasing filtering prior to sampling by the flight computer.

There are many benefits of standardization for a team design environment. For any design of 

sufficient complexity, the design process will be performed by a team of design engineers who jointly 

contribute to the overall system design in addition to designing individual sub-systems and modules. 

These sub-systems and modules must eventually be integrated into the payload electrical system.

If a standardized design approach is used, a module or instrument designer will receive specifi

cations such as physical size, connector types, and mounting methods. Any module or instrument’s 

physical architecture will be expected to meet these additional standards. If a non-standardized 

approach is used, any architecture that successfully performs the required function is likely to be 

accepted by the design team.

An non-standardized approach to sub-system design often creates a payload electrical system 

integration problem that is difficult to resolve. The payload electrical system integration problem 

arising from non-standardized sub-systems and modules can be surmounted, but only at the expense 

of considerable design effort at the systems level. Acceptance of individual module or sub-system 

designs by the design team is done soon after the design is completed, but payload system integration 

can only be done after all the module designs are completed. This means that, for a non-standardized 

design approach, it is difficult to correct payload integration problems arising from a module design 

during the module design stage.

Many payload system integration problems will not be detected until all module designs have 

been approved and a system integration or integration design is attempted. The non-standardized 

design approach in a team design environment reduces the design requirements at the sub-system or 

module level but increases the difficulty of payload system integration. The system integration design 

will be unique to the payload configuration. A new integration design will be required if different
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modules or sub-systems are added to the payload.

With a standardized, modular design approach the design effort at the systems level is trivial. 

New payload configuration can be quickly designed using the same standard modules.

The SRP-4 modular payload standard was designed to address the repeated functions in a typical 

sounding rocket payload and to reduce the system integration complexity. The standard places 

minimal constraints on individual module design while ensuring that all modules conforming to the 

standard can be easily integrated into the electrical system. The SRP-4 modular payload can be 

quickly reconfigured for other science missions with minimal design effort and the majority of the 

SRP-4 modules can be re-used on future missions.

Printed Circuit Board Size

In choosing a standard printed circuit board (PCB) size for SRP-4 electrical modules, the goal 

was to define a standard which was flexible enough to meet the requirements of many different 

circuit layouts while simplifying the physical integration of several different circuit board sizes. The 

standard establishes a basic 6 cm x 6 cm unit and allows any PCB configuration that is made of 

multiples of this basic unit. For SRP-4, the maximum printed circuit board size is limited to 18 cm 

x 18 cm by the size of the deckplate. This maximum size printed circuit board can be described as 

a “3 unit by 3 unit” circuit board. A small circuit may fit entirely on a 6 cm x 6 cm, or a “1 unit 

by 1 unit” circuit board. Slightly larger circuits may require a “1 unit by 2 unit” or a 6 cm x 12 

cm circuit board. Even larger circuits may require a u2 unit by 2 unit” or a 12 cm x 12 cm circuit 

board. L-shaped, T-shaped, and U-shaped board configurations are also possible.

Printed Circuit Board Mounting

A standardized method of attaching the printed circuit boards to the deckplates is also defined, as 

shown in Figure 9. An 18 cm x 18 cm area on each deckplate has mounting holes drilled and tapped 

to accommodate nine “1 unit by 1 unit” printed circuit boards arranged in three rows and three 

columns. There are 36 threaded mounting holes in this 18 cm x 18 cm deckplate area. This allows 

each “1 unit by 1 unit” printed circuit board to be mounted to the deckplate using standoffs which 

have a threaded end and a tapped end. The threaded end of each standoff screws into the deckplate 

mounting holes. A 3 mm hole at each corner of each “1 unit by 1 unit” circuit board allows the use
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* All standoff mounting holes are 3 mm 
in diameter.

* All payload circuit board dimensions 
must be multiples of the basic 6 cm x 6 
cm unit.

* Threaded mounting holes on each 
deckplate allow the first circuit board 
layer to be mounted to the deckplate with 
standoffs such that the center of U5 is 
aligned with the center of the deckplate. 
Each additional layer is mounted to the 
layer below it with standoffs.

* Up to five circuit board layers may be 
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standoffs are used between all layers.

’ Circuit board mounting positions may 
be labeled using the LAYER# - UNIT# 
convention. For example, a 6 cm x 6 cm 
board mounted in the center of the third 
circuit board layer would be in the L3-U5 
position.

SRP-4 Circuit Board Unit

6 cm

18 cm

18 cm -

SRP-4 Deckplate Circuit Board Layer

Figure 9: SRP-4 circuit board mounting template
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of threaded fasteners to attach the PCB to the tapped end of the standoff. Alternatively, additional 

standoffs can be used to secure the first level of printed circuit boards while providing an attachment 

point for another level of PCBs. Using a standoff length of 2.54 cm and a center-to-center deckplate 

spacing of 15.24 cm, a payload deck can have up to 5 levels of printed circuit boards. Since the 

maximum PCB size is a a3 unit by 3 unit” or 18 cm x 18 cm, a payload deck can contain up to 1620 

square centimeters of printed circuit board area.

This mounting technique, which is based on the use of standard PCB sizes, provides flexibility 

in mounting arrangements. Many mounting configurations are possible.

Deckplate Power Bus

A deckplate power bus performs the repeated payload function of supplying power to circuit boards 

and electrical modules. Circuit boards and electrical modules within a payload deck connect directly 

to that deck’s power bus. All deckplate power buses are interconnected with redundant connections 

for reliability. The payload’s battery pack and power board supply power to all the deckplate power 

buses. Each deckplate power bus supplies +15 VDC, -15 VDC, +5  VDC and GND to any circuit 

board or module needing any combination of these voltage levels.

Connections to the electrical circuits and modules on the payload deck are made using 4-pin 

power connectors. If a module requires +15 VDC, -15 VDC, + 5  VDC and GND, each pin of the 

connector attaches to the region on the power bus terminal strips that supply the respective voltage. 

The standard requires that the “pin out” of each 4-pin power connection header on all modules 

requiring power be identical, i.e. pin 1 is +15 VDC, pin 2 is -15 VDC, pin 3 is +5 VDC and pin 4 

is GND. This allows any deckplate power connector to be attached to any module.

Module Interconnections 

Power Connections

The SRP-4 payload standard, shown in Figure 10, requires that all module power connectors be four 

pin Molex^M connectors. Molex^M connectors are lightweight and use a locking ramp and tab. 

Each power connector attaches to its deckplate power bus using 22 AWG stranded “hook-up” wire, 

preferably with Teflon*^insulation.



SRP-4 Circuit Board Power Connection Standard

Note: All Molex headers should be mounted in a manner that 
allows the Molex connectors to be completely within the circuit 
board boundaries when connected.

Figure 10: SRP-4 circuit board power connector standard
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Data Connections

Shielded data cables transfer analog data signals between payload modules. Connections between the 

module and the data cable are made using M olex^^  connectors. The payload standard allows either 

four or eight conductor data cables to be used which require four or eight pin M olex^ ^  connectors, 

respectively. The use of standard data cables eliminates the need for a dedicated payload wiring 

harness.

Data Filtering

Many of the payload electrical modules produce analog data which will be sampled by the payload’s 

flight computer. Any frequency component in the analog signal that is greater than one half of the 

sampling frequency will corrupt the sampled data by “aliasing”. Because of this, the analog data 

from all electrical modules must be low-pass filtered to attenuate all frequency components greater 

than one half of the sampling frequency. Because this filtering is a repeated payload function, a 

filter module, shown in Figure 11, was created to perform this function. The filter module accepts 

four analog inputs and filters each input with a five pole Butterworth low-pass filter. The cutoff 

frequency of the filters is set to 35 Hz. Plots of typical passband and stopband responses of the 

Maxim MAX7410 integrated circuit filters used in the filter modules are shown in Figure 12 and 

Figure 13, respectively.

The SRP-4 modular payload reduces system integration complexity to a managable level. It 

eliminates:

1. the need for a payload-specific data wiring harness by using standard data cables,

2. the need for a bulky, payload-specific power wiring harness by using deckplate power buses, 

and

3. the necessity of replicating anti-aliasing filter circuitry on each module by using separate filter 

modules.

The modular payload standard supports numerous physical mounting configurations and the addi

tion or removal o f modules is trivial. The payload can be quickly reconfigured for a different science 

mission and most o f the modules used for the SRP-4 mission can be re-used on future payloads.
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Figure 13: Typical MAX7410 filter stopband response [4]

The reasons for a standardized, modular approach to sounding rocket payload electrical design 

have been presented in detail because it is believed that this is the optimal design approach for a 

distributed, international student design team environment. However, there are definite advantages 

to a mission specific design. Every design trade made for a mission specific design can be made 

on the basis o f what is optimal for that mission rather than making the design trade based on 

what will meet the requirements of not only the current mission, but future missions as well. In 

all likelihood a mission specific payload design will require less volume and have less mass than a 

modular, standardized payload that has been configured for the same mission. With an experienced 

design team and a sufficient mission budget, a mission specific design may be preferable to adapting 

a standardized payload for the mission.

5.2 Payload Physical Architecture Labeling

The physical architecture o f the SRP-4 payload is organized and labeled using the top level functions 

or systems presented in Section 4.1. The physical architecture system designators used to label each 

component are shown in Table I.

Dashes are used to indicate lower levels in the physical architecture. Additional designators are
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Table I: Physical architecture system designators

System Designator System
SS Science Data System
FS Flight Data System
FC Flight Computer System
PS Power System
RS Recovery System
CS Communication System
GS Ground Support System

used to label electrical components. These designators are listed in Table II.

The SRP-4 physical architecture designators can be used to systematically describe the payload 

hardware. For example, the x-axis output pin of the accelerometer board can be labeled FS2-C1-P1 

since it is pin 1 of the first connector on the accelerometer board (FS2). The accelerometer board’s 

location can be labeled MS1-4-L4 since it is on circuit board mounting layer 4 on the fourth deckplate 

(MS1-4). Schematics can also be labeled using these designators. Full labels should only be used 

for component references in top level documents. A connector in the accelerometer schematic (FS2) 

would be labeled “C l”, not “FS2-C1”.

Table II: Electrical component and placement designators
Designator Description

C Connector
P Pin
L Deckplate circuit board mounting layer

5.3 Payload Physical Layout

A diagram of the SRP-4 payload physical layout is shown in Figure 14. Four longerons support 

five deckplates and are supported by a base ring. This payload frame is inserted into an aluminum 

tube. A fiberglass nosecone is mounted to the payload after the frame has been inserted into the 

tube. Electron and ion probes are affixed to the nosecone’s exterior and a magnetic loop antenna is 

mounted inside the nosecone. Radio receivers and plasma probe electronics are mounted on the first 

deckplate. The magnetometer sensor coils and electronics are mounted on the second deckplate. The 

power system is mounted on the third deckplate. All flight instruments are mounted on the fourth
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deckplate and the sun attitude sensor is aligned with a small slot in the payload tube. Recovery 

system electronics and batteries are also mounted on the fourth deckplate. The flight computer 

is mounted on the fifth deckplate. The main and drogue parachutes are housed in a parachute 

canister beneath the fifth deckplate. A separation mechanism attaches the assembled payload to an 

Orion sounding rocket motor. Figure 15 shows the assembled payload frame prior to insertion in 

the payload tube. Figure 16 diagrams the SRP-4 payload top level physical architecture.

RS1-4-2 FS6-2 RS1-4-2

MS5 Nosecone 
SS1-1 Loop antenna 
PS5 Power bus 1 
SS1-2 Preamp
551-3 257 kHz receiver 
SS1 -4 660 kHz receiver 
SS1 5 820 kH receiver
552-2 Ion and electron probe electronics 
SS2-1 Ion probe
552-2 Electron probe 
MS1 -1 Deckplate 1

PS6 Power bus 2 
FC2 Anti-aliasing filter 1 
FC3 Anti-aliasing filter 2 
FC4 Anti-aliasing filter 3
553-1 Sensor coils
SS3-2 Magnetometer electronics 
MS1 -2 Deckplate 2

PS1 Battery pack 1 
PS2 Battery pack 2 
PS3 Latch board 
PS4 Power board 
PS7 Power bus 3 
FS3 Power monitor board 
MSt -3 Deckplate 3 
MS4 Payload tube

FS6 Sun Attitude Sensor 
FS4-1 GPS board 
PS8 Power bus 4
RS1 -1 EED battery (control and power)
FS2 Accelerometer board 
FS1 Flight instrumentation board 
RS1-2 EED board 
FC5 Anti aliasing filter 4 
FC6 Anti-aliasing filter 5 
M S I-4 Deckplate 4

CS1 S-band transmitter 
PS9 Power bus 4 
FC1 Right computer 
MS1 -5 Deckplate 5

MS6 Base ring
RS1 -4-2 Parachute deployment pyrotechnics (2)
RS3-3 Main parachute
RS3-4 Locator beacon
RS3-2 Drogue parachute
FS4 2 Power combiner
FS6-1 Launch detect status switch
GS1 -2 Umbilical block
RS1-3-1 Pyrotechnic shorting plug
RS3-2 Lanyard switch
FS4 3,4,5,6 GPS antennas
CS2 Patch antenna
RS3-I Drag plate

RSt -4-2 Separation pyrotechnics 
FS6-2 Separation status switch 
RS2 - separation mechanism

Figure 14: Payload system and component location diagram



Figure 15: SRP-4 payload assembled for launch prior to insertion in payload tube



Figure 16: Payload physical architecture top level block diagram
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5.4 Science Data System

5.4.1 Plasma Density Experiment Instrumentation

A trapezoidal aluminum frame supports a loop antenna, as seen in Figure 18, that is mounted inside 

a fiberglass nosecone. A pre-amplifier boosts the received signal that is then sent to 257 kHz, 660 

kHz, and 820 kHz detector stages that produce a 0 V to 5 V output that indicates received signal 

strength. Thin metal bands are epoxied onto a layer o f K apton^ ^  film on the exterior of the 

aluminum payload. One of the bands is biased with a positive voltage to attract free electrons and 

the other band is negatively biased to attract ions, and these probes are used in conjunction with 

a current measuring circuit to provide a 0 V to 5 V output that indicates relative plasma density. 

The K apton^^ film serves as an insulator to prevent leakage currents between the metallic probes 

and the aluminum payload tube.

5.4.2 Magnetometer

The magnetometer sensor consists of three bifilar coils aligned with an x, y, and z axis. One of the 

windings on each coil is a drive winding and the second is the sense winding. A printed circuit board 

stack is used to activate the drive coils and to convert the outputs of the x, y, and z sense coils into 

-2.5 V to +2.5 V outputs that indicate the magnitude of the magnetic field components near the 

magnetometer coils. Figure 19 shows the entire magnetometer deckplate. The sensor coils are on 

top of the circuit board stack.
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Science Data System Physical Architecture
MF Radio Receivers

Science Data System Connectivity Block Diagram

Plasma Density Probes

C1
C2
C3

Magnetometer

Science Data System Connector Legend

SS1 -1 -C1 Loop antenna output connector

SS1-2-C1 Antenna input connector 
SS1-2-C2 Output 1 connector 
SS1 2-C3 Output 2 connector 
SS1-2-C4 Output 3 connector 
SS1-2-C5 Power bus connector

SS1-3-C1 Preamplilier input connector 
SS1-3-C2 Signal output for anti-aliasing filter 
SS1-3-C3 Power bus connector

SS1-4-C1 Preamplifier input connector 
SS1-4-C2 Signal output for anti-aliasing filter 
SS1-4-C3 Power bus connector

SSf-5-C1 Preamplifier input connector 
SSf -5-C2 Signal output for anti-aliasing filter
551-5-C3 Power bus connector

552-1-C1 Probe output connector

SS2-2-Cf Probe input connector 
SS2-2-C2 Signal output for anti-aliasing filter
552-2-C3 Power bus connector

553-2-C1 Signal output for anti-aliasing filter 
SS3-2-C2 Power bus connector

Figure 17: Science data system physical architecture block diagram



Figure 18: TPU magnetic loop antenna and radio receiver



Figure 19: Tokai magnetometer deckplate in launch-ready configuration



69

5.5 Flight Data System

5.5.1 Accelerometer

The accelerometer uses Analog Devices ADXL250, ADXL150, and ADXL105 acceleration sensor 

chips to measure payload accelerations along the x, y, z, radial, and tangential axes. For a spinning 

payload the usefulness of x- and y-axis acceleration readings is questionable because direction of 

the axis of measurement is constantly changing. The z-axis acceleration measurements provide 

information on motor thrust during the ascent phase o f the launch. If the distance between the 

payload’s spin axis and the radial acceleration sensor is known, radial acceleration can be used to 

determine the payload spin rate during ascent. The tangential acceleration sensor indicates when 

the spin rate o f the payload is increasing or decreasing.

The orientation of the accelerometer sensor chip determines which acceleration is measured. 

The ADXL250 has two perpendicular sense axes and the layout of the accelerometer board centers 

this chip on the payload’s spin axis. An ADXL150 is mounted on a small daughterboard that is 

perpendicular to the main accelerometer board. This aligns the sensor with the z-axis, providing 

longitudinal acceleration measurements. The radial sensor is mounted 5 cm from the payload’s center 

o f rotation and is aligned radially. The tangential sensor is also 5 cm from the payload’s center of 

rotation, but is aligned tangentially. Additional circuitry on the accelerometer board allows setpoint 

and gain adjustment.

5.5.2 Flight Instrumentation Board

A K-type thermocouple in conjunction with an Analog Devices AD595 chip is used for payload 

skin temperature measurement. The AD595 amplifies and scales the thermocouple voltage and also 

provides a reference junction, eliminating the need for a second thermocouple maintained at a known 

temperature. The temperature inside the payload is measured with an Analog Devices AD590, which 

functions as a temperature dependent current source. A variable resistor at the output of the AD590 

converts the temperature dependent current into a 0 V  to 5 V output. Another variable resistor 

on the flight instrumentation board is used to convert the temperature dependent current from a 

AD590 chip housed inside the battery pack into a 0 V to 5 V  output. A Motorola MPX5100AP 

pressure sensor generates a 0 V  to 5 V output that is inversely proportional to pressure.



Figure 20: Flight data system physical architecture block diagram
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The AD595 chip has an output which indicates whether or not the thermocouple circuit is 

open and this signal (/A L M ) can be monitored by the flight computer. The AD595 and K-type 

thermocouple measures a wide range of temperatures and responds quickly to temperature changes. 

In contrast, the AD590 responds gradually to  temperature changes. If the metal case o f the AD590 

temperature sensing chip experiences an instantaneous temperature change, the change in the current 

output o f the chip is proportional to A T (1  -  e~ Tmt) where r  is the chip’s temperature response 

time constant. This highlights the need for a complete understanding of flight instrument response 

limitations when analyzing flight data. For example, a sudden variation in data from an AD590 

temperature sensor indicates an instrumentation problem instead of a rapid temperature change.

5.5.3 GPS Sub-system

A Rockwell Jupiter C GPS receiver is flown on the SRP-4 payload. Four Micropulse antennas are 

mounted on the payload skin. The antennas are connected to the GPS receiver through a Mini- 

Circuits ZA4PD-2 power combiner. The GPS receiver outputs a serial data stream that is recorded 

by the flight computer. The payload GPS receiver data is compared with ground-based GPS receiver 

data to obtain differential GPS payload position data.

5.5.4 Status Switches

The status switch that indicates launch is implemented using the umbilical plug and the umbilical 

cable. One pin of the umbilical plug is connected to + 5  VDC through a resistor. When inserted 

into the umbilical plug, the umbilical cable connects this pin to GND. When the umbilical cable is 

removed from the plug, the pin voltage is + 5  VDC. The launch status signal is taken from this pin.

Status switches that indicate motor-payload separation and parachute deployment are imple

mented with a small Winchester connectors and a resistor connected to + 5  VDC. Before the connec

tor is removed the other end of the resistor, from which the status switch signal is taken, is connected 

to GND. When the connector is removed by a launch event the resistor is ungrounded and the status 

switch signal transitions to approximately +5  VDC. This status switch implementation was chosen 

over other implementations that were considered due to its simplicity and previous flight history on 

NASA payloads.
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5.6 Power System

A block diagram of the SRP-4 power system physical architecture is shown in Figure 21. Two 

nickel metal hydride (NiMH) battery packs, shown in Figure 22, store the energy needed to power 

the payload electrical system. The nominal battery pack voltage is 28 V and each pack provides 

approximately 45 Watt-hours of energy. A latch circuit uses an OFF and ON delay circuit to 

control a Magnacraft ODC5 solid-state relay to switch battery power to the DC-DC converter board 

(“power board”) and to the S-band transmitter. The power board, shown in Figure 23, uses Newport 

Components NPH15S series DC-DC converters. The NPH15S series converters switch at 350 kHz 

and their measured ripple under full load is 80 mV. The DC-DC converter outputs are filtered before 

being distributed throughout the payload. This reduces the full-load ripple from 80 mV to 10 mV. 

Power bus boards, shown in Figure 23, are located on each deckplate. They are connected to the 

filtered DC-DC converter outputs in a loop configuration for redundancy and they distribute the 

DC-DC converter outputs to the electrical instruments on each deckplate. PolySw itch^^ polymeric 

positive temperature coefficient (PPTC) devices provide overcurrent protection for any electrical 

instrument connected to the deckplate power busses.
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Power System Connector Legend

PS1-C1 Latch board connector
PS1-C2 Battery temperature sensor connector

PS2-C1 Latch board connector
PS2-C2 Battery temperature sensor connector

PS3-C1 Battery pack 1 connector 
PS3-C2 Battery pack 2 connector 
PS3-C3 Umbilical block connector 
PS3-C4 Transmitter power connector (28V) 
PS3-C5 Power board connector

PS4-C1 Latch board input connector 
PS4-C2 Power bus connector

PS5-C1 Input connector 1 
PS5-C2 Input connector 2 
PS5-C3 Input connector 3 
PS5-C4 Input connector 4 
PS5-C5 Fused output connector 1 
PS5-C6 Fused output connector 2 
PS5-C7 Fused output connector 3 
PS5-C8 Fused output connector 4 
PS5-C9 Fused output connector 5 
PS5-C10 Fused output connector 6

PS6-C1 Input connector 1 
PS6-C2 Input connector 2 
PS6-C3 Input connector 3 
PS6-C4 Input connector 4 
PS6-C5 Fused output connector 1 
PS6-C6 Fused output connector 2 
PS6-C7 Fused output connector 3 
PS6-C8 Fused output connector 4 
PS6-C9 Fused output connector 5 
PS6-C10 Fused output connector 6

PS7-C1 Input connector 1 
PS7-C2 Input connector 2 
PS7-C3 Input connector 3 
PS7-C4 Input connector 4 
PS7-C5 Fused output connector 1 
PS7-C6 Fused output connector 2 
PS7-C7 Fused output connector 3 
PS7-C8 Fused output connector 4 
PS7-C9 Fused output connector 5 
PS7-C10 Fused output connector 6

PS8-C1 Input connector 1 
PS8-C2 Input connector 2 
PS8-C3 Input connector 3 
PS8-C4 Input connector 4 
PS8-C5 Fused output connector 1 
PS8-C6 Fused output connector 2 
PS8-C7 Fused output connector 3 
PS8-C8 Fused output connector 4 
PS8-C9 Fused output connector 5 
PS8-C10 Fused output connector 6

PS9-C1 Input connector 1 
PS9-C2 Input connector 2 
PS9-C3 Input connector 3 
PS9-C4 Input connector 4 
PS9-C5 Fused output connector 1 
PS9-C6 Fused output connector 2 
PS9-C7 Fused output connector 3 
PS9-C8 Fused output connector 4 
PS9-C9 Fused output connector 5 
PS9-C10 Fused output connector 6

Figure 21: Power system physical architecture block diagram
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Figure 24: SRP-4 power bus
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5.7 Flight Computer and Ground Support Equipment

A diagram of the flight computer system and the ground support equipment physical architecture 

is shown in Figure 25. The flight computer, shown in Figure 26, uses two Motorola HC16 microcon

trollers to control the sampling of all the analog data produced by the payload instruments, to form 

data packets from this sampled data and the GPS serial data, and to modulate the S-band trans

mitter with a 0-2 Vpp serial stream. Fairchild Semiconductor MM74HC4051 eight channel analog 

multiplexers are used to multiplex between the pins of each analog input header. Each analog input 

from the science instruments, with the exception of the magnetometer, is converted into a sixteen-bit 

digital value with Burr-Brown Corporation ADS7821U analog-to-digital converters. An ADS7821U 

sixteen-bit analog-to-digital converter is used for all magnetometer inputs. Each analog input from 

the flight instruments is converted into a twelve-bit value with Burr-Browm ADS7820U analog-to- 

digital converters. A Maxim M AX233ACW P serial transceiver chip is used to create a RS-232 serial 

stream so the flight computer output can be monitored with the ground support equipment.

An aluminum umbilical block mounted to the payload tube houses a high-density DB15-P um

bilical connector. The umbilical connector pins are used for power system command and feedback 

signal lines, power system charging lines, recovery system electronics command and feedback signal 

lines, and ground loops for launch detection. A 40 ft. payload umbilical cable with high-density 

DB15-S and 37-pin Amphenol 28-21PF connectors is needed to connect the umbilical connector on 

the payload to the launch rail junction box. A 5 ft. cable with standard density DB15 and Amphenol 

28-21P connectors is needed to connect the SRP-4 umbilical box to the PFRR blockhouse junction 

box. The umbilical box provides switches for controlling the payload’s power system and recovery 

system electronics. It also has indicators to show payload system status. A DB9 connector on the 

umbilical box allows the flight computer serial stream to be monitored or recorded by a ground 

support computer. The payload batteries are charged through the umbilical box.

The flight computer serial stream that is received through the umbilical box or through the 

communication system is archived on two ground support computers. One computer runs a Perl 

script, developed by Preston Miller for the Linux operating system, to archive and process the data. 

This script is convenient for manipulating the GPS data. A second computer uses “Dataview”, a 

data display program developed by Steven Bruss for the W in d ow sX P ™  operating system. The 

zoom and Fast-Fourier Transform (FFT) capabilities of this program make it ideal for data analysis.
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Figure 25: Flight computer and ground support equipment physical architecture block diagram
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Figure 26: SRP-4 flight computer deckplate
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5.8 Communication System

Analysis of the SRP-4 communication system is developed in detail, following the methods presented 

in Digital Communication Systems: Fundamentals and Applications by Bernard Sklar, in order to 

highlight areas where future improvements can be made.

The purpose of any communication system is to exchange information over a channel. Communi

cation systems can be categorized as analog or digital systems depending on the type of information 

that is input to and extracted from the communication system. The DIONISYS payload uses a dig

ital communication system, which is generally more reliable, more flexible, and less expensive than 

an analog communication system [6]. A typical digital communication system can be represented 

by the block diagram shown in Figure 27.

The SRP-4 communication system, which can be represented by the block diagram shown in 

Figure 28 does not contain all of the functional blocks shown in Figure 27. Some of the omitted 

functional blocks are unnecessary. For example, there is no need of the ENCRYPT and DECRYPT 

functional blocks for the SRP-4/DIONISYS payload because there is no reason to prevent eaves

dropping on the telemetry data. Other omitted functional blocks could substantially improve the 

communication system if they were implemented. The addition of SOURCE ENCODING and 

SOURCE DECODING, for instance, could improve bandwidth efficiency. Source encoding reduces 

the redundancy in the data before it is transmitted.

5.8.1 Format

Since a digital communication system requires digital inputs, the FORM AT block is necessary to 

convert the information source, which is any of the analog outputs from the science instruments 

or flight data instruments, into digital inputs. The anti-aliasing filters and the analog-to-digital 

converters (ADC) that are sampled by the flight computer are the physical instantiations that 

perform the FORM AT function. The anti-aliasing filters have a cutoff frequency o f 35 Hz, which 

allows for a 15 Hz transition bandwidth between the cutoff frequency and one-half the sampling 

frequency. Sixteen bit ADC converters are used for all science instrument outputs and twelve bit 

ADC converters are used for the flight data instruments.

Sklar lists three sources of corruption that affect the conversion of analog data to digital data. 

These sources o f corruption are: quantization noise, quantizer saturation, and timing jitter [6].



Information Source

Information Sink

(F igure adapted from  D igital C om m unications: Fundam entals a nd  Applications. Bernard Sklar.)

Figure 27: Block diagram representing a digital communication system



Information Source

Information Sink

Figure 28: Block-diagram of the SRP-4 communication system
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Quantization noise does not significantly affect the data sampled on the SRP-4 payload. Following 

Sklar, calculating the ratio of peak signal power to average quantization noise power using

where L is the number of quantization levels yields 101 dB for sixteen-bit ADC converters and 77 

dB for twelve bit ADC converters. Quantizer saturation could occur with the TPU radio receiver 

outputs since their maximum outputs slightly exceed the specified +5  VDC input limit of the 

ADC converters. Corruption from timing jitter is likely to be introduced by the flight computer’s 

sampling algorithm, which currently only guarantees that a certain number of analog inputs will be 

sampled within a certain amount of time and does not guarantee that the samples will be uniformly 

spaced in time. A detailed analysis of the sampling algorithm program could possibly allow the 

exact time of each sample to be determined that would, in theory, allow the sampled signal to 

be precisely reconstructed. The approximate sample spacings could be experimentally determined 

by using a timer connected to a digital-to-analog (DAC) converter. With the output of the DAC 

connected to every science and flight data input of the flight computer, analysis of the flight computer 

packets would indicate when each data channel was sampled since the sampled voltage is an analog 

representation of the timer output.

5.8.2 Source Coding

No source coding is performed. The purpose of source coding is to create a more compact repre

sentation of the information. “The goal of source coding is either to improve the SNR for a given 

bit rate or to reduce the bit rate for a given SNR [6].” An example of source coding that could be 

implemented on future ASRP missions is for the flight computer to run a compression algorithm 

(e.g., Huffman coding) on data frames.

5.8.3 Encryption

Encryption is unnecessary for any foreseeable ASGP mission.
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5.8.4 Channel Encoding

“ [T]he goal of channel coding is to reduce the probability of bit error (P&) , or to reduce the required 

jj*- (bit energy per spectral noise density), at the cost of expending more bandwidth than would 

otherwise be necessary.5’ A rudimentary form of channel encoding is done by the SRP-4 flight 

computer. It consists of merely adding the start and stop bits required by the RS-232 serial data 

transmission protocol and by appending two parity bytes to every data packet.

Many improvements could be made in this area. W ith a 115 kbps data rate and a 16 MHz allo

cated telemetry channel, the SRP-4 communication system is not bandwidth limited. The presently 

unused bandwidth could be used to implement error detecting and correcting codes that are much 

more powerful than a simple parity check. Sufficient channel encoding would provide a coding gain 

by decreasing the jf-  required for a given P& . This coding gain would provide a much needed mar

gin in the SRP-4 link budget. Increasing link budget margin through coding gain is preferable to 

increasing transmitted power or increasing the receive antenna gain. Transmitted power is limited 

by the SRP-4 S-band transmitter and increasing the receiving antenna gain decreases its beamwidth, 

thereby increasing the difficulty of tracking the payload.

Channel coding can be used to reduce the effect of burst errors, which are typical in a telemetry 

link. A simple implementation o f channel coding that reduces burst errors is data interleaving, which 

is done by filling the rows of a matrix with data bits and transmitting the columns. Decoding is 

done by filling the columns of a matrix with the received bits and taking the output from the rows of 

the matrix. Convolutional codes are also effective in reducing the effect of burst errors, but many of 

these codes may be too computationally intensive to be implemented by the SRP-4 flight computer. 

Modules external to the flight computer could be used to implement any channel codes that cannot 

be handled by the flight computer.

5.8.5 Multiplexing

The SRP-4 flight computer uses a fixed assignment time domain multiplexing scheme. Ten sampling 

loops are completed within 100 milliseconds. During the first loop, the first pin of each analog 

input connector is sequentially sampled, followed by sequential sampling of the second, third, fourth 

and fifth analog input connector pins. Time stamp bytes, error code bytes, frame start bytes and 

frame stop bytes are added to the sampled data before the data frame is transmitted. The sampling
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and transmission occurs within 10 milliseconds. The next nine sampling loops are similar with the 

exception that only the pins on all science data input connectors and one flight data input connector 

are sampled. Time stamp bytes, error code bytes, frame start bytes, and frame stop bytes are added 

to each of these nine data frames before they are transmitted. The sampling and transmission of 

each of these frames also occurs within 10 milliseconds.

5.8.6 Baseband Transmission

After formatting, multiplexing and channel coding the data the flight computer transmits a series 

of electrical pulses from the flight computer’s serial controller through a 50 ohm coaxial cable to the 

S-band transmitter. This is essentially baseband transmission. Many different types of waveforms 

can be used to represent a serial bit stream. The SRP-4 flight computer uses NRZ-L (‘^non-return to 

zero, level”) waveform to represent the bit stream. NRZ-L has a DC component, is not self-clocking, 

and provides no error detection or bandwidth compression. A future enhancement to the SRP-4 

communication system would be to implement RZ-AMI (“return to zero, alternate mark inversion”) 

coding to replace NRZ-L. The RZ-AMI waveform does not have an average DC component and 

provides some measure of error detection without increasing the number of bits in the bitstream.

5.8.7 Modulation

The baseband digital waveform cannot be efficiently transmitted over the channel, which utilizes 

free-space radio wave propagation, using transmit and receive antennas of any practical size. For 

this reason, the baseband digital waveform modulates a carrier (a sinusoid) that is used to cre

ate a propagating electromagnetic wave that can be efficiently transmitted over the channel [6]. 

Multiplexing is also used to reduce interference from other users of the channel.

Since a sinusoidal carrier is completely defined by its amplitude, frequency, and phase, any of 

these three characteristics can be used to transmit information over the channel, and the bandpass 

modulation is characterized as amplitude modulation, frequency modulation, or phase modulation 

depending on which characteristic of the sinusoid is altered by the information.

The SRP-4 communication system uses frequency modulation with carrier frequencies in the 

S-band. An S-band transmitter, shown in Figure 29 , modulates the baseband waveform to a
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center frequency of 2.2355 GHz, which is a 16 MHz telemetry channel licensed for use at Poker Flat 

Research R,ange.

Figure 29: SRP-4 S-band telemetry transmitter

The baseband digital waveform is used to switch between two carrier frequencies, or tones. This 

type o f modulation is called binary frequency shift keying (FSK) which is a special case of M-ary FSK 

where M, the number of waveform types, is equal to 2 in this case since the carrier will shift between 

one of two frequencies. The received signal will be detected incoherently, meaning that no carrier 

phase information is used for detection. Incoherent detection is less complex than coherent detection 

[6] at the expense of bandwidth efficiency. For incoherent detection, the minimum tone spacing for 

orthogonal signaling (no signal interferes with other signals) is ^  where T  is the symbol period 

from the baseband waveform. For the SRP-4 communication system with 115.2 kbaud baseband 

transmission the minimum tone spacing is 115.2 kHz. If coherent detection were used this minimum 

spacing would be reduced to ^  , or 57.6 kHz.

Assuming non-coherent detection is used, increasing the number of waveform types (i.e., increas

ing the number of frequencies that the carrier can be switched between) will improve system error
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performance. M-ary FSK modulation could be implemented on future SRP payloads by using a 

DAC on the flight computer, instead of the currently used binary output serial controller, to create 

a M-level baseband waveform to modulate the S-band transmitter’s carrier. Data to be transmitted 

would be grouped into log^M  bits and these log2M  bit values would be used to control the DAC 

output at the baseband baud rate. For example, using 8-ary FSK with a 0 V to 2 V transmitter 

input voltage range to transmit the bit stream 010110001101 at a baud rate of 115 kbaud:

Table III: Example of 8-ary FSK modulation

Time (fisec) Binary Value to Transmit TX Modulation Voltage from DAC Carrier Frequency
0 010 0.571 V fc ±330 kHz

8.70 110 1.71 V fc ±790kHz
1.74 001 0.286 V fc ±115 kHz
2.61 101 1.43 V fc ±675 kHz

5.8.8 Transmit Antenna

The transmitter’s output waveform, which delivers 2.5 Watts into a 50 ohm load, is used to create 

current distributions on 16 circularly polarized microstrip patch antenna elements etched onto four 

bands of 60 mil substrate that are attached to the payload tube, covering it’s entire circumference. 

As current from the transmitter flows to and from the patch antenna elements at approximately 

2.2355 GHz, the acceleration of charges on the antenna patches creates an electromagnetic wrave 

that propagates through free-space. The transmit antennas, which essentially function as impedance 

matching devices between the 50 ohm transmitter output and the 377 ohm characteristic impedance 

of free-space, convert currents (or more specifically, accelerating charges) into electromagnetic waves.

Oscillating fringing fields between the microstrip conductor and the substrate ground plane at the 

edges of each antenna element create a far field pattern with broad beamwidth. This is advantageous 

for a sounding rocket application since the orientation of the payload changes in flight and often 

tumbles rapidly as it re-enters the thicker atmosphere, depending on whether or not the payload 

has been separated from the motor. The transmit antenna is circularly polarized, meaning that the 

E-field vector changes its orientation, but not it’s magnitude, circularly as a function of time in any 

plane normal to the direction of wave propagation. If linearly polarized transmit and receive antennas
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are used, a complete loss of signal will result if the E-field of the incoming wave is perpendicular to 

the orientation of the receive antenna. If a linearly polarized antenna is used for either transmission

or reception, and the other antenna is circularly polarized, a constant 3 dB loss of signal occurs 

regardless of the incoming wave’s E-field orientation. Using circularly polarized antennas for both 

transmission and reception eliminates both of these problems.

5.8.9 Channel Attenuation Effects

Electromagnetic radiation from the transmitter and its antenna can be treated as a point source 

with an effective isotropic radiated power (EIRP), where EIRP is equal to the transmitter power 

times the antenna gain. The effective isotropic radiated power is spread over the area of a sphere 

with a radius equal to the distance, d, between the transmitting point source and the receiving 

antenna. Following Sklar, the power received by the antenna, Pr , is equal to the power density 

at the antenna, or , times the effective area, A er. Setting the gain equation of the receive

antenna, G r — --^4--, equal to one and solving for effective area yields

where A is the free-space wavelength. Substituting this effective area for an isotropic receive antenna 

into the expression for power received by the antenna gives

name as unity-gain propagation loss, is frequency dependent and represents “a hypothetical received- 

power loss that would occur if the receive antenna were isotropic [6].” The use of this path loss term 

allows the received power to be expressed in terms of receive antenna gain

(4)

where the path loss, L s , is equal to Note that this path loss, which Sklar would rather re-

(5)

instead of in terms of the receive antenna’s effective area. Path loss is not to be confused with 

the purely geometric reduction in power density as the distance between the transmit and receive
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antennas increases.

A table comparing path loss and apogee for the SRP-4 transmitter operating at 2.235 GHz is 

given below. It is assumed that horizontal distance between the receiving antenna and the payload 

is 25 km when the payload is at apogee.

Table IV: Apogee and path loss comparison

Apogee (km) Slant Range (km) Path Loss (dB)
85 88.6 -138.3
90 93.4 -138.8
95 98.2 -139.2
100 103 -139.6

5.8.10 Receiving Antenna

At large distances from a transmitting point source the wave front can be approximated as planar. 

A paraboloidal reflector is a collimator that converts the plane wave at the paraboloid’s aperture to 

a spherical wrave that converges at the paraboloid’s focus, so a parabolic receive antenna essentially 

gathers the power density that is incident over the effective aperture area and concentrates it at the 

antenna feed located at the antenna’s focus.

The far-field pattern of the parabolic dish receive antenna will be analyzed by considering the 

far-field pattern of the same antenna used for transmission and then invoking the antenna reciprocity 

theorem, which states that the transmitting and receiving patterns of an antenna are identical. A 

transmitting source located at the paraboloid’s focus generates spherical waves that are converted to 

plane waves by the paraboloid. The source illuminates the aperture with a certain field distribution 

that is a function of the source’s radiation pattern. Since the single dimensional far-field pattern of 

an antenna is the Fourier transform of its aperture distribution, the aperture distribution completely 

determines the far-field pattern of the antenna. A uniform aperture distribution maximizes aperture 

efficiency since the effective aperture equals the physical aperture. A uniform aperture distribution 

does not maximize beam efficiency because the edges of the paraboloid are illuminated and the 

scattering from these edges results in side lobes and back lobes. Beam efficiency is maximized by 

rapidly tapering the distribution near the aperture edges, thereby minimizing minor beam lobes.
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The directivity of the parabolic dish antenna is maximized when the physical aperture is uni

formly illuminated. The actual gain, G, of the antenna can be expressed as the directivity of the 

antenna with uniform illumination, D , multiplied by an antenna efficiency factor, r)antenna‘ The 

antenna efficiency factor is the product of many other factors including the illumination efficiency 

factor, Tjuium. , spillover factor, r)8pmover , blockage factor, rjuockage , and surface factor, rj8urf ace * 

The illumination efficiency factor is the ratio of the physical area of the aperture actually illuminated 

by the feed to the entire physical aperture area. The spillover factor is the ratio of the physical area 

of the aperture to the feed element’s beam area at the aperture. The blockage factor is the ratio of 

the physical aperture area unblocked by the antenna feed to the total physical aperture area. The 

surface factor is determined by irregularities on the surface of the paraboloid that introduce phase 

differences in the reflected wave. Losses from the surface factor become significant as the wavelength 

of the transmitted wave becomes comparable to the rms deviations on the surface of the paraboloid.

5.8.11 Tracking

An antenna with high directivity implies an antenna with a narrow beamwidth. Depending on the 

method of tracking used, a receive antenna with excessive directivity may result in more data loss 

than an antenna with less gain because of the difficulty of keeping the sounding rocket payload 

within the narrow beam of the high gain antenna. Hand tracking will be used for the SRP-4 

mission. The TR-1 mission was successfully hand tracked by calculating azimuth and elevation angles 

as a function of time after launch based on NASA nominal trajectory predictions. However, the 

theoretical beamwidth of the TR-1 crossed-Yagi receive antenna is much greater than the theoretical 

beamwidth of the 1.22 meter parabolic dish antenna that is used for the SRP-4 mission. Assuming a 

directivity of 12 dB, the TR-1 antenna has an approximate beamwidth of 51 degrees. The theoretical 

beamwidth of the SRP-4 parabolic dish is only 7.1 degrees, assuming a directivity of 29.1 dB at a 

frequency of 2.235 GHz.

The rate o f change of azimuth and elevation pointing angles is the highest immediately after 

launch, but the payload can be tracked visually during this time. From the time the sounding rocket 

disappears from sight until apogee at approximately T+150 seconds, there is very little change in 

the azimuth or elevation pointing angles. In the event of an anomoly in the payload’s trajectory, 

exact pointing angles can be radioed from the NASA radar tracking crew.
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An automatic tracking system is desirable for future ASGP sounding rocket missions. The typical 

transmitter power and apogee necessitate the use of high gain antennas in the tracking system. There 

are numerous approaches to radio direction finding using high gain antennas.

The first method is sequentially switching between two lobes. For this payload tracking method, 

a means of generating two partially overlapping narrow beamwidth lobes is necessary. This can be 

done by switching between two separate high gain antennas pointed at slightly different angles or 

by using an array with a beam forming network to create a narrow beamwidth lobe that switches 

between two positions. The amplitude measured by the first antenna or by first lobe created by the 

array and beam forming network is subtracted from the amplitude measured by the second antenna 

or second lobe created by the array. When the result of this subtraction is zero, the transmitting 

target is aligned with the switching axis. The sign of this subtraction indicates the direction in 

which the switching axis must be rotated for target alignment [8].

The second tracking method is conical scanning. Conical scanning uses a high gain antenna that 

rotates about an axis at a constant angular frequency. This rotation axis must slightly differ from 

the beam’s axis of symmetry. If the transmitting target is aligned with the axis of rotation, no 

amplitude modulation due to the rotation of the beam will occur in the antenna’s output. When 

the target is misaligned with the axis of rotation, the modulation that occurs in the output can be 

used to create an error signal. The error signal is then used to adjust the rotation axis until it is 

aligned with the target [8].

The third and most desirable method of tracking the payload is the monopulse method. Monopulse 

tracking was developed for radar, and it provides an error signal proportional to the misalignment 

between a tracking radar’s antenna beam axis and the line of sight to the target using a single radar 

pulse. Because the monopulse method produces an error signal quickly, adapting the monopulse 

method to generate an error signal from the payload’s telemetry signal instead of a radar return 

pulse is superior to the sequential lobing method or conical scan method for payload tracking because 

rapid amplitude fluctuations in the received signal can occur as the payload tumbles during re-entry. 

If the target’s signal strength changes as an antenna beam is being switched between two positions 

or rotated in a cone, the sequential lobing or conical scan method will produce an inaccurate error 

signal.

A monopulse tracking system for one dimension uses two receiving antennas that are physically
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separated. A sum and difference signal from both antennas is generated using a hybrid. The sum 

signal can be used to generate an estimate of the target range. The difference signal is used as an 

error signal which indicates both the direction and magnitude of misalignment with the target.

5.8.12 Demodulation

Figure 30: ASGP S-band telemetry receiver (Microdyne 1400)

The received signal is demodulated with a Microdyne receiver, which is shown in Figure 30. The 

demodulated output of the receiver is a waveform with zero DC component whose peak-to-peak 

voltage is determined by the ‘Video gain” setting on the receiver.

5.8.13 Channel Decoding

A serial converter circuit connected to the receiver’s demodulated output converts the demodulated 

waveform into a RS-232 level waveform using an LM311 comparator and a Maxim MAX233AEPP 

serial transceiver integrated circuit. The RS-232 waveform is used to drive multiple ground support 

computer serial cards. The serial cards in the ground support computers perform the channel 

decoding function by stripping the start and stop bits used for asynchronous data transmission from



92

each data byte represented by the serial bitstream.

5.8.14 Demultiplexing

The demultiplexing function is performed by the ground support computer software. Each data 

frame received is stripped of its header and footer bytes, tested for validity, and then demultiplexed by 

selecting the appropriate bytes within the frame to display or archive the binary values representing 

a specific instrument output voltage.
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5.9 Recovery System

A diagram of the SRP-4 recovery system is shown in Figure 31. The recovery system consists of an 

electro-explosive discharge (EED) system, a separation system, and a parachute system. The EED 

system consists of a battery pack, an EED circuit board, mechanical safeties, and pyrotechnics. The 

battery pack contains a control battery and a firing battery of nickel cadmium (NiCad) cells. NiCad 

cells are used because of their low internal resistance, which allows a high current output for firing 

the pyrotechnics. Separate 18 V firing and control batteries are used to ensure that control circuit 

power is not compromised when high currents from the firing batteries are needed to initiate the 

pyrotechnics. The EED circuit board uses a Motorola HC11 microcontroller to activate MOSFET 

switches that connect the firing circuit battery to the pyrotechnic devices to trigger motor-payload 

separation and parachute deployment.

The microcontroller monitors a ground loop through the umbilical connector to detect launch 

and monitors a Motorola MPX5100AP pressure sensor to determine when the payload has descended 

below an altitude of 20,000 ft. for parachute deployment. The microcontroller uses an internal timer 

to trigger the separation event and another internal timer is used for as a pressure sensor backup 

for parachute deployment.

Two mechanical safeties prevent premature firing of the pyrotechnics. The first safety is a shorting 

plug that connects the EED board firing outputs to ground. This shorting plug is removed during 

the final arming of the motor and payload prior to launch. The second safety is a lanyard switch. 

This connects the pyrotechnic bridge-wires together and opens the circuit between the EED board 

and the pyrotechnics until the sounding rocket leaves the launch rail.

Near apogee, the EED board fires pyrotechnic cutters. These cut the V-band that holds the 

separation mechanism together, allowing the motor to separate from the payload. As the payload 

descends through a Federal Aviation Administration parachute deployment ceiling of 20,000 ft., the 

EED board fires pyrotechnic thrusters that eject the drag plate from the aft end of the payload. 

The drag plate deploys the parachute system’s drogue parachute.

The separation mechanism has two sections that are held together with a V-band. The Orion 

motor is mounted to the lower section and the payload is mounted to the upper section of the 

separation mechanism. A safety manacle secures the V-band until final motor and payload arming.

The parachute system is packed in a canister in the aft end of the payload, and is held in place
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with a drag plate. Four pins secure the drag plate until they are sheared by the pyrotechnic thrusters 

during payload descent. The drogue parachute is pulled out of the parachute canister by the drag 

plate and decelerates the payload before the main parachute is deployed. Deployment of the main 

parachute activates a Telonics locator beacon.

Recovery System

Figure 31: Recovery system physical architecture block diagram
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6 Electrical Circuit Prototyping Techniques

6 .1  Printed Circuit Board Fabrication

When an electrical circuit design is completed a prototype must be fabricated in order to verify 

that the design meets its performance requirements. A prototype that does meet its performance 

requirements will be subjected to environmental tests designed to simulate the launch environment. 

When the prototype has been modified as necessary in order to meet its performance requirements 

under the stresses of a simulated launch environment, flight hardware that is based on the prototype 

is built.

Circuits should be prototyped on printed circuit boards. Although breadboarding a circuit before 

creating a printed circuit board is advised, many circuits are difficult to breadboard (surface mount 

components) or do not perform reliably when breadboarded due to noise and interference problems 

(RF circuits). A printed circuit board is required for meaningful environmental tests.

There are three methods of printed circuit board fabrication available to students participating in 

the Student Rocket Project: chemical etching, milling, or having the board fabricated commercially. 

A board that has been chemically etched properly has few shorted traces, which is a common 

problem with milled boards. However, it is difficult to perfectly align the top and bottom sides of 

the printed circuit when etching and each ‘Via” and through hole55 in the board must be drilled 

using a drill press after the etching process is complete. Milled boards do not have top and bottom 

side alignment problems and the mill drills each via and through hole during the milling process. 

Neither the chemical etching process or the milling process allows a soldermask layer to be placed 

on the board. Having a board fabricated commerically is inexpensive and commercially fabricated 

boards have a soldermask layer and a silkscreen layer. The only disadvantage of having a board 

fabricated commerically is that simple boards can often be etched or milled in less time than that 

required to have a board fabricated commercially and delivered.

Fabricating a printed circuit board by either of the three methods begins by creating a board 

layout with a computer aided design package. OrC A D ^ ^  is the printed circuit board layout software 

used by the Student Rocket Project electrical team. Other layout software packages have been tried 

by electrical team members. The C adence^^ software suite is more powerful than O rC A D ^ ^ , but 

its license cost and platform requirements are prohibitive for use by the Student Rocket Project. The
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student version of CIRC AD is a useful layout software package for simple layouts that can be

routed by hand, but its lack of autorouting capability makes it inefficient for complex routing tasks. 

O rC A D ^ ^  runs on a personal computer, has a license cost that isn’t prohibitive for an academic 

setting, and has autorouting capability.

Generating a printed circuit board layout in O rC A D ^ ^  begins with selecting a board outline 

template and importing a netlist generated by the OrCAD^™  schematic capture utility. Board 

outline templates have been created for each standard sized circuit board used on the SRP-4 pay

load and contain drill holes for standoffs. The netlist contains electrical component footprints and 

connectivity rules for routing. A sizable footprint library, “ASGP parts”, has been created for elec

trical components that are commonly used by the Student Rocket Project. New components with 

non-standard footprints may require the creation o f a new footprint for the library.

The next step is parts placement. Connectors should be placed near the board edges but not 

extend past them. Large components should be placed near standoff mounting holes if possible to 

reduce the effects of vibration. If a particular circuit on the board contains through-hole components 

that are connected to surface-mount components, it is usually advantageous to place through-hole 

components on the board’s top side and the surface-mount components on the bottom side near the 

component through-holes. The reason for this is that it is easier to solder to through-hole component 

leads from the bottom  side of the board. Poor layout planning can result in a board that is difficult 

to route, a board that has more vias than necessary, or a board that has noise problems.

After all parts are placed the board layout must be prepared for routing. This involves placing 

boundaries around certain areas of the board to prevent routes or vias in those areas. All connectors 

should have “no route/no via” boundaries placed on the top layer around all pin through-holes. This 

forces OrCAD^-^ to route all connecting traces to the bottom side of the connector for accessibility 

when soldering. All surface mount packages should have “no via” boundaries placed around them. 

The raised surface of vias underneath surface mount components prevents the packages from being 

placed flat against the board surface and makes proper soldering difficult. After the board layout 

has been prepared for routing, it is good practice to save the board layout to hard disk as “board- 

name_unrouted”. When the board is routed it should be saved as “boardname_routed”. This allows 

the original, unrouted board layout to be re-accessed as the board route is iterated.

Routing is usually done with the.O rC AD ^^ “SmartRoute” utility. After importing the unrouted
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board layout into SmartRoute it is essential to disable the “Inner l 55 and “Inner 2” board layers unless 

a four layer board is being commercially fabricated. These layers are only used for three or four layer 

printed circuit boards that cannot be manufactured with the chemical etching facilities or milling 

machine that are accessible to the Student Rocket Project. It is good practice to inspect the “net 

attributes55 before autorouting. The net attributes parameters control the width of the traces that 

are routed and also the routing priority of each trace. Trace width should be set proportional to the 

amount of current expected in the trace. Suggested minimum trace widths are shown in Table V.

Table V : Suggested minimum trace widths
Trace width (mm) Expected maximum current (mA)

0.5 125
1.0 250
1.5 375
2.0 500

The autorouter should be started after viewing the “pre-route synopsis55 that predicts the routing 

time and the number of routes that will be completed. If all routes are not completed, the board 

layout may require modification. Reducing trace width can also improve the probability of a suc

cessful route. If the majority of unsuccessful routes are in the GND net, adding a “copper pour55 to 

the partially routed board and connecting the copper pour to the GND net may permit successful 

routing.

A successfully routed board is post-processed differently depending on how the board is to be 

fabricated. A board that is to be chemically etched will be post-processed to print top side and 

bottom side etching masks with alignment markers. A board that is to be milled will be post

processed by creating Gerber files o f the top, bottom, and fabrication (board outline) layers and 

by creating a CNC drill file. The Gerber files will be used to create trace isolation files that the 

milling machine control software (Q u ickC A M ^^) will use to isolate the desired traces from the 

copper ground plane. Q u i c k C  AM ^M  uses the CNC drill file to drill all through-holes and vias. 

Post-processing a board that will be fabricated commercially involves creating Gerber files of the 

top, bottom, fabrication, and silkscreen layers as well as a CNC drill file and an aperture list. The 

O rC A D ^ ^  GerbTool utility is used to save each layer as a separate file in Gerber 2.3 format. The 

Gerber files, drill file, and aperture list are then compressed and sent to the board manufacturer. 

Etching and milling post-processing setups have been stored in the O rC A D ^ ^  library.
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The chemical etching process begins with laminating a copper printed circuit board blank with 

a coating that hardens when exposed to ultraviolet light. The laminator, UV exposer, and etching 

tank available for use by the Alaska Student Rocket Program is shown in Figure 32 .

Figure 32: Etching facilities: laminator, ultraviolet illuminator, and etching tank

It is essential that the copper blank be absolutely clean, dry, and slightly warm before coating 

with the lamina. Heating the copper blank slightly with a hot air gun just before lamination ensures 

that the blank is dry and at a temperature high enough for the lamina to adhere to the copper. The 

freshly laminated copper should be allowed to cool in a dark place for several minutes to allow the 

lamina to bond to the copper. Etching masks are then aligned on the top and bottom sides o f the 

laminated copper, and both sides are exposed to ultraviolet light. The lamina under all unmasked 

areas is hardened by the ultraviolet light and will not be removed by a developing solution.

Several chemicals are needed to complete the etching process. These include a developing solu

tion, etchant, stripping solution, and tinning solution. The developing solution, stripping solution, 

and tinning solution is shown in Figure 33 . The etchant is held in an etching tank which heats and 

sprays the solution on prepared circuit boards.

The developing solution removes all lamina that was covered by the etching mask and therefore
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Figure 33: Etching facilities: developing, stripping, and tinning solutions

unexposed to ultraviolet light.

If the developing solution, which should range from lukewarm to warm in temperature, removes 

lamina that was not covered by the etching mask (i.e. the desired circuit traces), then either the 

laminating step was done improperly or the solution is too hot. A copper printed circuit board blank 

can be recleaned and reused if problems arise in the developing stage. After the board is developed 

it is place in an etching tank where it is sprayed with a heated ferric chloride solution. All copper on 

the board that isn’t covered with hardened lamina is quickly etched away. Problems in the etching 

stage are due to underdeveloped boards that still have a thin coating of lamina on undesired copper 

areas, cold etching solution, or saturation of the etching fluid with copper particles. After the board 

is successfully etched, the hardened lamina must be chemically removed from the copper traces with 

a stripping solution so that solder will adhere to the traces. The board should be immersed briefly 

in tinning solution immediately after stripping. Neglecting this simple step results in a oxidized 

coating on the board in less than a month’s time. All through-holes and vias should be drilled on a 

drill press. Vias must be filled manually using a via kit or by soldering a 30 AWG wire to the edge 

o f the traces on both layers that are connected by the via.

RASMUSON l i b r a r y
u n iv e r s i t y  o f  a l a s k a - f a i r b . w k s
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Milling a printed circuit board begins with converting the board layer Gerber files created in
T'lVT T1UOrCAD to isolation files using CirCAD XiVi and by using a text editor to modify the CNC drill

file created in O rC A D ^ ^  so that it can be used by the Q uickC AM ^^ software used to control

the milling machine. After securing a large copper circuit board blank to the milling machine the

through-holes and vias are drilled. This requires setting the drill depth and a small piece of printed

circuit board material of the same thickness as the copper circuit board blank is useful for this.

With the drill bit resting on the copper circuit board blank and the small piece of circuit board

material under the depth stopper, the depth stopper is lowered until it almost contacts the surface

of the small piece of circuit board material. This setup ensures that the drill bit will punch through

the copper circuit board blank without overdrilling into the milling machine’s mounting surface.

The milling machine will drill all holes automatically using the CNC drill file, but the drill bits

must be changed manually for various through-hole and via sizes. Drill depth need not be reset if

a collared bit was used during setup and all subsequently used bits are collared. Drill depth should

be rechecked every time an uncollared bit is inserted. After drilling all vias and through-holes, the

top layer isolation should be milled. A tapered isolation bit is generally used because end-mill bits

dull quickly when used on standard printed circuit board material. Since the bit is tapered, the

width of the isolation depends on the penetration depth of the bit, which is controlled by the depth

stopper setting. The depth stopper setting for the tapered bit should be set with the mill in manual

“jog” mode by milling short isolation strips on an unused area of the copper blank and adjusting the

depth stopper until the desired isolation width is achieved. Observing the entire isolation process

is advisable even though it is done automatically by the milling machine. Slight adjustments to

the depth stopper can be made during the isolation process as necessary. The copper circuit board

material must be flipped in order for the mill to isolate the bottom circuit board layer. When both

layers have been isolated, the circuit board is cut out of the copper blank by milling the fabrication

layer with a large end mill bit. It is good practice to do this by milling the fabrication layer twice;

once with the end mill at half depth and again at full depth. After milling, clean the board and

immerse in tinning solution.
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6 .2  Mounting and Soldering Components

When mounting and soldering electrical components to a printed circuit board (commonly known 

as “stuffing” a board) care must be taken to prevent inadvertent damage to components. Anti-static 

work surfaces, electro-static discharge (ESD) safe soldering stations, and anti-static wrist straps such 

as those shown in Figure 34 are essential. Components can also be damaged from being overheated

Figure 34: ASGP electrical circuitboard fabrication facilities: soldering bench

while soldering. Any component that has been de-soldered or that has had leads bent and then 

re-straightened should be discarded and replaced with a new component. Component leads should 

be trimmed to the proper length before they are soldered to the printed circuit board in order to 

prevent the mechanical stresses to the solder joint that occur when a soldered lead is trimmed. 

Solder joints on a circuit board that is overtightened in a vise can also be stressed when the vise is 

released and the board unflexes. Often the damage that occurs to components during mounting and 

soldering is latent. A component that has been overheated during soldering may function normally 

during bench tests but may fail when the board is subjected to further stresses, such a during launch, 

or may simply have a reduced lifespan [7].
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Care must be taken to secure components to the printed circuit board so that they will withstand 

the testing and launch environments. Braces or dampers may be required on large printed circuit 

boards and all printed circuit boards should have resonant frequencies greater than 100 Hz [7]. Large 

capacitors and components should be “potted” or attached to the printed circuit board with adhesive. 

Outgassing should be considered when choosing the type of adhesive. Permanent adhesives, such 

as epoxy, should generally be used but removable adhesives, such as Dow Corning(K) 3145-RTV 

should be considered for prototype boards that are to undergo environmental tests in case repairs 

or modifications need to be made. Table XIII in Appendix A lists adhesives used on the SRP-4 

payload.

A soldering bench should have good lighting, a “hands-free” magnifying glass, and an assortment 

o f vises to securely hold printed circuit board of various sizes. Surface mount components in 1206 or 

805 packages can be reliably soldered with a small soldering iron. A set of stainless steel probes is 

useful for aligning surface mount components on the board and a low power microscope can be used 

to inspect the solder joints between the package leads and the solder pads on the board. Tinning 

a corner pad and attaching the corresponding package lead before adjusting the package alignment 

and attaching the rest of the package leads gives the best surface mount results when using a small 

soldering iron. Tinning all the pads before mounting the package makes aligning the pins with 

the pads more difficult because of the unevenness of the tinned pads. Mounting all surface mount 

components on a board before mounting any large through-hole components prevents blocked access 

to surface mount pins while soldering. A hot-air rework station works well for removing surface 

mount components.
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7 Operational Architecture Development for the SRP-4 Pay

load

A payload design is not complete without detailed plans for testing, verification, and acceptance. 

Every payload sub-system must be completely bench tested after fabrication in order to ensure that 

the design, as fabricated, performs its intended function. After sub-system functionality has been 

verified with bench tests, each sub-system must be subjected to environmental tests that ensure the 

sub-system will continue to function as intended during launch. All fabricated sub-systems must be 

verified with bench tests and environmental tests to determine their flight worthiness. Since these 

tests require special equipment, test fixtures, and detailed procedures, test plans and acceptance 

criteria for bench tests and environmental tests must be included in a sub-system design package. 

Requiring complete test and verification plans in the design package encourages the designer to 

keep the testing requirements in mind when designing the sub-system, resulting in a design that is 

more likely to pass the bench and environmental tests and therefore more likely to be deemed flight 

worthy. Early in the design stage it should be made clear to sub-system designers that passing the 

environmental tests is a requirement for any sub-system that will fly on the payload. Complete test 

and verification plans at the design stage also allow test equipment and fixtures to be acquired while 

the payload sub-systems are being fabricated.

Testing is an opportunity to  diagnose sub-systems and to identify problems while they are rel

atively easy to correct. If the bench test plan is inadequate or if the bench test procedure was 

not performed correctly, then a sub-system design flaw may be discovered during an environmental 

test or even after the payload has been fully integrated. Correcting a design flaw after the payload 

components have been prepared for environmental testing (i.e., all electrical components covered 

with potting compound) or after payload integration may be difficult or even impossible. If the 

environmental tests do not adequately simulate the launch environment or if the tests are incor

rectly performed, then unexpected problems may occur during launch. These problems could cause 

complete loss of data or even compromise range safety.
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7.1 Bench Tests

Bench tests should completely verify the functionality of the sub-system. Short descriptions of bench

tests performed on SRP-4 flight hardware are listed below:

Anti-aliasing filters Current draw recorded; verified that sine wave inputs over 35 Hz were attenu

ated; recorded DC input vs. DC output for all science instrument filters

Power System Verified that the latch board controlled the output of the power system; verified 

voltage output levels of DC-DC converters; verified charging system, charging method, 

and battery charge time; verified backup lanyard operation; measured output voltage 

noise under load; measured battery discharge time under load; monitored battery tem

perature as a function of charge time

EED System Verified EED shorting plug operation; verified safety lanyard operation; performed 

fl all-fire" test and " no-firen tests

Flight Computer Injected function generator inputs into each data channel and verified the archiv

ing and display of each channel using a direct serial connection between the flight com

puter and the GSE software; verified the 0-2 Vpp output for S-band transmitter modu

lation; verified the operation of the status switch inputs; verified GPS data processing

Flight Instruments Verified ambient pressure sensor operation using vacuum pump; verified ambi

ent temperature sensor operation; verified battery temperature sensor operation; verified 

accelerometer operation

Magnetometer Observed instrument outputs with a calibrated magnetic field generator positioned 

near the magnetometer (performed by Tokai University students)

Sun Attitude Sensor Observed instrument outputs with a laser light source positioned at various 

angles (performed by Tokai University students)

Electron Probe Circuits Observed instrument outputs with the probes replaced by a calibrated 

resistance (performed by TPU students)

Radio Receiver Circuits Observed instrument outputs as a function of antenna orientation (per

formed by TPU students)
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7.2 UAF Environmental Tests

Environmental tests should simulate or exceed the stresses that will be experienced by the payload 

during flight. All components should be vibration tested and thermally cycled. Massive components 

such as battery packs should be centrifuge tested in their payload mounting configuration to simulate 

the loading that occurs during the first few seconds of motor thrust. This is approximately 18 g ’s 

for 5 seconds if an Orion motor is used. Any components mounted on or near the payload tube’s 

surface should be tested for operation at high temperatures.

A realistic environmental test plan is based on a solid understanding of the launch environment. 

For winter launches at Poker Flat Research Range, the payload and motor will be encased in styro

foam and heated while it is on the launch rail. To simulate these conditions a realistic test would be 

to run all payload components for 30 minutes with the ambient temperature at 32 degrees Celsius. 

For the first five seconds after the rocket is launched, it experiences an acceleration of approximately 

18 g ’s. Testing individual components at 50 g ’s for 15 seconds is a conservative test for this portion 

of the flight that can be easily performed using the ASGP centrifuge shown in Figure 35 .

Figure 35: ASGP environmental test facilities: centrifuge
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The payload experiences most of its vibration during motor burn, which lasts for approximately 

30 seconds. A 5 minute vibration test over frequencies from 1 Hz to 2 kHz performed on individual 

circuit boards and components is a conservative test simulating the m otor’s burn phase. Soon after 

motor burnout, the payload will be operating in a low pressure environment. Payload transmitters 

should be corona tested in a vacuum chamber in order to simulate low pressure operation. As the 

payload reaches apogee, pyrotechnics will fire to separate the V-band that clamps the motor to the 

payload. This firing creates an acceleration impulse on all payload components. As the payload 

re-enters the atmosphere it tumbles and spins until pyrotechnics fire again to deploy the drag plate 

for the recovery system. Once the payload is under parachute it will cool until it approaches ambient 

temperature, which may be as low as -40 degrees F. Operating the payload outside in the Fairbanks, 

AK area during winter is a good test for simulating the portion of the flight when the payload is 

under parachute.

7.3 Structural Stability Tests Performed at N A SA /W FF

Due to the specialized equipment required to do structural tests on a fully integrated payload, bend 

tests, spin tests, moment of inertia tests, and payload vibration tests must be done at the NASA 

sounding rocket facility in Wallops, VA. These tests are designed to ensure that the mechanical 

structure of the payload will not be compromised by the stresses of launch. The vibration test is 

also intended to verify that all payload systems will continue to perform as expected under vibration. 

For this reason, NASA expects a payload to be delivered for testing with all systems functional and 

capable of being verified through a telemetry link during the vibration test.

During the bend test, the base of the payload tube is affixed to a stand and a perpendicular force 

is applied to the nosecone tip while measuring the amount of nosetip deflection, as shown in Figure 

36 . With a 12,835 in-lbs bending moment applied to the nosecone lap joint, only 0.025” of deflection 

occurred. For the spin test, the entire payload tube and nosecone is spun about its z-axis in order 

to determine the amount of counterbalance weight that must be attached to the payload for spin 

stability. Figure 37 shows the DIONISYS payload on the spin table with counterbalance weights 

externally attached to the nosecone and to the base of the payload. The nosecone counterbalance 

weights (3.09 lbm) were internally mounted after the spin test and the weights shown at the base of 

the payload (1.09 lbm) were mounted inside the motor adapter. Moment of inertia tests are done on
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Figure 36: Bend test o f the DIONISYS payload tube and nosecone at N ASA /W FF



Figure 37: Spin test of the DIONISYS payload at N ASA/W FF
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a machine that slowly rotates the payload while it is balanced on a small mounting fixture. Figure 38 

shows the DIONISYS payload during the z-axis moment of inertia test. Vibration tests are done on

Figure 38: DIONISYS payload moment of inertia test

two large vibration tables. One table, shown in Figure 39 is used for x-axis and y-axis (by rotating 

the payload 90 degrees) vibration tests and the second table, shown in Figure 40 is used for z-axis 

vibration tests. The vibration tests begin with a sine wave sweep at low vibration levels in order to 

determine the resonant frequencies of the payload. These resonant frequencies are notched out of 

subsequent vibration tests in order to prevent damage to the payload. Telemetry data is recorded
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Figure 39: N ASA /W FF vibration table used for X - and Y-axis tests



Ill

Figure 40: N ASA/W FF Z-axis vibration table
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during the vibration tests and is used to verify that no system anomalies occur during vibration.
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8 Post-Flight Analysis

The SRP-4 payload was launched from Poker Flat Research Range at noon on March 18, 2002 

as shown in Figure 41. Telemetry was successfully archived from the pre-launch countdown until 

loss o f signal (LOS) at approximately 54 minutes after launch. With few exceptions, preliminary 

inspections indicated that good data was obtained from the majority of the instruments flown on the 

payload. The motor and payload separated on schedule 160 seconds after launch, but the parachute 

recovery system deployed prematurely 233 seconds after launch, resulting in increased time aloft. 

The increased parachute opening load also caused disconnection of power from the recovery beacon, 

resulting in an extended search for the payload after it landed.



Figure 41: SRP-4 launch photo from Poker Flat Research Range, March 18th 2002
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8.1 Summary of Post-Flight Payload Inspection: Externally Mounted 

Payload Components

8.1.1 Ion and Electron Probes

Many of the components mounted on the payload tube’s surface sustained thermal damage. The 

electron and ion probes, which consisted of gold sheets epoxied to the surface of the nosecone, were 

completely torn away during flight as shown in Figure 42 . The epoxy softened in the heat, allowing 

the edge of the sheet to lift and causing it to be ripped away from the nosecone.

Figure 42: Electron probe launch damage

8.1.2 GPS Antennas

Each of the four GPS antennas suffered severe thermal damage causing total deformation of the 

antenna housings. Figure 43 shows the condition of the GPS antennas after launch.
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Figure 43: GPS antenna launch damage

8.1.3 S-band Antenna Test Patch

A test patch of an S-band antenna fabricated at UAF was flown mounted to the surface of the 

payload tube. Although there was no visible searing or other damage on the patch itself, solder on 

the SMA connector joint had melted away as shown in Figure 44. This could have compromised the 

telemetry link if the UAF fabricated S-band antenna had been flown on the SRP-4 mission.

8.1.4 EED Shorting Plug

The plastic connector for the EED shorting plug that was mounted inside the umbilical block was 

partially melted.

8.1.5 Umbilical Block

At liftoff, the wire cable that was intended to pull the umbilical plug away from the umbilical block 

snapped, leaving the umbilical plug in the umbilical block and pulling all the umbilical connections 

from the plug. The damage to the umbilical block is shown in Figure 45 .



Figure 44: S-band antenna test patch launch damage

Figure 45: Umbilical plug launch damage



8.2 Summary of Post-Flight Inspection: Internally Mounted Payload 

Components

8.2.1 Thermal Damage to Electrical Components
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Figure 46: SRP-4 internal payload temperature measured during flight

Figure 46 shows the internal payload temperature measured by the Analog Devices AD590 tem

perature sensor. This sensor was mounted on the flight instrumentation board, which was mounted 

inside the payload with standoffs in the standard SRP-4 circuit board mounting configuration. The 

temperature profile in Figure 46 indicates that the SRP-4 circuit boards did not experience signifi

cant thermal stresses during flight. During the post-flight inspection, no thermal damage was found 

on any SRP-4 circuit board.

8.2.2 Wire Bundles

Many of the wire bundles housed between the parachute canister and the payload tube partially 

melted when they contacted the payload tube’s inner surface. Fortunately all wire bundles were 

protected with plastic spiral wrapping and no damage to any wire insulation was found. As shown 

in Figure 47, the spiral wrapping on the wire bundle from the lanyard switch was partially melted,
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and the wrapping on this particular bundle in all likelihood prevented an EED system failure since a 

short circuit in the EED firing lines would probably have developed without the protective wrapping.

Figure 47: Lanyard wiring harness launch damage

8.2.3 M o le x ^ ^  Connectors

No M olex^ ^  connectors were loose after launch.

8.2.4 PCB Mounts

All printed circuit boards were tightly secured by the standoffs. No adhesives were used to prevent 

loosening of the standoffs.

8.3 Summary of Post-Flight Inspection: Recovery System

8.3.1 Drag Plate Shear Pins

The SRP-4 recovery system deployed early causing an extended flight time and significant drift 

away from the expected landing zone. Early deployment could have been caused by either premature



120

shearing of the pins securing the drag plate or by premature firing of the recovery system pyrotechnics 

by the EED system. Post-flight examination of the payload and telemetry data indicated that the 

drag plate securing pins, and not the EED system, failed. Although the pyrotechnic thrusters on 

the recovered payload had been fired by the EED system, only the pyrotechnic event for motor and 

payload separation was recorded by the accelerometers, indicating that the drag plate was already 

missing when the recovery system pyrotechnics fired.

8.3.2 Recovery Beacon

The recovery system radio beacon failed to activate because a Winchester connector came unplugged 

due to a high parachute opening load. Figure 48 shows the unplugged connector on the beacon.

Figure 48: Disconnected recovery beacon due to high parachute opening load

8.4 General Technical Recommendations Based on Post-Flight Examina

tion

All payload components mounted on the payload tube’s surface should be designed to withstand 

temperatures in excess of 500°F and only high temperature epoxies and solders should be used.
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This prevents plastic components, such as the Micropulse GPS antennas or the EED shorting plug 

connector, from being used externally.

The umbilical block should be redesigned so that it is large enough for two DB15 connectors 

(standard size, not high density) and one DB9 connector. The DB9 connector can be used for 

mounting an EED shorting plug.

Protective wrapping should be used on all wire bundles that may come in contact with the 

payload tube during flight. The protective wrapping should be flexible and able to withstand high 

temperatures. M olex^ ^  connectors can be positively secured for flight by placing a small amount 

of RTV-3145 silicon adhesive on the top of each connector and this adhesive can be completely 

removed without damage to the connector after flight.

The recovery system drag plate release system requires a design modification to ensure that the 

drag plate will remain securely fastened during the stresses of launch while releasing cleanly and 

reliably when the pyrotechnic thrusters fire.
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9 Future Improvements for the SRP-4 Payload Bus

9.1 Power System

From all available indications, the SRP-4 power system delivered the voltage and current levels 

required by the payload for the duration of the 54 minute flight. Needed improvements include 

voltage and current monitoring capability for each of the power bus power channels, a charging 

system based on rate of temperature change instead of battery voltage, and the ability to reliably 

power the payload with external power during testing. All charging and external power lines should 

have overcurrent protection.

9.2 Flight Computer

Adding a CompactFlash memory card to the flight computer is a much needed improvement that 

would provide a redundant system for data collection in case of telemetry link failure. Other improve

ments include implementing sampling on all data connector pins (instead of the five pins sampled on 

the SRP-4 mission), increasing the sampling frequency, and ensuring uniform time intervals between 

samples.

Another modification that would greatly improve the modularity and expandibility of the flight 

computer is the addition of an output port. With the addition of an output port, or possibly by 

using the serial port of the current version for communication, multiple flight computers could be 

flowm on multiple deckplates if the additional processing power is deemed necessary. Slave computers 

on the science instrument decks could collect, process, and store information before sending it to 

the master computer for transmission through the telemetry link. Another benefit of the output 

port would be to allow the flight computer to control payload events instead of simply creating data 

packets.

9.3 EED System

A control battery charging system should be implemented on future versions of the EED board. This 

could be done by programming the HC11 to activate a MOSFET which connects the 28V payload 

batteries to the EED battery packs through a diode and current limiting resistor. The H C ll would 

start a two hour charge cycle when given the "CH ARG E” command from the umbilical box then
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end the charge cycle based on internal timers. Although a timed charge is not the ideal charging 

method, it is safe and commonly used for charging NiCad batteries.

A normally open pressure switch should be installed in series with the firing circuit batteries and 

the firing circuits in order to prevent power from reaching the firing circuits until the the payload 

ascends to a safe altitude (5000 ft. for example). The SRP-4 EED system uses a combination of 

software lockouts and mechanical safeties, but after the payload leaves the launch rail only software 

lockouts exist. A normally open pressure switch between the firing circuit batteries and firing circuits 

would prevent premature motor and payload separation until the rocket was safely out of range, even 

in the event o f a total microprocessor malfunction.

The EED algorithm should be modified so that every EED event is signaled by a status switch 

that can be monitored through telemetry. It is also highly desirable to be able to observe these 

status switches during the EED system all-fire and no-fire tests when the telemetry system will not 

be activated. Either an EED status switch indicator panel externally mounted on the payload tube 

(it should be recessed and heat resistant) or a removable observation panel near the EED deckplate 

should be used. The EED algorithm states that should be signaled with status switches include: 

ON, CHARGE, FIRING CIRCUIT ARMING, SEPARATION INITIATION, and RECOVERY INI

TIATION. All o f these events could be signaled using only three status bits.

A circuit breaker box with four 1 Amp breakers should be constructed for use during the EED 

system all-fire and no-fire tests. The breaker box is connected to the EED board pyrotechnic firing 

outputs. During the all-fire test, the EED board algorithm is initiated and all safeties are deactivated. 

Two breakers should trip at 160 seconds, simulating the motor-payload separation event, and two 

breakers should trip after the 215 second software lockout when the pressure sensor detects pressure 

corresponding to an altitude below 20,000 ft. For the no-fire test, the EED board algorithm is 

initiated and one safety is activated. No breakers should be tripped when the algorithm is finished. 

The no-fire test must be repeated using the second safety.
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10 Project Management in a Student Team Environment

10.1 Documentation

"It is too easy in the modern era to be seduced into creating overly complex and unnecessary paper 

systems...Once created, these paper systems seem to take a life of their own and expand and propa

gate. Even with computerized concepts, huge amounts of time and money can be wasted in excessive 

documentation. The systems engineer should think through the documentation requirements for his 

activity and implement a plan to meet the requirements. Avoid unnecessary "bells and whistles" 

that sound great but do not contribute. They will exact their price later [5]."

Since documentation is both necessary and time consuming, it is important focus on documen

tation requirements, i.e., what type and what amount of documentation is necessary for the team 

to effectively record and communicate key ideas without wasting time that could be used for pay

load development. Clearly it is necessary for engineers to fully document designs and test results. 

Likewise it is necessary for the team to prepare documentation for mission planning during NASA 

teleconferences. It may also be necessary to prepare conference papers or to publish the findings of 

the science mission.

Much time and effort will be wasted unless careful attention is given to the purpose and re

quirements of each piece of documentation. While component level analysis may be appropriate 

at certain engineering design reviews, NASA is rarely interested in such level of detail at mission 

planning teleconferences. Those involved primarily with the science mission are probably not inter

ested in a detailed design description of every instrument on the payload bus. They are probably 

highly interested however in learning about any instruments on the payload bus which may affect 

or influence their science measurements. In this case a one page specification sheet outlining the 

stability and noise levels of the power system may be more useful to the science researchers than a 

twenty page power system design document.

For the NASA mission planning teleconference documentation, an overview diagram and a list 

of specifications (transmitter power, frequency, deviation, etc.) is usually more than adequate for 

NASA’s level of interest in the electrical systems. The exceptions are any electrical systems that 

affect flight stability or range safety, such as EED systems and umbilical systems. Detailed schematics 

showing every EED system component, connector, and wiring harness are likely to be required for
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a non-standard EED system and these schematics must be approved by the NASA safety group. 

Complete umbilical schematics that show all interfaces and control signals to the EED board are also 

typically required. Since most of the payload electrical systems do not affect flight stability or range 

safety, NASA is generally more concerned with the mechanical aspects of the payload. Detailed 

mechanical drawings are required.

The final version of any document should be professional and polished, but the careful format

ting of working documents may be unnecessary. Initially the emphasis should be on the document’s 

content and only after this is finalized should the document’s appearance be perfected. For example, 

a perfectly formatted document presented for a design review will generally require extensive refor

matting since significant changes to the design based on the review are likely. If the design review 

is among peers, it may be in the best interest of everyone to format documents after the design 

review recommendations have been implemented. Higher formatting standards would be required 

for design reviews with panel members other than one’s peers.

When compiling a large document containing the work of many team members, the team mem

ber with the best writing skills should given the responsibility of editing. Some team members will 

have excellent technical skills but weak writing skills, and the editor should have the responsibility 

of rewording any awkward passages while being careful to preserve meaning. The editor has respon

sibility for assembling the final document, and this responsibility gives the editor the authority of 

specifying the submission format and the submission deadline. The editor and each team member 

should come to a full agreement on format and deadlines before beginning the writing process.

10.2 Team Meetings

Team meetings provide an opportunity to openly discuss issues of relevance to the entire design 

team. Although the tendency is to hop from interesting idea to interesting idea, team meetings 

should have purpose and direction. Team members should come to the meetings prepared for the 

meeting’s agenda, which should be circulated before the meeting. Team meetings are an excellent 

time to discuss project scheduling, mission scenarios, group documentation, and group activities. 

Detailed design problems or discussions should be scheduled outside the team meetings unless these 

discussions are relevant to all present.
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10.3 Interface Agreements

In spite of significant effort during the design stage to agree on electrical and mechanical interfaces 

between the science instruments being produced by students at other universities and the SRP-4 

payload bus, several problems were encountered during payload assembly. One instrument produced 

outputs that were over the flight computer’s 5V maximum sampling voltage. One instrument had 

output references that were not common with the payload bus ground, causing noisy outputs. At 

least one instrument had a non-standard power connector pinout, causing a short circuit when it 

was plugged into the standard power bus.

For future missions the Alaska Student Rocket Program should clearly define the power bus 

connections, circuit board mounting holes, and flight computer inputs that are available for use by 

the science experimenters. Pictures and diagrams should be provided whenever possible to facilitate 

the communication of ideas. Once the payload bus interface specifications have been given to 

the science researchers, it should be their responsibility to design all instruments and connections 

to match the interface. This includes fabricating power cables, data cables, and purchasing the 

necessary connectors. In addition to interfacing with the payload bus, the science experimenters 

should also be responsible for interfacing with any ASGP test equipment that is used for science 

instrument tests. Finally, the science researchers should be responsible for shielding their instruments 

against interference from other instruments or electrical systems on the payload.

Mass, volume, power and data channels are finite resources on any given payload. The resources 

that are allocated to a science experiment on a payload should be commensurate with the value of 

the data that the experiment is expected to obtain. As one consultant said, every scientist supplying 

an instrument for a payload tends to think that their instrument is the most important [7].

10.4 Project Scheduling

Project scheduling in a student design team environment is difficult due to the exploratory nature of 

the design process and due to the fact that many students participate in the project on a volunteer 

basis. In actuality, schedules tend to be merely statements of intent that are frequently modified. 

In spite of the best of efforts, some tasks will take much longer than projected. In spite of the 

best of intentions, some students who volunteer to complete tasks for the project will have other 

responsibilities that prevent the tasks from being completed on time. Typically project schedules
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will be made by project managers who tend to underestimate the actual time required to complete 

tasks whereas students tend to overestimate the actual time required.

Project scheduling is beneficial to the project team members. It stimulates the organization 

of the project into tasks and sub-tasks and promotes an awareness of project deadlines and task 

interdependencies.

Like project documentation, project scheduling is necessary to the extent that it furthers the 

completion of the project. Although project scheduling is required for most projects, no amount of 

project scheduling will complete the project tasks. While a certain degree of schedule flexibility is 

advantageous to all project participants, tasks must generally be completed in a timely fashion in 

order for the project to move forward. Completion of assigned tasks (or assumed tasks in the case 

of volunteers) should be a requirement for continued participation in the rocket project. Students 

who lack the commitment to finish their assigned or assumed tasks are a hinderance to the other 

team members who are relying on them.

10.5 Project Data and Document Archival

Serious project setbacks can occur due to the false assumption that computer hard drives provide 

‘^permanent” data storage. Computer hard drives fail and vital project data can be irretrievably lost 

if it is not archived on a more reliable medium. Scheduling periodic copying of data to a backup 

hard drive is recommended for frequently accessed project files, and all data that is stored on a hard 

drive should be considered to have a limited lifespan. Current versions of vital project files should 

be written to a CD on a monthly basis. All backups should be tested for validity.

CD-RW drives provide an efficient means of document and data archival. Current versions of 

all project design files (e.g. O rC A D ^ ^  files) and essential documentation, as well as project parts 

lists, a data sheet library, and executable software developed for the project, can be stored with 

room to spare on a 700 MB compact disk. In addition to archiving project data, these CDs can be 

economically reproduced and provided to new project members.
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11 Conclusions

The SRP-4 modular payload bus is a viable platform for supporting science missions on Orion 

sounding rocket motors. All mechanical structures, with the exception of the drag plate securing 

mechanism, have been proven flight worthy along with the majority of the electrical systems and 

components. Only a small number of improvements are necessary in order to bring the payload bus 

to a state of readiness for a new science mission. Although the number of necessary improvements to 

make the payload launch-ready are small, future participants in the Alaska Student Rocket Program 

will have the opportunity to make many improvements to the existing payload bus and components 

that will increase performance, reliability, accessibility, and efficiency. Future participants may also 

have the opportunity to create science missions for the existing payload bus, concentrating their 

efforts on science instrument design rather than payload bus hardware. The success of the SRP-4 

mission has brought the Alaska Student Rocket Program to a new level of professionalism, providing 

not only a hardware platform that can be used as a basis for future missions but also providing 

an experience base for dealing with a NASA sponsored sounding rocket mission from the Mission 

Initiation Conference to the post-launch data analysis.
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Appendix - SRP-4 Morphological Boxes

The morphological boxes included in this appendix are used to archive some of the collective design 

experience of the ASGP student design team. The boxes are tables comparing features of specific 

components or processes that may be useful to future design teams when choosing a component or 

process. The morphological boxes may be used early in the design stage by ranking in importance 

the various features of the component being selected. For instance, it may be determined early in 

the design stage that connectors will be selected primarily for reliability and that mass and volume 

are unimportant. This ranking will be a valuable aid when selecting an actual component. The 

morphological boxes can be updated later in the design process by entering specific requirements 

for each feature as these requirements become known, e.g. each connector may be required to be 

below a certain mass or price. When the design and testing is complete and the performance of the 

component has been validated, the morphological box can be used to archive relevant details for the 

benefit of other designers.

The boxes included in this appendix can be expanded as future design teams explore other 

components and processes.

Table VI: Connector matrix
T y p e M ass V olu m e R elia b ility Price A v a ila b ility

D -su b High High H igh High High

M o le x (tm ) Low Low M e d iu m Low High

M olex M icrofit Jr. (tm ) M e d iu m M ediu m H igh High M ed iu m

C annon 7 ? H igh High 7

Table VII: Temperature sensor matrix
T y p e Tem p eratu re Range Price R e lia b ility R esp o n se  T im e E ase o f Im p le m en ta tio n

A D 5 9 0 -5 5  to  150  degrees C Low G ood Slow H igh

A D 5 9 5 -2 00  to  1250  degrees C M ed iu m G ood Fast Low

Table VIII: Power system battery matrix
Type Cell Voltage Cell mass Cell capacity Price Availability Charger Complexity Safety

NiCad 1.2 V High Low Low High Low High

Lithium Ion 3.6 V Low High High Low High Low

NiMH 1.25 V Medium Medium Medium High High Medium
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Table IX: Power board matrix
Type Efficiency Ripple EMI Price Availability Design Complexity

Isolinear 65% 20 mV High Low High Medium

Full H-bridge Isolinear 60-85% 10-100 mV Medium Medium Low High

Modified Isolinear 70% 15 mV High Medium High Medium

Integrated D C-D C Converter 80% 10 mV Low High Low Low

Table X: Power system latch matrix
Type False Transition Susceptibility Vibration Susceptibility Design Complexity Cost Size

Discrete component latch High Low High Low Low

Solid-state relay latch Low Low Medium High Medium

Mechanical latching relay Low High Low Medium High

Table XI: Printed circuit design software matrix
Type Computing Platform Required License Cost Capabilities and Features Ease of Use

Cadence(tm) server Very High Very High Low

O rCAD(tm ) PC Medium High Medium

CirCAD(tm ) PC Low Low Medium

T y p e T o p /B o tt o m  Layer A lig n m en t T im e  Required #  o f Short C ircu its in Finished B oard C ost H o les D rilled ? V ia s  F illed?

M illin g Good 1 hr. High Low Yes No

E tch in g Poor 1 .5  hrs. Low Low N o No

Board House Excellent 5 days N one 1 3 3 /b o a r d Yes Yes

Table XIII: Epoxy and potting compound matrix
T yp e R e m ovable? M a x . T em p eratu re M ass C ure T im e S trength  o f B ond

D ow  C orning 3145 R T V yes 3 56 F  degrees ? 72 hrs. Low

L o c tite  Superflex ? 600 F  degrees ? 24 hrs ?

D u ron  2 -to n  E p oxy no 7 ? ? High


