TASK DESCRIPTION

The establishment of wireless connection for communications among the nodes of an IoT system or
sensor network is essential for flexible and maintenance free applications. The reliable operation is
a must in many cases to avoid data loss and to maintain a secure communications channel. To
assure reliable operation a complex system test has to be performed. The main goal of the Thesis is
the implementation of a complex automated test system for a wireless transmitter unit including (i)
the communication protocol of the wireless unit, (ii) the automated functional testing of the main
blocks of the unit and (iii) the automated test report generation. More specifically, the wireless unit
under test 1s a TRF6900A FSK transceiver produced by TI. During the completion of the task
different measurement devices like Signal and Spectrum analyzer, DMM, etc., has to be integrated
using a common software platform to perform various automated tests. The measurement of the
signals of the wireless unit is performed by a PXI-based professional chassis housing the necessary
measurement instruments available at our department. The evaluation of the results has to be
performed by the same platform that runs the test and control software to be developed. The results
generated during the automated measurements have to be logged in such a way that meets the main
requirements of traceability. Tasks to be performed by the student will include:

* Implement the communication protocol to control the TRF6900A IC via parallel port

* Identify the main building blocks of the transmitter unit that are important in terms of

functional test

* FElaborate and implement the test procedure for the functional testing of the unit

* Evaluate the test results in an autonomous way

* Implement automated report generation subsystem that provides the main features of

traceability
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Summary

Rise of automated operations and interactions heavily relies on maintenance free application
and devices; therefore stable performance is essential for further developments of unsupervised
machine to machine interactions. The main goal of the Thesis is the implementation of a complex
automated test system for a wireless transmitter unit including (i) the communication protocol of the
wireless unit, (ii) the automated functional testing of the main blocks of the unit and (iii) the
automated test report generation. First of all, proper communication protocol for controlling the
TRF6900A FSK transceiver unit was clarified and implemented. Thus, the transmitter board can be
accessed by custom control software in LabVIEW. Next, the PXI unit, which is used for detection
and measurement of signals from TRF6900A, is also accessed with National Instrument drivers
through LabVIEW. Two main components, the device under test and the measurement unit, are
controlled by custom created controls, and these controls are extensively used to implement the
whole automated testing system in LabVIEW environment. The system itself is a linear process,
where every state corresponds to set up, measurements, or report generation. Measurements assess
the main blocks, and the performance of the board components and their influence on generated and
transmitted signal is investigated. There are 3 components involved in transmission: direct digital
synthesizer (DDS), phase locked loop (PLL) with voltage-controlled oscillator, and power
amplifier. Together these components are responsible for the properties of the generated signal and
other characteristics of the system like PLL bandwidth and spurious signal level, based on which
expectations on the quality of the generated signal can be established. Finally, all of the
measurements are presented in predefined Excel report template. The MS office software is
accessed by ActiveX extension of LabVIEW. Every cell of an Excel sheet can be accessed and
modified to store measured values for assessed characteristics, and this is how report is generated in
the automated functional test system. In conclusion, an automated measurement system have been
developed, which tests the transmitter characteristics of the TRF6900A board and logs the
measurement results in an Excel report. Reporting means that a certain level of traceability is also

provided which is crucial in real world automated applications.



Osszefoglalas

Az automatizalt rendszerek alkalmazéasanak €s az azok kozotti egyiittmiikodések elterjedése erdsen
fiigg a karbantartismentes megoldasok elérhetéségétél. Eppen ezért robosztus és megbizhato
teljesitOképességre van sziikkség az ilyen, autonom eszkozok esetén. A Diplomamunka témaja a
TRF6900A FSK adé-vevd egységhez kapcsoloddan az (1) az adatatviteli protokoll, (ii) az ado
oldali funkciondlis blokkok automatizalt tesztelésének és (iii) az automatizalt jegyzOkonyv
generdldsanak implementdldsa. A TRF6900A vezérlés implemetdldsanak vizsgélatit és
megval6sitasat kovetden a TRF6900A LabVIEW kornyezetben vezérelhetové valt. Ezt kdvetden a
TRF6900A automatizalt teszteléséhez sziikséges PXI egység felprogramozdsa kovetkezett amelyel
a funkcionalis tesztekhez sziikséges mérések valtak elvégezhetdvé automatizalt modon. A két {6
komponens, a tesztelt eszkoz és a méromuszer sajat fejlesztésii vezérld szoftver elemek segitségével
érhetd el és ezek alkalmazasaval épiil fel a teljes vezérld és teszteld rendszer LabVIEW-ban. A
rendszer maga egy allapotgép, ahol minden allapothoz egy bedllitds, mérés és
jegyzékonyvgeneralas fazis tartozik. A mérések soran a TRF6900A funkciondlis komponenseinek,
¢s az altaluk eldallitott jelek vizsgalata és kiértékelése torténik. Az adasban részt vevo
komponensek: direct digital synthesizer (DDS), phase locked loop (PLL) benne a voltage controlled
oscillator (VCO). Ezek alkalmazasaval torténik az adott frekvencigju jel eldallitasa. A PLL
savszélesség ¢és a spurious jelek vizsgdlata pedig az eldallitott jel tulajdonsagairdl adnak
informaciot. A mérési eredmények végiil egy eldre definialt Excel jegyzékonyv sablonban keriilnek
elmentésre. Az Excel cellai a mért értékekkel elérhetdek és modosithatéak. Osszefoglalva tehdt egy
olyan teljes automatizalt teszrendszer keriilt kidolgozasra €s implementéldsra, amely a TRF6900A
teljes adé oldali automatizdlt vizsgalatira alkamas és a mérési eredményeket Excel

jegyzokonyvként generalja.



1 Introduction

Nowadays with more interconnected world than ever, reliable data transmission is crucial
for range activities, from instant messaging to space expeditions. In addition, automation is in
steady rise replacing monotonic maintenance and test operations on many sites, substituting human
labor. Combined these two factors trigger a range of autonomous testing systems, where human
input is minimized, and faults are detected early and have fewer consequences.

The MSc Diploma Thesis is inspired by this shift, and the designed automated system can be
used on both manufacturing and operational sites for quality and routine checks. First of all, a
throughout analysis of TRF6900A transceiver was carried out to identify parts of the device
responsible for signal transmission, to investigate the communication protocol between a controller
and the board and create a custom control for the test system. Next, suitable test routines have been
designed for each of the components ensuring that individual and overall performances are within
defined standards. And lastly, all performed tests and their results have been presented in a report
providing basic traceability.

LabVIEW software was chosen to be a platform for the automated testing system, which
allows customized instrument control and intuitive to understand and use it. Since PXI professional
chassis with modular instrumentation and the software come from the same manufacturer, built-in
LabVIEW drivers leverage the customization and adjustment of the PXI control for specific needs
of transmission that relies on the components of TRF6900A. Other than that, all of controls are
designed and implemented specifically for the proposed automated testing system. However, the
transceiver has its own control software and reverse engineering of it allows to understand the
communication requirements for customize control design. It should be noted that the TRF6900A
board supports both transmission and reception of an FSK signal, but since this thesis cover only
transmitter components and operation, the board is referenced as a transmitter throughout the thesis.
For the measurement report format Excel was chosen due to high popularity and familiarity to the
end user, since adequate use of Microsoft Office Suite is implied by default for most of the
professional occupations.

Only restriction, other than general requirements of a testing system, is to implement the
whole automated system using the basic version of LabVIEW without any external or paid

extensions. It allows reducing cost and maintenance expenses of the system.



Structure of this thesis is as follows; literature review and theoretical background of a test
and automation are discussed in chapter 2, all the required instruments are introduced in chapter 3,
while the automated system is discussed in details in chapter 4. Finally, conclusion completes the
main body of the report followed by references and annex with LabVIEW block diagrams of the

proposed system.



2 Literature review

Growth and demand for wireless technologies cause increased volume of manufacturing of
high frequency, high performance, and miniaturized products. These devices present unique
challenges for testing and verification, influencing test complexity, cost efficiency and integration.
With increased combination of digital, analog and RF functions in the products traditional testing
methods can be inadequate, and test complexity also rises with miniaturization of the devices under
test. In addition, high demand fuels manufacturing volumes, which in turn require high throughout
and low cost test with non-expensive and portable test equipment [1]. Testing is an important
activity for checking correctness of system implementations. It is performed by applying test
experiments to the implementation under test, by making observations during the execution of the
tests, and by subsequently assigning a verdict about the correct functioning of the implementation
[2]. Since testing is required in each level of assembly, integrated strategy impacts cost, time and
quality in product realization process. It can reduce test development time and improve time to
market, cut product cost by decreasing the capital cost of the test equipment, and improve product
quality by enabling innovative approaches [1].

A very common distinction between tests is black box or white box. Black box testing, or
functional testing, is focused on inputs and outputs of the system under test, without any of
knowledge available by a tester. In white box testing internal structure is known and that knowledge
by a tester. Consequently, there is a range of grey box test within these boundaries.

Generating a test scenario to implement and execute is based on the specifications, and any
testing is difficult without knowing what to test. The specification is a prescription of what the
system should do; the goal of testing is to check, by means of testing, whether the implemented
system indeed satisfies this prescription. If testing is considered as an assessment of
implementation correctness, what is correct implementation? There are many definitions to explain
it [2].

e Input and output assertion: for any input satisfying input assertion there is output satisfying
output assertion

e Deterministic specification: for any input with specification defined the implementation
provide the same output as specifications

e Coverage and fault models: there are many possible faulty implementations, and how many

of them can be detected?



An implementation under test can be accessed depending on correct implementation definitions
adopted by a tester. Does the system have the intended functionality, and does it comply with its
functional specification (functional tests or conformance tests)? Does the system work as fast as
required (performance tests)? How does the system react if its environment shows unexpected or
strange behavior (robustness tests)? Can the system cope with heavy loads (stress testing)? How
long can we rely on the correct functioning of the system (reliability tests)? What is the availability
of the system (availability tests) [2]?

Another aspect of the testing is coverage, a way to ensure that characteristics of the device
are analyzed and proper operations ensured. Test case is finite sequence of inputs to be applied to a
device under test and results by expected output generated in DUT. There are specifications for the
test case output, their constraints and parameters, and they play important role in test case verdict. If
observed output satisfies constraints, then the test result is a PASS, if not, it is a FAIL. In addition,
INCONCLUSIVE verdict can be observed if test purpose was not covered during the execution of
the test. This kind of test is also known as a conforming testing, and its’ principle is illustrated in

Fig. 2.1 [3].

Test Suite

Apply Apply

Specification Black-Box Implementation

Expected Ourput Sequence Observed Cutpet Sequence

vy

Compare the Outpint Sequences

¢

Mon-Conforming Conforming

Fig. 2.1: Conformance testing principle
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When a test with precise specifications can require too much time and effort, automation
seems to be logical solution. Automation may help in making the testing process faster, in making it
less susceptible to human error by automating routine or error-prone tasks, and in making it more
reproducible by making it less dependent on human interpretation. Another advantage of
automation is achieved when test has to be executed several times, which is case in device
manufacturing.

According to [2] adaptation of a test automation should proceed in 4 steps:

1. Defined test strategy should take into account quality objectives and specific
characteristics of a test object

2. Test automation goals should be clear. It could be a shorter market reach time, cost
effectiveness, better quality of a product, or any combinations of these or other goals

3. Strategies merging diverse test automation approaches are more effective than ones
with a single approach

4. Frequent evaluation of automation approach allows constant improvement and goals
adjustment

Based on the research and observational data collected, an automated functional testing
system for the TRF6900A transmitter was proposed. It accesses correct implementation based on
input and output assertion, and analyses compliance of the device to its functional specifications.
For the automation purposes, a black box type of the testing is used. The main objective of the test
is quality of the signal generated by the embedded wireless transmitter, whose main components
involved in generation are assessed. It is proposed to use the automated functional test for

manufacturing and remote site maintenance.
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3 Equipment

In terms of the equipment required the proposed test system consists of a TRF6900A
transmitter, a PXI Chassis, a control computer with running LabVIEW program, and a 8.5V power
supply for the transmitter. For a test system focused on performance evaluation of the embedded
transmitter setup of the equipment used for the test is important (Fig. 3.1). Communication between
the device under test and control PC requires parallel port (also known as printer port) connection.
In addition, attenuators on transmitter output and PXI Chassis input should be matched for accurate
measurement and optimal performance of the test. There are no specific requirements to control PC

as long as it supports LabVIEW software, Excel application and allows access to the parallel port.

T
ELiny
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i e

Fig. 3.1: Equipment setup for the testing system from left to right: control computer, TRF6900A transmitter,
power supply and PXI Chassis
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3.1 LabVIEW

The name LabVIEW is a shortened form of its description: Laboratory Virtual Instrument
Engineering Workbench [4]. It was developed by National Instruments as a workbench for
controlling test instrumentation. However, its applications have spread well beyond just test
instrumentation to the whole field of system design and operation. The main principle of LabVIEW
is a graphical structured dataflow language, which enables different elements to be joined together
to provide the required flow. The software acts as a portal for a variety of facilities, bring them
together under a single element that is easy to manage. This property makes LabVIEW very
attractive for equipment and manufacturing test development, since it is intuitively understandable
and contains an ever-expanding library of supported hardware drivers. Not only can it be used for
equipment control (including the control of the large Hadron Collider at CERN) but also a variety
of data acquisition applications (including car development simulation where Big Data monitoring
is undertaken) to the system design arena where it has been used for development of projects from
RF circuitry to biomedical equipment, green technology and much more. LabVIEW runs on
Windows, OS X (Apple) and Linux platforms, making it suitable for most computing systems. The
working environment of the LabVIEW consists of coding (block diagram) and user interface (front
panel) windows. On the front panel only controls and indicators (input and outputs) are available for
a user to manipulate.

For the proposed automated testing system LabVIEW is extensively used for instrument

control (both TRF6900A transmitter and PXI Chassis) and as a test environment.

3.2 PXI Chassis

PXI Chassis, or PCI eXtensions for Instrumentation (PXI), is a modular electronic
instrumentation platform providing means to build electronic test equipment, automation systems
and laboratory instrument. It has a shared timing and synchronization for all modules populating it,
and there is only size restriction on the possible modules allowing high degree of customization. In
addition, the control of the modules can be build-in to the chassis or external. The chassis are
usually used in high-performance measurements and test applications. For the test system

implementation PXI-1044 is used (Fig. 3.2), with high output power supply, high level of
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maintainability, advanced timing and synchronization. The key features of the PXI-1044 include the
following [5]:
e 3U-sized, 14-slot chassis
* Universal AC input: automatic voltage and frequency ranging
* Temperature-sensing module that can adjust fan speed based on air-intake temperature
to minimize audible noise
* Front-panel LED that can indicate power supply failure
* 10 MHz REF IN and OUT BNC connectors for synchronizing multiple chassis using
PXI_CLK10
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Fig. 3.2: PXI-1044 chassis

Although the chassis is the most visible part of a PXI system, modular instruments in the
slot of the chassis are functional units used for a test. There is a wide range of modules for a variety
of measurements (voltage, current, frequency as well as signal and waveform generators), as well as
for other functions including boundary scan testing, digital or analogue input and output, image
acquisition, power supplies, switching and much more.

For the automated test system discussed in this report PXI vector signal analyzer instrument,
PXI-5660, is used to acquire and measure output signal of the transmitter under test (Fig. 3.3). As
its name suggests the module performs vector signal analysis and spectrum analysis to deliver
extremely high-throughput and high-performance RF measurements [6]. PXI Vector Signal
Analyzers are ideal for microwave test, wireless test, RADAR test, spectral monitoring, software-

defined radio (SDR), radio monitoring, interference detection, and signal intelligence.
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Fig. 3.3: PXI-5660 module

3.3 TRF6900A transmitter

As the device under test in the proposed automation system, TRF6900A has a more detailed
description. The TRF6900A is a single chip transceiver with operation range between 850MHz to
950MHz, which includes two ISM (industrial, scientific, medical) frequencies 868MHz and 915
MHz. As the name suggests the system on chip supports Frequency Modulation and Frequency
Shift Keying operations in transmit and receive modes. The Fig. 3.4 below is functional block
diagram of the TRF6900A chip. There are three main components involved in generation and
transmission of a signal: power amplifier, direct digital synthesizer (DDS) and phase locked loop
(PLL) with voltage-controlled oscillator. DDS generates a signal with reference frequency (3.57
MHz) for the PLL which multiplies it in frequency into the RF region while the power amplifier

adjusts the required power level.
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Fig. 3.4: Chip layout of TRF6900A transceiver [7] with dashed area representing transmitter

Base principle of DDS 1is generating sine wave signal in digital domain, and its benefits
include high precision, wide frequency range, high degree of software programmability and fast
lock times [8]. All of them contribute to robustness and reliability of the transmitter in addition to

adjustability to different tasks confronting a wireless device.

r—-—-—— " -
| Synthesizer |
I I
| Sine | Low-Pass
| N-Bit Register Lookup 4|-l- DAC (¥ “p ***t Analog Output Signal
| Table
| Frequency Register |
__________________ J

Load With Frequency Word
Fig. 3.5: Typical DDS Block Diagram

A block diagram above (Fig. 3.5) shows a typical structure of DDS, consisting of an

accumulator, sine lookup table, a digital to analog converter and a low pass filer. All of digital
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blocks are clocked by a reference oscillator, whose frequency is DDS sample frequency and it
determines maximum output frequency of the synthesizer too.

Wireless transmission requires modulated signal waves to be sent over long distances, and
range of the transmission depends on a power magnitude of the signal. That characteristic of the
transmitter under test is defined by power amplifier, which when enabled changes the magnitude
with 0dB, 10dB, or 20dB attenuation.

Last, but not least component in the dashed is serial interface with three inputs, data, clock
and strobe. The inputs are essential control signals sand should be generated by the control interface

of the TRF6900A, which is discussed next.

3.3.1 Control of TRF6900A

As it was mentioned the transmitter has serial interface which receives three control inputs

and setup the components responsible for signal generation.

H—PI— tw(CLKLO)

tw({CLKHI) —:“—'Jl |
rl—l-:— tw(STROBEHI)
CLOCK | |
| |
le——»— tsu{DATA) I I
| [
DATA | I I
I | |
| I
| | I M———»— ty(STROBELO)
l&—»— thpaTA)
STROBE

Fig. 3.6: TRF6900A serial interface timing diagram

The Fig. 3.6 shows the timing diagram of the input signals. The data input is loaded to the
chip register only when the clock’s high level is stable. In addition, with high level on the strobe
signal all other inputs should be low. Obviously, only data signal carries the actual setup
information for the transmitter chip (as it can be seen in Fig. 3.7). In the documentation of
TRF6900A [8] there are 4 pieces of 24-bit long sequences (Fig. 3.8) used to code setting commands
to the chip and all of them are transmitted by data input of the serial interface. There is an extra E-

register (Fig. 3.7) for redundancy and additional reliability.
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Fig. 3.7: Decoding input signals of TRF6900A

Fig. 3.8 is a detailed view of the codewords used for the chip control. The most significant
bits of each codeword correspond to an address the certain code-word should be stored to. As it can
be seen first two codewords A and B contain settings for DDS frequency register. The two code-
words can be different since the chip supports rapid switch between 2 modes. The 24-bit
accumulator of DDS (frequency register on Fig. 3.5) can be programmed by registers corresponding

to the codewords A and B with two MSB set to 00 and 01 accordingly. The VCO output frequency

depends of DDS frequency settings and calculated according to formula below:

fref *DDS

four = (N) * o rearranging DDS =

fout: VCO output frequency
N:divide by ratio of the prescaler

fref: fetock System clock frequency

DDS: DDS word value in decimal format

18

fout * 224

fref

3.1



ANord (Programming of DDS_0)

M5B8 L5B
I 1 I | | I I I I I I I
23 2|12 20 13 18 17 16 1453 14 13 12 1 10 % & T E 5 4 3 2 1 L]
o 0 |—"—"—— DDS Frequency Setting for Moded (DDS O [210)) —————— — |
l l l l l l 1 l 1 l | | l l l l l
ADDR

E-Word (Programming of DDS_1)
M5B L58

I I T T I T 1T 1T 1 T T 1
23 x| M 20 1% 18 17 16 15 14 43 12 1 10 H» & ¥ & 5 4 3 2 1 0

6 1|pb———m—m———— D05 Frequency Setting for Moded (DDS 1 [210)) ————F————— — — |

C-Word {Control Register for PLL, Data Slicer and Mode1 Settings)

M5B LS8
| | | ] | | | | | | | | | | | | | ] |
23 22 M 20 19 18 17 46 13 14 13 12 1 10 35 8 T B 5 4 3 2 1 [i]
1 0 1 - PLL —— X X ———— Model Control Register [12:0] -—— — —
L | |—IJ'~F'-L—| IHF‘L_I e ia_m'l_ PLL woo P sic weF swliml uul IF Ir.-'l;-; L
1 | |
ADDR A2 AT AD F1_ PO TEET

D-Word [Control Register for Modulation and Model Settings)

M5B L5B
I [ I [ | i [ [ [ [ [ I [ [ I I
23 22 2| 20 13 18 17 16 43 14 13 12 1 10 % & T E 3 4 3 2 1 0
1 1 0 |F—-Modulation Register [20:13] —| ————- Modeld Control Register [12:0] —-————]

I I—I——I—I— DEV ____I_| IF-_LI'-.-'-:-:::II—"i“—||5L-:
1 1
ADDR DV7 DV6 DVS DV4 DV3 DVZ DV1 OWVO Pl PO 11 Lo

Fig. 3.8: Codeword for TRF6900A control
Table 3.1 Miscellaneous control register description [8]

LPF SW imlluul IF MIX I|——'*1|-*'-1'--‘—|

INITIAL SETTINGS
AFTER POWER-UP
BIT NUMBER
SYMBOL | WORD LOCATION | OF BITS DESCRIPTION DEFAULT | DEFAULT
STATE VALUE
DDS_0 A-word [21:01 22 DDS frequency setting in Moded Zero All zeroes
DDS_1 B-waord [21:0] 22 DDS frequency setting in Mode1 Zero All zeroes
DEV D-word [20:13] 8 FSK frequency deviation register Zero All zeroes
SLCTL C-word [15] 1 Slicer mode select bit Hold Ob
0 : hold mode mode
1 : leaming mode
APLL C-word [20:18] 3 Acceleration factor for the frequency acquisition aid charge pump Zero 000D
A2 A1 AD
0 0 o] 1
0 0 1 =20
0 1 0 40
0 1 1 .60
11 1 -140
MNPLL C-word M7 1 PLL divider ratio 256 Ob
0: 256
1:512
MM C-word [16] 1 Modulation mode select. Sets the behavior of pin TX_DATA {o FSK Oh
FSK data input. mode
0 FSK/FM
1: Do not use
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Other important registers of the transmitter are presented in Table 3.1 and they can be found
in different codewords. For example, main frequency settings are programmed into codewords A
and B, but FSK frequency deviation value is found in codeword D. Characteristics of DDS block,
such as PLL divider ratio or slicer mode corresponds to bits 17 and 15 in C codeword.

It is worth to take a look at the last codeword; since it requires inputs for frequency and
settings, the D codeword is a perfect example of how control data is generated in the custom
controller of the TRF6900A transmitter. Three MSB bits of the codeword are reserved for its’
address, leaving only 21 bit to be programmed (Fig. 3.8). Next 8 bits are FSK frequency deviation
bits, generated by formula on page 18, but only LSB bits of that calculation are used in codeword D
(see page 35). The remaining bits are used to enable different components of the chip, select

operation mode of amplifiers and switch between receiver and transmitter sections of the

TRF6900A chip.

Table 3.2 Control registers description for codeword D

INITIAL SETTINGS
AFTER POWER-UP
BIT NUMEBER
SYMBOL |, ocamion | oF BITS DESCRIPTION DEFAULT | DEFAULT
STATE VALUE
0_LMNAM [1:0] Low-noise amplifier operation mode Disabled 00b
L1 LD
2 0 0 :LNA disabled
0 1 :LNA enahle — low-gain mode
1 0 :LNA disabled
1 1 :LNA enahle — normal operation mode
0_MIx [2] 1 Enahle mixer 1: enabled 0: disahled Disabled Ob
0_IF [3] 1 Enable 15t IF amplifier 1: enabled 0: disahled Disabled Ob
0_LIM [4] 1 Enahle limiter 1: enabled 0: disahled Disabled Ob
0_RSSI [5] 1 Enahle RSSI 1: enabled 0: disahled Disabled Ob
0_SwW [6] 1 Data switch Routed to Ob
Demodulator
0 : LPF amplifier input routed fo demodulator (FSK/FM)
1 : LPF amplifier input routed to RSSI (OOK/ASK)
0_LPF [n 1 Enahle LPF amplifier 1: enabled 0: disahled Disabled Ob
0_SLC [8] 1 Enahle data slicer 1: enabled 0: disahled Disabled Ob
0_PA [10:9] FPower amplifier mode Disabled 00b
P PO
2 0 0 :disabled
0 1 :10-dB attenuation, enable modulation via TX_DATA
1 0 :20-dB attenuation, enable modulation via TX_DATA
1 1 :0+dB attenuation, enable modulation via TX_DATA
0_wCOo [11] 1 During operation, this bit should always be enabled (1: enabled), unless Disabled Ob
an external VCO is used.
0_PLL [12] Enable PLL (DDS system, RF, VCO, divider, phase comparator and charge Disabled Ob
1 pump)
1. enabled 0: disabled
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Fig. 3.9: Codeword D implementation in LabVIEW
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On the Fig. 3.9 LabVIEW block diagram shows how codeword D is constructed. As it can
be seen the settings input has all parameters listed in Table 3.2 for D word. Among them is power
amplifier, which is responsible for output signal power level and should be tested by the automated
system. Another input parameter for the codeword construction is synthesizer with prescale
parameter needed for the frequency value conversion from decimal to binary format accepted by the
TRF6900A chip. The process is on the bottom of the Fig. 3.9, and is exactly the same as used for A
and B codeword generation with only exception being 22-bit long sequence instead of only 8 in this
case.

Codewords imply calculation of frequency value or arrangement of ON/OFF bits, and then
they are combined together because the chip has a serial interface. However, ABCD sequence of
codewords contains only programming information of the chip. So, if we take a look on parallel
port used for TRF6900A transmitter communication, there are additional signals for clock, strobe,
TXData, Enable, and Mode (Fig. 3.10). Most of them are straight forward, where strobe signal

differentiates between codewords from one another in the series of Dataln.

Buz/Signal Trigger | |2 ., D0SETERs | -O0SG26s | -O0557Rs | -OOS526s

&0-2-CLE B |~

& 41-3-Dataln

& 82-4-Strobe

h
h
A3-5-TXData B
h

A4-6-Enable

# AS-7-Mode ]

Fig. 3.10: Control signals on parallel port for TRF6900AA transmitter

To achieve the same command signals as above, all inputs to the parallel port should be
adjusted to their respective positions, as on first frame of Fig. Fig. 3.11. Clock is important for
digital systems synchronization and loading of control signals for TRF6900A transmitter. Since
there is no restriction or requirements for clock period for communication between control PC and
the transmitter, but stability of the signal during clock’s LOW-to-HIGH transition should be
enforced for successful load of data bits into registers of the chip. Fig. 3.11 shows how it is
achieved in our control system, where for full clock period (Low, High, High, Low), any other
signals do not change except the clock signal. Moreover, it was decided to be beneficiary if the
codewords are artificially enlengthened by 1 bit (,,0”) each, thus having that logic LOW level when

strobe signal is logic HIGH (Fig. 3.11). It is all due to the parallel port communication with the



serial interface, which forces a combined binary number representing at instant reading of all input

signals. For example, if the interface receives ,,110010” it is decoded into ,,clock HIGH, codeword

X HIGH, strobe LOW, TX Data 0, enable HIGH, Mode 0”; thus, loading bit 1 into active codeword
register. Nothing is loaded into codeword registers if clock is LOW, strobe HIGH changes registers,

and TX Data tells if frequency should be modulated.

Clock is HIGH

o o o o o o o o v o [ i w Y w Y w s Y w [

:
—

288

¢

/
_4.|'
= ]
.%‘f‘_
N

Clock i
o]
B
OO00000000 0000000 MO0 0000000000 00000 M0 0000 000000000000

Fig. 3.11: Communication setup for custom control of TRF6900A
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4 Testing system

In the automated functional test of the transmitter we are interested in generated frequency
and corresponding error, which corresponds to performance evaluation of DDS, PLL and VCO. The
error in frequency is due to the frequency accuracy of the reference crystal oscillator used as a clock
source. The chip allows three options for the power amplifier (0 dB, 10dB, 20 dB attenuation or
OFF), and all four of them should be checked. Last parameter to check is the bandwidth of phase
locked loop, which must be equal or greater than modulation rate applied to the synthesizer. If the
requirement is not met the output modulation is vanished from spectrum. The advantage of using a
DDS-based synthesizer is that as the PLL loop bandwidth is increased for higher data rates, lock
time decreases and close-in phase noise performance improves. The trade-off is that spur
suppression and rejection of out-of-band phase noise degrade as the PLL loop-filter bandwidth is
increased.

Overall testing process for the transmitter is shown on Fig. 4.1. As it can be seen, all
important parameters to ensure quality of transmitter are tested, and their numerical values are

compared to expected ones.

e N e N e N
Check FSK Frequency .
Set the frequency deviation Display results
\ J \. J \. J
e N e N e N

Calculate error and

adjust generated Detect PLL bandwidth Generate report
frequency
\. J \. J \. J
e ™ e ™ e ™
Measure spurious Check power amplifier
. ) End
signal level settings
\. J \. J \. J

Fig. 4.1: The automated testing system for TRF6900A transmitter
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4.1 User interface

For the automated system, a user interface is one of the main blocks, since an operator does
not have or have little knowledge of the process involved in the measurements. As it was mentioned
before the functionality test is of a black box type, and details of the system under test are not
disclosed. Therefore, some indicator of an overall progress of the test should be in place as well as
traceability of a later generated report.

There is left to right and top to bottom orientation of all components on the interface,
presented on Fig. 4.2. There are only three inputs required from an operator before starting the test.
First, name of a current operator should be filled, while date and time information is acquired
automatically. Next required inputs are generated signal frequency and frequency deviation for FSK
modulation. Other elements of the user interface are informative indicating stages of the automated
test system. Right next to the operator’s name is “States” indicator, which shows measurements
taken during the run of the program from staring the transmitter till report generation. The error
output below it is linked to that last state of report generation. If the test program fails to open and
modify excel template of the report, this indicator is activated. Send codewords button commands
the custom created control of the transmitter to start generating a signal with the frequency setting
from the inputs. To ensure that there is data sent to the device separate indicator “Words” follows
the button, which shows codewords A, B, C and D and their status. The codewords are generated
when the frequency is set, but they are only sent if the “Send codewords” button is pushed. In the
lower section of the user interface power spectrum and measurements results are placed. The graph
shows the generated signal after frequency error is detected and corrected. After the system carries
out the measurements for the test, the values are present in the output indicator in the lower right
corner of Fig. 4.2. The same values are copied to the Excel template of a report (Fig. 4.20), and

compared to expected limits of the conformity test.
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Fig. 4.2: User interface of the automated testing system
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4.2 Frequency error

Recalling from 3.3.1 the formula below is used to generate frequency of the output, and the whole

process is shown on Fig. 4.3.

fres * DDS
fout=(N)*reT

14-Bit Usar Serial Data

Tx Dats

Accumulator
Clock P
(Trath

| O

s

L 2

4 MHz
Antiallasing
LPF

| s pos
= XOR Tout
S00.24 MHz
Loap Fifter

w»

Phasa

_ SS4MHZ ) petector

Hote: frgp= 25.6 MHz
=255

J.54 MHz 5
Whera M =256 |

ar 512

Fig. 4.3: TRF6900A DDS/Synthesizer block diagram
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As it can be seen, a 24-bit serial data received starts the frequency generation from
accumulator to phase angle computation resulting in ramp waveform. After digital-to-analog
conversion and sine shaper the generated signal is low-pass filtered to suppress unwanted spurious
responses. The analog output signal is then used as a reference input signal for a phase locked loop.
The PLL circuit then multiplies the reference frequency by a predefined factor. Afterwards, the
generated sine wave is set up for the frequency specified by codeword A or B. Since output
frequency of the chip is set by an operator (Fig. 4.2); the error value can be detected by simple

comparison between required and actual output (Fig. 4.4 and Fig. 4.5).

_ 1:Marker =Ic
Iv onjoFF [ show values on Main Display

— Marker Enabled

[t Ta2lTal a4 T's I &«0Il7 181165

Frequency Level
Ref Marker 915.036103MHz -33.09d6m

Fig. 4.4 : Power Spectrum of the TRF6900A output signal before correction

However, it is not enough to detect the error, it also should be corrected. First step is to
detect the error, by comparing set frequency with the one detected by the PXI unit. After that the
difference between frequencies is sent to TRF6900A custom control to adjust generated frequency
so that the difference is decreased to step of the DDS. However, detection and correction of the
error should be sequential, so that only currently detected error is corrected. These operations are

carried out in the block diagram on Fig. 4.6.

4.3 Spurious signal level
On the power spectrum of the TRF6900A signal (Fig. 4.5), there is a clear peak at set

frequency (915MHz) corrected by previous step. However, before moving from frequency

generation to other elements of the transmitter chip, power level of unwanted frequencies should be
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accessed. Here, peaks after the greatest one come to consideration. Visually it is very easy to
identify secondary peaks but setting the PXI unit to the same task can be tricky.
.
e
e
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-1104 I [ [ I | I [ [ I I
914.9M 914,92M 914.94M 914,96M 914,93M  915M  915.02M 915.04M 915.06M 915.08M 915.1M
Frequency (Hz)

Fig. 4.5: Power Spectrum of TRF6900A output signal with corrected frequency

Documentation of a power amplifier in the chip states typical values for harmonics
compared with base peak to be -30dBc [8]. Given that carrier peak value is about -35 dBm, the
threshold for PXI should be set at about -65dBm (Fig. 4.7). However, to simplify comparison PXI
should find exactly 3 peaks: base one and 2 worst spurs. After several trials -66dBm proved to be
the most suitable value for threshold. After acquiring 3 highest points of the power spectrum, we
should identify the worst spur and compare it to base peak ( Fig. 4.7). First of all, we create array of
the peak values and find the first highest and the second highest values. It is known that the highest
value corresponds to peak at the set frequency, so the biggest value of the remaining two is the
worst spur. Since array is used for comparison, all that is needed are indexes of the base peak and

the worst spur. The difference between the values at these indexes is spurious signal level.
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4.4 PLL bandwidth

Another characteristic of generated signal which is easier to define visually is determined by
the PLL bandwidth. On Fig. 4.5 of the power spectrum it can be defined as steady rise and fall at
around -75 dBm and around 80 kHz of RF bandwidth. (full bandwidth). Since key for the
bandwidth is rise and fall of the power spectrum graph derivative approach seems to be the most
suitable.

In the LabVIEW environment derivative is calculated as follows. The differentiation f(t) of

a function X(t) is defined as

d
t) =—X(t
f© =—X®
Let Y represent the sample output sequence dX/dt. There are 4 option for derivative to

choose: second order central, forth order central, forward and backward. In second order central

derivative method used for the PLL bandwidth measurement Y is given by

1
Yi=2—dt(x,-+1—x,-_1) forl=0,1,2,...,n—1 4.1

where n is number of samples of a function X, x_; and x,, are first and final conditions. Without
both conditions defined, the derivative function results in false peaks for the first and last samples
of X(t), and consequent error in PLL bandwidth calculation.

On the Fig. 4.8 it can be seen how derivatives of the power spectrum correspond to the
signal levels. Zigzag shaped derivative values in the middle of the figure below correspond to the
base signal at 915MHz, while secondary peaks on the same graph could be spurious signals or

edges of the PLL full bandwidth.
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Fig. 4.8: Signal power spectrum and its derivative -

However, using the derivative values introduces uncertainty to the bandwidth estimation
therefore adjustment mechanism should be in place. Fig. 4.9 shows how the bandwidth is calculated
in the proposed testing system. Similarly to spurious signal levels, the highest derivative of the
power spectrum corresponds to the peak value at 915MHz, our test frequency. Therefore, it is
discarded, and next peaks are searched for. As it was mentioned before, the worst spurious signals
are next peaks, but they do not indicate end of the PLL bandwidth, but more of harmonics
suppression. Thus, they are also discarded, and next peak is considered as the bandwidth’s edge
signal. In addition, to present the bandwidth in hertz, index of the edge detector peak should be
multiplied by step of the power spectrum, resulting in half bandwidth of the PLL. At last, the result

of the calculation is compared to the defined limits, and in case of mismatch the whole process of

peak search is repeated.
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Fig. 4.9: PLL bandwidth block diagram



4.5 Power attenuation levels

Depending on applications of the transmitter chip, a level of the output signal should be
controlled in order not to drive the receiver part into saturation and also the necessary signal level
has to be provided for normal operation of the receiver. The TRF6900A board uses built-in power
amplifier to accomplish this task. The device is IC with the certain characteristics, so the signal
outputs corresponding to different setting can be compared with designed ones. To access the
performance of the attenuation every state of the hardware should be tested and resulted values
should be compared to the existing limits. Adding complexity is that there are 4 characteristics to
test, not just one as was in error detection and correction. Solution is within LabVIEW logic, where
all operations in a state should be fulfilled before next state of the state machines starts. Thus, signal
value at the current settings can be measured while settings for next power amplifier level are sent
to the TRF6900A control. Next states repeat that process until all 4 measurements are acquired
(Fig. 4.10). Because of the difference in response time of both TRF6900A and PXI and processing
time of the dedicated LabVIEW virtual instrument, we can be sure in sequential readings of the

signal levels.

Measure at
0dB / set up
/ OFF
Measure at 10 Measure at
dB/ set up OFF / set up
0dB 20dB

\ /

Measure at 20
dB/ set up 10
dB

Fig. 4.10: Measurement states for power amlifier settings

The process realization in LabVIEW is shown in Fig. 4.11, where in 20 dB state signal level
at attenuation OFF setting is measured and stored, while 20dB attenuation is set and ready to be sent
to the TRF6900A board. As it can be seen after all operations in the state are finished new setting

are sent to TRF6900A custom control, so that signal with new attenuation level can be generated.
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Fig. 4.11: Measure at OFF/ set 20dB state of power attenuation level measurements

After reading all signal levels for the attenuation settings of the power amplifier, we can
compare if the acquired signal levels correspond to the ones in documentation of the device. The 0
dB attenuation signal level is used as a reference, and according to the specifications 10dB and
20dB should result in level drop of minimum 5dB and 14dB correspondingly. As it can be seen in
Fig. 4.2 a difference between the refence and current signal level is stored in the output custom
control for later transfer to a report and display on the user interface of the automated testing

system.

4.6 TX Data Frequency deviation

Frequency Shift Keying (FSK) is a digital modulation technique in which frequency of the
carrier signal changes according to the digital signal value. High frequency corresponds to binary
high and low frequency to a binary low; the pair is called Mark and Space frequencies. The Fig.

4.12 illustrates the frequency modulation principle.
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The TRF6900A transmitter supports binary FSK and allows to set a deviation frequency
between high and low outputs of the modulation. However, it should be noted that original control
software of the TRF6900A transmitter does not allow setting a carrier frequency and deviation from
it. The signal frequency which is stored in codeword A is a frequency corresponding to logic LOW
of FSK modulation, and frequency for the HIGH logic is calculated as f;ow + faeviation - In other
words, the deviation register contains 2 * FSK;.piqation frequency, and average of LOW and HIGH
frequencies is the carrier frequency. To simplify user interaction with the device under test the
custom control of the TRF6900A was adjusted to allow setting the carrier frequency and binary
FSK deviation value, FSKgepiqtion- Before converting the frequencies to binary format of the
codewords, carrier one is decreased by set deviation, while second value is multiplied by two. Thus,
the custom control is intuitive for a user, but also follows logic of the TRF6900A.

It should be noted that the base frequency is encoded in codeword A, but the deviation level
is stored in bits 14-21 of codeword D. One difference between base frequency and deviation
conversions is in the number of bits involved, i.e. base frequency uses 24, while deviation
calculations involve only 22. But, in the codeword D only 8 bits are dedicated to deviation value,
because only last 8 bits of the deviation result in slight changes of the original base frequency of
codeword A (Fig. 4.13). Other than that, transformation of the frequency deviation value from

decimal to binary is same as base frequency one, discussed in detail in section 3.3.1.
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Fig. 4.13: Implementation of the DDS frequency and FSK deviation in the DDS frequency register

Fig. 4.14 shows conversion process, and also how the resulting bits are inserted into D codeword.
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Fig. 4.14: Conversion of the frequency deviation to binary in codeword D

However, the modulation output itself is not controlled by the codewords, but rather with a
separate input to the serial interface of the TRF6900A transmitter. On the Fig. 4.15 dedicated pins
of the parallel port are indicated. There are three signals (clock, data input and strobe) discussed

before, and TX data input, which represent the actual data the device should transmit.
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Fig. 4.15: Parallel port pins used for serial interface of TRFG6900AA control

Depending of the logic LOW and HIGH values from TX data corresponding frequencies
with previously defined deviation are generated by the TRF6900A. Therefore, the values of the TX
input should be changed by the custom control to check the frequencies for logic LOW and HIGH.
Then, difference between these frequencies should be equal to twice of the deviation value. As it
can be seen on Fig. 4.16 the TX data should be sent to the TRF6900A, and then the PXI unit
analyzes power spectrum of the output signal. Lastly, the set carrier frequency signal and generated

modulated signal values should be compared to each other to obtain the deviation value.
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Fig. 4.16: FSK frequency deviation block diagram
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4.7 Report generation

Finally, after all measurements are taken and saved they should be reported in an
appropriate format. For the automated system Excel was chosen for formatting since Microsoft
Suite is highly popular and wide spread. However, till recently the LabVIEW did not have a driver
to interact with MS Excel directly and for the purpose of report generation a custom access driver
has created. The LabVIEW supports ActiveX framework, which allows access to other applications
directly from the workbench. There are two types of nodes, invoke and property, which can be used
to create the custom control. First of all, there is a template generated in Excel format, so that
necessary measurement data can be filled in corresponding cell of the spreadsheet. The overall idea
of modifying the template into actual report is represented on Fig. 4.17. The process is represented
in layers, and to transfer from one to other the invoke node is used, while to access properties in
each layer the property node is used. Other than that, the report generation is fairly simple and

straight forward.

Start Excel

‘ Open Template

’ Start sheet 1
q Modify cells

Fig. 4.17: Report generation via ActiveX in LabVIEW

Since we have a set template for every report generated, every measurement value should be
stored in its” designated cell in Excel spreadsheet. As it can be seen in the Fig. 4.18 there are invoke
node to access active worksheet and property node to modify value of a cell. Both cell index and

value are defined by user, or other custom control.
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Fig. 4.18: Cell modification for test report

In addition to showing test results and measured values the report should also provide some
means for traceability, which are, in our case, date and time of the test fulfillment and name of the
operator who supervised it. However, since both of the required inputs differ from numerical values
a separate control was created especially for them (Fig. 4.19 ). It is quite similar to the cell
modification and follows the same logic.

After all of the editing and modification Excel report looks like one on the Fig. 4.20, with all
measurements of the device under test. As it can be seen all the parameters discussed in details
earlier are listed with corresponding limits and readings. It should be noted that the limits are
derived from Texas Instruments documentation on the TRF6900A transmitter. In addition to
supporting the template for the report, Excel is used to compare values in reading column to the
ones in minimum and maximum. In case measured value is within the limits, pass cell is colored
green, otherwise red.

After measuring parameters of interest and saving test results our automated system routine

stops, waiting for the next run.
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Fig. 4.19: Name, date and time inputs for the test report.
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Test Date: 27/03/2019 Operator: Beisenbay
Time: 0,74180 sec
Equipment name: M1 TRF6I00A Tranciever

Measurements

Name Reading |Minimum|Maximum
Frequency error (Hz) 9,15E+08| 35756,27 0,00 36000,00
PLL Bandwidth (Hz) n/a 36633,00| 32000,00| 45000,00
FSK Frequency deviation [Hz) 30094,98| 28438,00| 3156200
Spurious Signal level (dBc) n/a -32,78 -13,00 -40,00
Signal attenuation for 0dB (dBm)* |n/a -32,89 -35,00 -10,00
for 10dB {dBm) 10 -41,72 5,00 10,00
for 20dB (dBm) 20 -49,09 14,00 20,00
for OFF state (dBm) -91,74 56,00 60,00

Overall PASS only if all green

* reference

Fig. 4.20: Report of the automated testing system
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5 Conclusion

Overall, the proposed automated testing system for wireless embedded transmitter checks all
main components for their performance and generates traceable report. However, it would not be
possible without throughout understanding of the device under test, the TRF6900A. It was
discussed in details how transmitter test software was designed and how commands from the
control computer are interpreted by the embedded chip. Even though, the TRF6900A board has a
serial interface to process commands, parallel (printer) port is used to transmit them to the device
allowing parallel controls signals to be sent. However, the codewords, which are used for setting up
the transmitter during operation are combined serially and sent through 1 pin on the port. In
addition, other control signals like clock, strobe, enable, TX data, and mode are combined to 6-bit
binary number, which is transmitter through 6-pins of the parallel port. It was discovered that for
the successful communication all signals should be stable during LOW-to-HIGH transition of the
clock.

Main blocks to be tested in the transmitter are direct digital synthesizers, phase locked loop
with voltage controlled oscillator and power attenuator. Two of them generate signal to be
transmitter and the last one can modify signal strength. For accessing overall performance of the
transmitter, each of these components should be tested and evaluated. To accomplish that testing
routine for every parameter linked to the components is designed, namely frequency error and
deviation, spurious signal level, PLL bandwidth and power attenuation. Next, all of the routines are
combined into one autonomous testing system, which requires only name of user, test frequency
and the value of deviation of FSK modulation inputs. Finally, all of the measurements are stored in

a customized report template in Excel also autonomously.
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Annex

Fig. 0.1: User interface for TRF6900A custom control

46



Frequency (Hz)
: :-iﬁ'.]ééfb
Freq Errar (Hz)

i -

[Conversion to binary ]|

I

-t 2o
B >

: & Word
E* [i][==
|:| rd ]
= I—klIlhl—
Address change
26000000 . 4
Iy
Reference frequency of PLL| @ @ (lz=
o H
i I—klml—
[all codeward have "0" added as Least Significant bit For communication convenience

Fig. 0.2: Codeword A and B block diagram

47



ard array

ptttttititttiittittiet ittt H

o R

Jjoooooon

* + + F F ok FFFFFFFFF

oo oo

s

.............

..........................

P &mp -

Slicer
SLCTL

LPF

MIx
IF
LIM
R35I

DSy

LA,
APLL

MPLL

il

Settings

Fig. 0.3: Block diagram for codeword C

48



Setkings

[—] =]

Crward-array

JO+10

PLL

MO

iJZ

Pur Amp

Slicer

SLCTL

LFF

MLK

IF

LIM

R551

D3ty

LM&

APLL

MPLL

Ll

Prescale

[0, De v

A T o7

o

|Cunversinn ko I:uinary|

N

>

£ B> = e b
26000000

[Reference Frequency of PLL]

Fig. 0.4: Block diagram for codeword D

49

i



]
P
-~

o
= K

=
o
|

2
[ =T]
—+
[=T]

.
= K

Fig. 0.5: Block diagram for TRF6900AA communication



ngke ﬁ&*

[False ~}]

Opearion:
1. Enable is always 1, and mode is always 0.

2. When answer for "Did a word end?" is true, the strobe signal is set to 1, and rest of the signals are zero, except enable.
The added zeros in Least Significant bit of each word is transmitted now.

3. If a word is loaded, for each bit of it is transmitter 4 times at corresponding clock levels (Low, high, high, low).

4. Above opearions are execured only if "Send Codewords" button was pressed

3. Stacked sequence is used to ensure stability of the data signals at rising edge of the clock.

6. Word E is not defined by user, it is used to clear all register before new data is lcaded
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Fig. 0.6: Arranging data to be sent to TRF6900A A
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Fig. 0.7: Codeword sending state with clock Low-High-High-Low (part a)
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Fig. 0.11: TRF6900A control block diagram
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Fig. 0.19: Output of display state in the automated testing system
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Fig. 0.21: “Disabled” state in power amplifier measurement
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Fig. 0.22:“20dB” state in power amplifier measurement
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Fig. 0.23:“10dB” state in power amplifier measurement
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Fig. 0.24: “0dB” state in power amplifier measurement
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